_ EUROPEAN
*\“ CONFERENCE

(N TEGRATED OPTICS

ECIO 2008

European Conference on Integrated Optics

Eindhoven University of Technology, Netherlands

Collected Manuscripts

(c) Copyright 2008 The ECIO Board. All rights reserved.



Contents

We1
We2

We3

WeA1
WeA2
WeA3
WeB1
WeB2
WeB3
WeB4
WeB5

WeC1

WeC2

WeC3

WeC4

WeC5

WeD1
WeD2

WeD3

WeD4
WeD5

WeE1

WeE2

WeE3

WeE4

WeF1
WeF2

WeF3

WeF4

Author
R. Alferness

R.M. De La Rue

E. Yablonovitch

P. Viktorovitch

A.AM. Kok, J.J.G.M. van der Tol
P.E.K El-Kallassi1, S. Balog1, L
A. Poustie

L. Zimmermann1, T. Tekin2, H. Sc
N. Galler, H. Ditlbacher, A. Hoh
B.M.P. Romeira1, J.M.L. Figueire
N. Bamiedakis1, R.V. Penty1, I.H

C. Chang-Hasnain

L. Balet1, M. Francardi2, A. Ger

H. Wang, J. Yuan, S. Anantathana

M.J.R. Heck1, A. Renault2, E.A.J

S. McMaster, J.J. Bregenzer, M.

V. Pruneri1, D. Janner1, D. Tull
L. Gui, H. Hu, M. Garcia-Granda,

H. Hui, W. Sohler, R. Ricken

M. Garcia Granda1, H. Hu1, W. So
S.M. Kostritskii, A.A. Dikevich,

G. Roelkens, L. Liu, J. Brouckae
D.L. Huffaker
F. Bordas1, G. Roelkens2, E.J. G

A. Bennecer1, R.V. Penty1, |.H.

M.J. van der Hoek
C. Dongre1, R. Dekker1, H.J.W. H

L.J. Kauppinen, H.J.W.M. Hoekstr

K. Florjanczyk1, P.C. Cheben2, S

Title

(Invited) The Next Wave of Photonic Integration for Optical Networks

(Invited) Photonic integration: the other wavelengths, the other material
system, the other applications

(Invited) Photonic Crystal based nanophotonic integration

(Tutorial) Photonic Crystal based nanophotonic integration

Pillar photonic crystal for polarization filtering

Local tuning of the optical response of two dimensional photonic crystals
(Invited) Hybrid Integration for advanced photonic devices

ePIXpack &#8211; Advanced Smart Packaging Solutions for Silicon Photonics
Waveguide intensity modulators based on electrically actuated elastomers
Optoelectronic Integration of a Resonant Tunneling Diode and a Laser Diode
Cost-Effective Polymer Multimode Directional Couplers for High-Speed
On-Board Optical Interconnects

(Invited) High-index contrast grating integrated VCSELs

Quantum dot photonic crystal membrane LED at 1.3 pm

Butt-joint integrated InAs/InP quantum dot Fabry-Perot laser devices emitting
at1.5 um

Passively mode-locked quantum dot laser diodes at 1.53 pm with large
operating regime

Monolithic Integration of a Compact Passive Polarisation Converter within a
Laser Diode

(Invited) Integrated electro-optic modulators in micro-structured LiNbO3
Ferroelectric Microdomains in Plasma-Etched Ridges on X-Cut Lithium
Niobate

Etching of Lithium Niobate: From Ridge Waveguides to Photonic Crystal
Structures

Novel structures for broadband electrooptic modulators in LiNbO3
Performance of Waveguide FPI with Si-on-LiNbO3 Bragg Gratings under
Temperature Gradient

(Invited) Wafer bonding and heterogenous Integration&nbsp;: I1lI-V/Silicon
Photonics

(Invited) Long wavelength lasers on Silicon

Compact Grating Coupled MMI on DVS-BCB Bonded InP-Membrane
Monolithic  Directly-Modulated  Multi-Wavelength-Channel ~ GalnAsP/InP
Micro-Ring Laser Array

(Invited) Sensors and photonic integration

Fluorescence sensing with femtosecond laser written waveguides in a capillary
electrophoresis chip for monitoring molecular separation

Grated Waveguide Optical Cavity as a Compact Sensor for Sub-nanometre

Cantilever Deflections

Multiaperture Fourier transform arrayed waveguide spectrometer



WeF5

Th2
Th3
ThA1
ThA2

ThA3

ThA4

ThAS

ThB1

ThB2

ThB3

ThB4

ThPO1

ThPO2

ThPO3
ThP04

ThPO5
ThP0O6

ThPO7

ThPO8
ThPO9

ThP10

ThP11
ThP12
ThP13
ThP14
ThP15
ThP16

ThP17

ThP18
ThP19

N. Ismail, E.J. Klein, G. Sengo,

R. Nagarajan, M. Kato, S. Corzin
H. Atwater

R.A. Griffin

M. Nikoufard, L. Xu, X.J.M. Leij

O.R. Raz, Y.S. Oei, H.J.S. Dorre

N. Calabretta1, S. Beri2, L. Gel

L.M. Augustin, J.J.G.M. van der

S. Tanzilli, S. Tascu, P. Abouss

S. Longhi

|.L. Garanovich1, A. Szameit2, A

N. Le Thomas1, J. Jagerska1, R.

E. Cantelar1, R. Rodenas1, A. Be

B.W. Tilma, E.A.J.M. Bente, X.J.

I. Akca1, , A. Dana1, A. Aydinli
M.F. Ferrario1, R.B. Bratovich1,

P. Muellner1, N. Finger2, R. Hai
|. Barbu1, H.H.J.E. Kicken1, P.A

R.B. Bruck, R.H. Hainberger

A. Melloni1, G. Cusmai1, F. Mori
M. Yan1, L. Thylen1, M. Qiut, D.

S.H Hisatake, Y.T. Takemoto, K.T

E. Martin Rodriguez1, M. Quintan
M. Rossetti, P. Bardella, M. Gio
M.N. Passaro, M. Lagioia, F.D.L.
A.V. Tsarev

L. Huang, K.C. Tsang, E.Y.B. Pun
J.V. Galan Conejos, P. Sanchis K

M.A. Vincenti1, D. De Ceglia2, M

X. Cui, D. Erni
G. Lévéquel, E.P.R. O&#8217;Reil

Multi-Waveguide Based Collector for the Detection of Backscattered Light from
Highly Scattering Media

(Invited) InP-based photonic integration

(Invited) Active plasmonic materials and divices

(Invited) Integrated InP devices for advanced optical modulation formats

High bandwidth waveguide photodetector based on an amplifier layer stack on
an active-passive semi-insulating InP at 1.55 pm

All Optical Wavelength Conversion Based on Injection Locking in InP Ring
Laser

Experimental investigation of bistable operation of semiconductor ring lasers
under optical injection

Method for polarization effect suppression in semiconductor optical amplifiers
(Invited) Advances in quantum communication using integrated optics

(Invited) Quantum mechanics with curved photonics structures

Light localization at surfaces of modulated photonic lattices

Probing the dispersion properties of 1D nanophotonic waveguides with far-field
Fourier optics

CW laser oscillation in Nd:YAG ceramic waveguides fabricated by
femtosecond laser writing

Design of an Integrated Electro-optically Tunable Filter for Tunable Laser
purposes

Electro-optic Modulation of InAs Quantum Dot Waveguides

Local Reconstruction of Birefringence in Bent Waveguides by
Polarization-Sensitive Optical Low-Coherence Reflectometry

Resonance characteristics of rib-type slot waveguides

Liquid crystal-infiltrated nanocavity and waveguide in deeply etched InP-based
photonic crystals

Efficiency enhancement of grating couplers for single mode polymer
waveguides through high index coatings

Design on tolerances in integrated optics

Deep-Subwavelength Optical Waveguides Based on Near-Resonant Surface
Plasmon Polariton

Phase velocity estimation of a modulation wave in a quasi-velocity-matched
electro-optic phase modulator using electro-optic sampling system

Confocal optical techniques to study channel waveguides in LiINbO3

Carrier Transport Effects in Multi Layer Quantum Dot Lasers and SLDs

Design of nonlinear SOI slot waveguides

Passive polarization rotator in anisotropic LiINbO3 graded-index waveguide
Sm3+ doped polymers for planar optical waveguide amplifiers

Horizontal slot waveguide-based efficient fiber couplers suitable for silicon
photonics

Surface Plasmon Generation in a Subwavelength Slit in metal: a
Palladium-Based H2 Leak Detection Sensor

Nanorice Chain Waveguides Based on Low and High Order Mode Coupling

Theoretical study of plasmonic propagation on a chain array



ThP20

ThP21
ThP22
ThP23

ThP24
ThP25
ThP26
ThP27

ThP28

ThCA1
ThC2

ThC3
ThC4
ThC5
ThD1

ThD2
ThD3

ThD4

ThD5

ThD6

Fr1
Fr2

FrA1
FrA2
FrA3
FrB1
FrB2
FrB3

FrB4

FrB5

FrC1

FrC2

X. Zhang1, J. Rosas-Fernandez1,

B.A. Usievich, V.V. Svetikov, J.
F. De Leonardis1, V.M.N. Passaro
C. Habib1, P. Mufioz1, L. Chen2,

K. Solis Trapala, R.W. Smink, J.
A.M. Hatta1, T. Farrell1, N.M.1.
G. M. Manzacca, G. Cincotti
A.V. Tsarev

P. Bardella, |. Montrosset

M.K. Kim, M.K. Seo, S.H. Kim, Y.
H. Benisty1, C. Cambournac1, M.

O. Bouchard1, A. Monmayrant1, O.
O. Bouchard1, S. Bonnefont1, O.
L. O&#8217;Faolain, T.P. White,
A. Samarelli1, M. Gnan1,2, R.M.

A. Kazmierczak1, L. Vivien2, K.B
M. Waldow, M. Forst, H. Kurz

A. Brimont1, F.Y. Gardes2, P. Sa

F. Morichetti, C. Ferrari, L. Fl

Z. Zhang1, M.D. Dainese2, L W. W

K. Kuipers
T. Umeki1, M. Asobe1, T. Yanagaw

A. Fiore

A. Albores-Mejia, T. De Vries, E

H. Wang1, E.T. Aw1, M.G. Thompso
T. Clapp1, J.V. DeGroot2

A. Subramanian1, J. Oton1, Rober
S.K. Selvaraja, W. Bogaerts, D.

L. Martinez1, S. Giurgola2, P. V
J.S. Schrauwen1, D. Van Thourhou

H. Schmid, P. Cheben, S. Janz, J

D. Szymanski1, B.D. Jones1, D. O

Transfer Matrix Analysis of Spectral Response of Even-Row Microring
Resonator Arrays

Surface waves on the boundaries of photonic crystals and their coupling
Stimulated Raman Scattering in Membrane Silicon Waveguides

Design of a Monolithically Integrated All-Optical Label Swapper for Spectral
Amplitude Code Labels Using Cross-Gain Modulation

High-Q whispering-gallery mode quantum-dot microdisk lasers

Design of the optical core of an integrated ratiometric wavelength monitor
Quantum optical effect for switching and slow light applications

New thin heterogeneous optical waveguides on SOI for reconfigurable optical
add/drop multiplexers

BPM Validation of the Modal Gain Measured with the Segmented Contact
Method

(Invited) Photonic crystal microlasers

Functional photonic-crystal mini-stopband demux integrated in emitting and
detecting devices

Photonic Crystal DFB laser array and fine emission wavelength engineering
CW electrical operation of single-mode all photonic crystal DFB-like laser
Efficient Injectors for Slow light Photonic Crystal Waveguides

Low propagation loss photonic wire and ring resonator devices in silicon-on
insulator using hydrogen silsesquioxane electron-beam resist

Optical microring resonators in Si3N4/SiO2

Analysis of Raman lasing in integrated small-volume silicon-on-insulator
racetrack resonators

Design of a micro-ring resonator electro-optical modulator embedded in a
reverse biased PN junction

Wavelength routing and dispersion compensation in a narrow-band integrated
resonant router

High-quality-factor micro-ring resonator in amorphous-silicon on insulator
structure

(Invited) Ultrafast tracking of slow photonics and plasmons

(Invited) Widely tunable mid-infrared DFG using apodized c(2) grating and its
application to gas spectroscopy

(Tutorial) Semiconductor Quantum Dots

Scalable Quantum Dot Amplifier Based Optical Switch Matrix

Integrated Quantum Dot 2&#215;2 Switch for Uncooled Switching Applications
(Invited) Polymer Devices in Integrated Optics

Er:Ta205 waveguide optimization &amp; spectroscopy

Fabrication of Uniform Photonic Devices Using 193 nm Optical Lithography in
Silicon-on-Insulator

Thermally stable ultra thin metal transparent electrodes

Trimming of silicon ring resonator by electron beam induced compaction
Subwavelength Structures in Silicon-on-Insulator Waveguides for Modification
of Facet Reflectivity and Efficient Fiber-Chip Coupling

Ultrafast all optical switching in AlGaAs photonic crystal waveguides



FrC3

FrC4

FrC5

FrCé

FrD1

FrD2

FrD3

FrD4

FrD5

FrPD1

FrPD2

FrPD3

FrPD4

D.M. Beggs, T.P. White, L. O&#82

T. Stomeo1, T.F. Krauss2, D. Van

I. Bayn1, B. Meyler1, A. Lahav1,

K. Van Acoleyen, M.Q. Qiu

A. Melloni, F. Morichetti, A. Ca

W. Bogaerts, L. Vanholme, P. Bra

J.L. lto, I.K. Iwamoto, T.H. Tsu

K. Kashiwagi1, S. Yamashita1, K.

A. Delage1, P.J. Bock1, P. Chebe

A. Martin1, V. Cristofori3,1, P.

L. Ferrier, G. Le Gac, O. El Dai

A.R. Md Zain, N.P. Johnson, M So

L. Xu, X.J.M Leijtens, P.J. Urba

Design and fabrication of a photonic crystal directional coupler for use as an
optical switch

Successful fabrication and integration of multifunctional photonic-crystal
devices on bonded InP membrane chip

Photonic crystals (PC) in diamond: Ultra-high-Q nanocavity design, analysis
and fabrication

Investigation of photonic crystal cavities sandwiched in a grating structure
Deeply inside tunable CROW delay lines

Closed-loop Modeling of Silicon Nanophotonics: From Design to Fabrication
and Back Again

Design of a Waveguide-Type Polarization Beam Splitter Incorporating
Trenches Filled with Low-Refractive Index Material

Temperature Insensitive Silicon Slot Waveguides with Air Slot

A Demultiplexer with Blazed Waveguide Sidewall Grating

Integrated optical source of polarization entagled photons at 1310 nm

Near field properties of vertical emitting laser based on 2D photonic crystal
heterostructures

High-Quality Factor Suspended-Wire 1D Photonic Crystal Micro-cavity in
Silicon-on-Insulator

InP-based Monolithic Integrated Colorless Reflective Transceiver



Eindhoven, The Netherlands, June | I-13,2008 Wel

The Next Wave of Photonic Integration

for Optical Networks
Rod C. Alferness
Bell Laboratories, Alacatel-Lucent, Murray Hill, New Jersey

Abstract. Photonic or optical integration is firmly established as a key technology that
has enabled optical networks that underpin global and local communication networks.
Key components/circuits include modulators, wavelengths mux/demux, line
conditioning devices and ROADMs. Ubiquitous video is ramping bandwidth needs that
will need higher per channel bit rates that require new modulation formats. Further in
the future, optical packet switching and WDM access networks appear to offer potentail
solutions to growing capacity needs that are extending to the home. All offer important
opportunities and challenges for the next wave of photonic integration applications.
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Photonic Integration: the other wavelengths, the other

material systems, the other applications
Richard M. De La Rue

Optoelectronics Research Group, Department of Electronics and Electrical Engineering,
University of Glasgow, Glasgow G12 8QQ, Scotland U.K.

Abstract: Recognising the importance of hybrid integration, alongside the prospects
offered by the use of monolithic integration, this presentation will range widely over the
topic of photonic integration. It will also range widely over the optical spectrum, as
implied by the title of this paper. While the words ‘other wavelengths’ may suffice for
some purposes, the recognition that these words also automatically suggest other
material systems (than silicon or indium phosphide) and other applications — than fibre
telecomm — will shape the presentation.

Introduction

Because of the importance of fibre-optical telecommunications for the infra-structure of
the world, it is often assumed by those working in the corresponding parts of integrated
photonics research and development that the most important activity is oriented towards
telecommunications. It is certainly of great interest to observe how both silicon
photonics and indium-phosphide based photonic integration have progressed in recent
years. We may also believe that, despite the current wave of financial incompetence that
has struck some of the leading economies in the world, there will be a serious revival in
fibre-based telecoms development, particularly at the LAN, MAN and FTTH levels.

Working to a title that includes ‘the other wavelengths’ has the primary problem that the
territory is embarrassingly rich. We have the whole of the visible spectrum to consider —
and can now legitimately include a substantial part of the ultra-violet spectrum in our
territory of interest. Likewise, going only a short way beyond the fibre telecom
wavelength bands around 1.55 um opens up the longer wavelength parts of the near
infra-red spectrum, before we proceed to consider the mid- and far- infra-red.

Hybrid Integration: Display Devices and Laser Pointers

Taking a broad view of the meaning of photonic integration, and allowing for various
levels of hybridity, opens up, for example, the vastly important area of display devices -
and the much less important territory of the laser pointer.

The liquid crystal display (LCD) is now all-pervasive. Although the plasma-display
provides significant competition, it is primarily the LCD that is now used in place of the
cathode-ray tube for displays in consumer optoelectronics such as televisions and
computer monitors. The LCD, on all size-scales, is intrinsically a strongly hybrid
photonic/optoelectronic component. Although molecularly oriented liquid crystal films
lie at the heart of the display, the active layer must be sandwiched between transparent
plates of glass, which additionally support patterned conductive layers, colour selective
and polarising films - and arrays of driver transistors in thin-film (i.e. amorphous
silicon) format. Furthermore, the approximately white light source required for the LCD
must be provided separately — and distributed as evenly as possible across the entire
active display region. Edge-mounted sources that distribute light via leaky/scattering
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waveguide layers provide one route to LCD illumination. A possible alternative
approach uses back-lighting from an array of discretely distributed high-brightness
white or UV light-emitting diodes (LEDs). The latter approach offers an interesting
opportunity for the application of photonic crystal or photonic quasi-crystal light
extraction structures integrated into the LEDs, with the multiple objectives of enhancing
the extraction efficiency and the overall ‘wallplug’ (conversion) efficiency of electric
power into useful light — and of controlling the shape of the emitted beam of low-
coherency light.

The blue semiconductor diode laser, as exemplified by its application in Blu-ray disc
consumer electronics, has become the pre-dominant species of laser - in terms of
absolute numbers manufactured and sold, being produced annually in quantities
measured in hundreds of millions. It is by no means certain that optical disc-based
memory technology will prevail, because of trends in purely electronic storage,
magnetic disc memory and direct (streaming) production of audio and video information
via the internet, but it seems likely that the blue semiconductor diode laser, followed
fairly closely by the ultra-violet semiconductor diode laser will be used in a
progressively wider range of applications. Integration of grating structures to realise
DFB and DBR lasers in the blue and ultra-violet spectrum will make it possible to have
accurately controlled emission wavelengths, together with a measure of tunability.

The laser pointer provides an interesting example of a mass-produced device that makes
use of clever hybrid integration techniques at the miniature/micro-optics level. We may
characterise the laser pointer as being a compact device that produces coherent light in
the visible part of the electromagnetic spectrum, has good beam quality - and low
enough electrical power consumption and sufficiently high efficiency to be conveniently
operated in hand-held mode.

While currently available red laser pointers use direct conversion of electron flow into
photons, i.e. injection electroluminescence, in red light emitting semiconductor diode
lasers, green laser pointers use a more complex combination of components. For green
laser pointers, the process begins with light generation at approximately 850 nm in an
infra-red emitting semiconductor diode laser, followed by (frequency) down-conversion
to 1.06 um through pumping of a neodymium-doped (Nd-doped) crystal chip and then
second harmonic generation (SHG) of green light at 530 nm, via a chip of potassium
titanyl phosphate (KTP). The greater complexity involved in the green laser pointer does
indeed imply greater intrinsic cost, perhaps by as much as an order of magnitude in
comparison with the red laser pointer.

Laser pointers for light at other, longer, wavelengths than the green, such as the yellow
at 577 nm or 593 nm, also use wavelength conversion, but the process involves optical
pumping (again starting from an infra-red semiconductor diode laser) in a disc of
semiconductor gain medium, with the intermediate step of second harmonic generation
of the light from the infra-red semiconductor laser. Finally, in currently available and
(quite probably) all future manifestations, the blue laser pointer goes back to being
simply an edge-emitting semiconductor diode laser, together with collimating/patterning
optics. Post-finally, it seems plausible to suggest that there will soon be ultra-violet laser
pointers that will take advantage of the intrinsic invisibility of the ultra-violet light
beam, even when propagating through scattering media, and that will rely on the
fluorescence of many materials for visibility where required. Safety and ethical issues
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are likely to impact on the availability of ultra-violet laser pointers to the general public,
but legitimate applications of the same kind of technology, with suitable operating
restrictions, will surely be found.

Projection TV and Coherence Issues

An application that is fairly closely related to both laser pointers and to displays is the
topic of scanning laser-based projection TV — and cinema. The development of compact
and efficient lasers with the appropriate combinations of semiconductor diode lasers and
solid-state (typically single-crystal) gain and frequency conversion components for
specific colours in the red-green-blue (RGB) parts of the visible spectrum will make it
possible to create high quality images that are generated by rapid scanning (and
switching) of the constituent laser beams.

An important issue in the use of intrinsically coherent light sources such as lasers for
display and optical memory applications is the generation of speckle. Speckle is the
direct result of random scattering of coherent light from typical more-or-less rough
surfaces. Because of coherence the scattered laser light has strong interference effects
that degrade image quality in a visually unacceptable manner. To overcome the speckle
problem it becomes necessary to destroy the coherence of the laser light in an
appropriate way. For the possible use of lasers in display back-lighting, specific forms
of integrated screen that have the right combination of transparency and diffusivity are
required. For semiconductor diode lasers used in reading compact discs, saturable
absorption is typically integrated with the laser stripe — in order to produce fluctuating
(and therefore functionally less coherent) light via Q-switching behaviour.

OLEDs: a possible alternative display technology

Returning to the issue of basic approaches to display technology, we now turn briefly to
consideration of the organic light-emitting diode (OLED) based display. In contrast to
the LCD approach, OLED displays involve intrinsically light emitting semiconductors
that are based on electron and hole injection and recombination in layers of electrically
conducting organic chemicals. These chemicals may take the form of oriented
molecules, of polymers or dendrimers. Different molecules emit light at different
colours. OLED displays offer significant potential advantages, by comparison with
LCDs, in terms of substantially simpler construction, mechanical flexibility and
ruggedness — and even in terms of overall efficiency. Although the issue of reliability
has not yet been definitively dealt with, it is now reasonably likely that OLED displays
will push into the territory of LCDs, beginning at the bottom end.

Compact Tunable Lasers in the Visible/Ultra-Violet spectral range

The various examples of photonic integration that have been described and discussed
above certainly have a largely hybrid nature — and definitely conform to the ‘other
wavelengths’ definition through being mostly concerned with light in the visible part of
the spectrum. One plausible direction for future work is the extension of the micro-chip
laser approach through the use of a wider range of materials, both classical ‘solid-state’
(often single crystal) media for gain and frequency conversion and semiconductors
diodes or optically-pumped semiconductor structures. 1D and 2D Photonic crystal
structures integrated into microchip lasers that use broad-spectrum gain media, such as
titanium doped sapphire (Ti:Al203), offer the opportunity to produce widely tunable
(many tens of nanometres of wavelength range) visible-wavelength coherent light
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sources - through second harmonic generation selected by careful matching between the
fundamental and second-harmonic band-structures of the photonic crystal [1]. Arguably
there is a ‘crying need’ for such lasers, which could reduce the costs and size of tunable
coherent light sources by several orders of magnitude — in comparison with the current
generation of lasers that consume large amounts of electrical power and occupy a
substantial fraction of a large optical table. With integrated saturable absorption, peak
powers could be usefully large, e.g. one Watt — and many potential applications, e.g. in
molecular spectroscopy, should not require more than a few milliWatts of tunable
coherent light.

DFB and DBR lasers at other wavelengths — and further levels of
integration complexity

Up to this point, our discussion has deliberately emphasized the use of hybrid
approaches to photonic integration — and it has also not made any attempt to restrict the
definition of integration to the use of planar optical waveguides in ‘integrated optical
circuits. Let us now take on board the recent large advances in essentially monolithic
waveguide device integration based on silicon VLSI technology and the complex,
monolithically integrated structures that have been realised in epitaxial heterostructures
based on indium phosphide. Recent progress towards low cost integrated components
for telecomm applications - at levels from chip interconnect, via LAN and FTTH and on
up to long-haul - has been most impressive. The issue of the ‘silicon laser’ seems likely
to be solved within a few years — and is not a central problem, because it can already be
solved through hybrid integration with a III-V semiconductor gain chip. Alternatively
the primary light source for a circuit may be an off-chip ‘conventional’ semiconductor
laser that provides enough power to drive the whole integrated photonic chip.

Even if we generalise the definition of (fibre) telecomm wavelengths to cover all of the
plausible wavelength ranges — such as those around 850 nm, 980 nm, 1300 nm and
1550 nm — there remain large areas of the optical spectrum that will or must be
exploited for applications other than telecomm ones. If we select the blue/ultra violet
spectral region, the need for monolithic integration arises from the desire to have
efficient blue light sources with controlled coherence, including narrow emission lines
that can be tuned over several nanometres. The integrated waveguide photonic
component required for this functionality is a multi-section DFB or DBR laser based on
large band-gap nitride semiconductor diodes. Basic large band-gap nitride laser diodes
are typically (in-plane) edge-emitters and can be produced on intrinsically semi-
conducting substrates that include single crystal gallium nitride platelets or thick layers
of hydride vapour phase grown material. But such nitride lasers may also use the
insulating (single-crystal) sapphire substrates that have largely been used in blue LEDs.
A degree of justifiable additional, opto-electronic, complexity could then come from the
use of similar epitaxial material as the medium for electronic components such as drive
transistors linked to the laser. An arguably more interesting extension of this degree of
complexity might come from the monolithic integration of micro-fluidic structures on
the same substrate, with applications such as integrated bio-sensor chips being
addressed.

Going away from the telecomm wavelength bands, but now moving to longer
wavelengths, bring us to the quantum cascade (QC) laser. It is of some interest to note
that successful introduction of the QC laser concept was based on epitaxially grown III-
V semiconductor structures with many hundreds of thin layers. An important point is
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that, because only electron-transport between sub-band states is involved, it has been
possible to use a larger range of semiconductors for QC lasers than would be considered
for lasers based on electron-hole pair recombination across the electronic band-gap.
Tunable DFB and DBR versions of QC lasers will surely find a range of applications at
wavelengths in the range from 2 to 20 pm. Etch and re-growth of local regions on the
same substrate as the QC laser could again allow electronic drive transistors to be
monolithically integrated. Enclosed channels for flowing gases to be probed spectrally,
through the in-plane emitted mid-IR radiation, would add further to the complexity of
the monolithic integration that was achieved. The European Community FP6 project
Nitwave has explored the use of large band-gap nitride semiconductors for inter-sub-
band transition based devices over a range of infra-red wavelengths [2].

Conclusions

This summary has unavoidably been shaped by the need to understand developments in,
and the possibilities generated, by light sources based on semiconductor diodes. For
many purposes, the semiconductor diode is the primary light generator of choice, being
typically the most efficient and compact way of performing the task of converting
electric power into optical power. This superior performance holds good for light
sources over a large range of optical spectrum — from the deep ultra-violet, through the
visible and near infra-red - and well on into the mid-IR. But the summary has also
endeavoured to explore some of the possibilities for integration, of both a hybrid nature
and a monolithic nature, across this range of wavelengths.
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Abstract. Engineering design is sometimes inspired by Nature. The natural world is
filled with crystals, periodic structures that interact with electron waves. Drawing on
this analogy, photonic crystals are artificial periodic structures that are intended for
electromagnetic waves instead. Such nano-photonic structures are now being designed
and patterned into Silicon-on-Insulator (SOI) to provide for commercial nano-photonic
integration, as a component part of conventional CMOS circuits.

Further optical frequency miniaturization will take us toward nano-plasmonics,
metallic-wired electrical circuits, running at optical frequencies.
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Abstract. Fundamental properties of Photonic Crystals, as well as the basic physical
concepts which are relevant to their practical exploitation are presented. The tutorial
focuses on two dimensional Photonic Crystals (2DPC), which are shown not only to
have a great potential in the prospect of the development of 2D Microphotonics in the
wave-guided in-plane configuration, but to open the way to other brilliant
developments, where 2D Microphotonics is extended to out of plane operation.

Introduction

The principal motivations for the emergence of Photonic Crystals can be summarized in
one single word, that is “A-Photonics”, whose definition could be the control of photons
within the tiniest possible space during the longest possible time: this implies to
structure space at the wavelength scale, which means in the sub-micron range, for the
optical domain.

The next section will present a brief overview of the basic concepts which underlie
Photonic Crystals, with a special emphasis on two-dimensional Photonic Crystals
(2DPC), which have been the matter, so far, of most of the new applications in terms of
device demonstrations. It will be shown in the subsequent section that 2DPC have
definitely entered within the realm of practical devices. A special attention will be given
to surface addressable devices, which have been the matter of very recent developments.
In that respect, the concepts of 2.5 Microphotonics based on 2DPC, which can be
considered as a major extension of planar technology through exploitation of the third
(‘'vertical') dimension, will be presented.

Photonic crystals : a brief overview of basic concepts

What are photonic crystals?

A Photonic Crystal is a medium which the optical index shows a periodical modulation
with a lattice constant on the order of the operation wavelength. The specificity of
Photonic Crystals inside the wider family of periodic photonic structures, lies in the high
contrast of the periodic modulation (generally more than that 200%): this specific
feature is central for the control of the spatial-temporal trajectory of photons at the scale
of their wavelength and of the their periodic oscillation duration.

We will restrict the rest of this paper to 2DPC, which have been the matter of most of
the recent developments in the field of Micro-Nano-Photonics and are far more
accessible than 3DPC [1], from the fabrication point of view.

A real 2DPC consists in considering a 2D structuration of a planar dielectric waveguide
where photons are “index guided”, that is to say vertically confined by the vertical
profile of the optical index. In the rest of this chapter we will concentrate on the so
called membrane approach, where the vertical confinement is strong: guiding of light is
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achieved in a high index semiconductor membrane surrounded with low index cladding
or barrier layers (for example an insulator like silica or simply air). In monomode
operation conditions, the thickness of the membrane is very thin, around a fraction of
pum; it results that low loss coupling schemes with an optical fiber are not easily
achievable, but, the positive counterpart lies in the relaxed technological constraints for
the fabrication of the 2D PC (holes with a shape ratio around unity). Also, the strong
vertical confinement, leading to a reduced volume of the optical modes, lends itself to
the production of very compact structures, which is essential for active devices to
operate at the cost of very low injected power. It should be mentioned, at this stage, that
most of the recent achievements reported in the literature in terms of device
demonstrations, are based on the membrane approach. For passive devices silicon is
often used for the membrane material, especially in the silicon on insulator (SOI)
configuration, which is fully available in the world of microelectronics. For active
devices, III-V semiconductor membranes have been principally used so far: the thin
membrane is generally bonded by the molecular bonding procedure on the low index
material, such as silica on silicon substrate [2]. This approach presents a definite
advantage: it lends itself to heterogeneous integration of active III-V optical devices
with silicon based passive optical devices and microelectronics.

Why photonic crystals?

Refraction phenomena have been widely used in opto-electronics for the guiding of
photons or for their confinement within micro-cavities. The control of photon
“trajectory” is based upon the total internal reflection that they experience at the
boundary between the external world and the higher index medium where they are
meant to be confined. Photonic crystals offer a new strategy for optical mode
confinement based on diffraction phenomena. The new avenue opened up by Photonic
Crystals lies in the range of degrees of freedom which they provide for the control of
photon kinetics (trapping, slowing down), in terms of angular, spatial, temporal and
wavelength resolution.

Photonic crystals : how does it work?

Oy

Figure 1 : schematic representation of a photonic band gap (PBG) and of related photonic band edges
(PBE) in the dispersion characteristics of a photonic crystal.
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In photonic crystals, which are strongly corrugated periodic structures, strong diffraction
coupling between waveguided modes occurs; these diffraction processes affect
significantly the surface dispersion characteristics, or the so called band structure,
according to the solid state physics terminology. The essential manifestations of these
disturbances consist in (figure 1):

- The opening of multidirectional and large photonic band gaps (PBG)

- The presence of flat photonic band edge extremes (PBE), where the group

velocity vanishes, with low curvature (second derivative) o = PEG

These are the essential ingredients which are the basis of the two optical confinement
schemes provided by photonic crystals (PBG / PBE confinement schemes) and which
make them the most appropriate candidates for the production of a wide variety of
compact photonic structures.

PBG confinement scheme using localized “defect” or cavity modes

In the PBG scheme, the propagation of photons is forbidden at least in certain
directions. This is in particular true when they are trapped in a so called localized defect
or micro-cavity and the related optical modes are localized: in this case the propagation
of photons is fully prohibited. Opening of large PBG (in the spectral range) provided by
the PC, allows for a very efficient trapping of photons, which can be made strongly
localized in free space.

PBE confinement scheme using delocalized slow Bloch modes

In the PBE scheme, the PC operates around an extreme of the dispersion characteristics
where the group velocity of photons vanishes. It should be noted however that the
dispersion characteristics apply strictly for infinite periodic structure and time and that
the concept of zero group velocity is fully true only under these particular extreme
conditions. The real common world is actually finite and transitory. It is therefore more
appropriate to speak in terms of slowing down of optical modes (so called Bloch modes
for a periodical structure), which remain however de-localized. It can be shown that the
lateral extension of the area S of the slowing down Bloch mode during its lifetime 7 is
proportional to oz [3]. As mentioned above, one essential virtue of PC is to achieve very
low curvature o at the band edge extremes, thus resulting in very efficient PBE
confinement of photons.

The most efficient confinement of photons can be achieved with the PBG scheme. The
PBE scheme provides weaker confinement efficiency than with the PBG approach,
while resulting in an improved control over the directionality or spatial/angular
resolution.

The issue of vertical confinement in 2DPC: below and above light-line operation

It has been explained earlier in this contribution that the vertical confinement of photons
is based on refraction phenomena. However, full confinement of photons in the
membrane wave-guiding slab is achieved only for those optical modes which operate
below the light-line. This mode of operation is restricted to devices which are meant to
work in the sole wave-guided regime, where wave-guided modes are not allowed to
interact or couple with radiated modes. This is the territory of 2D micro-photonics. For
wave-guided modes whose dispersion characteristics happen to lie above the light line,
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coupling with the radiated modes is made possible, the wave-guided “state” of the
related photons is transitory, and the photonic structure can operate in both wave-guided
and free space regimes. This is the world of 2D-3D microphotonics, which we will
quote later in this paper as 2.5D microphotonics.

Photonic Crystals: devices

Following the pioneering and triggering contributions of E. Yablonovitch [1], it took
quite a few years for the modeling and technological tools to reach the degree of
maturity requested by the production of the first elementary building block devices,
essentially based on 2DPC. This gradual start has been followed, around 2000, by an
ever growing wave of new device demonstrators, so much so that it may be stated, to
day, that Photonic Crystals have entered within the realm of practical devices.

In order to help the reader to find his way within this jungle, we choose to classify the
wide range of devices produced so far into four main categories, depending upon
whether they operate singly in the wave-guided regime or not, and upon whether they
make use of the PBG or of the PBE confinement scheme.

e

* Micro-cavities (QED) * Drop filters

* Micro-lasers ...
Q. Guiding / bends
E * Cavity-guide cascading

(add-drop filters)

) Directional add-drop filters |, Compact reflectors/filters
g : Mlcro—lasers * Non-linear optics : fully
2 | * Super-prism optical micro-switches

* Pulse compression

« Surface emitting Micro-lasers
« ... and other devices

Figure 2: classification of 2D PC based devices in four main categories.

This classification is further detailed in the table of figure 2, which provides a non-
exhaustive list per category of the principal device structures demonstrated so far. In the
following sections we emphasize devices making use of slow Bloch modes along the
PBE confinement scheme and specifically those devices belonging to the fourth
category, that is to say devices operating in the wave-guided regime while being also
opened to the third direction of space: these devices include in their functionality the
coupling of wave-guided to radiated modes.

Photonic devices based on 2D PC have been principally aimed, so far, at forming the
basic building blocks of integrated photonics and are usually designed for in plane
wave-guided operation. We remind that the operation of photonic integrated circuits
based on 2D PC may be deeply affected by optical losses resulting from unwanted
diffractive coupling of waveguided modes with the radiation continuum.
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Instead of attempting to confine the light entirely within waveguide structures, the 2D
structures can be deliberately opened to the third space dimension by controlling the
coupling between wave-guided and radiation modes. In this approach, the exploitation
of the optical power is achieved by accurately tailoring the optical radiation into free
space.

Fig.3. Illustration of the resonant coupling between a waveguided mode and a radiated mode.

A simple illustration of this approach is the use of a plain Photonic Crystal Membrane
as a wavelength selective transmitter / reflector: when light is shined on this photonic
structure, in an out-of-plane (normal or oblique) direction, resonances in the reflectivity
spectrum can be observed. These resonances, so called Fano resonances [4], arise from
the coupling of external radiation to the guided modes in the structures, whenever there
is a good matching between the in-plane component of the wave vector of the incident
wave and the wave vector of the guided modes (figure 3). Accurate tailoring of the
spectral characteristics of the Fano resonances (shape, spectral width) is made possible
by the design of the 2DPC membrane (type of 2DPC, membrane thickness,...). In
addition and very importantly, the ability of high index contrast PC to slow down
photons and to confine them laterally, especially at the high symmetry points (or
extremes) of the dispersion characteristics, allows for the production of very compact,
yet very efficient, devices.

A variety of passive as well as active devices has been demonstrated in the recent
literature. For example, very compact passive reflectors showing a large bandwidth (a
few hundreds of nanometers) and consisting in a plain 2DPC membrane formed in
Silicon on silica have been reported [5].

The 2DPC membrane can be also designed in such a way as to result in very strong Fano
resonances, that is to say with a very narrow spectral bandwidth. Use of such strong
Fano resonances has been made for the demonstration of very low threshold and very
compact surface emitting Bloch mode laser [6]. The photonic crystal consists in a
graphite lattice (figure 4), which can be viewed as an array of H; coupled cavities,
formed in a triangular lattice.

The graphite lattice 2D PC active membrane used for surface laser emission is very
generic and can apply for a large variety of other types of active devices, at the very
cheap expense of slight changes in the design of the 2DPC. Along this line spectacular
demonstrations of diverse devices have reported recently, including optical amplifiers
and fully optical micro-switches [7, 8]. For the latter it is made use of electronic Kerr
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effect, via photo-injection of carriers in quantum wells, to manipulate the Fano
resonance wave-length.

All these devices are convincing illustrations of a planar technological approach
resulting in 2DPC devices freed from the bi-dimensional universe.
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Fig.4. Emission spectra of the surface emitting laser formed in a graphite lattice 2D PC, for different hole
filling factors (f). The plot of the emitted power versus the pumping power indicates a threshold power of
40 pW for f=19%.

Towards 2.5D Micro-Nano-Photonics

It has been proposed a major extension of planar technology, through exploitation of the
third (« vertical ») dimension by using a so-called multi-layer approach, where the
lateral high index contrast patterning of layers would be combined with the vertical 1D
high index contrast patterning : it is here more appropriate to think in terms of « 2.5
dimensional » photonic structures, in which an interplay between wave-guided-confined
photons and radiated photons propagating through the planar multilayer structure occurs
[3]. The simplest illustration of this approach is the use of a plain Photonic Crystal
Membrane as discussed in the previous section. If one considers now a multilayer
structure, the strong vertical 1D modulation of the optical index, allows for a fine and
efficient « carving » of the density and vertical field distribution of radiated modes,
using a limited number of layers. As a result the variety of coupling schemes between
optical modes is considerably widened, thus opening large avenues toward new
photonic functionality.

The technology schemes to be adopted are compatible with technological approaches
which are normally describable as planar and are familiar to the world of silicon
microelectronics.

The 2.5D Microphotonics approach has been successfully applied recently for the
production of very low threshold power microlasers [9] and of a new class of optical
bistable devices based on the Kerr effect [10].

The basic common building block for these devices is shown is figure 5. It consists in a
graphite lattice 2D PC active membrane, similar to that presented in the previous
section, bonded on to the top of a Bragg reflector formed by high index contrast Si0,-Si
quarter wavelength pairs. The thickness 7, of the top SiO, “gap” layer, which supports

the bonded 2D PC membrane, is essential for the performances of both types of devices,
in terms of the requested threshold power : the coupling rate of wave-guided photons
with the radiation continuum is inhibited for ¢, on the order of an odd integer number
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of quarter wavelength, which results in an increased strength of the slow Bloch mode
Fano resonance and, therefore, in a significantly reduced threshold power of the device
(and vice versa for t; on the order of an integer number of half wavelength).
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Fig.5. Photonic Crystal membrane bonded on top of a Bragg
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Fig.6. 2.5D Photonic Crystal micro-laser: the thickness of the top silica “gap” layer has a wide impact on
the threshold power of the micro-laser

This is illustrated in a spectacular manner in figure 6, which shows the gain
characteristics of the micro-laser for the two (quarter-wavelength or half wave-length)
t, values. Optical bistabity could be demonstrated, as expected, for the sole quarter-

wavelength ¢, case, corresponding to the strongest mode confinement (inhibition of

coupling to the radiation continuum). It should be pointed out that the only difference
between these two categories of devices lies in the particular design of the 2D graphite
PC: needless to say, therefore, that the building block shown in figure 5 is very generic.
Other domains of photonics should take advantage of the 2.5D microphotonics
approach. For example, the introduction of 2D PC in MOEMS (Micro Opto Electro
Mechanical) devices shows great promises in terms of widening of the spectrum of
(electromechanically actuable) optical functions, achievable with further enhanced
compactness structures.
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Tunable filters, sources and
detectors with angular resolution

Fig.7. New class of MOEMS devices: structures including several InP membranes suspended in air, with a
1D and 2D PC formed in the top membrane (SEM view).

Figure 7 shows examples of such 2.5 dimensional MOEMS structures. These new types
of photonic structures should be applied in various domains, including Optical
Telecommunications (tunable or switchable wavelength selective devices, taking
advantage of the extra angular resolution provided by the in-plane 1D-2D PC). Highly
selective and widely tunable 2.5D MOEMS filters have been demonstrated recently
[11]. Also, a new family of hybrid VCSEL, where one of the traditional Bragg reflectors
is replaced by a PC membrane reflector, has been reported both in the GaAs and InP
systems [12, 13].

Conclusion

The flow of innovations, whose threshold has been initiated in the late 1980 by the
introduction of the concept of photonic crystals [1], is still very close to its source and
will inflate in the future to an extent which is certainly beyond our full consciousness.
We hope that the reader will have been convinced that 2D PC are fully engaged in the
process of innovation and that we are living, in that respect, a true microphotonic
revolution. We have shown, in particular for the so called 2.5D microphotonics, where
2D PC are deliberately opened to the third dimension of space, convincing
demonstrations of their ability to generate, in the short run, a wide range of photonic
devices (« killer applications »), combining compactness, spatial (angular) and spectral
resolution, and whose fabrication meets the standards of the planar technology, familiar
to the world of microelectronics.

This work was partly supported by the EC FP6 network of excellence ePIXnet.
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Abstract - The strong polarization dependence of two-dimensional photonic crystals is
exploited for polarization filtering. The device with a length of 3.9 um is integrated in
a photonic integrated circuit based on InP waveguide technology. The average trans-
missions in the EDFA-window are —8.7 dB for TM polarization and —26.5 dB for TE
polarization.

Introduction

Two-dimensional photonic crystals (2D PhCs) have been subject to extensive research in
the past years, offering a huge potential for integration in photonic integrated circuits.
They can be used to miniaturize existing integrated optical devices, e.g. bends, micro-
cavities, add-drop filters and band edge lasers. Furthermore, their special properties can
be used to design devices based on new principles. An example of such a device is a
polarization filter. The polarization sensitivity of photonic crystals makes it possible to
significantly reduce the foot print of polarization filters.

Photonic integrated circuits can be realized in different material systems, depending on
the applications. However, indium phosphide (InP) technology is the only platform to
monolithically integrate active and passive devices for use in the EDFA window (1530
— 1570 nm), the operating range for telecom applications. The classical waveguides of
InP photonic integrated circuits are based on total internal reflection; light is confined
to the indium gallium arsenide phosphide (InGaAsP Q[1.25]) core, which has a higher
refractive index than the InP cladding layers (npgaasp = 3.3640 and npp = 3.1693). In
2D PhCs, the in-plane confinement is created by the photonic band gap properties of the
crystal, whereas the light is confined out-of-plane by total internal reflection.
TM-polarized light has its electric field vector parallel to the pillars, normal to the plane
of the chip, and TE-polarization has its electric field vector in the plane of the chip. The
strong polarization dependence of 2D photonic crystals ([1]) is used to investigate a TE
polarization filter based on a pillar photonic crystal waveguide in a square lattice of high-
index pillars. The device is integrated in a classical photonic integrated circuit on an InP
substrate with a 500-nm-thick InGaAsP core layer and a 1-um-thick InP top cladding. The
layer stack of the pillar photonic crystal is compatible with that of the classical photonic
integrated circuit, and so is the fabrication technology.

Design of the TE filter

A waveguide based on a line defect in a pillar PhC can serve as a TE filter if the TE
polarized light does not couple into the PhC waveguide (either if this waveguide has a TE
band gap or if the coupling efficiency for TE is very small) or if the TE polarized light
is not confined by the crystal, in which case it radiates away from the line defect. The
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Figure 1: Modeling of a photonic crystal waveguide consisting of a line of larger pillars
in a square lattice: a) band diagram showing the TM modes of the waveguide, where the
lattice constant is 491 nm, the radius of the rods is 123 nm and that of the defect pillars is
210 nm, and b) the calculated transmission of an 8-period-long waveguide for both TM
and TE polarization.

transmission of TM polarized light should be high. Therefore the line defect was first
optimized for TM transmission.

Based on 2D band solver calculations, and using the effective index method to account for
the third dimension, the background PhC was chosen to have a lattice constant a =491 nm
and a radius r = 0.25a. The introduction of a line defect of larger pillars along the I'X-
direction creates two guided TM modes inside the PhC band gap. Fig. 1(a) shows the
projected band diagram of a PhC waveguide based on a line defect with radius ry =
210 nm. The mode that increases in frequency, having a positive slope, is a mode with
odd symmetry. The mode with a negative slope is a mode with even symmetry. At the
wavelength of operation, i.e. in the range from 1530 to 1570 nm, the waveguide only
supports the even symmetry mode.

The light is coupled from a conventional ridge waveguide to the PhC waveguide and vice
versa by placing the waveguides next to each other as is schematically shown in Fig. 2(a).
The ridge waveguide is first adiabatically tapered down to a width that is equal to the
diameter of the defect pillars, i.e. 420 nm. The gap between the end facet of the ridge
waveguide and the first PhC pillar results in the highest transmission if it chosen in such a
way that the ridge end facet is located exactly at the mirror plane between the first defect
pillar and its virtual neighbor; this optimal gap is given by gop = 0.5(a — 2rg).

In Fig. 1(b) the calculated transmission is shown for a PhC waveguide that is 8 peri-
ods long (based on a 3D FDTD calculation). The transmission for TM polarized light is
—2.3 dB with an extinction ratio better than 25 dB around A = 1550 nm. The good perfor-
mance of this device is mainly due to a high coupling efficiency of the TM polarization
at the transitions between the ridge waveguides and the PhC waveguide, while the TE
polarization has a poor coupling from the access ridge waveguide to the PhC waveguide.
The length of the polarization filter is only 3.9 um (eight times the lattice constant).

The optical circuit design, as schematically shown in Fig. 2(a), on the chip consists of a
2-um-wide input ridge waveguide, followed by a 1 x 2 multimode interference coupler
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Figure 2: a) Schematic drawing of the chip layout, and b) SEM image of a cross-section of
a photonic crystal waveguide connected to a classical ridge waveguide on an InP substrate.

(MMI) splitting the light into two branches. In the reference branch, the light propagates
through a conventional ridge waveguide towards the output side of the chip. The other
branch contains a PhC waveguide. This configuration has two advantages. First, the
coupling into the input waveguide can easily be optimized using the reference arm, even
if the PhC waveguide has high losses. Second, the transmission of the PhC waveguide
can directly be calculated from a comparison with the transmission of the reference arm.

Fabrication

The ridge waveguides and the MMIs are defined by optical lithography, whereas the pho-
tonic crystals are defined by electron beam lithography to have sufficient control over the
critical dimensions. At the transition between the optically defined waveguides and the
e-beam lithography areas the waveguides are 0.8 um wide. The waveguide pattern, in-
cluding the PhCs, is first defined in a 50-nm-thick chromium masking layer by a series
of lithography steps. This pattern is transferred into a 430-nm-thick silicon dioxide layer
by reactive ion etching (RIE) using a CHF3 chemistry. Finally, the deep etch to create the
waveguides is performed by inductively coupled plasma (ICP) RIE using a Cl, : Ar: Hp
chemistry [2]. Fig. 2(b) shows a scanning electron microscope (SEM) image of the PhC
structure after the ICP etch. The pillars are ~ 3.0 um deep. According to simulations
this should be enough to prevent the light from coupling to the substrate modes. Lateral
dimensions of the PhC are well under control with this fabrication process [3].

Transmission measurements

Light from a tunable laser source is coupled into the input waveguide using a microscope
objective. The polarization is fixed to TM or TE by use of a polarizer. At the output side,
the transmitted light is collected with a lensed fiber. The collected light is measured by a
photoreceiver. After optimization of the in- and outcoupling alignment at A = 1550 nm,
the tunable laser scans the wavelength from 1530 to 1570 nm in steps of 0.1 nm.

The cleaved facets of the chip introduce Fabry-Pérot fringes on the measured spectrum.
These are averaged out by taking a running average over 10 data points of the spectrum.
From the averaged spectra of both the branches, the transmission of the photonic crystal
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Figure 3: Measured transmission of a photonic crystal waveguide for both polarizations.

from 0.8 um width down to the diameter of the defect pillars, the coupling to and from the
photonic crystal waveguide and the propagation loss of the photonic crystal waveguide.
The measured transmission for both TM and TE polarization is shown in Fig. 3. The
average transmission for TM polarized light is —8.7 dB. The losses are higher than was
calculated in the 3D simulation, probably due to scattering and to the non-vertical side-
walls of the pillars, which can cause large substrate leakage. Both can be reduced by an
optimization of the fabrication technology. The TE transmission is —26.5 dB, which is in
agreement with the simulated transmission. The modulation on the TE polarization is due
to the reflections at the transitions between the ridge waveguides and the PhC waveguides,
and to the reflections at the transitions between the optically defined waveguides and the
e-beam defined ones. The latter reflections can be eliminated by adapting the design of
the chip. The average transmission for TE polarization is —26.5 dB, whereas that of TM
polarized light is —8.7 dB. This implies that an extinction ratio of about 18 dB should be
feasible if the reflections are reduced.

Conclusions

A very short TE polarization filter can be realized in a pillar photonic crystal. The fabrica-
tion process is compatible with that of a photonic integrated circuit based on conventional
waveguide technology. The device with a length of 3.9 pm has a transmission of —8.7 dB
for TM polarization and —26.5 dB for TE polarization. The high losses are probably due
to fabrication issues which can be solved by further optimization of the technology.

This research is supported by NanoNed, a technology programme of the Dutch Ministry
of Economic Affairs via the foundation STW.
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Abstract. Local tuning of the optical response of GaAs-based two dimensional photonic
crystals (PhCs) is reported. A selective polymer infiltration technique was developed.
Scanning electron microscopy and optical measurements were used to characterize the
filled PhC structures.

Over the past decade, photonic crystals (PhCs) have been intensively studied as a new
platform for the realization of integrated optical devices such as waveguides, filters and
switches [1]. On one hand, these devices are classically fabricated by omitting,
modifying the size or the position of the air holes [2]. On the other hand, several
theoretical studies suggested that selective filling of photonic crystal holes can provide a
novel platform for ultracompact photonic integrated circuits and open the way up to
create components such as single mode waveguides, broadband low-reflection
waveguide bends, crossings, splitters [3] and ultrahigh-Q cavities [4]. Therefore PhC
infiltration with organic materials [5-8] has a great potential for the realization of PhC
devices provided that a selective filling procedure is achieved. For instance, F. Intonti et
al. have demonstrated local microinfiltration of liquids via hollow submicron size
pipettes [9], and C. Smith et al. have used a similar technique to create a PhC double
heterostructure [10]. Moreover, D. Erickson et al. have used nanofluidic targeting to
infiltrate a single row of holes within a planar PhC using fluids with different refractive
indices [11].

In this communication, we present a selective polymer infiltration technique to trim the
optical properties of GaAs-based planar PhC membranes. Our technique has several
advantages with respect to micro-/nano- pipetting and nanofluidic procedures: it is fast,
simple, easily reproducible and enables the control of the size of infiltrated PhC region
(from 1 to 10 pm) [12].

Experiment

The sample, grown by molecular beam epitaxy, consists of a 320-nm-thick GaAs
membrane on top of a 1.5 um Aly7GagsAs sacrificial layer. A single layer of self-
assembled InAs quantum dots (QDs) (high aerial density:100-150 dots/umz) emitting at
1.3 pm is embedded in the middle of the membrane. PhC nanocavities were fabricated
using e-beam lithography and CHF; plasma etching of a hard SiO, layer which
eventually serves as a mask for the pattern transfer onto the GaAs layer by SiCls/O,/Ar
reactive ion etching [13]. The sacrificial layer is then selectively etched in a diluted HF
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solution to release the GaAs membrane. As a result, a PhC structure is obtained at the
center of a 12 um diameter suspended membrane. A L3 defect cavity was formed by
omitting three holes along the I'K direction at the center of the PhC triangular slab. The
lattice constant and the holes diameter are a=330 nm and d~193nm, respectively [Fig.
1(a)]. This provides an air filling factor of 0.31 that corresponds to a photonic bandgap
for the TE polarization at wavelengths around 1.3 pm. For the selective infiltration
experiments we used a polymer with a refractive index n=1.502+0.005 at A=1.3 pm.
Details on the filling procedure are given in reference 12.

Results

Scanning electron microscopy (SEM) top view images of (a) empty and (b)-(c) locally
infiltrated L3 cavities are shown in Figure 1, respectively. The size of the infiltrated PhC
region can be controlled at the micrometer scale (i.e. corresponding to tens of air holes):
e.g. 5.2 umand 1.2 pum in figures 1(b) and 1(c) respectively.

() T
FIG. 1. Scanning electron microscopy top view images of (a) empty and (b)-(c) locally infiltrated L3
cavities. The dark regions are the polymer-filled areas.

Optical measurements were performed with an internal light source technique with
frontal collection [14]. A helium-neon laser at 632.8 nm was used to excite the QD
luminescence in the membrane. The frontal emitted signal is collected through the same
objective and then coupled to a multimode fiber which is connected to a spectrometer
providing a spectral resolution of 0.1 nm. The results are shown in Figures 2 (a) and (b).
When the empty cavity is excited, a resonance peak appears at A~1248 nm that
corresponds to a cavity mode of the L3 cavity. Fitting the measured resonance
wavelength with a two-dimensional plane wave expansion (2D-PWE) calculation, a
filling factor value of 0.31£0.01 is obtained, which agrees with SEM measurements. The
full width at half maximum of the peak resonance yields a quality factor Q = 435.

Once the cavity boundaries are globally infiltrated [Fig. 1(b)], the resonance peak red-
shifts due to the reduced refractive index difference between the holes and the substrate
(AA=44 nm) [Fig. 2(a)]. The 2D-PWE fit of this energy peak provides the refractive
index value of the infiltrated holes that is consistent with the polymer refractive index
measured by ellipsometry. After the infiltration, the cavity quality factor decreases due
to the reduced reflectivity of the PhC boundaries (Q’ = 199).

When the cavity is locally infiltrated [Fig. 1(c)], the resonance peak slightly red-shifts
(AA=4 nm) [Fig. 2(b)]. This shift is consistent with the 2D-PWE calculation for the same
polymer distribution as in Fig. 1(c). The cavity quality factor slightly decreases with
respect to the empty state (Q’ = 360).
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FIG. 2. Front luminescence spectra of the locally infiltrated L3 cavities shown in figure 1 (solid lines).
The diameter of the polymer-filled region is (a) 5.2 um and (b) 1.2 pm, respectively. The
resonance peaks for the corresponding empty cavities are shown as reference (dashed lines).
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Abstract. Hybrid photonic integration with passive assembly techniques allows compact
optical modules to be realised with high optical performance and low packaging cost.
Recent advances in integrating semiconductor optical amplifiers into practical all-
optical signal processing circuits is described, with advanced applications from optical
memory to sophisticated burst-mode optical regenerators.

Introduction

The ability to easily combine different optical components via photonic integration is
widely recognised as one of the key strategic technologies for the future. Within
photonics, it is also acknowledged that using one material system for monolithic
integration is not always viable for all the required optical functions. In addition, the
optical performance of monolithically integrated devices is often compromised to some
degree and this has been a barrier to commercial realisation of devices. In other words,
compactness on its own is not sufficient for practical use of integrated devices — optical
performance is also vitally important. To address this, CIP has pioneered a photonic
integration approach using hybrid integration technology that allows different high-
performance optical components (active and passive) to be combined into integrated
modules [1]. This is achieved by using precision design and fabrication techniques that
allow the different component piece parts (as shown in Figure 1) to be simply pushed
together via passive assembly. We believe that this approach not only offers the
necessary precision for low-loss coupling of single-mode optical components, but will
also lead to greater module scalability, flexibility and lower cost manufacturing in the
future.

Figure 1: Photographs of the hybrid integration platform piece parts (L to R: preczszon
cleaved semiconductor optical amplifier (SOA) monolithic twin chip, Si daughterboard,
polymer precision edge stops, PLC, recess in PLC for SOAs, fibre ribbon clip).

In this paper, recent advances in the passive assembly hybrid integration platform are
described. In particular, its use in combining InP actives (SOAs) and passive devices
(optical isolator) with planar silica waveguides to create advanced optical signal
processing circuits is demonstrated. These modules use the nonlinear optical properties
of SOAs to allow one light beam to be switched with another [2]. SOAs are attractive
components because they are compact (~mm size), can be electrically powered, provide
optical gain and require very low switching energies (<100fJ). To operate at high
switching speeds (>40Gb/s), the SOAs typically have to be incorporated into a compact
optical interferometer, such as a Mach-Zehnder device, in order to exploit the cross-
phase as well as the cross-gain dynamics of the optical switching. These types of
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integrated interferometric devices are well suited to hybrid integration of the active
SOAs with low-loss, passive planar silica waveguide interferometers. The planar silica
waveguides allow other optical functions, such as wavelength selective
combiners/splitters, to also be included in the module [3] and provides a scalable path to
compact arrays of 40Gb/s regenerator devices.

Hybrid Integration Platform

CIP has been developing a hybrid integration platform over many years that is based on
passive assembly for low cost. The basic principle of this platform is that the active and
passive devices are designed together so that the complete integrated circuit is
optimised, rather than just the individual components. For example, the active InP chips
(e.g. SOAs) are designed with optical mode expansion and mechanical precision cleave
features that make the overall chip size larger, but allows the chip to be passively
aligned to the planar lightwave circuit (PLC). The PLC (A ~ 0.75%) also has some
mode expansion to minimise coupling loss and retains the attractive silica waveguide
features of low transmission loss (<0.1dB/cm) and high thermal stability. The active
chips are aligned to the PLC by mounting the chip on a silicon submount (or
‘daughterboard’) and then mounting the assembled daughterboard onto the PLC (or
‘motherboard’) so that the active InP components fit into precision machined or etched
holes in the motherboard, as schematically shown in Figure 2. The lateral position of the
daughterboard is defined by precision polymer (SU-8) stops that are lithographically
defined on the motherboard. Vertical position is defined by the height of the silica
cladding above the silica waveguides in the PLC. These processes can give micron scale
alignment accuracy which is sufficient to align single-mode optical elements with <1dB
in coupling loss.

SOA array

Alignment
Assembled stops
daughterboard

Motherboard

Figure 1: Schematic diagram of the CIP hybrid integration platform
with passive assembly.

Active Devices

One of the advantages of the hybrid integration approach is that the active InP devices
used in the platform can be optimized without regard to epitaxial or processing
compatibility with the other optical parts of the integrated circuit. Hence, we use
advanced InP multiple quantum well (MQW) SOA devices in a buried heterostructure
device geometry since these offer very high performance [4] and are manufacturable.
These SOAs achieve state-of-the-art performance by also incorporating optical mode
expanders, tilted facets and coatings to reduce the residual facet reflectivity to <10 and
hence maintain high optical gain (>30dB) at high injection currents. This performance
is vital to achieve the very fast gain recovery lifetimes required for high-speed optical
processing modules [5]. These SOAs can be produced in monolithically integrated,
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precision cleaved arrays, as shown in figure 3, for one-step assembly into hybrid
integrated devices.

Figure 3: Photograph of monolithic SOA chips (single, twin, quad and octo).

Passive Devices

The PLC is used in the integration platform to interconnect the relevant active devices
with waveguide structures such as interferometers and couplers. A typical PLC is
shown in figure 4, which comprises 4 parallel Mach-Zehnder interferometers, Y-branch
combiners, thermo-optic heaters and a parallel (12 way) fibre clip connection on each
end. The 2 holes in the PLC are to accommodate the assembly of two monolithic quad
arrays of SOA devices.

Figure 4: Photograph of a 4 channel SOA-MZI motherboard PLC.

In addition to waveguide devices, other passive optical element can be designed to fit
with the hybrid platform. Figure 5 shows an example of a passively assembled optical
isolator that uses the same assembly approach to provide on-chip isolation for the
optical circuits.

Figure 5: Photograph of a passively assembled optical isolator
for the hybrid integration platform.
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Hybrid Integrated Optical Circuits

By combining the functionality of the various active and passive components of the
hybrid integration platform, it is relatively easy to form advanced optical circuits. Two
different designs are shown in figure 6 for a 40Gb/s time-of-flight optical memory and a
40GDb/s burst-mode receiver (BMR) [6]. Each circuits uses common optical piece parts,
with only the waveguide circuitry differing to define the interconnections and hence the
circuit functionality.

Figure 6: Waveguide design layouts for (a) 40Gb/s BMR and (b) optical memory.

The fabricated BMR circuit and package is shown in figure 7, and comprises 9 different
assemblies of SOA arrays, fibre arrays, optical isolator and a Fabry-Perot filter.

Figure 7: Photograph of the fabricated 40Gb/s BMR circuit.

Up-to-date results on these circuits and other details of the hybrid integration platform
will be given during the conference presentation.
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Abstract. We introduce two Silicon photonics packages to be used in future applications
requiring multiple optical & electrical i/o. One package is based on a fiber array to assure
small footprints. The other package provides configurable optical & electrical connectivity.
Both packages are built using commercially available parts.

Introduction

Silicon photonics is a rapidly advancing field with a strong potential for applications in
integrated photonics. These applications comprise a wide spectrum ranging from optical
sensors to optical data & telecom sub-modules. The most prominent merit of Silicon photonics
is the use of highly advanced microelectronics process technologies. This allows for the
fabrication of ultra-compact and low loss Silicon waveguide devices (photonic nanowires) in a
CMOS-compatible fashion, opening the way for a true convergence of electronics and
photonics.

Nanowires pose a challenge for optical coupling to the outside world due to the large mismatch
in mode size between conventional single-mode fibers (SMF) and the waveguides.
Conventional butt-coupling techniques yield insertion loss figures in excess of 20dB, rendering
such approaches infeasible in real applications. The problem has been researched intensively
and various solutions have been proposed and demonstrated. Our work is based on coupling via
waveguide gratings. Gratings offer clear advantages such as compatibility with planar
processing, the possibility for wafer-level testing, and relatively large alignment tolerances.
However, gratings also evoke the need for entirely new smart packaging solutions due to the
effect of out-of-plane coupling. New approaches are required to handle issues of mechanical
stability, and reliability while preserving at least partially the compactness of the underlying
devices. At the same time, these approaches should be derived from micro-electronic packaging
to keep costs as low as possible.

To be clear, the goal of this work was not the development application specific packages, but
rather to study some generic aspects that will become of central importance in Silicon photonics
packaging. In the following paper we shall introduce two new Silicon photonic packages. The
first package offers a compact solution for an 8-port fiber array interface. The second package
provides a generic and configurable optical & electrical interface to a standardized Silicon
photonic chip. This chip is offered by the Silicon Photonics Platform of the European Network
of Excellence ePIXnet [1]. Both packages are under development by the Photonic Packaging
Platform ePIXpack [2], which is also one of the activities of ePIXnet.

Optical coupling to photonic wire waveguides via gratings

Coupling to silicon photonic wires through high-index contrast gratings is attractive because of
the relaxed alignment tolerances compared to facet coupling while using standard single mode
fibers. Because of the high index contrast, the grating can be short (25 periods) and achieve a
relatively large bandwidth.

Simple one-dimensional grating couplers with a uniform fill factor, etched into a broad
waveguide, achieve a coupling efficiency of around 30% with a 40nm 1dB bandwidth (per
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coupler) for a single polarization [3]. Detuned gratings with a coupling angle of 8° to 10° are
used in order to avoid coupling to the wrong direction. The alignment tolerance for a 1dB loss
er +2um.

penalty i

Figure 1: (a) Uniform fiber couplers etched in a 10um wide SOI waveguide.[3] (b) Focusing grating coupler with
similar efficiency but more compact footprint [5]

In addition, a two-dimensional grating coupler simultaneously splits the two incident polariza-
tions and can be used in a polarization diversity scheme [4]. Simple 2D couplers achieve
similar efficiency and bandwidth as one-dimensional couplers, but have a more strict alignment
tolerance in order to achieve polarization independent circuits.

The grating couplers can be optimized in various ways to improve the efficiency or size.
Focusing couplers achieve the same efficiency on a much smaller footprint, as with the regular
coupler one still has to taper down the broad waveguide [5]. By using non-uniform fill factors,
much lower coupling losses can be obtained. The efficiency can be further boosted by
decreasing the vertical symmetry of the structure or adding bottom mirrors [3]. With an overlay,
highly efficient couplers can be obtained that even couple light vertically instead of detuned

[6].

Examples of optical & electrical packages

As packaging is necessary to achieve a reliable device on basis of the silicon photonic chips the
challenge is to couple in the light into a fiber array maintaining the advantage of size and
coupling efficiency. This so called interconnection bottleneck has to be overcome by a
packaging concept providing standard optical interfaces. Alignment, reliability, standardization,
and mass production suitability are the most important issues. Two first approaches using the
standard sized chips described above are described in the following sections compact fiber
array package. The compact fiber array package is a smart packaging approach for all optical
functionality of the chip without any need of electrical wiring. The optical fibers are arranged
in one row and serve as input and output fibers for the chip. A central requirement for Silicon
photonics packages is compactness. Our first package focuses on this aspect. The concept is
depicted in Fig. 2.

'q-—!

<|lf

8

Figure 2 (a) Fiber array based package for Silicon photonic chip (SOI chip). Stability of the package is based on the
actual fiber array mount, which consists of a V-groove bottom & a glass lid. The SOI chip contains a number of
equally spaced grating couplers (optical i/o-ports). An example of a corresponding layout is shown in (b). The
couplers are indicated by the circles shaded in color.
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The package uses a commercial fiber array connector as a base to mount the Silicon photonic
chip. Such arrays provide up to 32 i/o-ports without the need for a dedicated fiber array design.
Glass lid and V-groove bottom are polished to provide the correct angle for coupling. The chip
is sealed by an appropriate glob top encapsulation. A very compact package with multiple
optical ports can be realized in this way.

A less compact but very flexible approach is taken for the second Silicon photonics package,
which is depicted in Fig. 3.

™ standard

standard y fiber array

MT-style
connectors

SOl chip

ceramic carrier «__\_

Figure 3: Configurable Silicon photonics test package. The cross section in (a) shows the ceramic carrier that acts as
a base for the fiber array connector & the SOI chip. The carrier also contains the respective electrical fanout
structures that route the connection to the underlying standard PGA (b).

The package can be configured to provide only electrical, only optical, or both electrical and
optical connectivity. It is based on an SOI chip design, which uses standardized pitches for
grating couplers and bond pads. The necessity of more generic & flexible test packages arises
mainly in the R&D environment, where configurable electrical & optical connectivity is
preferred to compact & qualified packages.

Experimental results

Fig. 4 shows a fiber array based package without and with glob top encapsulation. The SOI chip
is mounted face down on the fiber array. The chip alignment is optimized by active alignment
using two monitoring ports on the SOI chip. After active alignment the position of the chip is
fixated by a UV-curing epoxy.

Figure 4: (a) Fiber array based package without glob top. The SOI chip is mounted face down on the fiber array. (b)
Encapsulated SOI chip on fiber array (8 fibers) in comparison to 1 Euro Cent coin.

Our first experiment coupled to an array of 6 couplers that were cross-connected (i.e.
shortened) in pairs by photonic wire waveguides. This configuration allowed for a simple test
of the optical coupling concept. Fig. 5 (a) depicts the coupling characteristics of an aligned
fiber in the package as a function of wavelength, which shows the wavelength dependence of
the grating coupler. Fig. 5 (b) shows the transmission characteristics of the fiber-chip coupling
in the dependence of lateral displacement of fiber array to the chip. Due to the fiber
core/cladding concentricity <0.5um and due to tolerances within the v-groove +lum, the
coupling uniformity is expected to be <0.5dB.
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Figure 5: (a) Wavelength dependence of transmission through 2 shortened grating couplers. (b) Transmission
characteristic of fiber-to-grating coupler in the dependence of lateral displacement.

Conclusions

Two new Silicon photonic packages have been presented. Both packages provide a solution for
fiber array coupling to high-index contrast photonic wire waveguide gratings. Using
standardized SOI chip designs and commercial assembly parts, the packages allow for small
footprint or flexible use in an R&D environment.
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Abstract - We present a new concept for optical waveguide intensity modulators, based
on the thickness change in an elastomer in a parallel plate capacitor, squeezed due to the
attractive forces exerted by the capacitor electrodes when charged.

Introduction

Integrated polymer optics is of broad interest due to advantages like low costs and ease
of fabrication and there are several components already commercially available. There
is a variety of waveguide materials which can be structured, e.g., by photo lithography
and which form waveguides with optical losses as low as 0.01 dB/cm [1]. Also avail-
able are organic light emitting diodes (OLEDs) [2] as well as organic photo-diodes [3].
In modulators and switches electro-optical (EO) polymers are used reaching a modula-
tion bandwidth up to 100 GHz [4]. Thermo-optical (TO) modulators use the temperature
dependent refractive index of polymers and achieve modulation speed in the range of a
few kHz, significantly lower than that of EO-modulators. Nevertheless TO-waveguide
modulators are discussed for applications in optical communication networks, for exam-
ple in optical routing [5]. However, TO-modulators also significantly consume power for
switching, with values of several mW for one element [5]. The small optical path length
changes that can be induced by both the EO and TO effect require interaction length in the
range of several mm to cm for both modulator types. Therefore, there is a clear demand
for novel modulator principles that allow for short interaction lengths to reduce the size
of optical chips.

Modulator Concept

Here we report on an electro-mechanical modulator relying on the properties of an elas-
tomer as the dielectric medium in a parallel plate capacitor. The attractive forces between
the differently charged capacitor electrodes compress that layer, representing a special
type of electrostrictive effect [6]. The system of metallic electrodes with an elastomer
in-between forms a metal-insulator-metal (MIM) optical waveguide, whose propagation
properties can be tuned by the thickness of the elastomer layer and thus by the voltage
applied to the electrodes. When optically coupled to a dielectric waveguide this MIM
waveguide can act as a modulator. The thickness change of the elastomer in the MIM-
waveguide directly affects the coupling conditions between the waveguide modes in the
dielectric and in the MIM-waveguide. It causes a change in the maximum optical power
which is transferred from the dielectric to the MIM-waveguide and a change of the cou-
pling length (i.e. the distance within this transfer takes place). The achievable modulation
depth can be optimized by two parameters, the initial thickness of the elastomer and the
length of the MIM-waveguide, see Fig. 1.
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Fig. 1: Sketch of the proposed modulation device (a), PDMS is the squeezable elastomer in
the MIM-waveguide and U is the voltage applied to the metal electrodes. Coupling between
the dielectric and the MIM-waveguide (b). The arrow indicates the direction of the propagating
light. The curves in the dielectric waveguide and the elastomer indicate the decrease and increase
of guided optical power in the two waveguides due to coupling between them but also due to
absorption in the bottom-electrode.

Realization

So far we investigated i) the coupling between the dielectric waveguide and the MIM-
waveguide for an extended layer system and ii) the temporal behavior of the deformation
of the elastomer in the MIM-system to estimate the response times of the modulator.

Coupling between dielectric and MIM-waveguide

To analyze the feasibility of mode matching between the dielectric and the MIM-waveguide
we performed calculations using stratified media theory and compared them to angle re-
solved reflectance measurements.

Our model layer system consists of a Cytop layer (low refractive index fluoropolymer pro-
vided by Asahi Glass; used as the bottom cladding of the dielectric waveguide) on glass
substrate. We used SU8-3010 (epoxy resin, MicroChem) for the dielectric waveguide,
silver as bottom- and gold as top-electrode and for the elastomer we used polydimethyl-
siloxan (PDMS), namely a blend of Sylgard 527 and Sylgard 184 (provided by Dow
Corning). We calculated the reflectivity of the layer system sketched in Fig. 2a (micro-
scope cover slide / 500 nm Cytop / 370 nm SU8 / 40 nm Ag / PDMS / 40 nm Au) in
dependence of the thickness of the PDMS-layer and the effective mode index N (Fig. 2b)
which is related to the angle of incidence @ by N = N4 sin@. The calculations were
done for TM-polarized light of 633 nm wavelength.
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Fig. 2: Sketch of the layer system (a). ¢ is the angle of light incidence. Gray scale plot of the
calculated reflectance against PDMS-thickness and effective mode index N (b).

The dark traces are reflectivity minima which display the guided modes in the dielectric
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and the MIM-waveguide. The dashed line refers to the mode in the dielectric waveguide,
which intersects with the modes in the MIM-waveguide (sloping dark lines). For PDMS
thicknesses where the dark lines are anticrossing the modes in the dielectric and the MIM-
waveguide are perfectly matched.
Angle resolved reflectance measurements were performed for samples with PDMS thick-
ness of about 3700 nm (mode matching case) and 4100 nm (no mode matching) and
compared with calculated curves, see Fig. 3.
Sample preparation was done by spin coating Cytop onto a microscope cover slide. Be-
fore SU8 was spin casted, the Cytop surface was treated with an air plasma for 1 min to
ensure adhesion. Onto the SU8 layer the MIM-system was produced by thermally evap-
orating silver, layer deposition of the PDMS by spin coating and thermally evaporating
gold. Before evaporation of the 40 nm thick gold top-electrode the PDMS surface was
treated with an air plasma for 20 s to prevent diffusion of the gold atoms into the polymer
[7].
Fig. 3 shows experimental (dots) and calculated (line) angle resolved reflection curves
for the two PDMS thicknesses. The reflectivity minima which are quite narrow corre-
spond to the waveguide modes in the MIM-waveguide and the broad minimum in Fig. 3a
correspond to the dielectric waveguide mode. When the dielectric waveguide mode and a
mode in the MIM-waveguide are matched (Fig. 3b), the width of and the distance between
the coupled minima are changed. That is, that the maximum optical power which can be
transferred and the coupling length are changed. We found good agreement between
measurements and theory.
First simulations using beam propagation method (BPM) suggest, that device lengths of
tens of um are sufficient for such a modulation unit if a possible thickness change of 10
% is assumed.
a) . b)
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Fig. 3: Experimental (dots) and calculated (line) angle resolved reflection curves (A=633 nm, TM-
polarization) for the layer system depicted in Fig. 2a. (a) no mode matching, (b) mode matching
case.

Response times

As an elastomer is practically incompressible the electrodes must be laterally confined to
get a significant thickness change of the elastomer. The elastomer has to be ”squeezed”
to the area outside the electrodes (see Fig. 4). We investigated two different geometries:
samples with bottom electrode structured only (Type 1) and samples where the whole
layer system was structured by reactive ion etching (Type 2). Measuring the time de-
pendent thickness changes of the PDMS we found response times in the order of 100 us
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and thickness changes up to 7% for an initial elastomer thickness of 5 um and an applied
voltage of 120V, for details concerning sample preparation as well as experimental setup
see [8].
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@ cess | (o) Fig. 4: Scheme of the two different geometries for time

response measurements. (c¢) and (d) sketch the deformation
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Conclusion

To summarize we could show that for an extended layer system coupling between a di-
electric and the MIM-waveguide is indeed possible. We found response times of our
modulation unit in the order of 100 us and possible thickness changes of about 7 %.
Such types of modulators may find application in the field of (low cost) integrated poly-
mer opto-electronics. There are several advantages of the proposed modulator concept
as compared to TO-modulators: Comparable switching times with a negligible power
consumption on device length of mm instead of cm.
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Abstract. We report on a hybrid integration of a resonant tunneling diode laser diode
driver configuration that operates as a self-oscillating circuit and can be described as a
Liénard’s oscillator. When externally perturbed it is capable of frequency division,
chaos generation and synchronization with potential novel functions for optical
communications systems.

Introduction

Recent work on Opto Electronic Integrated Circuits (OEICs) has shown that it is
possible to monolithically integrate a resonant tunnelling diode (RTD) with an optical
waveguide electroabsorption modulator (RTD-EAM) [1] and a RTD with a laser diode
(RTD-LD) [2]. Crucially the RTD introduces negative differential resistance (NDR) into
the electrical characteristics of the RTD-EAM and the RTD-LD. RTDs have attracted
much attention due to their strong nonlinear current-voltage (I-V) characteristic, wide-
bandwidth NDR region, and high frequency operation [3].

This paper presents recent work on a hybrid optoelectronic integrated circuit (OEIC)
consisting of a RTD driving a communication laser diode (LD) that produce various
optical outputs including self-sustained oscillations, frequency division and chaos in
electrical and optical domains [4]. The circuit preserves the nonlinear dynamical
behavior of the RTD increasing laser diode functionality with several potential
advantages, such as low modulating voltage, ultrahigh speed operation, and significant
reduction in the complexity of chaotic optical carriers generators needed for optical
communications [5]. The RTD-LD circuit operation can be described by Liénard’s
oscillator theory. Numerical simulations also show optical chaotic synchronization in
two identical resonant tunneling diode — laser diode circuits operating as an
unidirectional driven coupled system. We anticipate that this circuit will lead to new
applications in optical communications including clock recovery, clock division and
data encryption using synchronized chaos.

Circuit Description and Operating Principle

Figure 1(a) shows the schematic diagram of the RTD-LD hybrid OEIC. The shunt
capacitor was used to decouple the DC from the AC circuit. The RTD detailed structure
is described in [1]. The LD was an optical communications laser fabricated by
Compound Semiconductor Technologies (Scotland); it has a threshold current of 6 mA,
20 GHz bandwidth, and operates at 1550 nm with average output power of 5 mW. The
room temperature I-V characteristics of the RTD, LD, and the RTD-LD are shown in
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Fig. 1(b). The circuit electrical output was taken across the RTD-LD series, Fig. 1(a);
the laser optical output was coupled to a lensed optical fibre and detected by a 45 GHz
IR New Focus Photo-detector.

DC + RF Input . Lo RF output RTD /LD
Microstrip line =
— d — o RTD-LD

N = 30

capacitor = = Optical fiber S 2
— E
— et 8

Laser diode I 10

0

B I 00 10 20 30
(a) (b) Voltage (V)

Fig. 1 (a) Schematic of the RTD-LD OEIC; (b) I-V characteristics of RTD, LD and RTD-LD.

When DC biased in the NDR region the experimental circuit represented by Fig. 1(a)
produces self-sustained oscillations at frequency around 560 MHz, determined mainly
by the wire bonding inductance and intrinsic RTD-LD capacitance. The LD optical
output is modulated by the current oscillations induced by the RTD, producing an
optical output with the same harmonic content of the electrical oscillations.

Theory and Numerical Model

The nonlinear dynamics behavior of the RTD-LD module can be analyzed using the
lumped circuit shown in Fig. 2(a). The physics-based RTD f(V) current-voltage
description given in [6] was used, Fig. 2(b). When operated above the threshold, the
laser can be modeled using an ideal diode in series with a voltage source Vry and a
current limiting resistor Rs. From Fig. 2(c) we obtain V= 0.84 V and Rs =11 Q.

Current (mA)
Current (mA)

0
1 2 3 0.0 05 1.0 15

(a) = = (b) Voltage (V) (c) Voltage (V)
Fig. 2 (a) Equivalent lumped circuit of circuit shown in Fig. 1(a); (b) Experimental and fitting of RTD I-V
curves; (c) Experimental /-V characteristics of the laser diode and model.

For a given DC bias voltage, Vpc, the voltage output across the RTD-LD series, V(r),
Fig. 1(a), can be described by a nonlinear system known as Liénard’s oscillator:

V@) +HVV' (1) +G(V) =V, sin2f, 1), )

where G(V) is a nonlinear “force”, H(V)V’(f) and Vacsin(2mnfi,f) are the damping factor
and the externally applied forcing signal, respectively. H(V) and G(V) are given by:

=R LIV oy YO
L C dv LC LC

2

The laser diode optical output was modeled using the laser diode single mode rate
equations for the electron density N(f) and the photon density S(7):
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where I(¢) is the current through the laser diode given by Liénard’s model (1), g is the
electron charge, ¢ is the active region volume,7and 7, are the spontaneous electron and
photon lifetime, respectively; f is the spontaneous emission factor; gy is the gain
coefficient, Ny is the minimum electron density required to obtain a positive gain and &
is the value for the nonlinear gain compression factor.

Self-sustained oscillations

In Fig. 3(a) we show the electrical output of the RTD-LD in the self-oscillating mode
(Vac=0 V); also represented is numerical output given by the Liénard’s model [equation
(1)]. In Fig. 3(b) we show the laser optical output experimental data fitted with the
calculated light intensity as a function of the injection current I(f) using the rate

equations [equations (3) and (4)] with typical parameters of communication laser diode.
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Fig. 3 (a) Experimental and modeled electrical signals at voltage of 1.8 V, both with fundamental
frequency oscillation around 560 MHz. The circuit parameters used in the model are L=8.0 nH, C=5.0 pF,
R=6.2 Q and Vpc=1.8 V, V5c=0.0 V; (b) The corresponding photo-detected signal and the model output.

The comparison between the experimental results with the numerical simulation shows
that the theory of the Liénard’s nonlinear differential equation can be used to model the
RTD based driver circuit of an optical communications laser diode.

Frequency Division, Chaotic Behavior and Synchronization

Frequency division in a hybrid optoelectronic integrated RTD-LD circuit has been
investigated numerical and experimentally when an external sinusoidal voltage signal is
applied. Figure 4 shows experimental and numerical results of frequency division by 2
and 5 in the laser optical output induced by low driving AC voltages. The bifurcation
diagram representing the amplitude peaks heights of RTD-LD output voltage
oscillations, V(f), as a function of the excitation frequency fi,, obtained numerically
shows period-adding bifurcation in a sequence of quasi-periodic (unlocked) and periodic
(locked) oscillations [4]. In the quasi-periodic regions, depending on parameters
conditions, route to chaos behavior is expected [3][4].

We have also analyzed the electrical and optical synchronization of two identical
coupled chaotic RTD-LD oscillators using the Liénard’s oscillator and the

43



WeB4 ECIO ‘08 Eindhoven

synchronization diagrams of the evolution of output signals of the transmitter vs.
receiver show chaos synchronization between the RTD-LD coupled circuits.
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Fig. 4 (a) Laser output showing frequency division by 2 when Vac=150 mV at 0.9 GHz and model; (b)
Spectrum of the laser output showing frequency division by 5 when Vac=150 mV at 2.5 GHz and model.

Conclusions

A RTD-LD circuit acting as an oscillator producing self-sustained oscillation and
frequency division both in the electrical and optical outputs was demonstrated. The self-
sustained behavior can be a simple way to convert fast, short electrical pulses into fast
sharp optical pulses. The sub-harmonic locking can be used for dynamic frequency
division with a selectable dividing ratio. We also have shown that the electrical and
optical operation of the circuit can be described by Liénard’s oscillator theory.

Although the hybrid RTD-LD circuit presented here operates at relatively low
frequencies compared to modern optical communication systems, recent work by the
authors has shown that with reduced RTD-LD bond wire inductance, voltage controlled
oscillation frequencies in the range of 1.9 GHz to 2.1 GHz can be achieved. With fully
integrated versions we anticipate much higher operating frequencies in the region of 10
Gbits or higher - data rates more appropriate for present day and future optical
communication systems.
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Abstract: Cost-effective polymer multimode directional couplers suitable for high-speed
on-board optical interconnects are presented. Power splitting ratios from 30 to 75% are
achieved, symmetric behaviour is obtained for both input arms and robust performance
in terms of input misalignment is demonstrated. No special fabrication steps are
required for patterning the devices.

Introduction

Polymer multimode waveguides have become increasingly of interest for use in short
reach optical interconnects in recent years as they offer a promising solution to the
bottleneck imposed by conventional electronic circuitry [1,2]. Their main advantage
consists of low-cost and simple fabrication processing compatible with the existing
manufacturing process of electronic printed circuit boards (PCBs). The siloxane
materials reported in this work exhibit excellent thermal and mechanical properties and
are able to withstand the in excess of 250°C temperatures that are required for solder
reflow processes [3]. Moreover, owing to their reduced alignment tolerances, multimode
waveguides allow for reduced cost connectorisation and packaging. Yet further cost
advantages and increased functionality could be achieved by directly forming passive
components in the polymer guides.

Interconnection architectures comprising an optical bus and various optical stations or
cards require the use of passive add/drop devices (Fig. 1). The majority of multimode
devices, however, offer only a 3dB power splitting ratio as a result of mode mixing and
power redistribution between the large numbers of modes inside the guides [4-5]. Being
able to control the power splitting ratio is therefore an important attribute for any
passive component to be employed in such add/drop applications. In this paper we
report the fabrication and characterisation of directional multimode coupler devices
patterned by conventional photolithographic techniques on FR4 substrates which are
suitable for use in on-board optical interconnects. Despite the multimode nature of the
guides and the low potential cost of the devices, good performance is achieved even in
the presence of significant input misalignments.

1 2 n

N T L

Fig.1 Optical bus architecture with passive add/drop devices.

Device design and fabrication

The devices are fabricated on a FR4 substrate by conventional photolithographic
techniques from silicone OE4140 (core) and OE4141 (cladding) polymer materials. The

45



WeB5 ECIO '08 Eindhoven

waveguide cross section is 50x50 pm?” so as to match standard 50/125 pm multimode
fibre systems (MMF) while the waveguide separation is chosen to be 250 um to comply
with conventional fibre ribbon, VCSEL and photodiode array spacing. The intrinsic
waveguide loss is measured to be 0.03-0.05 dB/cm at an 850 nm wavelength.

The couplers consist of a pair of 6 mm long raised-cosine S-bends and a middle
interaction section whose length L, is varied from 0 to 4.5 mm. The total length of the
device is 20 mm. Fig. 2a shows a schematic of the coupler design. It should be noted
that the two coupler arms are in contact so that no separation gap exists in the
interaction section. Due to the large index step between the core and cladding material
(An~0.02), the separation distance that is required to ensure efficient power coupling
between the two guides, is in the order of a few microns (~5 um) — a value much smaller
than the height of the core polymer layer (H=50 pm). Standard low-cost
photolithographic techniques fail to efficiently produce features of such an aspect ratio
as vertical sidewall deformation occurs (Fig. 2b-2c). By merging the two arms together
at the interaction region, no extra fabrication steps (i.e. etching process) are required in
order to create the necessary narrow gap, allowing thus an easier patterning and
simplified fabrication. Nevertheless, the convergence of the arms will eventually create
similar defects near the junction points (points A-B in Fig. 2a) at both the input and
output sides of the device, inducing as a result additional excess loss.
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Fig.2. Schematic of (a) a polymer coupler and (b-c) illustration of the cross section of fabricated parallel

waveguides in the case of (b) a large (D / H >>0.5) and (c) a small (D / H < 0.5) feature aspect ratio.

The multimode polymer coupler can be treated as a multimode interference (MMI)
device [6] which, in this case, has multimoded input and output arms. The power
coupled to each one of the guided modes inside the interaction region depends on the
power distribution and the relative phases of the modes of each one of the input arms
(point A), while the power coupled to each one of the output arms depends on the
interference between the modes of the interaction region at the output arms-interaction
region interface (point B). Therefore the operation of the device and, more specifically
the power splitting ratio between the output arms, depends strongly on the length of the
interaction region and the mode distribution inside the input arms. Furthermore, the
input and output S-bend regions affect the device behaviour as their converging input
and diverging output waveguides result in additional mode coupling between the arms
of device. Our goal is to investigate the performance of the device in the case of an
overfilled launch into each arm of the device and evaluate the robustness of the splitting
power ratio in the presence of input misalignments (which are expect to be likely in low-
cost integrated optical systems). Therefore, multimode fibre (MMF) launches are
employed in order to create a mode power distribution at the input arms as uniform as
possible while representing an input configuration scenario that could be met in real-
world applications (e.g. a fibre ribbon — polymer optical board interface).
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Characterisation studies

A standard 850 nm multimode VCSEL source is used as a transmitter while a standard
cleaved 50/125 pym MMF patchcord is used to couple light into each of the device’s
input arms. A 62.5/125 um butt- coupled MMF is used to collect the light at each output
arm and deliver it to an optical power meter. Index matching gel is used at both
waveguide ends to maximise coupling efficiency. The excess loss of the devices is 0.8
dB for a 50/125 pum MMF input and can be attributed to the bending loss induced by the
input and output S-bends and the acute point at the convergence region of the input and
output arms (points A and B).

In fig. 3 the variation of the splitting ratio of output power (fraction of output power
coupled into the antisymmetric port: 1->2' and 2->1') as a function of the length of the
interaction section L,,; of the device is shown. A symmetric response is obtained for
both input arms while the percentage power coupling varies from 30 to 75% depending
on the interaction length L,;,.. Moreover, similar behaviour is observed for both
multimode fibre input configurations. The same black fit line is shown in both plots in
order to simplify the comparison. The observation indicates the robustness of the
operation of the multimode couplers on launch conditions as long as those are kept close
to being overfilled. Owing to the multimode nature of the devices, complete power
coupling into the antisymmetric port cannot be achieved. The minimum coupled power
percentage obtained is approximately 30% for a nominal interaction section length of
Lyig =2 mm. Larger interaction lengths lead gradually to a smaller power coupling
fraction variation due to the mode mixing occurring inside the interaction region.
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Fig. 3. Fraction of output power received at the antisymmetric port as a function of interaction length L,,;4
for a (a) 50 um and a (b) 62.5 pm MMF input.

For each device and for each input port, the worst-case behaviour scenario is
implemented by adjusting the position of the input fibre with a 3D translation stage so
as to maximise the power received in one of the output arms of the device. The input
fibre is kept constant while recording the power received at the other output. The
maximum variation of the splitting ratio for every device can be obtained providing thus
an indication of the robustness of the device performance. The non-filled points in Fig. 3
represent the minimum and maximum power fractions achieved by this technique. The
average variation for all devices under investigation obtained is +2.5% while the
maximum value recorded is approximately +5% for the device #4 (4™ device in Fig. 2)
with an interaction section length of L,,;;=1.5 mm.
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To further investigate the effect of input misalignment to the operation of the couplers,
the performance of the device #4 exhibiting the greatest power splitting ratio variation is
studied in more detail. The received power at the device’s two output arms is recorded
while offsetting the input MMF both in the horizontal and vertical direction (Fig. 4a). It
can be noticed that for horizontal misalignment a symmetric behaviour is obtained while
the maximum power splitting variation is smaller than 5% (£2.5%) for an input offset of
+10 pum for all vertical input positions. Vertical misalignment however leads to an
asymmetric behaviour and slightly greater variation. Offsetting the fibre towards the
substrate leads to a small change in the splitting ratio (< 3%) whereas an upward input
fibre movement has a greater effect. This can be attributed to the asymmetry of the cross
section of fabricated waveguides in the vertical dimension (Fig. 4b). Increasing the
thickness of the top cladding layer is expected to overcome this issue. Overall, the
observed power splitting variation due to input misalignment of this “worst-case”
coupler is relatively small, demonstrating thus the potential of the use of the devices in
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Fig. 4. (a) Fraction of output power received at the antisymmetric port as a function of horizontal input
offset for different input vertical positions for device #4 and (b) photograph of one of the output
waveguide facets of the device when illuminated with the VCSEL source.

Conclusion

Low cost polymer multimode directional couplers fabricated on FR4 substrate
exhibiting a power splitting ratio between 30 and 75% are presented. Despite being
highly multimoded structures, symmetric behaviour for both input arms and robust
performance are achieved, even in the presence of input misalignment in the order of 10
microns in both horizontal and vertical directions. The devices are suitable candidates
for use in high-speed on-board optical interconnection schemes.
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Abstract. Electrical pumping of InAs QD’s in a photonic crystal membrane nanocavity
is demonstrated at 1.3 um through the observation of cavity modes with quality factors
around 2600.

Introduction

The control of light at sub-micrometer scale is the focus of intense interest, both for
fundamental science and for applications. [1] Photonic crystals (PhCs) provide a
flexible platform for light manipulation through high quality cavities and waveguides.
On the other hand, the atom-like behavior and wavelength adjustability of
semiconductor quantum dots (QDs) make them perfect candidates as single photon
sources for quantum optics or quantum cryptography and lasers with low thresholds
currents. [2] They can also be straightforwardly embedded into PhC structures, leading
to the control and enhancement of spontaneous emission, thus to higher efficiency and
emission rates. [3] Whereas most of the experiments found in the literature are
performed under optical excitation, a mature device needs to work under electrical
pumping. We present here a structure which combines a photonic crystal nanocavity
with electrical injection, leading to cavity-enhanced emission at telecommunication
wavelengths.

Sample fabrication

The sample is grown by molecular beam epitaxy (MBE) and consists of a 370 nm thick
GaAs membrane on top of a 1.5 um Aly;Gag3As sacrificial layer. The top of the
membrane is p-doped and the bottom is n-doped. A single layer of low areal density
InAs QDs with emission at 1.3 um at liquid helium temperature is embedded in the
middle of the membrane.

The sample is wet-etched in diluted H3PO4 / HO, / H,O to form ~300 nm high mesas
with diameter between 8 to 10 um. The bottom n-contact, a 200 nm layer of insulating
Si3N4 and the top p-contact are then deposited. An aperture is left in the top contact for
the PhC cavity. The holes are etched by a SiCl4 / O, / Ar reactive ion etching (RIE) and
the membrane is then released in diluted HF. The cavity is formed at the center of the
mesa by not etching three holes in the 'K direction. The air filling factor was measured
to be around 27%. The first holes on each side are shifted outwards by 15% and
rescaled to 61% of the unperturbed holes diameters, following [4], [S] [6].

The modified L3 cavity is clearly visible at the center of the SEM image in figure 1.
The border of the mesa is apparent through the gold top contact, which also serves as a
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cover to block photons emitted outside the PhC region and the side of the mesa. On the
top of the image, the n-contact looks darker, since it is covered by the insulating SizNy.

IPEQ-EPFL SEI 5.0kV X6,000 WD 10.1mm Tum

FIG. 1 : Scanning Electron Microscopy (SEM) image of a modified L3 photonic
crystal cavity on a suspended membrane. Electrons are injected through the dark
semi-circular contact on the top of the image, whereas holes are fed by the annular
clear contact.

Measurement and results

The sample was measured in a cryogenic probe station at liquid helium (LHe) and
liquid nitrogen (LN;) temperature. The light was collected into a single mode fiber and
dispersed by a spectrometer onto a LN, cooled InGaAs array. [V-curves were recorded,
showing clear diode behavior and a relatively low threshold voltage of 2 V, which
proves the high quality of the process.
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FIG. 2 : a) Electroluminescence spectrum under 15pA excitation and b) IV-curve
of'a modified L3 photonic at 77 K
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The electroluminescence spectrum presented in figure 2 was performed at 77 K on a
device with PhC lattice parameter ¢ = 231 nm under 15 pA continuous current. A cavity
mode is clearly observed, with a measured quality factor (Q) above 2600. This shows
that this structure and process approach lead to PhC cavities with low optical loss,
despite the presence of doped layers and metal contacts. It is therefore suitable for the
long-sought demonstration of Purcell-enhanced emission under electrical injection.
Pulsed electroluminescence measurements on these structures are under way and will be
presented at the conference.

Conclusion

We demonstrated successful electrical pumping of InAs QD’s in PhC membrane
modified L3 nanocavity under continuous bias at LN, and LHe temperature. Time
resolved experiments are under way.
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Abstract. Butt-joint integrated extended cavity InAs/InP (100) quantum dot (QOD)
Fabry-Pérot laser devices emitting around 1.55 um are demonstrated. Continuous wave
lasing at room temperature is realized with devices of different lengths. The threshold
currents, transparency current density, and external differential quantum efficiency are
all comparable to those of all-active QD lasers. The Butt-joint reflectivity for straight
waveguides is below — 40 dB. Light versus current curves and lasing spectra reveal that
for low current, lasing starts on the QD ground state transition, while excited state
lasing sets in with increasing current.

Monolithically integrated quantum dot (QD) laser devices for photonic integrated
circuits have been realized in the InAs/GaAs materials system by selective area — and
regrowth techniques [1,2]. We demonstrate the first Butt-joint active-passive integrated
QD laser device in the InAs/InP (100) materials system emitting in the technologically
important 1.55 um wavelength region for fiber based optical telecommunication
systems. The extended cavity Fabry-Pérot QD laser operates in continuous wave (CW)
mode at room temperature (RT) on the QD ground state (GS) transition. The threshold
current, transparency current density, and external differential quantum efficiency are
comparable to those of our all-active Fabry-Pérot QD lasers [3]. The Butt-joint
reflectivity is below — 40 dB for straight waveguides. Double-state lasing on the QD GS
and excited state (ES) is observed with increasing injection current, which is caused by
the inter-level relaxation rate of carriers typical for QDs [4].

Device fabrication: The integrated QD laser structure was grown by Metal-Organic
Vapor Phase epitaxy (MOVPE) in a three-step process [5]. In the first epitaxy step, the
active layer was grown on n-doped InP (100) substrate. It consists of a stack of five QD
layers embedded in the center of a 500 nm thick A = 1250 nm lattice-matched InGaAsP
(Q1.25) layer. The average QD diameter, height, and density are 50 nm, 5.6 nm, and 2 x
10" cm?, and the Q1.25 separation layers are 40 nm thick. The emission wavelength of
the 3-monolayers (MLs) InAs QDs was tuned into the 1.55 pm wavelength region
through insertion of ultrathin (1.3 MLs) GaAs interlayers underneath the QDs [6]. Then
a p-doped 200 nm thick InP layer was grown. Active mesa blocks were defined by
photolithography using a 100 nm SiNy layer as etching mask. The mesa blocks are
30 um wide and spaced apart by 250 pm with lengths varying from 200 to 2000 um.
The future passive areas were etched wet chemically 50 nm below the active layer, thus
560 nm were etched for regrowth. An overhang below the SiNy mask prevents the
lateral overgrowth at the Butt-joint. Then undoped Q1.25 and InP layers were regrown
by selective area MOVPE using the same SiNy mask. The thicknesses of both layers are
matched to the original thicknesses. The SiNy mask was removed and the 1.5 um
gradually p-doped InP top cladding and compositionally graded p-doped InGaAsP
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contact layer were grown. After growth, straight ridge waveguides with a width of 2 um
were fabricated by reactive-ion dry etching 100 nm into the Q1.25 layer. The structure
was planarized by polyimide and Ti/Pt/Au contact layers were fabricated on the active
region and the back side. The extended cavity laser structures under investigation have
a total length of 2250 um. The active waveguide with length of 1450, 1200 and 750 um
in different devices is connected to one passive waveguide with length of 800, 1050 and
1550 um, respectively. The integrated laser structures are terminated by cleaved mirrors
on both ends, as shown in Fig 1.
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Fig. 1: Photograph of the integrated extended . .
cavity InAs/InP (100) quantum dot (QD) laser Fig. 2 light versus current (LI) curves of the

integrated QD laser devices with different length
of the active waveguides taken in continuous
wave (CW) mode at room temperature (RT). The
regimes of QD ground state (GS) and excited
state (ES) lasing are indicated.

devices. The two current probes contact the
laser with 1450 um long active and 800 pum
long passive waveguides. Inset: atomic force
microscopy (AFM) image of uncapped QDs.

Results: Figure 2 shows the light versus current (LI) curves of the integrated laser
structures with different length of the active waveguides. For the 1450 and 1200 um
long active waveguides, lasing occurs in CW mode at RT. The respective threshold
currents are 0.198 A (6.76 kA/cm®) and 0.195 A (8.13 kA/em®) and the external
differential quantum efficiencies are 7.26 and 2.75, similar to those of our all-active
Fabry-Pérot QD lasers [3]. This confirms a low Butt-joint loss, which has been
previously evaluated to be 0.1 — 0.2 dB in passive-passive structures [5]. From the
length dependence of the threshold current, a transparency current density of 116 A/cm?,
ie., 232 A/em® per QD layer is estimated..The device with 700 pm long active
waveguide does not show laser operation.

Lasing starts on the QD GS transition at 1.53 um while ES lasing at shorter wavelength
(1.50 pm) sets in with increasing current due to QD GS saturation. This leads to the
characteristic step-like output power increase in the LI curves and is confirmed by the
lasing spectra of the device with 1200 um long active waveguide shown in Fig 3. When
the current is increased from 0.192 A to 0.194 A, the GS emission intensity increases
strongly while the ES emission intensity almost keeps constant. For further increase of
the current from 0.20 A to 0.220 A, the GS emission intensity saturates, whereas the ES
emission intensity steeply increases. Such double-state lasing phenomena are often
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observed for self-assembled QD lasers, and caused by the carrier inter-level relaxation
and recombination processes typical for QDs [4].
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Fig. 4. Lasing spectra of the integrated QD laser
with 1200 pum long active waveguide for various
currents (0.160 A, 0.190 A, 0.192 A, 0.194 A,
0.200 and 0.220 A ). QD GS and ES transitions
are indicated.

Fig. 3: Fourier Transforms of the experimental
and fitted sub-threshold emission spectra. Inset:
high resolution emission spectra. The active
waveguide is 1450 pm.

In addition to low Butt-joint absorption, a low Butt-joint reflectivity is essential for
stable operation of photonic integrated devices and circuits. The Butt-joint reflectivity is
measured based on the analysis of sub-threshold emission spectra which are recorded by
an Optical Spectrum Analyzer (APEX AP2040) with a very high resolution of 0.16 pm
[5]. By fitting the calculated sub-threshold mode structure to the recorded data, values
of the reflectivity are extracted. Figure 4 depicts the Fourier Transforms of the
experimental and fitted emission spectra, which are shown in the inset. In addition to
the dominant peak in the Fourier Transform due to the extended cavity, small peaks are
visible originating from the passive and active internal cavities formed by the cleaved
mirrors and the Butt-joint. The extracted Butt-joint reflectivity is — 42 dB ( 6 x 107).
This is similar to the reflectivity of our Butt-joints examined with bulk active region
extended cavity lasers and can easily be reduced to below — 50 dB using waveguides
entering the Butt-joint under an angle [7].

Conclusion: We have demonstrated Butt-joint active-passive integrated extended cavity
Fabry-Pérot laser devices based on InAs/InP (100) quantum dots (QDs) emitting around
1.55 pm. Continuous wave lasing at room temperature on the QD ground state
transition was achieved. The threshold current was comparable to all-active Fabry-Pérot
QD lasers. With increasing current, double-state lasing occurs which is typical for QDs
due to the specific carrier inter-level relaxation and recombination processes. A Butt-
joint reflectivity < — 40 dB for straight waveguides was determined. Hence,
compatibility of our InAs/InP (100) QD gain material with Butt-joint active-passive
integration is demonstrated paving the way for QD based photonic integrated devices
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and circuits operating in the technologically important 1.55 um wavelength region for
fiber based optical telecommunication systems.
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Abstract. Passive mode-locking in two section InAs/InP (100) quantum dot lasers
emitting around 1.53 um is observed over a large operating regime. For absorber
voltages of 0V down to -3V and for amplifier currents of 750 mA up to 1A the
fundamental RF-peak is over 40 dB above the noise floor.

Introduction

Sources of picosecond or femtosecond optical pulses with a wavelength around
1550 nm have many applications in optical telecommunications. They can be used as
pulse sources for time-domain multiplexed systems and as synchronized pulse sources
or multi-wavelength lasers for wavelength-division multiplexed systems. Moreover the
optical spectrum is a frequency comb and may be used in e.g. arbitrary pulse generation.
An important requirement for many of these applications is a broad coherent optical
bandwidth of the output of the source, which may well exceed 1 THz. Also the
operation regime should be robust for practical implementation.

For reasons of stability, compactness, and fabrication costs, mode-locking of
semiconductor laser diodes is an attractive option for generating picosecond pulses at
1.55 pm [1]. The material system of choice for fabricating these mode-locked laser
diodes (MLLDs) is InP/InGaAsP, using either bulk or quantum well gain material. The
bandwidth of these MLLDs is however limited to between 1 nm — 5 nm [1,2].

Quantum dot (QD) gain material is promising for the application in MLLDs due to its
broad gain spectrum. Sub-picosecond pulse generation down to 0.4 ps with a bandwidth
of 14 nm has been achieved with InAs/GaAs QD material operating at wavelengths
around 1.3 pm [3]. These lasers are shown to have robust operating regimes [4].

In this paper a study of the ranges for absorber voltage and amplifier current for passive
mode-locked operation of 4.6-GHz monolithic two-section InAs/InP (100) QD lasers is
presented. These devices operate at wavelengths of around 1.53 um. Some first results
have been published in [5].

Design and fabrication

The QD laser structure is grown on n-type InP (100) substrates by metal-organic vapor-
phase epitaxy (MOVPE), as presented in [6]. In the active region five InAs QD layers
are stacked. These are placed in the center of a 500 nm InGaAsP optical waveguiding
core layer. The bottom cladding of this laser structure is a 500-nm thick n-InP buffer and
the top cladding is a 1.5-um p-InP with a compositionally graded 300-nm p-InGaAs(P)
top contact layer. This layerstack is compatible with a butt-joint active-passive
integration process for possible further integration.

Two-section Fabry-Pérot-type laser devices have been designed and realized. The ridge
waveguides have a width of 2 um and are etched 100 nm into the InGaAsP waveguiding
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layer. To create electrical isolation between the two sections, the most highly doped part
of the p-cladding layer is etched away. The waveguide and isolation sections are etched
using an optimized CHy4 / H, two-step reactive-ion dry etch process. The structures are
planarized using polyimide. Two evaporated and plated metal pads contact the two
sections to create two contacts. The backside of the n-InP substrate is metallized to
create a common ground contact for the two sections.

The structures are cleaved to create the mirrors for the FP cavity. No coating is applied.
The two-section devices are operated by forward biasing the longer gain section,
creating a semiconductor optical amplifier (SOA) and by reversely biasing the shorter
gain section, creating a saturable absorber (SA). The devices are mounted on a copper
chuck, p-side up, which is kept at a temperature of 10 °C. The total length of the devices
is 9 mm. In this paper we study two two-section devices with SA lengths of 270 um and
540 pm respectively. A 9-mm one-section device (i.e. an SOA with cleaved mirrors),
fabricated on the same wafer, is used for reference purposes.

Experimental results

The laser with a 270-um SA section has lasing threshold current values of 660 mA to
690 mA for SA reverse bias voltages of 0 V to -4 V respectively. Passive mode-locking
is first studied by recording the electrical power spectrum using a 50-GHz photodiode
and a 50-GHz electrical spectrum analyzer. The RF-spectra obtained for this laser show
clear peaks at the cavity roundtrip-frequency of 4.6 GHz. In Fig. 1 the height of these
RF-peaks over the noise floor is given as a function of the operation parameters, i.e. the
SA bias voltage and the SOA injection current. A large, robust operating regime with
RF-peak heights over 40 dB is found for values of the injection current of 750 mA up to
1.0 A and for values of the SA bias voltage of 0 V down to -3 V.
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Fig. 1 RF-peak heights (over the noise floor, dB-scale) for a 9-mm laser with a 270-um SA (left) and a
540-pum SA (right). The electrical bandwidth used to obtain the RF-spectra is 50 kHz. An external SOA
was used before the 50-GHz photodiode to boost the optical output power of the 270-um laser by about
6 dB — 7 dB. The 540-um laser was directly connected to the photodiode, without an SOA.

The width of this RF peak is narrow, i.e. 0.57 MHz at -20 dB (for Ispa = 900 mA and

Vsa = -1 V). Also the position of this RF-peak, which is centered around 4.599 GHz, is
stable within 3 MHz for the operating regime mentioned above. In MLLDs based on
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bulk gain material minimum RF-linewidths of 2.5 MHz at -20 dB have been reported,
with a stability of the roundtrip frequency of about 50 MHz over their operating regime
[2]. So a clear improvement of the ‘longer term’ laser stability is observed by using QD
gain material instead of bulk gain material.

The laser with a 540-um SA section has lasing threshold current values of 830 mA to
910 mA for SA reverse bias voltages of -0.5 V to -2.5 V respectively. This increase of
the threshold current as compared to the 270-um laser is caused by the increased SA
length and the correspondingly increased absorption in the laser cavity.

The RF-spectra obtained for this laser show that mode-locking only sets in at relatively
high values of the injection current, i.e. around 1.0 A. For the SA bias voltages of -2.0 V
down to -2.5 V mode-locking sets in close to 1.2 A. This is the upper limit for our
measurement setup, since above this value of the injection current the detrimental effect
of the device heating causes the output power to drop.

For comparison we studied the 9-mm one-section QD-laser. The threshold current of
this device is 380 mA. The electrical spectrum shows no distinct peak at the roundtrip
frequency. This can be expected based on the well-known mechanisms of passive mode-
locking in laser diodes with bulk or quantum-well gain material, where the SA plays a
crucial role [1,2]. However one-section quantum-dash lasers emitting at 1.56 pm have
been reported to show passive mode-locking, without the aid of an SA [7].

Timing jitter has been studied by evaluating the single-sideband phase noise signal
around the fundamental RF-peak, using an integration interval of 10 kHz - 80 MHz. The
timing jitter has been evaluated for the 270-pm SA device at a fixed injection current of
900 mA. The value is (35£3) ps for a low SA bias voltage of -0.5 V and increases
slightly to (3943) ps for an SA bias voltage of -2 V. For the 540-pm SA device
(evaluated at 1100 mA) this increase of the timing jitter is larger, going from (36%4) ps
to (53+7) ps for SA bias voltages of -0.5V and -2 V respectively. We note that the
mode-locking in the 540-pum device is weaker, as can be seen in Fig. 1.

These values of the timing jitter are relatively large as compared to e.g. MLLDs based
on bulk gain material [2]. Compared to the results obtained for the width of the RF-
peak, which has a relatively small value of 0.57 MHz at -20 dB, we conclude that the
‘short-term’ jitter is relatively large in the QD-lasers and the ‘long-term’ jitter is
relatively small as compared to bulk or quantum-well MLLDs.

A typical optical spectrum of a 9-mm two-section laser is given in Fig. 2. The spectrum
is broad, i.e. 6 nm — 7 nm, as can be expected from the inhomogeneously broadened
gain of QD-lasers [6]. As was already measured in [5], this output spectrum is coherent.
However the output pulses of these lasers are very elongated, i.e. well over 100-ps
duration, and heavily up-chirped, with a chirp value of about 20 ps/nm. In this paper we
confirm this observation by compressing the pulses, using standard single-mode optical
fiber (SMF). The second order dispersion of SMF is in the order of 16 — 20 ps/(nm-km),
meaning that 1.0 — 1.2 km of SMF should be able to compensate the chirp of these
pulses. In Fig. 3 the autocorrelator traces are shown for different lengths of SMF after
the 270-pum SA laser output. As can be seen the pulse is compressed to a minimum
duration with 1500 m of SMF. However the strong peak in the center indicates an
increased compression of part of the pulse. This partial compression can either be
caused by a non-linear part of the chirp (or higher order SMF-dispersion), or by the non-
Gaussian shape of the optical spectrum (Fig. 2). No autocorrelator traces could be
obtained without SMF [5].
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Fig. 2 Optical spectrum obtained for the 270-um Fig. 3  Autocorrelator traces (second harmonic

SA device. Injection current is 900 mA and SA bias power given) obtained with a 270-pm SA device.

voltage is -1 V. The optical bandwidth used to Injection current is 900 mA and SA bias voltage is

obtain the spectrum is 0.16 pm. -1 V. The length of SMF between the device and
the autocorrelator is indicated.

Conclusion

In this paper we have presented 4.6-GHz, two-section QD-lasers emitting around
1530 nm. Their operation is shown to be tolerant against variations in operation
parameters. For a device with a 270-um SA section, passive-modelocking with an RF-
peak of 40 dB above the noise floor, was shown over a large operating regime of SOA
injection currents of 750 mA up to 1.0 A and of SA bias voltages of 0 V down to -3 V.
The variation of the roundtrip frequency within this operating regime is limited to below
3 MHz. This large and robust operating regime is essential for practical implementation
of MLLDs.

The timing jitter values are relatively large, but the presence of an SA in the devices
allows for possible hybrid mode-locking. This technique can severely decrease the
timing jitter.

These QD-lasers have been realized with a fabrication technology that is compatible
with further photonic integration. As such these devices can perform the function of e.g.
a mode-comb generator in a complex photonic chip. The output spectrum is however
not usable for ultrashort (sub-picosecond) pulse generation using common pulse
compression techniques.

This work was supported by the Netherlands Foundation of Scientific Research (NWO), by the NRC
Photonics Grant and by the Smartmix program MEMPHIS.
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Abstract. We report on the realisation of a short, GaAs-AlGaAs unstrained double
quantum well based passive waveguide polarisation converter monolithically integrated
within a Fabry-Perot laser cavity. The observed transverse magnetic (TM) polarisation
purity at the output is greater than 80 % for a converter section length of 20 um at an
operating wavelength of 867.1 nm.

Introduction

The ability to control or indeed convert the polarisation state of light in guided wave
devices is paramount to the development of current and future photonic integrated
circuits. One such device is the proposed monolithically integrated optical isolator [1];
wherein polarisation selectivity is required in order to reciprocally rotate the input
polarisation state by 45°. In III-V material systems, passive waveguide polarisation
converters, also commonly referred to as polarisation rotators, may be used as a means
to convert transverse electric (TE) to transverse magnetic (TM) polarised modes or vice
versa [2]. In this paper we demonstrate the integration of a reciprocal polarisation mode
rotator integrated within a semiconductor ridge waveguide laser, allowing for a device
that emits predominantly TE or TM polarised light from each facet respectively.

Fig. 1. Schematic representation of the integrated device (not to scale). Also shown are the mode
configurations in the asymmetric waveguide section.

Converter design and fabrication

By introducing asymmetry into the waveguide design, as in our angled sidewalls
geometry, the optical axes of the guide are effectively offset with respect to the x and y
coordinates as shown in Fig. 1. When a linearly polarised TE, light wave - from the
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integrated laser - enters the asymmetric section via a 70 um long linear adiabatic taper,
both orthogonally polarised fundamental modes are excited (mode 1 and 2). Mode
beating occurs as they propagate along the length of the device (Fig. 2(b)). At each half
beat length, Lp...,» = m/ 4B, the polarisation is effectively rotated by 90°. Note that Af is
determined from the difference in propagation constants, £; and f,, of the two zeroth
order modes and is a characteristic dependant on the geometrical structure of the
waveguide and the refractive index contrast between the epitaxial guiding and cladding
layers.

The proposed structures were first simulated using a fully vectorial mode solver package
in order to ensure single mode operation and to predict the section length required for a
full TE to TM conversion. These computations resulted in a converter waveguide width
of 680 nm and Lg,q» = 22 um as shown in Fig. 2. (a) and (b), respectively. A degree of
mode beating begins in the angle-etched tapers, and therefore simulations also indicate
that the appropriate ideal length of the narrow waveguide rotator section should be about
16 ym.
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Fig. 2. (a) Half beat length Lg,,,» versus the width w of the waveguide cross section for an operating
wavelength 1 of 867.1 nm. The cut off of the excited second lowest order mode (mode 2) takes place at a
waveguide width w just smaller than 680 nm. (b) Top view of the simulated contour plot of both the E,
(TE) and E, (TM) component of a TE, mode launched from the gain section into the passive converter
section.

The material structure used here is an unstrained double quantum well GaAs-AlGaAs
heterostructure grown by metal organic chemical vapour deposition (MOCVD), lattice
matched to an n-doped GaAs substrate. The deeply etched converter waveguides were
fabricated using a novel, single-step dry etch process [3]. After lithographic patterning,
the etching process is carried out in a reactive ion etch (RIE) system using a SiCly
plasma and a custom designed sample holder that enables the chip to be aligned at
various angles to the incident ion flux, without distorting the positive ions sheath and
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hence maintaining the directionality of the incident reactive ions. A scanning electron
microscope (SEM) image of a waveguide formed using this technique is shown in Fig.
3.

Fig. 3. SEM image of a deep etched angled waveguide section.

Results

Characterisation of the integrated device was performed using a continuous wave
current source to drive the laser, with the output from each facet being separated via a
polarising beam splitting cube. This enabled both the TE and TM components of the
emitted beams to be individually detected using an InGaAs large area photo diode. The
light-current (LI) characteristics at both the converter section facet and the laser section
facet were measured and are shown in Fig. 4. (a) and (b), respectively. For injection
currents above 130 mA it is observed that the converter facet emits predominantly TM
polarised light with a polarisation purity, defined as E; =Py / (Pry + Pre) x 100 % with
Prg and Py denoting the TE and TM output powers respectively, of greater than 80 %.
In contrast, however, output from the laser facet shows, as expected due to the interband
transitions, mainly TE polarisation with a TM purity of approximately 12 %. It is most
likely due to fabrication tolerance that ~100 % conversion efficiencies at the converter
facet end are not achieved. However, with simple adjustments to the post growth
processing procedure, outputs designed with any mixture of TE and TM (including
~100% TM) should be readily obtainable. As there is no carrier injection in the rotator
section, some excess optical loss will be evident, but polarisation mode conversion by
mode beating occurs in a sufficiently short length that lasing threshold currents are
observed to be only around double that of equivalent laser devices with no converter
section. Furthermore, these optical losses may be negated by extending the top ohmic
contact such that carrier injection occurs over the entire length of the device, by using a
grating structure as one of the laser mirrors or by employing quantum-well intermixing
in the passive section [4].
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Fig. 4. Measured L-I curves of the realised device showing the total output power and the separated TE
and TM output powers for both (a) the converter section facet (OUTPUT in Fig. 1.) and (b) the lasing
section facet.

Conclusions

In conclusion, we have demonstrated, to the best of our knowledge, the first
monolithically integrated passive polarisation converter and semiconductor laser diode.
This device emits predominantly TM and TE polarised light from the converter and
laser facets, respectively. The single-section rotator is fabricated using a novel single-
step RIE process, forming a waveguide structure with two angled sidewalls; allowing
for a 90° polarisation state rotation without recourse to longitudinal periodic variation.
Such integration technology could be useful in establishing a polarisation rotation of
only 45° by adaptation of the converter section length, in order to contribute to the
realisation of a monolithically integrated optical isolator.
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Abstract - We review recent advances in micro-structuring LINDO3 crystals and demon-
strate the achievement of large bandwidths and lower driving voltages using domain in-
version. We will report on a domain engineered Mach-Zehnder modulator for 10Gb/s
transmission with ~2V switching voltage driven by inexpensive Si-Ge drivers.

Introduction

Optical networks as main carriers of information are continuously growing in importance
due to the ever increasing demand in bandwidth. External LiNbO3; modulators are still
extremely effective [1], in particular for long haul and metro applications. With respect
to e.g. semiconductor based modulators, LiNbO3 market share could even become larger
if performance, integration and cost further improve. Indeed, even though the use of
velocity matched (VM) traveling wave electrodes configurations [1, 2] greatly increase
the modulation bandwidth (BW), the potential of LiNbOj3 in terms of modulation ef-
ficiency has been far from being exploited. The frequency dependent microwave loss
limits the bandwidth (BW) making it inversely proportional to active length L, similarly
to the switching voltage (Vy), so that a trade-off exists between V; and BW and the ratio
BW/V is used as a figure of merit. To obtain improved efficiency (increase in BW/Vy),
improved interaction (overlap integral) between microwave and optical fields is required.
To this end, different solutions have been proposed [3, 4, 5] which, although effective
in some cases, rely on sophisticated techniques, not ideal for a large scale production
environment.

Domain inversion (DI) in ferroelectrics, such as LiNbO3, has been widely exploited in
many all-optical processes, even though its use in electro-optics, has been mostly limited
to quasi-velocity-matching for nonlinear processes or to achieve a desired chirp value
for high-frequency and broadband modulators [6]. More recently, domain engineering
of z-cut LiNbOj3 structures has been proposed to produce large bandwidth and very low
voltage modulators in single drive configuration [7]. With respect to previous modulating
structures in single domain crystal, the proposed DI symmetric scheme allows to achieve
at the same time maximum-efficiency, chirp-free and single-drive operation all at once.
As a demonstration of the impact of our approach, we report the design, fabrication and
test of a DI modulator with 15 GHz bandwidth and ~2 V switching voltage suited for the
use with inexpensive Si-Ge drivers.

Improvements in micro-structured domain inverted modulators

Recently, we have demonstrated that by using DI in LiNbO3, an efficient modulator can
be designed and produced [7]. The cross section of the proposed modulator highlighting
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the working principle is shown in Fig. lc. Note that there is a silica based buffer layer
between the hot electrode and lithium niobate crystal. This layer ensures at the same time
low optical loss by keeping the evanescent optical field low in the lossy metal electrodes
and velocity matching between the traveling optical and microwave fields.

VI Lz
T X' T | f | T
pil,
o LINGO, LiNbO,
(@) Ridge (b) Thin Plate (¢)  Domain Inversion

Figure 1: Comparison between different modulator schemes: a) ridge, b) thin plate, c)
domain inverted push-pull

With respect to previous structures of coplanar waveguide (CPW) modulator [1, 6] the
proposed layout offers several advantages, and with respect to the other approaches in-
cluding ridge modulators [4, 5] or thin plate [3], it offers greater feasibility, even though
the performance in some cases is slightly lower. The comparison between classical and
more different schemes is summarized in table 1, where the characteristic parameters are
considered: switching voltage (VzL), microwave-optical overlap (T as defined in [2]),
residual chirp factor (o) and RF drive configuration. Driving voltages (for similar device
length) are close to those offered by dual drive structures (two waveguides under two hot
electrodes driven by opposite sign voltages), with the advantage of being single drive,
hence in the absence of any synchronization issue between two microwave lines. On the
other hand the typical single-drive structure in single-domain z-cut has one of the two
waveguides under the ground electrode, which induces a lower electro-optic effect due to
field spreading compared to the other waveguide under the narrower hot electrode. The
result is that the typical driving voltage is about 1.5 times that of a dual-drive structure
and 1.4 times that of the proposed geometry.

Table 1: Comparison of the performances of different configurations

Structure VeL(V-ecm) T Chirp (o)  RF drive
LiNbOj3 physical limit ~ 3.6 1 0 Single
Standard CPW [1] ~ 12 0.3 #0 Single
Dual drive CPW [1] ~ 8 0.45 arbitrary(=0) Dual
CPW with longitudinal DI [6] ~ 12 0.3 ~0 Single
Domain inverted push-pull ~9 0.4 0 Single
Ridge [4, 5] ~ 6 0.6 ~0 Single
Thin plate [3] ~9 0.4 ~0 Single

As an experimental demonstration of this type of modulator, we have fabricated a single-
drive Mach-Zehnder with an active length of ~ 40 mm. To obtain the required inverted
domain structure, high-voltage (>10 kV) pulsed poling is performed after Ti indiffused
waveguide fabrication on the 0.5-mm thick crystal [8].
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Figure 2: Domain engineered modulator electro-optic response (|S21]) and electrical re-
flection parameter (|S11| in the inset). The power reflected is below 10 dB over all the
frequency range.

After DI, the modulator chip undergoes standard fabrication, e.g. silica buffer layer de-
position, electroplated thick electrode, etc. In Fig. 2 we show the microwave reflection
coefficient (|[S11]) and the corresponding electrical frequency response (]S21]). From the
figure one can see that the electrical reflection is always below -10 dB and the -6 dB elec-
trical bandwidth is 15 GHz, which also is the expected value for the -3 dB electro-optic
bandwidth.

The corresponding switching voltage is ~ 2 V (measured at 1 kHz). The modulator
could therefore easily be driven with significant extinction by a low-cost driver which
typically provides less than 3 V for 10 Gb/s bit rate, thus allowing to use inexpensive
Si-Ge electro-absorption drivers to modulate. We carried out system measurements for a
typical low-voltage modulator driven by a Inphi 1015EA driver. The eye opening showed
a performance suitable for standard optical communication at 10 Gb/s, with a dynamic
extinction ratio >13 dB.

Conclusions

We have reported on micro-structured electro-optic waveguide LiNbO3; modulators which
are based on the use of domain inversion in order to enhance the BW/V figure of merit.
We have experimentally demonstrated the feasibility of a modulator with a switching
voltage of ~2 V and a bandwidth of 15 GHz, suitable for inexpensive ultra low-voltage
Si-Ge drivers. Besides, system measurements demonstrate the good performance in term
of extinction ratio (>>13 dB) and eye opening that make the device suited for 10 Gb/s
transmission.
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Abstract. The fabrication and investigation of (periodic) microdomains in the body of a
ridge on X-cut Lithium Niobate (LN) is demonstrated. A 3-dim investigation with a non-
linear Confocal Laser Scanning Microscope (CLSM) reveals a strong contrast of in-
verted and non-inverted sections of the ridge.

Introduction

To enhance the efficiency of nonlinear interactions in optical waveguides, smaller

cross section and higher index contrast are required leading to a stronger enhancement
of the guided mode intensity. Therefore, “photonic nanowires” are currently developed
[1]. If ferroelectric materials like Lithium Niobate (LN) are considered, a periodic do-
main inversion is required to enable quasi phase matching (QPM) for second order non-
linear processes. Ridge waveguides represent a first step towards photonic nanowires;
they can be fabricated with excellent properties on Z-cut LN by chemical etching [2].
In this contribution we report the fabrication of ridges also on X-cut LN, using inducti-
vely coupled plasma (ICP) etching. Moreover, periodic domain inversion, localized in
the body of the ridge only, is demonstrated - similar to the recent work of Généreux et
al. [3]. The resulting domain structure is investigated in three dimensions using a nonli-
near confocal Laser Scanning Microscope (LSM) [4]. It reveals a strong contrast
between inverted and non-inverted sections of the ridge; however, the origin of this
contrast has still to be explored.

Ridge fabrication and electrode definition

A Cr film of 220 nm thickness was deposited by sputtering on the —X face of a LN
substrate of 1 mm thickness. Using optical contact lithography with an e-beam written
mask and wet etching with a Cerium Sulfate solution, Cr stripes of 10 pm width were
defined. The Cr stripes served as etch mask for the successive ICP (inductively coupled
plasma) etching of LN with an etching ratio of 1:10. It was performed in an Oxford
Plasmalab System 100 with an ICP 180 plasma source. The etching gas was a mixture
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Fig. 1: SEM micrograph of an etched ridge of Fig. 2: SEM micrograph of an etched ridge of 5.8
2.4 um height and 9.0 um width on X-cut LN. um height and 5.0 pm width on X-cut LN.
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of 15 sccm C4Fg and 15 sccm He. After 4 minutes, the sample was taken out and
cleaned in SC-1 solution (70% H,0, 20% H,0,, 10% NH4OH) for 1 minute to remove a
brown layer, probably carbon polymers; then the etching was continued. This process
was repeated 5 times until the etching depth was ~ 2 um. Finally, the remaining Cr stri-
pe was removed by a Cerium Sulfate solution and the sample was carefully cleaned. By
using thicker Cr stripes, higher and smaller ridges could be fabricated with a height of
up to 5.8 pm and a width of 4.0 um. They can be doped by Ti to get optical guiding also
in the depth [5]. Figs. 1 and 2 show SEM micrographs of etched ridges on X-cut LN of
2.4 um (5.8 um) height and 9.0 pm (5.0 um) width, respectively.

A scheme of the poling configuration for a ridge on X-cut LN is depicted in Fig. 3.
Comb like electrodes are placed on the Z-faces of the ridge enabling to generate peri-
odic microdomains in the body of the ridge only. To fabricate such electrodes of 16.6
um periodicity, we used lift-off lithography of a vacuum-deposited, 100 nm thick Ti
layer. Fig. 4 presents a top view of the electrode structure on both sides of a 2.0 pm
high ridge of 10 um width. However, it turned out that the electrode fingers on both side
walls were not as perfect as desired; only on one side the ridge wall was coated by the
electrode fingers. On the other side, they terminated just in front of the ridge on the X-
face of the substrate. Therefore, the electric field is higher at the bottom of the ridge;
consequently, domain inversion should start here before growth to the top of the ridge,
but also deeper into the substrate sets in.

HV pulses
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Fig. 3: Scheme of the poling configuration for a Fig. 4: Top view (optical micrograph) of the elec-
ridge on X-cut LN. trode structure of 16.6 pm periodicity on both si-

des of a 10 pm wide ridge.

Electric field assisted poling

In order to simulate the electric field distribution generated by the electrodes, the

static electric potential distribution was calculated in the cross section of the ridge be-
tween the electrodes using a finite difference method. Afterwards, a numeric derivation
was made on a non-uniform grid of 512x512 points in an area of 60x50 um around the
ridge, yielding as result the profile of the relevant component (E,) of the electric field
distribution. Fig. 5 presents as example lines of constant E, in a ridge of 2.0 um height
and 10pum width, assuming 1 V applied to the left electrode. As the coercive field is ~
20 kV/mm or 20 MV/m, respectively, the applied voltage should approach 200 V to
start domain inversion. The highest field and, therefore, first nucleation are expected at
the edges of the ridge assuming a symmetric field distribution as sketched in Fig. 5 (but
see the comments given above).
The poling experiments have been done in an oil bath to maintain a high resistance be-
tween the two electrodes and to avoid any surface currents. Rectangular high voltage
pulses have been applied for poling. The accumulated charge for each pulse was cal-
culated and plotted as function of the pulse number. Fig. 6 shows as an example the
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Fig. 5: Calculated lines of constant E, (in MV/m) in a Fig. 6: The accumulated charge per rectan-
ridge of 2.0 um height and 10 pm width, assuming 1 V. gular poling pulse of 270 V as function of
applied to the left electrode. the pulse number.

charge evolution for a peak voltage of 270 V. The pulse duration was 10 ms and the in-
terval time between consecutive pulses was 100 ms. We observe that the largest charge
is accumulated during the first pulse; it decreases fast with increasing pulse number in-
dicating that most of the domain inversion has been achieved by the first pulse alone.
Such a behavior has already been observed previously [6].

Characterization by nonlinear confocal laser scanning microscopy

Preferential chemical etching, linear and nonlinear confocal laser scanning microsco-
py (CLSM) have been used to investigate the domain inverted structures. Etching with
HF:HNO; (20 min.) attacks the -Z-face(s) of the ridge only; in case of a successful pe-
riodic domain inversion a corresponding pattern should become visible also from top.
Therefore, we studied the processed ridge at the surface with a CLSM operated in the
linear optical reflection mode; however, only a slight indication of a periodical modula-
tion of the edges of the ridge is observable (Fig. 7, left). It might be that the domains did
not grow up to the surface though expected from the calculated (ideal) electric field
profile. However, operating the CLSM in the nonlinear (Second Harmonic Generation,
SHG) mode with the polarization parallel to the Z-axis, a periodic pattern of strong con-
trast became visible at the surface of the ridge (Fig. 7, right). We were also able to
observe the domain structure as function of the depth in the ridge down into the substra-
te; the pattern became weaker and broader in both dimensions with signatures under the
electrode positions as well, before it completely disappeared in a depth of ~ 7 pum. The
(nonlinear) CLSM was operated with a Ti-sapphire laser (A, = 800 nm, 20 fs pulses @
fr= 80 MHz) with a depth resolution of ~1.0 um. The generated SH-signal was detected
in backward direction by a single photon counting module (avalanche photo diode) [4].

nonlinear CLSM

Y(um) Y(um)
Fig. 7: Linear CLSM image of the X-face of a 10 um wide ridge of 2.0 um height; the faint periodic ed-
ge modulation is indicated (left). SH-signal generated by the nonlinear CLSM from the same surface
(right). A grey scale of both, the fundamental- and SH-intensities, is given on the right.
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Discussion

As already shown by Florsheimer et al. [7], a relatively strong SH-signal can be ex-
pected from an X-face of LN, if the polarization is oriented parallel to the Z-axis. And
domains of antiparallel orientation should yield the same SH-intensity, which drops to
zero, if the focus of the LSM is shifted deeper into the substrate. The domain bounda-
ries should become visible as fine dark lines at the surface and as bright lines in the bulk
[7]. However, the behaviour we observe is quite different. Though the surface of the rid-
ge gives a SH-signal in the non-inverted sections, which drops to zero in the depth, a
much stronger signal is observed from the inverted sections (Fig. 7, right). The differ-
rence to [7] is that the investigated domain has a finite depth of several micrometers
only. At the moment we can only speculate, why such a high nonlinear contrast arises.
It might be due to the second nonlinear interface in the volume (or underneath) of the
ridge. Or it might be due to a strong filamentation of the ferroelectric domains, which
seem to be uniform, but might consist of many (not resolved) needle-like inverted
filaments as already indicated in [7]. This could lead to an enhanced nonlinear contribu-
tion of the larger number of domain boundaries. By investigating cross sections of the
ridges and by corresponding theoretical modelling we hope to be able answering this
question.

Conclusions

ICP-etching allows fabricating ridges and ridge waveguides of good quality also in X-
cut LN. By depositing electrodes on the side walls of the ridge, a fabrication of (perio-
dic) microdomains in the body of the ridge becomes possible. In this way relatively low
voltages of ~270 V are sufficient for ferroelectric domain inversion. A 3-dim investiga-
tion of the periodically poled ridge structure with a nonlinear CLSM reveals a strong
contrast of inverted and non-inverted sections within the ridge. The origin of this con-
trast has still to be explored.
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Abstract. Recent progress of wet etching of Z-cut LN, of inductively coupled plasma
(ICP-) etching of X-cut LN, and of ICP-etching of proton-exchanged X-cut LN is
reported to fabricate low loss ridge guides, micromechanical, and photonic crystal
structures.

Introduction

The development of lithium niobate (LiNbO3, LN) integrated optical devices requires
etching techniques for a reliable fabrication of deep (sub-) micrometer structures.
Examples are ridge guides, Bragg gratings, and photonic crystal structures. The existing
etching methods can be classified into two categories: wet (chemical) etching and dry
(ion) etching. Wet etching is generally performed in a mixture of HF and HNOs3, which
attacks the —Z-face of the crystal, whereas the +Z-face is hardly affected. Therefore, se-
lective chemical etching can either be achieved by depositing a metallic mask of the
structure to be fabricated on the —Z-face [1] or by defining the structure first by a cor-
responding domain inversion [2]. Wet etching can also be applied to proton-exchanged
or ion-implanted LN to form (sub-) micrometer structures in the surface of the crystal
[3, 4]. In dry etching, plasma etching, ion beam milling and focussed ion beam etching
are generally used [5, 6, 7]. In this contribution we report our recent progress of wet
etching of Z-cut LN to fabricate low loss ridge guide and micromechanical structures,
of inductively coupled plasma (ICP-) etching of X-cut LN to get ridges and other
microstructures, and of ICP-etching of proton-exchanged X-cut LN to develop photonic
crystal structures.

Wet etching of Z-cut LN: ridge waveguides and micromechanics

Wet etching of Z-cut LN with HF/HNO; proved to be a simple and reliable method
to fabricate low loss Ti-doped ridge waveguides with TE propagation losses of 0.3
dB/cm only [4]. To get optical guiding, the ridges were defined in a planar Ti:LiNbO;
waveguide. Cr-stripes have been used as etch masks.
Here we report a modified procedure yielding ridge guides of propagation losses nearly
one order of magnitude lower (TE). They were fabricated in three steps using undoped
(congruent) Z-cut LN as substrate: /. Ridge fabrication: Using a Cr-mask on the —Z sur-
face of the LN substrate 4 to 12 pm wide ridges were fabricated by wet chemical
etching in a mixture of 21 ml HF (40% concentration), 14 ml HNO;3 (100% concentra-
tion) and 5 ml ethanol, following the procedure described in [1]. A ridge of 6.5 um (10
pum) height (top width) is shown in Fig. 1 (left); it is aligned parallel to the X-axis. 2. Ti-
stripe definition: A novel photolithographic process was developed, which allows
coating the surface of a ridge selectively. Spin-coating of the sample with photo-resist
results in an inhomogeneous thickness distribution with a thinner layer on top of the
ridge. This is exploited by the following flood exposure (5 seconds), which leads to full
exposure only on top of the ridge. By the subsequent development the photo-resist on
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the top of the ridge is totally removed, while a thin layer remains besides the ridge and
on the ridge walls. After lift-off a Ti-stripe is precisely defined on top of the ridge only
(see Fig. 1-middle). 3. Ti-indiffusion: The Ti-stripe can now be indiffused using
conventional parameters (1060 °C @ 8.5 hrs in Ar (7.5 hrs) and O, (1 hr) atmosphere,
respectively). The result is a Ti-doped ridge waveguide as shown in Fig. 1 (right); the
edges are rounded and the surface roughness is reduced (see Fig. 1-right).

— [ 0um

Z5kU  ¥4,588  Swnm 36 48 SEI

Fig. 1: Wet etched ridge on Z-cut LN, (left), Ti-coated ridge before indiffusion (middle), and after
indiffusion (right). The height (top width) of the ridge is 6.5 pm (10 pm), aligned parallel X.

Therefore, also the propagation losses of the ridge guides, monomode up to a top width
of 9 um, are significantly lower than previous results [1]. They were measured using the
Fabry-Perot resonance method at 1.55 um wavelength. Both, the TE and TM losses
decrease with increasing width. For TE-polarization the loss drops from 0.22 dB/cm at
5 um width to 0.05 dB/cm at 7 pm width. For TM-polarization the losses are 1.3 and
0.36 dB/cm at 5 pm and 9 um widths, respectively. They are significantly larger than
TE-losses, though the TM mode is smaller than the TE-mode with lower field strength
at the ridge walls. An explanation for the strongly polarization-dependent losses might
be that due to the growth of Cr,Os under the mask and due to outdiffusion of Li,O the
concentration of Li and O might vary near the surface leading to corresponding
fluctuations of the extraordinary index of refraction (the ordinary index would remain
nearly unaffected). Such index fluctuation would lead to scattering losses of the TM-
mode alone.

It was even possible to control the slope of the ridge walls by adjusting the etching
temperature. This allows getting even steeper walls and to fabricate micromechanical
structures such as the interdigital fingers given as example in Fig. 2. It was etched at a
temperature of 8 °C. The lamellas have a width of 2.6 um with a separation of 2.8 um.
The etching depth is 7.7 pm.

===
- ————

Fig. 2: Wet etched interdigital lamellas of 2.6 pm width and of 2.8 um separation on
Z-cut LN. The etching depth is 7.7 pm.
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ICP-etching of X-cut LN: ridges and microstructures

Plasma etching is a very controllable process and has the advantage of being highly
anisotropic. Plasmas based on fluorine gases are generally used for plasma etching of
LN due to the good volatility of fully fluorinated niobium species at temperatures
around 200 °C. However, a problem is the formation and re-deposition of LiF, which
has a melting temperature of more than 800 °C. It will be deposited on all surfaces and
will lower in this way the etching rate. Therefore, if re-deposition dominates the pro-
cess, vertical side walls, which are necessary for the definition of small structures, can
hardly be obtained. Our solution for this problem is as follows: at first, the sample with
a Cr layer defining the structure to be fabricated is ICP-etched for several minutes in a
C4Fs/He (1:1) plasma. Then the etching process is stopped and the sample is cleaned in
SC-1 solution (70% H20, 20% H202, 10% NH4+OH) for 1 minute to remove the deposi-
tion, before ICP-etching is continued. These two steps are repeated several times until
the desired etching depth is reached. Fig. 3 shows as an example etched ridges in X-cut
LN, aligned along the Y-direction; the ridges have a height (width) of 5.8 um (8 um).
On the right of Fig. 3 more complicated microstructures of the same height are shown
demonstrating that even small connections between the squares can be fabricated in a
reproducible way with nearly vertical walls.

Fig. 3: ICP-etched ridges on X-cut LN of 5.8 pm height and 8 pm width (left and middle). Further
microstructures of the same height with nearly vertical side walls (right).

ICP-etching of H'-exchanged X-cut LN: photonic crystal structures

Another way to reduce the problem of LiF re-deposition is to lower the Li concentra-
tion in LN by a proton exchange (PE) process [8]. Thus, the rate of LiF re-deposition
will be significantly reduced in comparison to etching of pure LN. As a consequence,
the etching rate will be increased and the etch profiles will be improved. We demon-
strated the realization of this concept be performing first a PE of congruent X-cut LN to
a depth of 1.4 pm. Then the surface of the PE-LN was covered by a 110 nm thick Cr
film deposited by sputtering and coated with a 120 nm thick photo-resist layer. Using
conventional optical contact lithography, photonic crystal structures were defined in the

Fig. 4: Holes of a photonic crystal structure defined in photo resist (left), transferred by wet etching in
the Cr film (middle) and by ICP-etching into the LN substrate.
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photo-resist (Fig. 4, left). The smallest lines have a width of 170 nm. By wet etching
these structures were transferred into the Cr film (Fig. 4, middle). Then the sample was
ICP-etched for several minutes, and cleaned afterwards in SC-1 solution to remove all
depositions. This process was repeated several times until the desired etching depth in
the PE-LN was reached (Fig. 4, right). Fig. 5 shows the photonic crystal structure as a

Fig. 5: Photonic crystal structure in PE-LN as a whole (left) and with more details in higher
magnification (middle and right).

Proton exchange is also used for the fabrication of single polarization waveguides, as it
increases only the extraordinary index of refraction. A subsequent reverse proton
exchange (RPE) can even increase the Li concentration again to form buried waveguide
profiles.

Conclusions

In conclusion, significant progress has been achieved to improve wet etching of Z-
cut LN, ICP-etching of X-cut LN, and ICP-etching of proton-exchanged X-cut LN
allowing a reliable fabrication of integrated optical devices with deep (sub-) micrometer
structures. As examples ridge guides of very low propagation losses, micromechanical,
and photonic crystal structures have been demonstrated.
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Abstract. Real data of wet-etched ridge waveguide in Z-cut LiNbO; is combined with
two new electrode structures to improve the performance of Mach-Zehnder electrooptic
modulators. Calculations show improvements up to 50% in driving voltage in
comparison with commercial and published devices in the 40GHz range. Simulation
results and fabrication state is shown.

Introduction

External modulators based on lithium niobate (LiNbOs) are being developed for high-
speed and long-distance optical fiber transmission systems. Nowadays, they offer a
modulation bandwidth exceeding 10 GHz combined with a low driving voltage, typically
in the range of 5 V, with a voltage-length product (VL) in the order of 20 to 30 V-cm.
To enable higher bit rates and reduce the cost of modulator operation, lower voltages are
required due to the restrictions of electrical instruments, in particular electrical driving
amplifiers. Therefore, reduction of the driving voltage of a LiNbO; modulator is an
extremely important issue for realizing future high-speed optical transmission systems. At
the same time, the waveguide geometry and travelling-wave electrode structure must be
optimized in order to reach high bandwidth performance and impedance matching.

Ridge waveguides in LiNbO; in combination with a proper geometric design of
electrodes and dielectric buffer layer promise high bandwidth with low driving voltage
[1-3]. Our proposed designs are based on real ridge waveguides made by Ti indiffusion
in LiNbO; and wet etching techniques. They are evaluated regarding how the geometric
design changes the main modulator parameters (overlap factor, effective index,
characteristic impedance and frequency response). Also, fabrication possibilities are
considered.

Modeling of Mach-Zehnder modulators

In a Mach-Zehnder (MZ) type interferometric modulator, an applied electric field
changes the refractive index, creating a phase shift between the waves propagating
through both arms of the interferometer.

Z-cut LINbO; together with travelling-wave Coplanar Waveguide (CPW) electrodes for
the microwave (MW) modulating signal are used to create a push-pull effect in both
arms, producing therefore an enhanced phase shift. A dielectric buffer layer is necessary
to avoid absorption of the optical field in the metal surface.

The broadband electrode structure must be designed in such a way that the effective
index of the CPW line matches the effective index of the optical waveguide and the
electrode impedance is similar to that of the rest of the electronic drive circuit, usually 50
Q. Furthermore, the overlap between optical and controlling MW fields must be
optimized in order to get a low drive voltage.
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With these objectives in mind, the characteristics of ridge Mach-Zehnder modulators
were studied when two different electrode structures are used:

On one side, the CPW on ridge structure (figure 1, left) is the most direct way to use a
traditional CPW electrode on a ridge. Nevertheless, the electrodes on the walls of the
waveguides lead to a non-optimal use of the vertical component of the electric field and
the different levels of the electrodes make more difficult the accurate fabrication of these
devices. Therefore, the new Surface-Compact CPW (SCCPW) structure is proposed
here, combining an alternative design of the CPW electrode together with ridge
waveguides below the LiNbO; surface (ﬁgure 2 right).

(a) d HOT ELECTRODE | HOTELECTRODE

GROUND GROUND PLANE

?BUFFER

Figure 1: Cross section of the CPW structure on ridge (a) and the new proposed SCCPW (b).
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The waveguide design was based on experimental results of wet-etched ridge waveguide
fabrication on LiNbO; [4]. Mode profiles were simulated using a finite difference
commercial software with Ti indiffusion index profiles calculated from the fabrication
parameters [5]. Mode comparison with experimental results showed a good agreement.
The overlap integral for each waveguide () was calculated using own software.
From the electric capacitance of the structure, the electrode impedance (Z) and the
microwave effective index (n,;""") are also calculated.
In order to evaluate the transmission of the MW signal along the interaction length, the
voltage signal at each x point along the electrode in a time ¢ is taken as following:
o fuw )L

V(x,t)=V,10 1 cos(Byyx -0t +d,), (1)
where V; is the applied voltage, [y is the microwave propagation constant in the
electrode, wuw is the microwave frequency, ¢y is the initial phase and o(fuw) is the
frequency dependent microwave loss along the electrode calculated as

o (fow )= fuw » Where 0.4 dB cm’ GHz'” is taken as usual value for . The
modulated signal was evaluated after four reflections on the active length edges

regarding to the impedance mismatch. Afterwards, the phase-shift is calculated taking
into account the index mismatch between the optical wave and the modulating MW as:

an’’r T, o
e T33h ~ =\ J=
Ad, _—AG IO V(x,t(x))dx , 2
where i designates each one of the two parallel waveguides and the Values X are a dense
set of points along the electrode length. The time is chosen as: t( n? / ¢ . Finally,

the total phase-shift (A¢) can be calculated as the sum of the phase—sh1ﬁs from both
waveguides. The optical response, m, of the modulator is defined by the equation:

AP (fuw)
(fMW) A¢( )

where fi is the microwave frequency and A¢ (O) is the DC phase-shift.

)
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Modeling results

The presented calculation was applied to the structures shown in figure 1. Both
structures are able to reduce the voltage-length product of the modulator by more than
50% of that of the traditional in-diffused waveguide modulators. Besides, the SCCPW
gives even lower values of VL than the CPW and improves velocity matching.
Waveguide separation of 9 um was chosen as best trade-off between enhancement of
electric field and optical mode separation [3].

In figure 2, the calculation of V,L, n,""" and Z is shown for the CPW on ridge and
SCCPW as a function of the buffer layer thickness (#;). One can see that the SCCPW
reduces the VL value by a 4%, allowing index matching with thinner buffer layer and
improviglg impedance matching.
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Figure 2: Calculation of the voltage-length product (left), microwave effective index (centre) and
electrode characteristic impedance (right) for the CPW on ridge and the SCCPW structure.

In order to design devices with high performance, two different approaches where made.
On one hand, it is important to find devices with high bandwidth and a driving voltage as
reduced as possible. On the other hand, it is also interesting to find designs with lower
bandwidth (say 10 GHz) but with drastically reduced driving voltage. With this aim, the
calculations were focused on the SCCPW structure for two different active lengths: 25
and 50 mm, and analyzed with the buffer layer thickness as parameter. The m and V,.L
obtained parameters are shown as a function of the modulating frequency in figure 3.
8

m (dB)
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Figure 3: Calculation of frequency response (left) and driving voltage (right) for SCCPW structure as
function of the modulating frequency for two active lengths. The buffer layer thickness (7,) is used as a
parameter.

In these figures, one sees how the 3dB optical bandwidth is maximum for #,=0.6 pum,
which accounts for the index matching between optical and MW signals. This is also
evident in VL, where the value for #,=0.6 um is optimum for high frequencies.

Based on these results, two main designs can be proposed using the new SCCPW
structure. On one hand, a broadband and low drive voltage device can be made with an
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active length of 25mm using a buffer layer of 0.6 pm thickness, providing a 3dB optical
bandwidth of 45 GHz, and a voltage-length product of 8.11 V-cm, which gives a driving
voltage of 3.24V for DC and 6.22V for 40GHz.

On the other hand, if the active length is 50mm, using a 0.5 pum thick buffer layer, we
reach a 3dB optical bandwidth of 10GHz with a voltage-length product of 7.63V-cm and
a driving voltage of 1.53V for DC and 3.03V for 10GHz.

Both designs use a distance between centers of waveguides of 18um, waveguide width

of 9um and electrode thickness of 8 um with a characteristic loss of 0.4dB cm™ GHz'"”.

Fabrication

The fabrication of the SCCPW modulator is a challenging issue that is currently being
carried out. Wet-etching in lithium niobate and microlithography techniques are adapted
and applied to the fabrication of complete ridge structure and electrodes. Micrographs of
fabricated parts of the devices can be seen in figure 4.

100 um 100 um

Figure 4: Fabricated end faces of the modulator ridge waveguides (left) and Y-splitters (right).

|

Conclusions

Two novel structures for Mach-Zehnder electrooptic modulators in LiNbO; have been
analyzed in depth. These designs are based on experimental results of waveguides
fabricated by wet etching technique. Two specific designs were proposed for the new
SCCPW structure. One of them is able to reach a bandwidth of 45GHz with a V(DC) of
3.24V and length of 25mm. The other one provides 10GHz bandwidth with V(DC) of
1.53V and a length of 5S0mm. The fabrication of these devices is currently in progress.
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Abstract. It was found that temperature gradient induces degradation of spectral selectivity of Fabry-
Perot interferometer formed by channel LiNbO; waveguide with two Bragg gratings, because of
gradient-induced grating chirp and refractive index variation along channel.

Introduction

Grating structures, and in particular Bragg grating structures, display an effective index
dependence in the wavelength of operation that has long been used to form sensing
elements in integrated-optic planar devices [1]. In designing high-performance Bragg
gratings, the key issue is the ability to perturb the index of the guided mode
substantially, still without causing excessive radiation loss, thereby facilitating the
realization of compact gratings with high reflectivity. In achieving high-reflectance
gratings, a trade-off seems to exist between the process complexity and highest possible
reflectivity of the grating. For instance, the high refractive index of LiNbOs potentially
enables large perturbation of the mode index. However, the fabrication of high-
reflectance gratings via direct etching in this crystal is an extremely difficult task. Bragg
gratings in LiNbO; with drastically improved efficiencies can be achieved by integrating
Si and LiNDbO;. Silicon overcomes the aforementioned problems associated with the
processibility of corrugated waveguides in LiNbO;.

Experimental

In this work, we employ the new fabrication process to make a Si-on-LiNbOj; structure.
A thin Si overlay was deposited by e-beam technique on z-cut LiNbOj; samples,
containing a set of annealed proton-exchanged (APE) channel waveguides fabricated
with a mask aperture ranged from 5.6 to 9.5 um. These waveguides were single-mode,
supporting only TM, mode at wavelengths around 1.53pum. Si-film thickness deposited
was 40, 60, 100, 120, 150, 180, 200 and 225 nm. A first order grating (A = 357.53 nm)
pattern was then holographically defined in a photoresist film, on top of the Si overlay.

Q H‘Ll‘NbO

Fig.1. Sketch of waveguide Si-on-LiNbOj structure.
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The delineated photoresist pattern was used as a mask to etch grating corrugations in the
Si film to a depth of < 125 nm, by reactive ion etching (RIE). Afterwards, a photoresist
mask and wet etching were used to reduce the grating pattern length to cover the two
1.7-mm segments near the middle of the waveguide. 1.5-mm gap inserted between these
segments forms waveguide Fabry-Perot interferometer (FPI), fig.1. The necessary
electrode pattern was photolithographically delineated in uniform Au-Cr seed layer that
was deposited over substrate.

It was found experimentally that the Si grating creates a considerably larger perturbation
to the waveguide mode than conventional corrugation, profiled directly on the LiNbO3
waveguide, yet without producing excessive scattering loss. We discover the existence
of narrow range of Si overlay thickness from 60 to 150 nm, within which effective
index of the TM, mode guided into an APE:LiNbO; channel can be deeply modulated
by Si grating, resulting in low-loss grating, even for overlays with a larger length along
channel. Outside these intervals, the mode is either absorbed due to the intrinsic loss of
Si, or not perturbed by Si grating within very thin overlay. Thus, we have obtained the
high grating reflectivity (as high as 0.96, see fig.2) at low-loss propagation, that provide
an ideal combination of properties suitable for the fabrication of high-reflectance
corrugated waveguide gratings, essential for a number of practical devices [2], in
particular, waveguide FPI filters and sensors.

signal, nW

T T T
1526 1527 1528 1529 1530 1531
wavelength, nm

Fig. 2. Transmission spectrum of FPI, utilizing Si-on-LiNbOj; structure. Attenuation of signal in
wavelength range between 1526 and 1527.5 nm is caused by sharp decrease of output power of
tunable light source at low limit of working range.

Experimental result and discussion

This waveguide FPI has been used by us as electro-optic sensor head in our prototype of
optical voltage transducer. The reflection of Bragg gratings is highly wavelength
selective, and according to coupled mode analysis it is most efficient when the period A
satisfies the Bragg condition A = Ap/2n, where Ap is the free space optical wavelength at
the reflectance peak, and n is the effective refractive index of the guided mode [3]. The
strong dependence on wavelength for contradirectional coupling makes it possible to
tune the wavelength, hence the transmittance through the waveguide FPI, by means of
an applied voltage via the electrooptic effect in LINbO;. When an external voltage V is
applied, it induces index changes given by An. = n’.Vrs['/(2g), where subscript e
represents the extraordinary polarization of TMy mode, r33 is the relevant electrooptic
coefficient, g is the separation gap between electrodes, and I' is the overlap factor
between optical and electric fields. The voltage-tuning rate of the wavelength for a
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grating can then be expressed as dAg/dV = An’.rs3I'/g, with A being the grating period.
The switching voltage corresponds to half the spectral width AA between the two
transmittance minima [3]: V = (AAL/2)(dA/dV)". The Bragg wavelength shifts linearly
with voltage at a rate of 0.00316 nm/V. Using n. = 2.14 and r33 = 30.8 pm/V for
LiNbOs, a value of 0.6 is calculated from the tuning rate equation for overlap factor, T
High voltage transducers that are based on electro-optic sensor heads have several
advantages when compared with their purely electrical counterparts, for example
minimal field disturbance, low and high frequency operation, and immunity to electric
noise and electromagnetic interference. Furthermore, when using optical fiber pigtailing
they allow for both, a simple and compact design as well as excellent electromagnetic
isolation. However, it has been found that it is very sensitive to surrounding temperature
and, therefore, requires fine temperature stabilization. While the effect of average
temperature variation can be compensated by use of a second waveguide FPI as
reference, the effect of temperature gradient inside a device box is more dramatic and
can’t be compensated.

The resonant Bragg wavelength depends on average temperature of an integrated-
optical element with waveguide FPI because of termooptic effect in lithium niobate
waveguide and thermal expansion of Si film:

dlp/dT = 2-N-dn/dT + 2-n-dA/dT (1)

Termooptic coefficient for extraordinary refractive index in lithium niobate [4]:

dn,/dT=3.7-10" 1/K )

Change of grating period caused by thermal variation of linear dimension of Si film
depends on thermal expansion coefficient of silicon [1]:

dA/dT =1.41-10A¢ = 2.16:10” nm/K 3)

Hence

dip /dT = 0.048 nm/K )

These relations (1-3) allow to predict with very good accuracy (<0.01 nm) the
temperature dependence of peaks and deeps in transmission spectrum of our waveguide
FPI. Therefore these data may be used for precision correction of average temperature
effect at electric field sensing.

The measurement of transmission spectra of waveguide FPI at different values of
steady-state temperature gradient show gradual degradation of spectral modulation
contrast M (ratio between output powers at FPI peak and minimum for Bragg gratings
transmittance) in transmission spectrum of waveguide FPI. For example, we have
observe that K= /0IgM = 18 dB in absence of any marked gradient, but K= 3.5 dB in
the field of the strong temperature gradient of 2.8 K/cm. As result, appropriate work of
the electric field sensor becomes impossible.

Such a behavior of waveguide FPI can be explained by consideration of gradient-
induced grating chirp Cu(gradT) and gradient-induced refractive index variation along
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channel. We assume that steady-state gradient induces a linear chirp of the grating
period in accordance with (3):

A=Ay (1 + Cy(gradT)-z) )

In case of a small temperature gradient, we can regard the both gratings being uniform,
but having the different periods A; and A,

Aj- Ay = (dA/dT) gradT Ly (6)

and different values extraordinary refractive index within waveguide areas covered by
two Si-gratings:

n;—ny = (dn/dT) gradT-Ly (7N

According to the theory of asymmetric FPI [2,5], the difference between resonant Bragg
wavelengths of the two gratings forming FPI 815 = 2n;A; - 2ny Ay, =~ 2{(n; — ny)A +
n(A; - Az)} should be theoretically sufficient to induce a significant degradation of
waveguide FPI performance even at gradT = 0.3 K/cm. Experimental test shows that
steady-state gradient 0.3 K/cwm, created especially by special set-up, induces decrease of
maximum output power for FPI peak by factor 1.08 and broadening of FPI peak by
0.012 nm. At electric field sensing experiments, both these effects induce the marked
deviation (1.4 %) of sensor response from linear law within sensor dynamic range,
which is over 40 dB in absence of temperature gradient. Errors in evaluation of external
voltage become more significant in case of randomly oscillating temperature gradient
field. Therefore, the fine temperature stabilization, providing low temperature gradient
< 0.1 K/cm at our waveguide FPI surface, is required for application in an electric field
sensor head.

In conclusion, a FPI intensity modulator has been fabricated and characterized in Si-on-
LiNbOs structure. The Bragg reflectors are produced in an amorphous Si overlay film
deposited over annealed proton-exchanged LiNbOs; waveguides. The experimental
results demonstrate the prospects of FPI type modulator for voltage sensing. Further
improvements can be expected from optimization of the electrode design.

References

[1] T. Conese, R. Tavlykaev, C.P. Hussell and R.V. Ramaswamy, “Finite element analysis of LiNbO;
waveguides with Si overlay”, Journal of Lightwave Technology, vol. 16, pp. 1113-1122, 1998.

[2] Yu.O. Barmenkov, D. Zalvidea, S. Torres-Peir6, J.L. Cruz and M.V. Andrés, “Effective length of
short Fabry-Perot cavity formed by uniform fiber Bragg gratings”, Optics Express, vol. 14, pp. 6394-
6399, 2006.

[3] D. Runde and D. Kip, “Holographic reflection filters in channel waveguides for applications as optical
sensors and/drop multiplexers”, OSA Trends in Optics and Photonics Series, vol. 87, pp. 615-619, 2003.
[4] Lithium Niobate properties, INRAD corp., 2004 - http://www.inrad.com/pdf/Inrad_datasheet
LNB.pdf

[5] S. Pereira and S. LaRochelle, “Field profiles and spectral properties of chirped Bragg grating Fabry-
Perot interferometers”, Optics Express, vol. 13, pp. 1906-1915, 2005.

86



Eindhoven, The Netherlands, June | I-13,2008 WeE|

Wafer Bonding and Heterogeneous Integration:

I11I-V/Silicon Photonics

G. Roelkens, L. Liu, J. Brouckaert, J. Van Campenhout, F. Van Laere, D. Van
Thourhout, and R. Baets

Ghent University/IMEC — Photonics Research group, Sint-Pietersnieuwstraat 41, B-9000 Ghent, Belgium

Gunther.Roelkens@intec.ugent.be

Abstract. The use of bonding technology to integrate III-V opto-electronic components
on top of a silicon-on-insulator (SOI) integrated waveguide circuit is presented. II1I-V
laser diodes and photodetectors fabricated on and coupled to an underlying SOI
waveguide circuit are considered.

Introduction

Photonic integrated circuits (PICs) offer the potential of realizing low-cost and compact
optical functions. Silicon-on-insulator (SOI) is an emerging material platform for this
integration, due to the large omni-directional refractive index contrast that can be
achieved. Moreover, the massive CMOS processing infrastructure can be used to
process these optical components. The integration of light emitters, optical amplifiers
and detectors operating at telecommunication wavelengths is hampered by the indirect
band gap of silicon. Although several advances are being made to achieve light
emission from silicon, either by changing the silicon material on a nano-scale or by
exploiting its non-linear optical properties, in the foreseeable future these devices will
not outperform their III-V semiconductor counterparts, supplying state-of-the-art
optoelectronic components for the telecommunication market nowadays. In order to
create photonic integrated circuits comprising both active and passive optical
components, the heterogeneous integration of passive silicon-on-insulator waveguide
circuits and active InP/InGaAsP components is proposed. To decrease the cost of the
integration process, both in time and consumption of expensive III-V material, a die-to-
wafer bonding process is proposed in this paper, in which unprocessed InP/InGaAsP
dies are bonded, epitaxial layers down, to the processed silicon-on-insulator wafer. This
reduces the material consumption, as III-V semiconductors are only bonded where they
are needed, and reduces the time to perform the integration process, as limited
alignment accuracy is needed due to the absence of structure on the epitaxial layers.
After removal of the InP substrate, active opto-electronic components can be fabricated
in the InP/InGaAsP epitaxial layers, using wafer-scale processing, while being
lithographically aligned to the underlying SOI features. The fabrication process is
outlined in figure 1(a). In this paper we will outline the technology we developed for
integrating the InP/InGaAsP epitaxial layer structures on a silicon-on-insulator material
platform using adhesive DVS-BCB die-to-wafer bonding. While there are various
methods to create an InP/InGaAsP epitaxial layer structure onto the SOI waveguide
wafer (hetero-epitaxial growth, molecular bonding, adhesive bonding, anodic bonding,
metallic bonding), adhesive bonding offers some significant advantages over other
bonding methods. The relaxed requirements on surface cleanliness, contamination and
surface roughness combined with the planarizing action of the adhesive spin coating
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Figure 1: I1I-V/Silicon photonics integration (a) and the process flow for DVS-BCB bonding (b).

process, offer a significant reduction in surface preparation. Moreover, the integration
process is a low temperature process, reducing the stress in the bonded stack due to the
difference in thermal expansion coefficients between silicon and III-V semiconductor.
The thermosetting polymer DVS-BCB (divinylsiloxane-bis-benzocyclobutene) was
selected for process development due to its excellent planarizing properties, its high
glass transition temperature (supplying sufficient postprocessing thermal budget), its
low shrinkage and the fact that no byproducts are created upon cure. After integration of
the InP/InGaAsP epitaxial layer structures, a myriad of optical components can be
fabricated on the III-V/Silicon photonic integrated circuit. In this paper we report on the
successful fabrication of integrated laser diodes and on the fabrication of integrated
InP/InGaAsP photodetectors, both coupled to the underlying SOI waveguide circuit.

DVS-BCB die-to-wafer bonding technology

The DVS-BCB bonding process is outlined in figure 1b [1]. The cleaning of both the
III-V die surface (which is temporary attached to a glass carrier) and the SOI wafer
surface was optimized in order to remove pinned particles from the bonding interface.
On the SOI wafer surface, a Standard Clean 1 solution (1NH3:4H,0,:20H,0 at 70C) is
used to lift off particles. On the III-V die, the removal of a sacrificial InP/InGaAs layer
pair using 3HCI:H,O and 1H,SO4:3H,0,:1H,0 respectively, resulted in particle and
contamination free surfaces. The DVS-BCB layer is spin-coated afterwards onto the
SOI waveguide circuit and is pre-cured in order to evaporate the solvents. After the pre-
cure, the III-V die is attached to the SOI and released from the glass carrier, and the I1I-
V/SOI stack is cured at 250C. Temporary attachment to a glass carrier allows easy
handling of small III-V dies and paves the way to multiple die-to-wafer bonding, as
multiple I1I-V dies can be attached to a single carrier, ultimately populating a full
200mm SOI wafer using a single cleaning and bonding step. After bonding, the InP
growth substrate is removed using a combination of mechanical grinding and chemical
etching using HCI, until an etch stop layer is reached. Three different SEM cross-
sections of I1I-V/SOI substrates are shown in figure 2, illustrating the range of bonding
layer thickness that can be achieved. This wide range of thicknesses can be achieved by
diluting commercial DVS-BCB solutions using mesitylene.
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Figure 2: SEM cross-section of DVS-BCB bonded 11I-V/Silicon substrates showing a variety of bonding
layer thicknesses that can be achieved: micrometer-range (a), sub-micron range (b) and 100nm range (c).

Heterogeneously integrated laser diodes on SOI waveguide circuits

Based on this technology, laser diodes were heterogeneously integrated on the SOI
waveguide circuit. We proposed the concept of using an electrically injected II-V
microdisk laser to generate light on the silicon platform. Although the demonstrated
electrically injected devices were based on molecular die-to-wafer bonding [2], a DVS-
BCB bonded microdisk laser is also feasible. DVS-BCB bonding has the additional
advantage of a better control of the bonding layer thickness (ultimately defining the
coupling between the III-V laser and the SOI waveguide) compared to molecular
bonding, as in the latter case the bonding layer thickness is determined by a blind CMP
polishing step of the SiO, covering the SOI waveguide circuit. Currently, continuous
wave optically pumped DVS-BCB bonded microdisk lasers coupled the underlying SOI
waveguide circuit have been demonstrated, as shown in figure 3a. 1pW of optical
power is coupled to the SOI waveguide, for a 260nm DVS-BCB layer. Fabrication of
electrically pumped devices is ongoing. A schematic of the microdisk structure is
shown in figure 3b.
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Figure 3: optical power coupled to an SOI bus waveguide in a continuous wave optically pumped DVS-
BCB bonded microdisk laser (a) and schematic of the characterized device (b)

Besides single microdisk lasers, a multi-wavelength laser structure was fabricated as
shown in figure 4a (before microdisk metallization). By slightly changing the radius of
the microdisks coupled to a single SOI bus waveguide, the emission wavelength of the
individual microdisks is varied. In figure 4b, the spectrum of the light coupled to the
SOI bus waveguide is plotted, showing the four laser wavelengths equally distributed
over the free spectral range of the disks. In order to achieve a uniform optical output
power over the different channels, the drive current needs to be individually modified.
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Figure 4: Optical microscope image of a cascade of four rings coupled a single SOI bus waveguide (a)
and the obtained optical spectrum in the SOI waveguide mode (b)

Heterogeneously integrated photodetectors on SOI waveguide circuits

Besides laser diodes, also metal-semiconductor-metal photodetector (MSM) using an
InGaAs absorption layer were realized, as shown in figure 5a. The coupling between the
SOI waveguide and the photodetector is achieved by vertical directional coupling
between the SOI waveguide and the lossy I1I-V waveguide mode confined by the lateral
TiAu contacts. The 3pum spacing between the coplanar Schottky contacts equals the SOI
waveguide width. The dark current of the device was 3.0nA at a bias voltage of 5V (for
a device length of 25um), while the detector responsivity is 1.0A/W at 1.55um and a
bias voltage of 5V. A cross-section of the device is shown in figure 5b [3]. Currently the
integration of these photodetectors on top of functional SOI waveguide circuits is
ongoing and will be presented at the conference.
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Figure 5: Top view of the fabricated III-V metal-semiconductor-metal photodetectors integrated on an
SOI waveguide platform (a) and a cross-section of the device (b).
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Abstract. We demonstrate lasing at 77K of GaSb/AlGaSb quantum wells monolithically
grown on a 5° miscut Si (001) substrate via a thin (50nm) AISb layer. A 13% lattice
mismatch between AISh and Si is accommodated by using an interfacial misfit (IMF)
array. The 5° miscut geometry enables both IMF formation and suppression of an anti
phase domain.

Introduction

Recent developments in CMOS-integrated optoelectronics make III-V lasers on Si
a highly desirable and researched device. A monolithic growth of III-V materials on Si
offers intriguing features such as an efficient use of the integrating platform and reduced
processing complexity compared to growth on GaAs, GaSb substrates [1-4]. However,
material incompatibilities such as mismatch in lattice constant, thermal expansion
coefficient and process temperature hinder stable and repeatable production processes
based on monolithic integration [5]. Recently, our group has demonstrated a novel
growth technique involving 90° interfacial misfit (IMF) arrays formed during the growth
of AlISb on Si (001) [6]. The IMF growth mode on Si (001) results in low defect density
bulk epitaxy (~ 10%cm?®) that has enabled optically pumped vertical cavity surface
emitting lasers (VCSELs) and super-luminescent diodes [7,8]. However, anti-phase
domains (APDs) have deterred the demonstration of laser diodes on Si (001) substrates.

The APD formation in the growth of AISb on Si (001) is an inherent issue with the
growth of polar III-Vs on non-polar Si. In the absence of step-free Si(001) substrates,
the established method to achieve single domain III-Vs uses miscut Si(001) substrates
[9-11]. Miscut Si (2.5° to 5°) substrates, typically characterized by a double atomic-step
height [12], facilitate registration of the III and V sub-lattices on the (001) plane,
resulting in the suppression of APD formation. So far, high quality III-V material on Si
has been produced using the APD annihilation or suppression combined with a strain-
relief and defect filtering mechanism, usually a thick buffer layer [13]. These methods
require a two-step growth process initiated at a rather low temperature to enable 60° and
90° dislocation formation followed by normal growth temperatures for metamorphic and
bulk layer growth. Lattice-matched bulk GaAs epitaxy on miscut Ge has also been
demonstrated to produce very low defect and low APD density [14].

Growth and Fabrication:

We demonstrate GaSb quantum well (QW) laser diodes monolithically grown on a
5° miscut Si (100) substrate by using the IMF growth mode. A 13% lattice mismatch at
AISb/Si interface is accommodated by an IMF array, resulting in low-defect density,
single-domain III-Sb bulk material, on which the laser is grown. A schematic
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Fig. 1 (a) Schematic illustration of fabricated III-Sb based laser structures monolithically grown on 5°
miscut Si (001) substrates. (b) and (c) cross-sectional transmission electron microscope images of the
interface between AISb and Si. (d) Schematic illustration of the IMF interface between AISb and Si.
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Fig. 2 (a) L-I curve of the fabricated laser devices at 77K under pulsed operation. (b) EL spectra above
and below the threshold current density, Jth=2 kA/cm?.

illustration of the fabricated device is shown in Fig. 1(a). All the structures are grown
by solid-state molecular beam epitaxy at 400°C. The growth is initiated with a 50 nm
AISD nucleation layer that is optimized for IMF formation and APD suppression on Si
as shown in Figs. 1(b) and (c). It is noted that the misfit separation is = 3.46 nm and
corresponds to exactly 8 AISb lattice sites grown on 9 Si lattice sites (Fig. 1(d)). The
AISD layer is followed by a 2 pm n-GaSb contact, a 2.3 pm Alg 55Gag45Sb n-type clad,
an active region, a 1.5 pm Al 55Gag 45Sb p-type clad and a highly doped 50 nm GaSb p-
type contact layer. The active region is comprised of six GaSb (10 nm) QWs separated
by Aly3Gag7Sb (10 nm) barrier cladded by Aly3Gay;Sb waveguide layers. Samples are
processed such that they form broad-area lasers with a stripe width of 100 um. The
process involves an inductively coupled plasma reactive ion etch into the n-GaSb
contact layer, Ti/Pt/Au metal evaporations for contact to both n- and p-GaSb. The wafer
is thinned to 70 pm and cleaved to bar lengths of 1 mm. It is noted that poor facet
quality along with the low gain of the active region hinders the continuous wave room
temperature operation of the GaSb QW lasers on Si substrate.
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Device Characterization

The current-output power (L-I) curve and electroluminescence (EL) spectra are
shown in Fig. 2. Lasing operation is observed at 77K is observed at a wavelength of
1.54 um with a threshold current density (J;;) of 2 kA/cm? fora 1 mm-long device under
pulsed conditions with 2 psec pulse width and a 0.1% duty cycle. A higher Jy
compared with the same active grown on GaAs substrates [15] is attributed to the poor
quality of the cleaved facets, like observed by other groups [16]. The maximum peak
output power from the device is ~ 20 mW. The current-voltage (I-V) characteristics
indicate a diode turn-on of 0.7 V, which is consistent with a theoretical built-in potential
of the laser diode. A very low resistance of 9.1 Q and reverse bias leakage current
density of 0.7 A/cm” at -5 V and 46.9 A/cm” at -15 V is obtained.

Conclusions

We demonstrate I1I-Sb based lasers monolithically grown on 5° miscut Si (100), at
a emission wavelength of 1.54 pm suitable for the fiber-optic communication systems.
The device operates under pulsed conditions at a temperature of 77K. We believe
room-temperature lasing can be achieved by improving the facets and incorporation of
indium into the active region. This IMF technique will enable the demonstration of III-
Sb based VCSELSs emitting at the fiber-optic communication wavelength grown on a Si
platform.
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Abstract. Compact passive components have been successfully fabricated on 200 nm
thick InP membrane BCB-bonded on a GaAs wafer. The characterization reveals that
400 nm wide wires show a loss <10dB/cm, S-bends have a loss of 2dB and a very
compact MMI coupler (<20u m?) show a loss of 0.6 dB.

Introduction

In this paper, we demonstrate compact passive devices (single-mode wires, compact
bends and MMTI’s) in DVS-BCB bonded InP-membrane. Light is coupled into and
extracted from the chip using compact grating couplers [1, 2]. The wires are completely
etched through the membrane, whereas the grating couplers are shallowly etched, to
avoid excessive reflection. Moreover, this shallow etch make them more tolerant to
fabrication deviations from the designed gratings.

Fabrication

The layer structure consists of a 200 nm InP-membrane layer on top of 3 etch-stop
layers (InGaAs-InP-InGaAs) grown on a semi-insulating InP-substrate. The first step is
the pattern definition. E-beam lithography is used on a positive resist over a 50 nm SiNy
hard mask, deposited by PECVD. After development and post-bake of the resist, the
hard mask is etched with a CHF3-based RIE. The resist post-bake allows reducing the
sidewall roughness, as illustrated in Fig.1-a and 1-b. Then optical lithography is
performed to cover the gratings and open the remaining part of the layout. A CH4/H,
based ICP etching step follows, to etch the deep part through the whole InP membrane.
After removal of the resist, a second etch step is performed, for the gratings to be 70 nm
deep. Finally we remove the SiNy hard mask with a HF solution. The shallow-deep
transition is shown at Fig.1-c.

Fig 1: a — Resist pattern of a grating without post-bake;
b — Same pattern after a 150°C post-bake for 2’;
¢ — Shallow-deep transition morphology.
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After pattern definition, a BCB layer of 780 nm was spin-coated onto the InP-die, and
cured for 1 hour at 250°C in a nitrogen environment. Then, the InP-sample was bonded
onto a GaAs host-substrate with a 1um thick BCB-layer [3]. This BCB-layer was also
cured for 1 hour at 250°C in a nitrogen environment. The InP-substrate was removed
using lapping and wet-etching in HCI until the InGaAs etch stop layer was reached.
Finally, the InGaAs-InP-InGaAs etch-stop layer stack was removed using selective wet-
etching.

Results and discussion

Grating couplers

The gratings are designed for an optimal coupling at 1.55um at an angle of 10°. To
avoid excessive reflections, the depth is 70nm, and two different periods are used:
730nm and 760nm for grating A and B respectively, with a filling factor of around 50%.
The optimal simulated BCB thickness is 780nm + p*A/2n, where A is the wavelength in
vacuum, p an integer, and n is the refractive index of the BCB layer. In our case p=1.

Transmission measurements are performed with a tunable laser as a source. The gratings
are 10x10pum?, and the device consists in a 50pum long 400nm wide wire and 600pm
long tapers on each side. Figure 2-a shows the transmission of such a device with
grating A (black) and grating B (red) as input and output couplers. The measured fiber-
to-fiber loss at peak wavelength is 6.8dB for the device with grating B. For grating A,
the tunable laser could not reach the peak wavelength. As the wire is very short, we
assume losses only arise from the two grating couplers, which will be confirmed in the
next paragraph. We can deduce a coupling efficiency of 47% at the optimal wavelength
from these values, which is represented at Fig.2-b. Some measurements with a SLED as
a source (not shown here) showed the same coupling efficiency for grating A at lower
wavelength.

0 " : : —T 50 ; ; ; —

'b)

[ a‘) - Gral?ngA — Grating A
10 — GratingB| | — Grating B| ]

-20
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Fig. 2: a — Transmission through a 50 wire with two grating couplers, for two different grating;.
8. g 8 g coup 8 g
b — Corresponding coupling efficiency.

Now the grating couplers are characterized, we can focus on the different fabricated
devices, which are wires of different length, S-bends of different radii, and MMTI’s. For

wires and MMI, the grating coupler used is grating B, whereas grating A is used for the
bends.
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Wires

We fabricated 400nm wide wires of four different lengths, in order to determine the
losses. Fig.3 shows the transmission through 500um (black), 300um (red), 100um
(green) and 50um (blue) long wires. As can be seen, it is very difficult to deduce from
these measurements the loss per cm length, but we can access to a maximal value of
these losses around 10dB/cm. This confirms the assumption made in the preceding

paragraph. However this quite low loss value will be confirmed by fabricating wires in
the mm range in the near future.
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Fig. 3 : Transmission through 400nm wide wires of different lengths : 500 um (black), 300um (red),
100um(green), and 50um (blue).

Bends

The reference here is a 50um long wire. Three different S-bends are measured, with
radii of 40um, 20um, and Sum. The losses are shown in Fig.4. Assuming the coupling
efficiency of the gratings is the same for all devices, we can measure 2dB losses for the

bends as compared to the reference, but could not measure any difference between
bends of different radius.

transmission (dB)

-40

1 L | L | L 1 L 1 L 1 L 1 L
1460 1480 1500 1520 1540 1560 1580 1600
Wavelength (nm)
Fig.4 : Transmission through a simple wire (black) and S-bends of 40mm, 20mm, and 5mm (red, green,

and blue respectively).

This suggests that very compact integrated optical circuits can be fabricated using sharp
bends (Sum radius bend). Moreover the 2dB measured losses can be improved by
inserting offsets between wires and bends.
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MMZDI’s

The fabricated MMI’s are meant to be 1x2 couplers. Fig.5-a shows a SEM image of the
resist pattern after development. The dimensions of the MMI are 6.64 x 2.75 x 0.2 um’.
Transmission measurements on this device are shown in Fig.5-b. The reference (in
black) is a 50um long wire without MMI. Transmission through the upper and the lower

branch (red and green respectively) are very comparable, and 3.6dB lower than the
reference.
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Fig.5 : a— SEM image of a fabricated MMI ;
b — transmission through both output branches, together with the reference.

Hence the fabricated MMI coupler operating as a 3dB splitter shows a loss of only
0.6dB.

Conclusion

In this paper we showed very compact and efficient devices fabricated on InP
membranes bonded on GaAs with BCB. The light was coupled in and out through
shallowly etched grating couplers, with an efficiency of 47%. Losses through the wires
could not be accurately measured, indicating an upper limit of 10dB/cm for losses’ the
S-bends (radii of Sum up to 40um) had all 2dB losses. The most exciting result is the
very compact 3dB-splitter, with a 0.6dB loss.
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Abstract. Two directly-modulated GalnAsP/InP micro-rings with different radii
vertically-coupled on a common bus are assessed for both independent and
simultaneous operation. A device area <0.1 2mm’ per microring allows the generation
of 2Ax1Gb/s WDM signals with 6nm wavelength separation. These show successful
transmission over 25km of single-mode-fibre with < 0.2dB power penalty.

Introduction

There is an increasing need for ultracompact direct modulated wavelength multiplexed
sources in power efficient data transceivers. Microring laser arrays, vertically coupled
to a single passive waveguide bus offer a highly scalable route to integration with a
minimum of photonic components and chip footprint. The vertical coupling approach
further allows an independent optimisation of epitaxy and waveguide fabrication for
close proximity active and passive photonic devices.

Ring resonator lasers have been considered for some time as highly attractive sources in
integrated photonics [1]. The coupling of ring lasers has been explored to enhance
output power to 6.5mW and spectral purity with high side mode suppression ratio of
>40 dB. Multiple coupled cavities have also enabled digital wavelength tuning [2].
Progress in reducing the dimensions for microring lasers has more recently enabled
array scaling of active microrings for multiwavelength sources [3] and modulator based
demultiplexer arrays [4]. The direct modulation bandwidth of vertically coupled
microring laser array has further been demonstrated for 7Gb/s data modulation [5].

In this work we present a directly modulated monolithic microring laser array. The
performance of individual channel operation is compared directly with wavelength
multiplexed performance at a data rate of 1Gb/s. Transmission over 25km is further
shown in system level assessments.

Fabrication

Figure 1(a) shows a schematic of the device structure. A conventional multiple quantum
well ridge waveguide laser structure designed to target an emission wavelength of
1.55um is grown on top of a passive bus waveguide on a 2" InP substrate in a single
epitaxial step. The lasers are fabricated first and the p-metalisation is performed. The
passive bus is defined between the substrate and the laser epitaxy. The wafer is
subsequently transferred epitaxial side down onto a GaAs carrier wafer to which it is
bonded by means of a BCB intermediate layer for mechanical support. The substrate
and buffer layers are then removed in order to allow the subsequent definition of the bus
waveguide. The bus waveguide layer also serves as an etch-stop layer for the wafer
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thinning. The p-contact is accessed at the ring using a via hole whilst the outside-lying
n-contact is split into two parts to avoid additional metal induced losses in the passive
bus waveguide. Both parts are connected with an air bridge to allow a homogeneous
current injection to the ring resonator.

Angled
outputs

Radii: - . .

Micoring laser array
BCB adhesion layer

Transfer wafer

Fig. 1. (a) Schematic diagram for the bus coupled microring laser array showing micro-rings with three
distinct radii and the mode expanded bus design. The 60pum and 55pum radius rings emit at 1561nm and
1567nm respectively (b) Photograph of the microring laser array

The ring waveguide width is 1.8um. The passive bus is 2.5um where the ring and bus
waveguides are in close proximity to relax alignment tolerance. Microring radii of 60,
55 and 50pm are defined for the three bus coupled lasers. Away from the microring, the
bus tapers to 1.8um width over a length of 50um for mode filtering before rebroadening
back to 2.5um [6]. Waveguides are angled at 7° towards the outputs to reduce
reflections from the uncoated cleaved facets. Figure 1(b) shows a photograph of the
completed photonic integrated circuit (PIC).

Device Characterisation and Fibre Transmission

In the experiment, the two larger radius lasers are directly probed with broadband
coplanar probes contacting the n and p bond pads. The schematic of the experimental
setup is shown in Fig. 2.

Pattern generator Error detector
Wavelength 25km SMF
multiplexed
output
| s || 3
°_2 (=]
883 s>
> £28 ES
Soz ge
Single bgs I\hicro-rinés &
waveguide  ith varying
ring radii

Fig. 2. Experimental arrangement for the assessment of the array of micro-ring lasers

DC measurements indicate threshold currents of 20mA and 22mA and series resistances
of 28 and 24Q for the 60um and 55um micro-ring radii respectively. The light is
collected from both facets using lensed fibre. Under modulation with a 350mV peak to
peak voltage at a 1Gb/s data rate, the optical spectrum is near identical for emission
from both facets and comparable side mode suppression ratios of -28.1dB for the
1561nm channel and -25.4dB for the 1567nm channel are observed at applied DC
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currents of 42.2mA and 37mA, respectively. The submount is held at a temperature of
20°C.

Independent operation
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Fig. 3. Spectral characteristics for the directly modulated microring lasers for independent operation (top
— overlaid spectra) and simultaneous operation (bottom)

Fig. 3. shows the spectra for both the independent and simultaneous operation of the
microring lasers under data modulation. For the case of independent operation, the
spectra are overlaid. A comparison of the modal structure indicates very similar spectral
performance both as individual data transmitters and as wavelength multiplexed
transmitters, indicating consistent behaviour and good immunity to electrical and
thermal cross talk between the to lasers.

Transmission tests over 25km of single mode fibre have been carried out. After
transmission, a mean received power of over 10uW is injected into an Erbium doped
preamplifier at the receiver. Channels are selected with a 1nm bandwidth optical filter.
A 933MHz low pass electrical filter is implemented after the photo-receiver. The
optically preamplified receiver exhibits a -26dBm sensitivity.

As the longer wavelength channel is outside the gain bandwidth of the receiver, the
signal to noise ratio for that channel is severely degraded. Received powers after the
Erbium preamplifier are measured to be -1dBm and -18.6dBm for the two channels due
to the wavelength dependent amplifier gain. Due to this relatively low received power
from the 1567nm channel, BER measurements are carried out only on the 1561nm
channel at the output of the bus waveguide. This is used as a reference for power penalty
measurements and data are denoted by open square symbols in Fig. 4. In addition, BER
measurements after the 25km transmission, where data are denoted by solid square
symbols in Fig. 4, exhibit a negligible power penalty of 0.2dB. It should be noted that
the modulation performance is sensitive to the bias conditions. At bias points near to a
mode hops, closed eyes are found under modulation, even if the stationary starting point
showed good single mode operation. However, for the correct bias points, good quality
eyes are observed as shown in the inset of fig. 4.
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Fig. 4. Bit error rate performance for individual and wavelength multiplexed operation for Okm (back to
back: open symbols) and 25km fibre transmission (filled symbols). Single wavelength operation is
denoted by squares and wavelength multiplexed operation by circles. Insets show eye diagrams over 25km
for independent and simultaneous operations.

The addition of the 1567nm channel is observed to only slightly affect the error rate
performance of the 156 1nm channel under wavelength multiplexed operation. For back
to back multiplexed operation, a slight improvement is even observed and the
transmission penalty is low. The observed low power penalties are indicative that the
two lasers do not appear to influence each other greatly.

Conclusion

Simultaneous data modulation of monolithically integrated microring laser arrays
vertically coupled to a single passive bus waveguide is demonstrated. 2Ax1Gb/s WDM
transmission assessment over 25km of single-mode-fibre is demonstrated with low
0.2dB multiplexed power penalty. The comparable performance of individual and
multiplexed operation is indicative of low interference between the laser channels,
suggesting a potential solution for small size integrated wavelength multiplexed laser
arrays. Further resonator integration may extend the number of WDM sources as well as
the aggregate data rate.
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Abstract. Photonic integration will become more and more a dominant factor for
successful economic deployment of optical sensors, enabling a fast growing number of
applications. Because the present sensors employ many discrete photonic and opto-
electronic components, development of sensor-dedicated devices and photonic
integrated circuits is now the required next step to fuel many new applications.

Photonic integration for sensors: benefiting from telecom achievements

In analogy to the application of Photonic Integrated Circuits (PICs) for ultra-high
capacity telecommunications networks, the role of photonic integration becomes more
and more a decisive factor for the economic implementation of sensors. The telecom-
drive for cost-effective realization of complex photonic and opto-electronic circuits is
now even more urgently required to spur the development of photonic sensors. At the
same time, specific requirements for sensors can initiate PIC-oriented research that will
enable realization of novel telecom devices and complex circuits as well.

Challenges and opportunities for photonic integration

Photonic integration will benefit a great number of applications in the field of photonics-
based sensing [1]. Figure 1 indicates only two out of many basic sensor configurations
and lists some specific features of sensor-oriented PICs.

(a) DISCRETE DISTRIBUTED SENSING

@ @ @ MEASURED
E o VALUE FOR
0] E EXTERNAL
DISCRETE ‘MODULATORS': PARAMETER
ACTIVE PIC PASSIVE PIC ACTIVE PIC

(b) CONTINUOUS DISTRIBUTED SENSING

E @881 L 5 O ) VALUE FoR

O E EXTERNAL
FIBER AS ‘MODULATOR’ PARAMETER
ACTIVE PIC ACTIVE PIC
® LIGHT SOURCE o MODULATOR © DETECTOR
+ NARROW LINE WIDTH + PASSIVE » WAVELENGTH SELECTIVE
+ BROAD LINEWIDTH » ACTIVE » WAVELENGTH TUNEABLE
+ LARGE SPECTRAL RANGE » DISCRETE » LARGE SPECTRAL RANGE
+ FAST WAVELENGTH-SWEPT » CONTINUOUS » POLARIZATION SENSITIVE
» POLARIZED » MODULATION OF: » POLARIZATION CONTROLLED
» POLARIZATION CONTROLLED = OPTICALPOWER » POLARIZATION INSENSTIVE
» NON-POLARIZED = WAVELENGTH » TUNEABLE
+ POWERING AN ACTIVE MODULATOR * PHASE » COHERENT DETECTION
= BROAD SPECTRAL RANGE
» POLARIZED
(C) SPECIFIC FEATURES » POLARIZATION CONTROLLED
» NON-POLARIZED
» WAVELENGTH SELECTIVE

Fig. 1: Sensor configurations employing: (a) passive- and (b) active PICs, (c) some
specific features for sensor-oriented PICs
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Dedicated functionality in (low-cost) photonic integrated circuits will enable many novel
applications for sensors, similar to the way micro-electronics has changed society in
many ways. Worldwide, novel sensor concepts are designed, being the response to
measure an ever increasing number of phenomena on a more and more accurate scale.
Applications range from e.g. structural integrity monitoring to security to process control
to medical biophotonics. Frequently these novel sensor concepts require advanced
photonic excitation — and analysis techniques to resolve the parameters of interest. Also,
ongoing developments in the field of e.g. micro structured fibers and photonic crystals
offering advanced photonic effects for sensing will require precise excitation and
complex read-out techniques. Presently, one is usually pressed to realize such complex
functionalities using many separate photonic- and opto-electronic components. PICs
offering equivalent or better performance at attractive costs will therefore serve as an
enabling technology for novel sensors. Small volume, low mass, vibration-immunity,
increased performance and high-reliability are key factors for high-tech applications in
e.g. aerospace and automotive industry. Active PICs can be used as advanced light
sources and detectors connected to e.g. passive ‘modulators’ (being PIC-based or
otherwise) or as ‘active’ sensing platforms. Optically powered sensors shown in Figure 2
will expand their applications by PIC-based ultra low power lasers and sensing circuits.

ACTIVE PIC ACTIVE PIC
VIA
E FIBER
(0]
0)— ACTIVE
PHOTONICS
::I I::OPTICAL SENSING K==
MEAURAND AREA
E FEG A < POWER e
0 o g MEASURAND
SPACE

Y
[ et
. S

CENTRAL UNIT DISCRETE DISTRIBUTED SENSORS ON FIBER BUS

/oo

(b)

Fig.2: PIC-based opto-powered sensing: (a) basic configuration, (b) bus structure.
Background: application of free-space sensors for helicopter rotor blade monitoring

Depending on sensing area design, an active PIC can responds to (multiple) physical and
chemical parameters, transmitting encoded measurand-data back to the opto-powering
unit. For example, an active PIC employing an interferometer with a chemo-optical
transduction layer on top of its sensing-waveguide responds to a specific chemical
parameter, while electro-optic effects in the waveguide will respond to electrical
parameters. The sensing-PIC can be powered via fiber or free space, the latter enabling
applications requiring wireless operation of the sensing-PIC, as in wind turbines, airplane
propellers or rotor blades of helicopters. Such applications require however receivers and
transmitters being optimized for free-space optical communication. A challenge will be to
keep their related power consumption within requirements.
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Application: Continuous distributed sensing of strain and temperature

Distributed sensing of strain and temperature becomes increasingly important for e.g.
structural health monitoring and economic optimization of e.g. bridges, quay walls, wind
turbine blades, large-area roofs and high-power (intercontinental) electrical power
cables. Such applications require large objects to be monitored at multiple spots, urging
low costs for sensors, cabling and installation. Presently, distributed strain and
temperature are mostly monitored using a telecom optical fiber as sensor, being
reinforced and embedded into the object or attached to its outside. Spatial-resolved
monitoring of strain is based on analysis of the Brillouin shift of a backscattered light
pulse while traveling along the fiber, as shown in Figure 3.

EXCITATION PULSE DISTRIBUTED MEASURAND

OPTICAL POWER

L

TIME

SWITCH /
SPLITTER

MEASURAND -REPRESENTATIVE PARAMETER: ‘

BRILLOUIN SHIFT

- STRAIN:
OPTICAL - TEMPERATURE: STOKES SHIFT ‘

MODULATION

‘DISTRIBUTED ECHO’

" OPTICAL FREQUENCY — STRAIN / TEMP

DETECTION SCHEME T J_I_\—\
-BALANCED RECEIVER /

COHERENT DETECTION

-~ EMOD =

Fig. 3: Distributed sensing of strain and temperature using an optical fiber as sensor

Temperature measurement is based on analysis of time-resolved Raman scattering. A
strain of 1% in a telecom grade fiber introduces a frequency shift of about 497 MHz.
Resolving a much-wanted strain detection limit of 1 microstrain requires to detect a
frequency change of 49.7 kHz at a power level that is about 10° times lower than that of
the excitation pulse. In addition, a spatial resolution of e.g. 0.2 m requires the strain-
induced frequency deviations to be measured within 1 ns. Commercial systems for
distributed strain are specified at 20 microstrain detection and 0.4 m spatial resolution for
a price of about k€100. PIC-based instruments are targeted at 10-15 % of this price

Application: A Neutrino telescope using discrete distributed sensors

The KM3NeT (‘Cubic Kilometer Neutrino Telescope’) [2] as under design by Nikhef
and an international collaboration of scientific institutes, is deep-water neutrino detector
to be operating at a seabed at 3-5 km depth (Fig. 4). High-energy astrophysical neutrinos
are elementary particles with zero charge and very low mass. After traveling through the
Earth they can interact with sea water, creating a muon traveling at a speed higher than
the speed of light in the sea water. Under this condition, the slowing-down muon emits
the characteristic blue-colored Cherenkov radiation along its track. KM3NeT will detect
this radiation using some 10.000 Optical Modules, being glass spheres of 400 mm
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diameter, each containing up to 32 photomultiplier tubes (PMTs). Digital PMT-data
must be real-time transmitted to the shore station for Cherenkov-track reconstruction,
requiring a 1ns on-shore timing accuracy of a photon hit. Data will be transmitted over
up to 100 km via submarine electro-optical cable containing up to 100 fibers each
carrying 100 DWDM channels at 0.4 nm spacing. Total data rate to the shore station will
be 10.000 x 10 Gb/s, or 100 Tbit/s. Specific PICs for KM3NeT, and distributed sensor
networks in general, are multi-wavelength laser arrays, E/O data interfaces, all-optical
serializing/de-serializing and data processing in the photonic domain.

’ ‘ALL-OPTICAL APPROACH’ FOR THE NIKHEF - KM3NeT* PROJECT NIEEF

=Bitrate per wavelength: 10Gb/s
=50 -100 wavelengths per fibre by multi wavelength lasers

=10.000 optical modules with reflective modulator / amplifier
=Link length up to 100 km
=Single fibre bidirectional transmission!!

i PHOTONIG
.......... i 2| | INTEGRAT

A

I
[

*CUBIC KILOMETRE NEUTRINO TELESCOPE

Fig. 4: Photonics for KM3NeT: a cubic kilometer volume deep-sea Neutrino telescope

Closing remarks

Apart from applications in telecom, passive and active PICs will, more than ever, enable
to expand the number of applications of photonic sensors. PICs will spur development of
novel sensors and advanced photonic techniques for sensor excitation and readout. Also,
the synthesis between complex functionalities offered by PICs and photonic effects in
e.g. micro structured fibers and photonic crystals will enable sensors being capable to
measure multi-parameter phenomena simultaneously. Dedicated PICs will also contribute
decisively to the success of scientific programs in the field of fundamental research,
where massive collection of vast amounts of data from thousands of distributed signal
sources is crucial for progress in e.g. fundamental sciences. Governmental rules on
safety, liability and insurance regulations will act as a very efficient catalyst to accelerate
the development and expansion of novel types of photonic sensors.
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Abstract: Fluorescence detection is one of the most sensitive among different optical
sensing techniques. This work focuses on integrated optical excitation/detection of
fluorescence originating from dye molecules during on-chip capillary electrophoresis.
Excitation occurs via femtosecond laser written waveguides intersecting the
microfluidic channels both integrated in a commercial capillary electrophoresis chip.

Introduction

Recent advances in microchip fabrication technology and microfluidics have enabled
the implementation of a large number of biochemical processes in miniaturized lab-
on-chip systems. Many of these systems largely depend on conventional bench-top
measurement instrumentation for monitoring. On-chip integration of biochemical
sensors therefore continues to be a challenging field of research, empowering the
existing lab-on-chip systems with ever more functionalities while also making them a
more cost-effective option. In particular, integrated optical detection has emerged as
an attractive tool to fulfill the requirements of such an on-chip in-sifu probing strategy
[1]. Current detection schemes mostly depend on the hybrid integration of an existing
microfluidic system with external detection optics. The work presented in this paper
focuses on integrating both functionalities in a single substrate viz. glass. Parallel to
the progress in glass-based on-chip microfluidics, femtosecond (fs) laser writing has
emerged as an interesting technique to inscribe optical WGs in bulk glass substrates
[2]. The combination of these two developments to integrate a detection system of fs
laser written WGs in a glass microfluidic chip is a novel approach, forming the key
focus of this work [3]. In this paper we describe the experimental progress in
integration of optics and microfluidics in a capillary electrophoresis (CE) chip, the
concept of on-chip CE, the integrated detection scheme to monitor the same, and
concluding with an experimental demonstration.

Waveguide fabrication and characterization

Fs laser irradiation of glass leads to localized melting in the focal volume of the beam
followed by re-solidification upon removal of the beam. The corresponding localized
densification leads to a refractive index variation. WGs are written by a continuous
transverse movement of the substrate with respect to the writing beam. In principle a
suitable movement of the substrate during writing could create any desired 3D
waveguiding structure hence making this technique extremely attractive [2]. The WGs
under investigation were fabricated by means of a Ti:sapphire laser at a repetition rate
of 1 kHz, with typical pulse energies of 1 puJ, pulse durations up to 200 fs, and writing
speeds of 100 pm/s, in a commercial fused silica microfluidic chip aimed at on-chip
CE applications. The WGs were in turn thoroughly characterized [4]. The writing
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process was optimized to obtain single-mode WGs with a circular cross-section
(diameter: 10 pm) to ensure low fiber-chip coupling losses (~4 dB/end-facet).
Propagation losses were found to be as low as 0.5 dB/cm. Cross-sectional refractive
index profiles were evaluated and the maximum refractive index change was
measured to be 1x107.

Micro-opto-fluidic integration
A fused silica CE chip (commercially available from LioniX BV) was empowered
with fs laser written WGs. Such a chip layout can be seen in figure 1.

K| ) P2 _— O3  LioniXe ?4
C

Fig. 1 Left: CE chip with integrated WGs crossing the microfluidic channels
Right: Side view image of WG array — microfluidic channel intersection

The chip consists of 4 fluidic reservoirs (volume ~ 400 nl, each of them numbered and
denoted by circles in Fig. 1) connected to each other by means of mf channels (cross
section dimensions: 50 um x 12 pm). The vertical lines along the breadth of the chip
denote WGs crossing the mf channels in their plane. As a preliminary test of the
quality of integration, the entire mf channel network in such a chip was suction-filled
with Rhodamine-B which is a strongly fluorescent dye. Light from a green He-Ne
laser (A = 543.5 nm) was coupled into the WGs by means of an in-house-assembled
fiber array unit glued to the chip end-facet. An on-off switchable Hg arc lamp served
as background illumination for monitoring the entire chip. Detection was performed
with an inverted microscope (Olympus I[X-71). A combination (from Chroma
Technology Inc.) of band-pass filters and a dichroic mirror was used to pass only the
fluorescence signal while cutting off all other wavelengths including the scattered
laser light and background illumination. A sharp fluorescent segment (breadth ~ 13
pm) was then observed at the WG - mf channel intersection, with and without a
background illumination, as shown in figure 2. This result demonstrates that the
desired quality of micro-opto-fluidic integration has been achieved.
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Fig. 2 WG excitation of Rhodamine-B at 543.5 nm and corresponding distribution of
fluorescence intensity along the microfluidic channel
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Fluorescence imaging of microchip capillary electrophoresis (MCE)
MCE corresponds to the separation of species with different charge density and
mobility as they flow along an electric field applied at the ends of a microcapillary (in
this case at the mf reservoirs at the ends of the mf channels). In order to perform this
experiment the entire mf channel network was suction-filled with MES/His buffer
(pH: 6.2). A mixture of species to be separated was added to reservoir 1, which in this
proof of principle consisted of strongly fluorescent dyes Fluorescein and Rhodamine-
B. In a practical application, the mixture would typically consist of biologically
relevant species pre-labeled with fluorescent dye molecules. The mixture is
transported to reservoir 3 via the injection channel by means of electro-osmotic flow
on application of optimized, strong electric potentials (in the order of 10° V) at the
reservoirs using integrated platinum electrodes. A continuous influx of the fluorescent
mixture into reservoir 1 ensures that the injection channel (volume ~ 40 nl)
connecting reservoir 1 and 3 is always filled with the mixture. Pinching potentials
applied at reservoirs 2 and 4 prevent the mixture from leaking into the separation
channel connecting reservoirs 2 and 4, resulting in the formation of a well-defined
plug (volume: 30 pl) at the channel junction. Next, by suitably switching the
potentials the plug is launched into the separation channel resulting in separation of
the individual species. This series of events is captured and depicted in figure 3.

A C

Fig 3. a) Formation, b) launching and c-d) MCE separation of a 30 pl plug consisting
of Fluorescein and Rhodamine-B along a microfluidic channel

On-chip integrated dynamic fluorescence monitoring

The approaches described in the previous two sections have further been combined to
demonstrate the monitoring of MCE using integrated WGs. As described earlier, a
plug consisting of Fluorescein and Rhodamine-B was ejected into the separation
channel. Light from a green He-Ne laser (A = 543.5 nm) was coupled into a WG
crossing the separation channel 3 mm away from the mf channel junction. Movement
of the separated plugs was followed with Hg lamp background illumination. It was
observed that only the Rhodamine-B plug showed a sharp increase in fluorescence
intensity as it flowed across the excitation WG owing to the additional excitation
signal. Wavelength selectivity is therefore demonstrated by the observation that the
Fluorescein plug showed no response to WG excitation, owing to the absence (in the
present experiment) of a light source corresponding to the absorption spectrum of
Fluorescein, which extends up to A = 525 nm. The observed series of events is
depicted in figures 4 and 5. Rhodamine-B plug leads the flow while the Fluorescein
plug follows. With the first and the last images in fig. 5 corresponding to the lowest
Fluorescein concentration in the channel, it is still possible to detect along the WG a
negligible localized fluorescence originating from residual Rhodamine-B particles
sticking to the channel walls from inside, .
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1
"

Fig. 4 Flow of Rhodamine-B (leading) plug across the excitation WG after CE

separation
I
-

Fig. 5 Flow of Fluorescein (lagging) plug across the excitation WG after CE
separation

Concluding Remarks

The paper presents recent progress in the field of monitoring on-chip capillary
electrophoresis, using fluorescent molecules excited via integrated femtosecond laser
written optical waveguides. It has been demonstrated that Fluorescein and
Rhodamine-B molecules, separated by capillary electrophoresis, can be detected with
the described set-up in a wavelength selective manner. Experiments are in progress to
demonstrate integrated optical sensing for monitoring CE separation of fluorescence-
labelled DNA fragments which would be an important diagnostic application of the
presented work.
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Abstract. We propose a novel and highly sensitive integrated read-out scheme, ca-
pable of detecting sub-nanometre deflections of a cantilever in close proximity to a
grated waveguide structure. We discuss modelling results for an SiO, cantilever to
be integrated with an optical cavity defined by a grated SizN4 waveguide.

1. Introduction

Microcantilever-based sensors can be used to detect molecular adsorption, which causes
changes in the surface stress [1], leading to deflection of the cantilever. Often, an opti-
cal beam deflection method is used to measure the cantilever deflection [2]. Although
the method is simple and accurate, it is bulky, and therefore dense and compact integra-
tion of cantilever sensors is not possible with this method.

Different designs for integrated optical read-out of microcantilever deflection have been
proposed and demonstrated e.g. [3] and [4]. Based on our simulations we propose a
compact, novel and highly sensitive integrated read-out scheme to detect small deflec-
tions of a cantilever in close proximity to a grated waveguide (GWG) structure.

2. Device structure and principle of operation

We consider a grating defined in a shallow ridge silicon nitride (SizN4) waveguide
(WQG), as shown in the inset of Fig. 1. The grating can be realized e.g. with laser inter-
ference lithography [5]. A very compact and stable sensor element can be realized by
e g monolithically integrating a
—— 300 nm gap { microcantilever structure with
___'__fgg m g:g . | the GWQG, using conventional
Cantilor 164 Waveauide rransmited | layer deposition and sacrifi-
| cial layer etching techniques.
The cantilever core material
can be silicon dioxide (SiO,)
or Si3N4.
The device can be functional-
ized by depositing a sensitive
layer on top of the cantilever,
e.g. palladium (Pd) for hy-
— " drogen (H,) sensing. Absorp-
Wavelength [um] tion of H, into Pd will cause

Fig. 1. Simulated transmission spectra of a 200-period grating, the cantilever to bend [6].
with the cantilever position as parameter, using a 2D bidirec- This bending of the cantilever

tional cigenmode propagation method [8]. Insets: device struc- a1 then be optically detected
ture and its 2D model.
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by exploiting the properties of the GWG.

The presence of a dielectric object, in this case a cantilever, in the evanescent-field re-
gion of the GWG may lead to the occurrence of propagating modes for wavelengths in-
side the stop band of the grating, and so to resonances (defect modes) inside the stop
band, as shown in Fig. 1. As the cantilever approaches the grating, the first near band-
edge resonance peak is pulled inside the stop band and its spectral width decreases. This
effect can be used for the detection of cantilever displacements.

3. One-dimensional modelling

The optical deflection sensitivity (d7/dgap) depends strongly on the maximum slope of
the transmission peak of the mode that the cantilever pulls into the stop band. Because
of noise considerations, the sensitivity depends on the peak amplitude as well. Sensitiv-
ity is dependent on width, thickness and initial gap of the cantilever. To analyze the ef-
fect of cantilever width on the slope of the transmission peak, 1D calculations were per-
formed applying the transfer matrix method to the cantilever-loaded grating structure.
The cantilever-induced effective-index change was calculated with a 2D mode solver,
and the obtained values were used in the 1D calculations. The modelled 1D grating is
composed of layers arranged as HLHL...H’L’H’L’...HLHL, where H and L represent
high- and low-index layers, respectively, and H* and L’ are the corresponding indices in
the cantilever induced defect region. The period of the modelled grating is 490 nm and
the refractive indices of the layers H and L are 1.5928 and 1.53211, respectively. The
proximity of the cantilever increases the indices below it by ~0.5%. A cantilever in-
duced defect region width of 20 to 30 periods in a 100-period grating produces the
steepest slope, as shown in Fig. 2. The slope also depends strongly on the grating
length. Using the same method as above, the slope was calculated as a function of grat-
ing length. Two cases were studied: (a) the cantilever width is fixed at 20 periods, and
(b) the relative cantilever width is constant, in this case at 20% of the total grating
length. Doubling the grating length provides more than one order of magnitude slope
improvement, as shown in Fig. 3. A large spectral slope means a high quality factor O
of the defect mode. However, the 1D method does not account for scattering loss that is
often high for a high Q resonance [7].
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Fig. 3. Spectral slope versus grating length. Dashed
line: constant 20 periods defect length; solid line:
constant relative defect length (20%). Inset: simu-
lated 1D structure with induced defect region.

Fig. 2. Spectral slope of defect-mode transmis-
sion peak in a 100-period grating versus of canti-
lever width.

112



Eindhoven, The Netherlands, June | I-13,2008 WeF3

4. Two-dimensional modelling

A 2D bidirectional eigenmode propagation (BEP) method [8] was applied to the model
shown in Fig. 4, to analyze the effect of cantilever thickness on the deflection sensitiv-
ity. The defect-mode spectra corresponding to various cantilever thicknesses are shown
in Fig. 5. Thinner cantilevers induce defect modes closer to the stop band edge and with
higher transmittance than thicker ones. The difference in slope is small and thus the dif-
ference in deflection sensitivity comes mainly from the spectral shift. Since the defect
modes of the thicker cantilevers are deeper in the stop band, they experience a larger
spectral shift when the gap decreases from infinity to 200 nm. This suggests that the op-
tical sensitivity is higher for the thicker cantilevers at this gap range (o0 to 200 nm).

The optical deflection sensitivity of the grating was calculated with two different canti-
lever thicknesses, 200 nm and 1 pm. Figure 6 shows the transmitted power versus the
cantilever deflection for 2 different initial gaps, 200 nm and 300 nm. The wavelength is
fixed at the resonance peak of the corresponding defect mode at each initial gap. Figure
6 shows that the sensitivity at an initial 300 nm gap is higher for the thick cantilever,
although the difference is not large. However, at 200 nm gap the thin cantilever is pre-
ferred due to a higher transmission power and a slightly higher sensitivity.

The theoretical deflection sensitivity can be estimated from the graphs in Fig. 6. The
sensitivity slope of the 200 nm thick cantilever at 200 nm initial gap is 0.058/nm. By
assuming that the noise level allows power detection at an accuracy of 107 (e.g. trans-
mission unit is in pW and noise level is <10 nW), the deflection can be detected with a
resolution of 0.17 nm. Higher sensitivity is possible, e.g. with a longer grating, provided
that the losses remain low.

20 ym

55 nm wn 240 nm Gap=200 nm

Fig. 4. 2D cross-sectional model of the device used in simulations.
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Fig. 5. Defect mode positions obtained with differ-
ent cantilever thicknesses. Thinner cantilevers in-
duce defect modes that are closer to the stop band
edge.

Fig. 6. Simulated transmitted power versus can-
tilever deflection, calculated for 2 cantilever
thicknesses and 2 fixed wavelengths corre-
sponding to resonances at 200 and 300 nm ini-
tial gap values.
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The choice of cantilever thickness should be carefully considered to obtain maximum
sensitivity and stable operation. Thinner cantilevers are more sensitive to mechanical
bending that arises from differential surface stress, as follows from Stoney’s model [2],
Az=3Ac I’(1-v)/(Et*), where Az is the tip displacement of a cantilever having
length L, thickness #, Poisson’s ratio vand Young’s modulus E, and Ao is the differen-
tial surface stress. However, the thermal and mechanical stability of thin cantilevers is
low due to this high sensitivity. Also, if a thin cantilever is coated with a metal layer,
the evanescent field of the WG may reach the metal layer through the thin silicon diox-
ide layer, increasing optical loss. Partial metal coating can be used to avoid such a loss,
but at the expense of smaller sensitive area and therefore smaller surface stress.

From the fabrication point of view, it is convenient to have the initial gap between the
WG and the cantilever as large as possible. For the considered WG design, the maxi-
mum gap for getting an optical response on downward deflection is around 400 nm. For
this initial gap there is not a large difference in optical sensitivity between thin (200 nm)
and thick (1 um) cantilevers.

For maximum sensitivity, a thin cantilever with a small initial gap should be selected,
whereas a safer design calls for a thick cantilever with a large initial gap.

6. Conclusions

Based on our simulations we have shown that GWG can be used to sense deflections of
micromechanical cantilevers at sub-nanometre resolution. The presented read-out
scheme is a good candidate to enable dense integration of cantilever sensors, providing
an accurate and stable optical position detection.
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Abstract. We present a new Fourier transform waveguide spectrometer concept based
on Mach-Zehnder interferometer arrays. Multiaperture input provides a markedly
increased optical throughput. Unlike conventional FT spectrometers, the device has no
moving parts. Phase and amplitude errors can be readily measured in this device and
numerically corrected with no need for costly modifications of the waveguide physical
properties. An example of the spectrometer designed for the silicon-on-insulator
platform with sub-nanometer resolution is discussed.

Introduction

Waveguide spectrometers such as waveguide echelle gratings and arrayed waveguide
gratings (AWGs) [1] are key devices in optical telecommunication networks. New
applications are emerging, including spectroscopy, environmental sensing, and health
diagnostics. In spectroscopic applications, a common figure of merit to be maximized is
the optical throughput, or éfendue. Large étendue, also referred to as the Jacquinot
advantage [2], is an intrinsic property of a Michelson interferometer. This is also one of
the main reasons why Fourier transform (FT) Michelson interferometers are currently
dominating the field of infrared spectroscopy.

In order to exploit the étendue benefit of the Michelson interferometer, we proposed
the first Fourier-transform Michelson-type arrayed waveguide grating (AWG)
spectrometer [3]. This device further develops the concept by Harlander et al. who
proposed replacing the mirrors in a Michelson interferometer by bulk optics diffraction
gratings, which results in an obvious éfendue benefit [4, 5]. Compared to a
conventional AWG which is a generalized multi-path Mach-Zehnder interferometer, an
FT AWG, as a Michelson-type device, allows for a larger étendue. Furthermore, unlike
the conventional Fourier-transform Michelson spectrometer which requires moving
parts (a scanning mirror), the FT AWG is a static device obviating the need for scanning
elements.

To further increase the spectrometer light throughput, we have recently extended the
FT AWG concept into configurations with multiple input apertures [6, 7]. In this paper,
we present a multiaperture spectrometer based on an array of Mach-Zehnder
interferometers. We discuss device fundamentals and also include an example of
spectral retrieval for the application in spatial heterodyne observations of water
(SHOW) experiment.

Multi-aperture FT Mach-Zehnder interferometer array

The Mach-Zehnder interferometer is an established device both in bulk optics and
waveguide implementations. It has periodic transmission characteristics which is a
function of the optical path difference between the two interferometer arms. We use
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this fundamental property of periodic MZI transmission to form a new type of
spectrometer. The spectrometer comprises an array of independent MZIs with different
phase delays, as shown schematically in Fig. 1 (left panel). It has a multiaperture input
formed by N waveguides each feeding into an individual MZI. An obvious advantage of
this device is that the optical throughput is significantly increased by using multiple
inputs simultaneously.

The operating principle of the device is as follows. The path difference AL; in the
MZI array changes by a constant increment across the array. For a given
monochromatic input, different transmission characteristics of each MZI results in a
different power value at its output. A monochromatic input results in a periodic
(sinusoidal) spatial distribution of power across the different output ports P°*(x;), which
is the Fourier-transform of the monochromatic input spectrum. Since the spatial power
distribution P”(x;) and the input spectrum are a Fourier transform pair, a polychromatic
input produces a power distribution from which the input spectrum can be calculated
using Fourier transformation.

X3 . i X;
s By
iput oy TP P () WW
Output De;;.ctor
ALy X

ports array

Fig. 1. Left: The schematics of the waveguide spectrometer formed by arrayed Mach-Zehnder
interferometers. Right: Spatial fringe formation at the arrayed MZI outputs corresponding to
monochromatic inputs at a) the Littrow wavenumber o;, b) o;tdo, ¢) o0;1280; and d)
superposition of monochromatic inputs.

The MZI array can be designed such that for a particular monochromatic input of a
wavenumber o;=1/J;, a constant spatial power distribution P”“(x;) is obtained at the
output, as shown in Fig. la. This we denote as the Littrow condition, with the zero
spatial frequency corresponding to the Littrow wavenumber o;. For ¢ = g, the phase
delays in different MZIs are integer multiples of 2x resulting in constant output spatial
power distribution. As the wavenumber of the monochromatic input ¢ changes from the
Littrow value, the output power distribution becomes periodic with the spatial
frequency, increasing with |o-o;|. Changing the wavenumber from the Littrow condition
to o.+do, where 8o is the instrument resolution, results in one spatial fringe along the
output ports as shown in Fig. 1b. The number of fringes further increases with the
increasing wavenumber (Fig. 1c). For a polychromatic signal, a corresponding
interferogram is formed by superposition of the respective periodic fringes, as illustrated
in Fig. 1d. The input power spectrum can be calculated from the measured
interferogram using the discrete Fourier cosine transform [6]:

N
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where F(x;) is the measured interferogram, discretized at N equally spaced values of the
spatial coordinate x; corresponding to the outputs of different MZIs, P is the total input
power, and & =o -0y is the normalized wavenumber shifted with respect to the Littrow
wavenumber o;.

It can be shown [6] that the wavenumber resolution 6o of the spectrometer is
determined by the maximum interferometric delay AL,,, that is, the delay
corresponding to the most unbalanced MZI in the array. A useful expression for ALy
can be obtained in terms of the resolving power R = A¢/d4:

A

dony  ny

max (2)
where Ao is the spectrometer central wavelength and n.y is the waveguide mode effective
index. The minimum number of discrete points N in the interferogram, that is the
number of MZIs in the array, can be found from the Fourier sampling theorem:

N, =2AxAc =257 2% 3)

oo oA

where AA (or Ao) is the is the spectrometer operational spectral range. For example, an
arrayed MZI spectrometer operating over the 2.5 nm wavelength range at 0.1 nm
resolution requires 50 MZIs. Since each MZI couples to a separate input waveguide, in
this example the optical throughput is obviously increased by a factor of 50 compared to
a single input device.

In addition to the éfendue benefit, an important advantage of this device is that
deviations from the ideal design appear as systematic errors in the interferograms. Once
the waveguide device has been fabricated and characterized, the errors can simply be
corrected by a software calibration. This calibration ability is an important advantage of
our device compared to an AWG. In the AWGs there is no direct physical access to the
arrayed waveguide output aperture, which makes measuring and correcting phase errors
of an AWG a formidable task. Unlike in an AWG, our device provides physical access
to each of the arrayed interferometer outputs where both phase and amplitude errors can
be readily measured as part of the spectrometer calibration procedure.

The arrayed MZI spectrometer was simulated for the silicon-on-insulator (SOI)
waveguide platform for the application in spatial heterodyne observations of water
(SHOW). The SHOW experiment includes detection of water absorption bands on the
solar irradiance background in the 2.5 nm wavelength range centered at 1364.5 nm, with
spectral resolution 0.1 nm. We choose an SOI with a comparatively thick Si layer (4
pm) to maximize the aperture size of the individual waveguides. According to vectorial
mode solver calculations, the etch depth of 2.3 um and the ridge width of 2.6 pm give a
singlemode waveguide with the effective index n.; = 3.4977, where the TE- and TM-
like polarization modes are degenerate, as required for polarization insensitive
operation. According to Egs. 2 and 3, for the wavelength resolution of 64 = 0.1 nm, an
array comprising 50 MZIs with the maximum delay AL,,,, = 5.32 mm is required. By
comparing the ideal water absorption spectrum (Fig. 2, curve a) and the retrieved
spectrum (Fig. 2, curve b), it is observed that spectral features finer than the Rayleigh
resolution limit (0.1 nm) are not yet resolved. These spectral features can be retrieved
by improving the spectrometer resolution from 0.1 nm to 0.025 nm. This is done by
increasing the maximum delay from 5.32 mm to 21 mm and using 200 MZI structures
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instead of 50. The spectrum retrieved by such a device is shown in Fig. 2, curve e. It is
also noticed that the optical throughput of such device is increased by a factor of 200

compared to a single aperture device.
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Fig. 2. Ideal input (curve a) and calculated spectra for the arrayed MZI spectrometer with the
wavelength resolution of 0.1 nm (b), 0.075 nm (c), 0.05 nm (d), and 0.025 nm (e).

Conclusions

We have discussed a new waveguide spectrometer concept, namely multiaperture Mach-
Zehnder interferometer array. Its advantages include a large optical throughput and a
static (no moving parts) design. These are important benefits in applications where size
and weight are critical. Fabrication robustness is another obvious advantage of this

device.

Phase and amplitude errors can be readily measured and corrected by

calibration software with no need for costly modification of the waveguide physical

properties by microfabrication tools.
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Abstract. A novel technique to collect backscattered light from the surface of highly
scattering media is presented. The design parameters for the proposed structure have
been determined by simulating light transport in the target medium with a Monte Carlo
approach. We also present a comparison of the simulation results with measurements.

Introduction

The proposed structure is entirely based on integrated optics and is composed of a
source waveguide and a number of collector waveguides disposed at increasing
distances from the source and in direct contact with the target’s surface. These
distances, as will be discussed in the next section, are strongly related to the depth at
which the detected scattering events occur. For the correct design of the structure we
used a Monte Carlo approach to simulate light transport through the scattering medium
and to gather information on the backscattered light, such as the positions and angles at
which each output photon is leaving the surface. Different layouts have been fabricated
and tested. In each of them the relative positions of the detector waveguides with respect
to the source have been changed together with other relevant parameters. The devices
have been fabricated in the MESA+ cleanroom using silicon oxynitride (SiON)
waveguide fabrication technology!.

Monte Carlo simulation

Light from a laser source is coupled into a rectangular SION waveguide. The source
waveguide and the detector waveguides end directly in contact with the surface of the
sample to be measured. The photons which are not reflected by the surface will interact
with the target material being absorbed or scattered. Our main interest is aimed towards
the backscattered photons that get directed out of the medium after one or more
scattering events. The distribution of the backscattered photons on the surface is of great
importance together with their propagation direction and the position inside the medium
of the last scattering event. This information allows us to design an efficient coupling
mechanism between a hypothetical device and the sample.

The waveguides are SiON channel waveguides with core index of n=1.529 and
cladding (Si0O,) index of n,=1.457 designed within the ePIXnet Joint Research Activity
on sensors. The spatial distribution of the incident photons is obtained from the mode
profile of the input waveguide. For each generated photon we associate an initial
direction of propagation that in a polar coordinate system forms an angle & with the z
axis and an angle ¢ with the x axis as shown in Fig. 1.a. The origin of the x and y axes
is chosen to be in the center of the source waveguide’s facet, while the z axis origin is
on the sample’s surface.
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Fig. 1-a) Direction of propagation in polar b) Distribution of incident photons in case of 2
coordinates. million total photons.

The angle ¢ is uniformly distributed between 0 and 360°, while & is initially distributed
between 0 and arcsin(NA), with NA the numerical aperture of the waveguide. Since the
waveguide is rectangular we consider two equivalent slab waveguides 1, assuming two
different numerical apertures in x and y directions. Each of the randomly generated
photons is tracked until it is absorbed or scattered/reflected out of the medium. All the
photons that propagate outwards from the surface are considered as output photons:
backscattered photons as well as photons that have been reflected from the surface. The
two kinds of outputs can be easily distinguished by the program and each output photon
is saved into an array that holds the position, the propagation angle relative to the z axis,
the optical depth and the penetration depth inside the target as well as the path length of
the photon.

Test structure design and fabrication

The devices have been fabricated in the MESA+ cleanroom using our metal-free
waveguide fabrication technology . After standard cleaning a PECVD SiON layer of
850nm with a refractive index of 1.53 was deposited on a wafer of 8um thermal oxide.
After resist deposition and development, the wafers were dry etched in a CHF;/O,
plasma. A thin layer of LPCVD Si;N4 of 20nm was grown to serve as etch stop for the
wet etching in case sensing windows have to be defined on the device. On top of the
nitride layer, a PECVD cladding layer of 3.5um SiO, with a refractive index of 1.47 was
grown. Finally, the wafers were annealed to remove the hydrogen. The final waveguide
structure is shown in Fig. 2.a. The architecture, as can be seen in Fig. 2.b, is based on a
single source waveguide and multiple detector waveguides disposed in direct contact
with the sample (dark region in Fig. 2.b). The container for the liquid sample has been
integrated on a chip by wet etching a rectangular area in contact with the collector array
and the source waveguides (etching through the Si;N4 layer and 5um in the thermal
oxide). Different layouts have been fabricated and tested. In each of them the relative
positions of the detector waveguides with respect to the source have been changed
together with other relevant parameters such as waveguide width, and distance between
the waveguides of the collector.
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Fig. 2.a) The ePlxnet’s JRA Sensors SiON waveguide  b) Optical microscope picture of a test
used in the fabrication of the devices. device.

Comparison of measurements with simulation results

In the Monte Carlo simulation and in experiments we have used commercial milk as the
scattering medium. The optical parameters of milk used in the simulation are
p=40cm™, p,=0.01cm™ and g=0.72, where p,’ is the reduced scattering coefficient, p, is
the absorption coefficient and g Backscattered photons radial distribution

is the anisotropy factor. These
values have been found in
literature! for a concentration~—
of 100% milk at a wavelength
of 660nm. As source radiation a
He-Ne laser (633nm) was used
assuming that the scattering
coefficient of milk would not
significantly change at this
wavelength. This is due to the
fact that scattering in milk
follows Mie scattering in this
range of light frequencies and
so it is little affected by
wavelength. The simulation
results are shown in Fig. 3.

“““““ 0 <z<10um
—10 <z <60um
==60 < z < 200um
—Total photon density

Photon density [1um

0

R [um]

Fig. 3)Density of photons that are scattered to the surface
from different depths inside the target medium.

In the experiments two different devices have been measured: the first device has a CSD
(collector to source distance) of 25um, waveguide width of 1.3um, and waveguide
spacing of 1.25um; while the second device has CSD=10pum, w=1.6um, and waveguide
spacing of 0.95um. The backscattered light intensity from the 8 output waveguides of
the collector has been measured with a photomultiplier. The results of the measurement
are shown in Fig. 4, in which the intensity of the detected light is given in function of
the distance from the source waveguide for the two devices.
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The measured points have been Comparison of simulation result with
scaled to the sirnulation by applymg 5 measurements of backscattered intensity on two samples
10 . T T
a multiplication factor. It is clear ‘ : — Simulation
: : . ; -Device 1
that by simply changing the distance o Diovics 3

of the detector waveguides to the 2
source it is possible to increase the _
sensing sensitivity only to those g
photons scattered from a given layer
under the surface of the sample as
can be seen in . This can be of great
interest in spectroscopic applications

in which it is mandatory to consider 10 2 cwm 2 0
only certain layers of the medium

Fig. 4)Comparison of simulated and experimental
under study. backscattered intensity measured at the collector
waveguides for two different devices. The intensity of
the three sets of data is scaled linearly to obtain an
optimum overlap.

Conclusions

This study provides a first step towards the design of integrated optics micro devices
and sensors which can be directly coupled to the measurand, e.g. biological tissues,
without means of lens systems. We have presented a collector system based on multiple
waveguides for the detection of backscattered light in highly scattering media. From
simulation results it can be seen that it is possible to detect photons backscattered from
different depths inside the target by simple changing the CSD parameter.
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Abstract. Monolithic integration on InP has reached complexity levels extending to over
200 discrete functions on a single substrate, including optical signal amplification, and
demonstration of multi channel devices capable of aggregate data rates in excess of
1Tb/s. In this presentation we will review the progress in this field.

Introduction

Monolithic photonic integration has a very long history dating back to the late 1960's,
and it is interesting to note that the first proposal for a photonic integrated circuit (PIC)
predates the first demonstration of a CW semiconductor laser [1]. Historically InP has
been the substrate of choice for monolithic integration with light emitting and passive
optical components. Although a lot of progress was made in the last thirty years and
integrated components with two to four elements were being manufactured, it was not
until four years ago that the first large scale (with component counts higher than 50) PIC
(LSPIC) was successfully deployed in long haul telecommunication networks carrying
commercial traffic [2].

LSPIC’s have been shown to be highly manufacturable and reliable to meet the stringent
requirements of carrier grade equipment. At this point, 100Gbit/s (10channels x
10Gbit/s) version of the Infinera PIC, in field deployment carrying live traffic, has
passed the 50 million hour mark of operation without any failures.

Scaling of Photonic Integrated Devices
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Fig. 1 Scaling of InP device data rate in Telecom transmission networks
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Fig. 1 shows the historical data rate scaling in photonic integrated circuits [2,3,4]
deployed in commercial transport networks (the devices under development at Infinera
are shown in blue for comparison). From mid 1990's to until the introduction of the
100Gbit/s LSPIC four years ago, the data rate for an optical integrated device was
largely flat at 10Gbit/s. We have since then demonstrated 40 channel transmitters with
per channel data rates up to 40Gbit/s with the NRZ modulation format. The total
aggregate data rate from such an integrated device is in excess of 1Tb/s. More recently
we have developed 10 channel, 40Gbit/s per channel, DQPSK PIC's [4] which enables
us to deploy transport systems with higher spectral efficiency in the fiber. The DQPSK
PIC's have integrated Mach Zehnder (MZ) modulators whilst the current generation
PIC's have integrated electro absorption modulators (EAM).

We have also demonstrated high functional count devices (transmitters and receivers
with up to 40 channels) integrated with semiconductor optical amplifiers (SOA) [5,6].
The requirement for polarization independent, multi channel operation makes
integrating the SOA's in a receiver PIC especially challenging. We have demonstrated
(see Fig. 2) 10 channel, receiver PIC's with wide optical bandwidth SOA with median
gain in excess of 22dB, and worst case polarization dependent gain (PDG) of less 0.8dB
in manufacturing [5]. The intrinsic noise figure of the SOA (not including fiber
coupling) is a little under 4dB.
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Fig. 2 Characteristics of SOA integrated multi channel receiver PIC.

In the talk we will review these results and give a historical perspective on the progress
in the field if InP based photonic integration.
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Abstract. Approaches towards integration with InP technology are discussed for the
development of complex optical modulator and demodulator structures for 40Gb/s and
100Gb/s transmission.

I. Introduction

Both the current adoption of 40 Gb/s transmission occurring in core networks, and
demonstrations of 100G Ethernet transport utilise advanced modulation formats rather
than simply scaling on-off key modulation from 10 Gb/s. The requirements for
advanced modulation formats have provided great impetus for the development of InP-
based transmitter and receiver elements, since small size and integrated functionality are
increasingly valued. In the following sections, the architecture for two key modulation
approaches are outlined, and the design of integrated InP devices which can enable their
realisation are described.

I1. Applications Requiring Integrated Devices

A. 40 Gb/s DQPSK

While there has been much debate over many years around the preferred modulation
format for 40 Gb/s transmission, there is growing consensus that differential quadrature
phase-shift key (DQPSK) [1] is the best choice for many applications. As shown in
Fig. 1, DQPSK transmits 2 bits per symbol at half the clock rate of binary approaches
using dual-parallel Mach-Zehnder modulators (MZMs). Both upper and lower MZMs
are configured as binary phase modulators, biased at minimum optical output and driven
with pre-coded NRZ data. A relative phase shift of 7/2 between upper and lower

branches provides quadrature addition of the 2 fields. At the receive side, a delay-and-
add decoder together with a pair of balanced receivers provides binary outputs without
requiring additional processing.

Key advantages of DQPSK are resilience to chromatic and polarization-mode
dispersion, and reduced spectral width for compatibility with 50GHz DWDM spacing
and the use of reconfigurable optical add-drop multiplexers (ROADMs). DQPSK is also
advantageous compared to OOK and duobinary in terms of OSNR performance. The
use of RZ pulse shaping combined with DQPSK improves the nonlinear resilience of
DQPSK for long-haul transmission, and provides almost equivalent OSNR performance
to binary DPSK.

Currently the main obstacle to wider deployment of 40 Gb/s DQPSK is cost. The
greater complexity of DQPSK requires a larger number of components — which
presently are designed to meet the demanding requirements of binary 40Gb/s DPSK —
leading to high cost. However, the cost of DQPSK subsystems is soon likely to decrease
below that of binary 40 Gb/s approaches. The bandwidth requirements of binary
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40 Gb/s dictates the use of expensive connectorised modules for MUX, DEMUX,
electrical drivers, optical transmitter and optical receivers, together with RF ‘plumbing’
with cable interconnects. Since DQPSK requires only bandwidths commensurate with
20 Gb/s transmission, surface-mount packaging on PCB assemblies is viable, offering
significant savings over binary approaches at the full 40 GHz clock rate. A key step to
realisation of this cost saving, however, is the greater integration of optoelectronic
functionality discussed in following sections.
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Fig. 1: Schematic illustration of optical DQPSK link.

B. 100 Gb/s PDM-QPSK

Whereas a number of alternative approaches have been considered viable for 40 Gb/s
transmission, the demands of 100 Gb/s operation has meant greater focus on a more
limited number of approaches. In particular, coherent QPSK transmission employing
polarization-division multiplexing (PDM) has attracted much interest. The application
of post-receiver digital signal processing (DSP) has been shown to overcome many of
the traditional challenges of coherent detection associated with LO stabilization and
polarization management [2,3]. Since information from the transmitted optical field can
be fully recovered from coherent detection with polarization diversity, post-detection
DSP also allows the mitigation of chromatic dispersion accumulated over the
transmission span.
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Fig. 2: Schematic illustration of PDM-QPSK link.
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Laser

As shown in Fig. 2, PDM-QPSK provides 100 Gb/s capacity for a single optical carrier
while operating at a 25 GHz clock rate. The 4x25 Gb/s architecture is compatible with
low-cost electronic packaging, but — even more so than for DQPSK — is dependent on
integration of optoelectronic functionality in order to minimize cost, footprint and
assembly complexity.
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III. InP MZMs

Efficient electro-optic modulation and tight waveguide confinement allow realisation of
InP dual-parallel MZ structures for QPSK modulation with very compact footprint.
Figure 3 shows an RZ-QPSK layout (using a third serial MZ for RZ pulse-carving) with
a chip size of 7x1 mm”. The design uses proven 10 Gb/s NRZ technology, based on p-i-
n epitaxy on an n+ InP substrate. The multiple quantum well (MQW) modulator core
consists of InGaAsP quantum wells and Q=1.1um InGaAsP barriers, with the guided
mode highly confined to the MQW core by deep ridge etching. The RF electrodes of
each MZ are independent microstrip elements, with the base of the chip grounded.

By suitably engineering the core thickness and ridge width, a lumped-element design
suitable for 10 Gb/s has been modified to a travelling-wave design with impedance
well-matched to 50Q. Results in Fig. 4 for probed chip measurements illustrate
S11 < 10dB and electro-optic bandwidth exceeding 20GHz, commensurate with 40 Gb/s
DQPSK and 100 Gb/s PDM-QPSK operation. V, for InP MZMs is not a constant, but
depends on the dc bias and operating wavelength — deeper bias reduces V, at the
expense of additional absorption optical loss. Our design achieves < 3.5V V, with <
0.5dB voltage-induced absorption over C-band operation. A low value for V', enables
full 2V, modulation to maximise optical power and signal quality.
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Fig. 4: Measured performance for one MZ element of a QPSK encoder chip.

The separation between upper and lower MZMs shown in Fig. 3 is a compromise
between reducing RF crosstalk and minimising optical waveguide bend loss.
Differential drive for each MZ is advantageous in reducing crosstalk between the
multiple modulators; as shown in Fig. 4, crosstalk between MZs is < -28dB. Multiple
InGaAs photodiodes are incorporated monolithically with the modulator structure,
allowing monitoring of the critical optical phase shifts in individual and parallel MZMs.
In conjunction with short control electrodes, monitor photodiodes enable realisation of a
complete control shell for stable operation of the RZ-QPSK transmitter.

Extension of the QPSK encoder to a PDM-QPSK structure like that in Fig. 2 requires
replication of the dual-parallel MZMs together with an additional input splitter. While
the addition elements for polarisation rotation and multiplexing have previously been
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demonstrated in InP, these would require additional process development for our
modulator platform. An alternative approach is to perform the polarisation manipulation
functions with micro-optics. The small size of InP MZMs makes them well suited to co-
packaging with the source laser, with advantages in reduced footprint, greater
functionality, and eased assembly. Since our co-packaging approach already utilises
micro-optics for modulator-to-fibre coupling, adding additional polarisation elements
can be achieved without excessive complexity.

IV. Integrated InP Receivers

While a number of technologies — micro-optic, fibre and PLC — have been demonstrated
as viable to perform the delay-and-add functionality for DPSK systems, to date
commercial products use a fibre-coupled output in conjunction with fibre-coupled
receiver modules. An attractive approach to reduce size, footprint and cost is to
integrate all functionality on a single InP chip, combining split, delay and 90° hybrid
coupler together with waveguide photodiodes. All the individual elements required have
previously been demonstrated on InP. Realisation of a 3dB MMI combiner with
integrated balanced detectors was achieved more than a decade ago [4]; more recently
an integrated DQPSK decoder incorporating split and delay was demonstrated [5].

Whereas some functionality — hybrid coupler with waveguide photodetection — is
similar for both 40 Gb/s DQPSK and 100 Gb/s PDM-QPSK, polarisation management
is different for the two approaches. For DQPSK, a key challenge is to control
birefringence in order to minimize polarisation-dependent frequency shift (PDF) of the
decoder free-spectral range (FSR). For PDM-QPSK, additional polarisation split and
rotation elements are required, but design of 90° hybrids and photodiodes is eased, since
these may operate with only TE inputs. One attractive option is to adopt micro-optics to
perform the delay and polarization-management elements using co-packaging as
discussed previously for PDM-QPSK transmitter.
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High bandwidth waveguide photodetector based
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M. Nikoufard, L. Xu, X.J.M Leijtens, T. de Vries, E. Smalbrugge, R. Notzel,
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A waveguide photodetector based on semi-insulating indium phosphide (InP) was de-
signed and fabricated. The layer stack for this photodetector was optimized for use as
an optical amplifier or laser. By reversely biasing the structure, an efficient, high-speed
photodetector was made, which allows for easy integration of source, detector and pas-
sive optical components on a single chip. Based on the simulation results, we designed
a 30um x 1.5um waveguide photodetector integrated with a passive access waveguide,
which has achieved a 3 dB bandwidth of 35 GHz and 0.25 A/W external reponsivity at
1.55 um wavelength at —4 'V bias voltage.

Introduction

The photodetector is a key component in the optical communication system[1]. One of
the requirements on photodetectors is a high bandwidth-efficiency product. Compared
to the top-illuminated photodetector, the waveguide photodetector has the advantage of
almost independent relationship between the bandwidth and the efficiency[2]. Although
it has a disadvantage in the fiber-chip coupling efficiency, it is easier to be integrated with
laser/preamplifier, AWGs, and other passive components. By optimizing the waveguide
geometry and absorption layer thickness of the waveguide photodetector, high bandwidth-
efficiency product of 55 GHz has been reported[3]. However, the layer stacks of these
reported devices are not suitable for the realisation of semiconductor optical amplifiers
(SOA) or lasers, which would limit the flexibility in the monolithic integration of the
source and the detector. In[1], the laser is based on quantum wells while the photodetector
is based on bulk material, and 12.5 Gbit/s per channel is achieved. To ease the technology
for such an active-passive integration, we investigate RF bandwidth of the photodetector
by using the same layer stack as SOA/laser. For proper RF performance, we use a semi-
insulating InP substrate and coplanar waveguide design. The measurement results show
that a 30 um (80 um) long photodetector can operate up to 35 GHz (28 GHz) with external
responsivity up to 0.25 A/W (0.35 A/W) at a wavelength of 1.55 um.

Design and Fabrication

The layer stack shown in figure | which was previously used for fabricating lasers and
optical amplifiers[4], is now being used for the realization of high-speed photodetectors.
Due to n.i.d. doping in the film layer, this film layer will be completely depleted even
under a small reverse bias voltage. Therefore, in the following calculation, the depletion
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stack with specifications based on a semi- a photograph of finished devices.
insulating substrate .

layer thickness was taken as 500 nm, the same as the thickness of the film, corresponding
to a 44 GHz transit time bandwidth[5, 6]. To achieve the best performance, the waveguide
photodetector was designed 1.5 um wide and deeply etched through the film layer to min-
imize the capacitance. The calculated series resistances[7] are 105 Q (40 Q) respectively
for 30 um (80 um) long photodetector. By assuming the parasitic capacitance of the bond-
pad to be 12 fF[7], the calculated RC bandwidth is about 72 GHz (52 GHz). Therefore, the
total bandwidth is about 38 GHz (32 GHz) for 30 um (80 um) long photodetector, mainly
limited by the transit time bandwidth.

The active-passive epitaxial material was grown on a semi-insulating InP substrate by a
three-step low pressure metal-organic-vapor-phase epitaxy (MOVPE)[8]. In the active
part, a 120 nm thick absorption/active InGaAsP layer (Q1.55, Agap = 1.55 um), embedded
between two 190 nm quaternary confinement layers (Q1.25), covered by a 200 nm thick
p-InP layer. In the passive part, the film layer (Q1.25) thickness is 500 nm, and n-doped
(Ng = 6 x 10'%cm™3), covered by 200 nm thick n-InP layer with same doping level. The
common layers for both active and passive part is 1300 nm gradually p-doped InP and
300 nm highly p-doped contact layer InGaAs. All the waveguides were fabricated by
RIE. The access waveguide was shallowly etched to minimize the optical transmission
loss, and the photodetector was deeply etched and stopped at 1 x 108 cm™3 n-InP layer
below the film. The etching depth of the photodetector is about 3 um. Polyimide was
spun for passivation and planarization. Before metallisation, firstly we etched back the
polyimide in the barrel etcher to expose p-InGaAs. Afterwards, we used the photoresist
as a mask to protect the exposed p-contact, and etching the polyimide directionally to
open n-InP contact layer. To form the metal contact, Ti/Pt/Au were evaporated on the
top p-InGaAs and the lateral grounds (n-InP) through lift-off. Due to the limitation in the
lift-off, the gap distance between the p- and n-contact was designed 10 um. To minimize
the RF transmission loss, the fabrication proceeded with the electroplating until the thick-
ness of the gold is about 1.5 um, which is three times larger than the skin depth[4]. The
crosssection and the top view of the finished device are shown in figure 2. The photograph
shows the photodetector with its coplanar waveguide transmission line, which are tapered

144



Eindhoven, The Netherlands, June | I-13,2008 ThA2

0 < 30um@-4V
-9 © 80um@-4V
-50 10 1
— § 1
< -100 s
£ T 12
[
>
2 150 £-13
3 ‘B
< S 14/
© - Q
8 200 RE
[
i -16
250
17
. . . . . . . 18 . . . .
8007 K 5 -4 3 2 -1 0 0 10 20 30 40 50
Bias voltage (V) Frequency (GHz)

Figure 3: Measured dark current for 1.4um Figure 4: Frequency response of a 30um
wide deeply etched 30 um long (solid) and long photodetector (below) and an 80um
80 um long (dash) photodetectors. long photodetector. The dot line is the mea-

sured data, and the the solid line is the fitting.

from the photodetector to the probepad which has a 100 um pitch. The central metal is
70 um wide, and the gap width is 30 um.

Experimental results

The optical signal is coupled into the waveguide via the cleaved facet of the chip. All mea-
surements were performed using on-wafer probing technique. The photodetectors exhibit
low dark current, less than 50 nA dark currents at —4 V bias voltage for the photodetectors
up to 80 um long, figure 3.

On-wafer S-parameter measurements are performed in the range of 10 MHz to 67 GHz
with a lightwave component analyzer and a 50 GHz RF-probe. The photodetector was bi-
ased at —4 'V through a 67 GHz bias tee, and the injected wavelength from the lightwave
analyzer is 1.55 um with —1 dBm optical power. The measured small signal frequency
response is given in figure 4. The 30 um long photodetector achieved 35 GHz 3-dB band-
width, while the 80 um long photodetector obtained 28 GHz bandwidth. The measured
external reponsivity in the left axis showed that the external responsivity is 0.25 A/W
and 0.35 A/W for 30 um and 80 um long photodetector, respectively. The measured RC
bandwidth from Sj; is in agreement with the calculated RC bandwidth. The measured
total bandwidths are slightly smaller than the calculated bandwidth mainly because the
depletion layer thickness is actually thicker than 500 nm under —4 V reverse bias voltage,
which further decreased the transit time bandwidth. Furthermore, the actual series re-
sistance extracted from Sj; is about 125 Q (60 Q) for 30 um (80 um) long photodetector,
higher than the calculated value, which is due to the fabrication and the series resistance
of the transmission line and the bondpad.
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Conclusions

We demonstrated high-frequency waveguide photodetectors in an amplifier layer stack
operating up to 35 GHz with 0.25 A/W external responsivity. This result enables the
monolithic integration of source and high performance photodetector based on flexible
butt-joint active-passive material without the need for a dedicated detector layer stack.

This work is partly funded by the Dutch National Broadband Photonics Access project
and the Dutch National Smartmix project Memphis.

References

[1] M. Kato, R. Nagarajan, J. Pleumeekers, P. Evans, A. Chen, A. Mathur, A. Dentai,
S. Hurtt, D. Lambert, P. Chavarkar, M. Missey, J. Béack, R. Muthiah, S. Murthy,
R. Salvatore, C. Joyner, J. Rossi, R. Schneider, M. Ziari, F. Kish, and D. Welch, “40-
channel transmitter and receiver photonic integrated circuits operating at per channel
data rate 12.5 Gbit/s,” Electron. Lett., vol. 43, no. 8, Apr. 2007.

[2] K. Kato, “Ultrawide-band/high-frequency photodetectors,” IEEE Transactions on Mi-
crowave Theory and Techniques, vol. 47, no. 7, pp. 1265—-1281, July 1999.

[3] K. Kato, A. Kozen, Y. Muramoto, Y. Itaya, T. Nagatsuma, and M. Yaita, “110-GHz,
50%-efficiency mushroom-mesa waveguide p-i-n photodiode for 1.55-um wave-
length,” IEEE Photon. Technol. Lett., vol. 6, no. 6, pp. 719-721, June 1994.

[4] J. den Besten, “Integration of multiwavelength lasers with fast electro-optical modula-
tors,” Ph.D. dissertation, Technische Universiteit Eindhoven, Eindhoven, The Nether-
lands, 2004, ISBN 90-386-1643-0.

[5] R. Sabella and S. Merli, “Analysis of InGaAs P-I-N photodiode frequency response,”
IEEE J. Quantum Electron., vol. 29, no. 3, pp. 906-916, Mar. 1993.

[6] K. Kato, S. Hata, K. Kawano, and A. Kozen, “Design of ultrawide-band, high-
sensitivity p-i-n photodetectors,” IEICE Trans. Electron., no. 2, pp. 214-221, Feb.
1993.

[7] Y.-G. Wey, K. Giboney, J. Bowers, M. Rodwell, P. Silvestre, P. Thiagarajan, and
G. Robinson, “110-GHz GalnAs/InP double heterostructure p-i-n photodetectors,” J.
Lightwave Technol., vol. 13, no. 7, pp. 1490-1499, July 1995.

[8] Y. Barbarin, E. Bente, C. Marquet, E. Leclére, T. de Vries, P. van Veldhoven, Y. Oei,
R. Notzel, M. Smit, and J. Binsma, “Butt-joint reflectivity and loss in InGaAsP/InP
waveguides,” in Proc. 12th Eur. Conf. on Int. Opt. (ECIO ’05). Grenoble, France,
April 6-8 2005, pp. 406-409.

14¢



Eindhoven, The Netherlands, June | I-13,2008 ThA3

All Optical Wavelength Conversion Based on Injection

Locking in InP Ring Laser
O.Raz, Y.S. Oei, H. J. S. Dorren

Eindhoven University of Technology, PO. Box 512, 5600MB — Eindhoven, The Netherlands
tel:+31 (0) 40 247 3521 fax:+31 (0) 40 245 5197
o.raz@tue.nl

Abstract. A wavelength converter based on an InP ring laser is demonstrated which
requires no external probe signal. Conversion at 100Mb/s results in a wide open eye
with a speed limit arising from the recovery time of the natural lasing mode of the long
ring cavity (2mm)

Introduction

All Optical Wavelength Conversion (AOWC) is a key technology for future
optical packet switching networks [1]. Popular among AOWC schemes are those based
on non-linear effects in Semi-conductor Optical Amplifiers (SOAs) [2] as those can be
monolithically integrated. In many of the suggested implementations for AOWC the
interaction of two laser signals, pump and probe, is required for the transfer of
information from one signal to another. Other methods relying on modulation of a laser
cavity by an external laser source such as a semiconductor fiber ring laser are based on
Four-Wave-Mixing effects which require both high biasing current of the SOA and high
optical power of pump signal[3]. Integrated solutions such as those based on Fabry-
Perot Lasers and injection locking [4] require mirrors as part of the laser cavity limiting
the placement of such WC in most integrated designs (usually to the end cleaved facet
of the chip for simplicity). Recently published work [5], has suggested the use of ring
lasers under unidirectional operation for wavelength conversion, but this operation
mode of the ring lasers requires relatively high pumping current for sustainable uni-
directionality [6].

In this paper we report on the operation of a wavelength conversion scheme which
is utilizing a monolithically integrated semiconductor ring laser. The suggested structure
is a very compact one and can be made potentially two orders of magnitude smaller if
disc lasers are employed[5]. A data signal modulated onto an external optical field and
injected into this laser structure via one of the laser’s two output waveguides will lock
the ring laser to its wavelength, thus completely suppressing the natural lasing mode.
An inverted optical signal at the wavelength of the ring laser is thus obtained.

Experimental Set-up and Results

The experimental set-up used is shown in Figure 1. The InP ring laser was placed
in a probe station and powered using two different current sources to provide maximal
flexibility in optimizing single mode operation. Since the ring laser was fabricated on an
all active Q1.25 InP chip, both the ring and the waveguide to which the laser light was
coupled had to be electrically pumped. Pumping currents of 320mA and 350mA for the
ring and waveguide respectively insured a single mode lasing fiber coupled output
power of -8dBm with side mode suppression of approx 18dB (see Fig. 2). The device
was cooled to a temperature of 10°C which resulted in lasing at a wavelength of
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1548.1nm. The tunable laser’s output was set to 1550.05nm & 5dBm, to co-inside with
a longitudal mode of the ring laser so that injection locking will occur.
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Figure 1 - Experimental Set-up

The laser’s output was modulated with a PRBS of 2-1 at a speed of 100Mbit/s
using a Mach-Zehnder modulator and then amplified using an EDFA with an output
power of 8dBm, and a gain of 20dB. The coupling losses into the chip are expected to
be 6-10dB, so that actual power coupled to the laser ring structure is around 0dBm. The
wavelength converted signal, coming out of the other side of the chip was picked up
along with the original signal, filtered with a 100GHz DWDM demultiplexer and then
converted to an electrical signal using an APD receiver with a 2.5Gb/s bandwidth.

In Fig. 2, the spectra of the ring laser with and without injection of a modulated
signal are shown. The solid line shows the lasing spectrum for the free running laser
which is single mode with a suppression of 18dB for the next strongest lasing mode.
Under modulated injection the natural lasing mode is shown to drop by 4dB (compared
to an expected 3dB for a 50% on-off modulation). This extra 1dB power loss is due to
slow recovery time of the natural lasing mode. Also visible in Fig. 2 is the co-incidence

of the injected laser with a longitudal mode of the ring cavity.
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Figure 2 - Lasing Spectra

Finally in Fig. 3 eye patterns for input and output signals are given showing the
fast suppression under injection (fast fall time) and slower recovery of the natural lasing
mode (slow rise time).
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.Figuré 3- Iﬁput (1éft) and output eye patterns at 100Mb/s

Discussion and Conclusions

A novel wavelength converter based on injection locking of a semiconductor ring

laser is introduced. High extinction ration due to complete suppression of the ring’s free
running lasing mode is a key advantage while the relatively slow recovery time, of the
same lasing mode, limits operation speed. By reducing the ring’s size to a few microns

in

diameters, as was already demonstrated, the same scheme could be used for

wavelength conversion at 10Gb/s and perhaps 40Gb/s.
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Abstract. We present detailed characterizations of the bistable operation of a
semiconductor ring-laser with emphasis on the response to optical injection. Details
revealed that the switching between the two bistable states occurs independently either
on the direction and the wavelength of the injected set/reset-signals, while wavelength-
detuning of two states was observed.

Introduction

All-optical bistable memory is one of the crucial components required to realize an
ultra-fast packet switched cross-connect node [1]. Monolithic semiconductor ring lasers
(SRL) are good candidates to realize an all-optical bistable element due to the nonlinear
coupling mechanisms between the clockwise (CW) and counter-clockwise (CCW)
propagating modes. Exploiting the nonlinear dynamics, optical memories were
demonstrated [2-6]. In [2], two coupled ring lasers where employed to obtain a bistable
device which can be externally triggered. Bistability in a single SRL has been
demonstrated in [3, 4] by using an external electrical control. The capability to control
the SRL by an external optical signal is more attractive than the electronic control
because it allows the processing of the signal in all-optical manner without optical-to-
electrical conversion stage. A first interesting experimental evidence of directional
bistability in a single SRL induced by external optical signal was shown in [5, 6]. For
the set (reset) bistable operation, the SRL required an optical control signal injected in
the direction opposite to the lasing direction. However, besides those works important
details on set/reset switching dynamics and optical spectral analyses of the two
unidirectional bistable modes have not been presented yet.

In this paper, we present a detailed characterization of bistability operation in SRL with
special emphasis on the response to optical injection. We analyze in detail the effects of
the optical power, the direction and the wavelength of the injected set/reset signals on
the operation of the optical memory, and we report time domain analyses on the
switching between the two states. In contrast with [6], we found out that the directional
switching occurs independently of the direction and of the wavelength (at the SRL
resonance) of the injected set/reset signals. Those effects have a practical impact in the
realization of an optical memory and can be useful to obtain a refined SRL model.

Experimental characterization of the bistable memory

The experimental set-up and the micrograph of the layout of the SRL employed for the
investigation of the SRL based optical memory is depicted in Figure 1. The SRL was
grown on n-type InP (100) substrates by metal-organic vapor-phase epitaxy (MOVPE).
The active region, is a 120 nm thick lattice-matched A = 1.55 pm bulk InGaAsP layer
placed in the center of a 500 nm thick A = 1.25 pm InGaAsP waveguide core. Bottom
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and top claddings of the laser structure are 500 nm n-InP buffer and 1.5 pm p-InP with
gradual doping levels completed by a 50 nm p-InGaAs contact layer. The ridge
waveguides are 2 um wide. The ring is 2.0 mm long and thus a free-spectral-range
(FSR) of 40 GHz. In order to minimize reflections, the bends have a radius of curvature
which decreases adiabatically down to 100 um in order to avoid offsets between straight
and curved waveguides. The directional coupler is 200 pm long and the gap is 0.9 pm in
width. The reflectivity of the cleaved facets of the output waveguides is reduced by the
7° angle and anti-reflection coating. The laser has three separate electrical contacts as
illustrated in figure 1. The larger contact is used to bias the ring and the directional
coupler and it was set to 288 mA. The output waveguide current was set to 30 mA. The
temperature of the chip was set to 6.5 degree Celsius. Under those conditions the SRL
operates in unidirectional single mode with directional bistability, which allows bistable
operation under optical external signals. The CW propagating mode and CCW
propagating mode represent state 1 and state 2 of the memory, respectively. In figure 2a
the optical spectra recorded with a high resolution (0.18 pm) OSA of the CW and CCW
modes is reported when the optical memory is in the initial condition set in state 1. The
directional extinction ration (DER) was higher than 35 dB.

Fig 1. Experimental set-up for SRL characterization. Chip top-view and ohmic contacts are also reported.

First, we investigate the response of the bistable device with respect to the direction of
injection of the set/reset signals. The wavelengths of the set and reset signals were 1561
nm and 1561.28 nm, respectively. Starting from the memory set in state 1 as shown in
figure 2a, we injected the optical set signal counter-propagating to the CW lasing mode.
As a result, the memory commutes to state 2, as reported in figure 2b. The measured
DER was higher that 35 dB. We inject the reset signal counter-propagating to the CCW
lasing mode to commute the optical memory back to state 1. The optical spectra are
shown in figure 2c. Note that between ‘state 1’ and ‘state 2’ there is a wavelength
difference of 0.037 nm (4.625 GHz). It is worth to mention that if a reset signal at 1561
nm (the wavelength of mode representing state 1) is injected, no switch occurred. The
choice of the correct wavelengths for set and reset signals is crucial in the operation of
the optical memory. The reason is that the cavity’s resonances are slightly different
when the SRL operates in CW mode or in CCW mode. Therefore, if the injected signal
does not match the cavity resonance no power is coupled in the ring and then no switch
occurs. As the cavity resonance depends on the length of the ring and the refractive
index, the former is fixed at the fabrication stage and the latter depends on the carrier
density of the active material, we ascribe the resonance change to a refractive index
change due to a different carrier density resulting by a difference of optical power for
the CW and CCW propagation modes. Indeed, around 10 dB of optical power difference
between the CW and CCW propagation modes can be observed from figure 2a and 2b.
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Figure 2. Optical spectra of the CW and CCW modes at different memory states.

Bistable switching has been performed by injecting the set/reset signals in the counter-
propagation direction with respect to the lasing mode. To show that the switching can
occur independently of the injection direction, we performed the switching by injecting
the set/reset signal in co-propagating direction with respect to the lasing mode. Figure
2d shows the performed switch from ‘state 1’ to ‘state 2’ by injecting the set signal co-
propagating to the CW lasing mode. Then we applied a reset signal co-propagating to
the CCW lasing mode to set back to state 1 (shown in figure 2a). Thus, the results
obtained in figure 2 demonstrate that the switching between different states is
independent of the injection direction, but it is very important the choice of the
wavelength of the set and reset signals. Indeed, by using the correct wavelength for the
set and reset signal, directional switching between the two bistable modes occurs
independently of the injection direction. However, since those two wavelength differ, no
switch occurs if the same wavelength is used for both set and reset operation.

We also investigated the switching operation of the memory with respect to the
wavelength of the injecting set/reset signals. We observed that switching from state 1
(figure 3a) to state 2 (figure 3b) can be obtained by injecting a set signal at 1559 nm,
while a reverse operation (figure 3c) was obtained by injecting a reset signal at 1563.25
nm. In figure 3d shows the optical spectra after injecting a set signal at 1563.28 nm.
Those results thus confirm that the switching can be performed by injecting the set/reset
signals at the wavelength matching any of the resonance modes of the SRL, as soon as
the wavelength is within the SRL gain bandwidth and at one of the ring resonance.

We also reported measurement of the switching time between the two bistable states.
Figure 3e shows the time domain traces of the switching of the memory between the
CW and CCW propagating modes. The measurements were recorded using the static
set-up shown in figure 1 setting the trigger of the real-time oscilloscope on positive and
negative slope events. The measured switching speed was 1.5 ns. Faster operation can
be obtained by reducing the dimension of the laser [2]. Moreover, the figure 3e confirms
the optical power difference between the CW and CCW propagating modes.

In figure 3f the optical transfer function of the state 1 (state 2) is reported as function of
the optical input power of the set (reset) signal. The optical power is to be considered at
the chip input after the tapered fiber employed to couple the light into the SRL.
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Figure 3. a-d) Optical spectra of the CW and CCW modes for injected signal at different wavelengths.
e) Time domain traces showing the switching between bistable states. ) Optical transfer function of state
1 (state 2) as function of the optical input power of the set (reset) signal.

Once reached the threshold (-15.7 dBm), the optical memory abruptly switches to the
other state. It is worth to note the extremely low power operation required for switching.
This is very important in case of cascading several devices in more complex
configuration, such as buffers. Indeed, to drive the next cascaded SRL memory, the
output power of the memory should be higher than the required switching power.

Conclusions

We presented a detailed characterization of bistability operation in SRL with special
emphasis on the response to optical injection. We analyze in detail the effects of the
optical power, the direction and the wavelength of the injected set/reset signals on the
operation of the optical memory, and we report time domain analyses on the switching
between the two states. We found out that the directional switching occurs
independently of the direction and of the wavelength (at the SRL resonance) of the
injected set/reset signals. Details also reveal a wavelength detuning between the two
bistable modes that in practice implies the use of detuned wavelengths for the set and
reset signal. Those results have a practical impact in the realization of an optical
memory and can be useful to obtain a refined SRL model.
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Abstract - In this paper a new method is demonstrated for the suppression of polarization
dependent operation of a semiconductor optical amplifier (SOA). This scheme averages
out the polarization dependency by integrating a polarization converter in between two
half SOAs. The concept is investigated with simulations and the operation is experimen-
tally demonstrated.

Introduction

In SOAs the polarization dependent behaviour can be problematic, leading to different
propagation, amplification and non-linear phase shifts for the two orthogonal polariza-
tions. To overcome this problem, different approaches can be applied. One approach is
to remove polarization dependency by changing the properties of the material [1] or the
geometry of the waveguides [2]. This can be very hard and even impossible, and further-
more will always be compromising with respect to optimal performance for one of the
polarization states. These strategies are all focussed on equalizing the gain between the
two polarizations. The refractive index, and hence the phase transfer, is not equal in these
cases.

An obvious solution is polarization diversity: the input polarization is split and subcir-
cuits are created for each of the two polarization states. This is a bulky solution.

In this paper an alternative solution is presented, based on on-chip polarization handling:
the polarization is changed halfway the SOA and hence the polarization properties are
averaged out. In this way, components optimized for one certain state of polarization and
the overal performance of the device is polarization independent.

Principle

In a PESSOA (Polarization Effect Suppression in Semiconductor Optical Amplifiers) de-
vice, on-chip polarization manipulation is employed to avoid polarization dependency.
The principle is depicted in Fig. 1. A polarization converter (PC) is placed halfway in an
SOA, causing any arbitrarily polarized signal at the input to experience TE-amplification
and TE-phase shift in one half of the device, but TM-amplification and TM-phase shift in
the other half. The net effect is in principle polarization independent, both for amplifica-
tion and phase shift.

Simulations

VPI transmission maker is used to investigate the performance of the PESSOA structure
and compare it to a standard SOA. The SOA model is a simple rate equation model. The
SOA is polarization independent, but a polarization dependent gain (PDG) is obtained
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Figure 1: Schematic of PESSOA (Polarization Effect Suppression in Semiconductor Optical Am-
plifiers).

by placing a polarization dependent attenuator, having 3 dB difference in attenuation, in
front of the SOA. The polarization converters are ideal components.

In this article only the dependence of the gain is considered. In Fig. 2, the gain as a
function of input power is plotted for the two cases: the standard SOA and the PESSOA.
From the plots it is clear that in the linear regime of the SOA complete compensation
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Figure 2: Simulated gain in SOA and PESSOA.

can be achieved for PESSOA. As the device saturates, the PESSOA averages the transfer
and still full compensation is obtained. This is advantageous over a polarization diversity
solution in which polarization dependency is present in saturation, because the SOAs do
not receive the same power at their inputs and hence their saturation is not equal. It is
anticipated that the phase transfer, specially for non-linear operation of the SOAs is also
polarization independent in the PESSOA case.

Design and fabrication

The PESSOA devices are designed to be integrated in an active-passive butt-joint inte-
gration scheme [3] extended with polarization handling capability. The extended generic
platform is obtained by adding polarization converters, based on the design in [4].

The active layerstack used for the SOAs contains 8 unstrained InGaAs quantum wells
and 9 strained InGaAs barriers centered in a 500 nm thick Q1.25 waveguide layer. The
passive waveguide is a 500 nm thick Q1.25 layer. The layers are grown on an N-InP sub-
strate. The topcladding consists of a 1.5 um thick P-InP layer. The top contact is made
on a 100 nm InGaAs layer, this layer is selective removed on the passive waveguides.
All the waveguides used in the PESSOA devices are 3 um wide. The SOAs are 2 pm wide,
both are shallowly etched, 100 nm into the waveguide layer. The SOAs and the passive
waveguides are connected using 150 um long tapers. The waveguides enter the active
region at an angle of 10° to avoid reflections from the butt-joint interfaces. Furthermore
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the waveguides are placed at an angle of 7° with respect to the facets of the chip, again to
avoid reflections from the facets without the need for anti-reflection coating.

The SOAs fabricated in this way are very polarization dependent for low injection cur-
rents.

The fabrication is similar to the fabrication described in [4], all waveguides but the po-
larization converters are defined using optical lithography, the converters are defined us-
ing Electron Beam lithography (EBL). The EBL written patterns are aligned to optically
defined alignement marks. The fabrication is extended with a process for the active com-
ponents. To this end, as a first step, the contactlayer is removed everywhere but on the
active region. After the process as described earlier, the chip is planarized and passivated
by multiple layers of polyimide. A top P-contact and a backside N-contact consisting of
Ti, Pt and Au are deposited. The P-contact is made approximately 1 um thicker by means
of electro-plating. A microscope photograph of the finished chip is shown in Fig. 3.

/ SOA\

e —— |
‘\ PC /’

access waveguides

Figure 3: Photographs of the fabricated PESSOA devices.

Measurements

The PDG of the PESSOA is measured with a transmission measurement and compared
to a normal SOA processed on the same chip. The PESSOA consists of 2 SOAs with a
length of 800 um each. The standard SOA is 1500 um long.

A tuneable laser with a polarization maintaining fiber output is used. The light is fed
to the input of the devices by using a polarization maintaining lensed fiber. The laser is
modulated at a frequency of 1 kHz to be able to detect the light using a lock-in amplifier
and to isolate the light from the ASE coming from the SOA.

The power input in the SOA is -15 dBm and hence the small-signal gain is studied. The
gain as a function of wavelength is recorded for both TE and TM polarized light. The
PDG for both the PESSOA and the standard SOA are plotted in Fig. 4. The measure-
ments demonstrate the principle of PESSOA. A clear improvement is indicated. For a
wavelength of 1515 nm a maximum compensation of the PDG of 12 dB is obtained. The
compensation works well over a large wavelength range.

Some problems in the realization have to be overcome. The polarization converter has
an efficiency of approximately 80% and thus a complete compensation is not possible.
The PESSOA has larger losses and hence a lower absolute gain as compared to a regular
SOA. The low compensation for wavelengths longer than 1525 nm has to be investigated
further.

Conclusions

The PESSOA concept is introduced to improve the polarization independent behaviour of
SOAs. It is an averaging solution, in which a polarization converter is placed halfway an
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Figure 4: Comparison of the polarization dependent gain as a function of wavelength for PESSOA

and a regular SOA.

SOA.

The device is simulated and compared to a standard SOA. The PDG is fully compensated
both in the linear and in the saturated regime.

PESSOA devices are fabricated in a generic active-passive integration scheme. The
performance of the concept is experimentally demonstrated: the polarization dependent
small signal gain is reduced for 12 dB.

Some improvements are required in the process to achieve full compensation and lower
losses. The feasibility of a true polarization independent SOA without the need for large
circuitry is demonstrated.
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Abstract - In this paper, we investigate the possibility of increasing the maximal achiev-
able transmission distance of a one-way quantum key distribution link using integrated
optical technology on LiNbO3. Based on our experience on guided-wave quantum com-
munication, we studied numerically and fabricated a telecom oriented chip that merges
all the necessary optical functions at the heart of a quantum relay based on the quantum
teleportation scheme. We report here on experimental characterizations in both classical
and single photon counting regimes of this first “quantum relay chip” that allow predict-
ing an improvement of the maximal achievable distance by a factor of 1.8.

Introduction on quantum communication

In our everyday world, almost all the information exchanged, stored, and processed is
encoded using elementary entities called bits, conventionally represented by the discrete
values 0 or 1. In today’s fiber-based telecommunications systems, these classical bits
are carried by light pulses, corresponding to macroscopic packets of photons, allowing a
classical description of their behaviour and propagation. To draw a simple picture, each
light pulse consists of at least hundreds of photons to encode the bit value 1, or of no
photons to encode the bit value 0.

In the past twenty years, physicists have realized that individual quantum objects, for in-
stance photons, could also be employed to deal with another kind of information. Here
information is no longer encoded on the number of involved photons, but individual pho-
tons merely serve as carriers and quantum information is encoded on their quantum prop-
erties, like polarization or time-bins of arrival [1]. Indeed, by selecting two orthogonal
states spanning the Hilbert space, |0) and |1) now encode the 0 and 1 values of the quan-
tum bit (qubit), and quantum superposition makes it possible to create states of the form
lW) = |0) +¢®B|1), provided o and B follow the normalization rule |o|* + |B|? = 1.

A profound way in which quantum information differs from classical information lies
in the properties, implications, and uses of quantum entanglement when two or more
particles are involved in the considered quantum system. Here, the information contained
in such a system is stored in the form of quantum correlations between the subsystems and
have no classical analog. Entanglement is a generalization of the superposition principle
to multi-particle systems but in this case the entangled state describing the whole system
cannot be factorized, i.e. written as a tensor product of the properties associated with
each subsystem. For instance, entangled pairs of qubits implying two particles can be
described by a state of the form |®)4 g = 0t|0)4]0) g + e ®B|1)4|1) 5, with || + B> = 1,
where indices A and B label the two qubits. Then, measuring for instance qubit A provides
a random result, but if we find it to be |0) (with probability ||®), we learn from the
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entangled state that qubit B will be found in the same state for a similar measurement,
and conversely for |1). These are the correlations exploited in quantum communication.
Let us emphasize that {|0),|1)} can represent any observable related to the considered
quantum system. Moreover, from an abstract point of view, the nature of the carrier is
irrelevant because only amplitudes and relative phases are exploited in the above states
to encode the qubits. It is clear however that photons are the natural “flying qubit carri-
ers” for quantum communication, and the existence of telecommunication optical fibres
makes the wavelengths of 1310 and 1550 nm particularly suitable for distribution over
long distances.

Quantum communication protocols, such as quantum key distribution (QKD), quantum
teleportation [3] and entanglement swapping [4], mainly deal with single qubit and entan-
gled qubit resources. Particularly, QKD offers a provably secure way to establish a con-
fidential key between distant partners commonly called Alice and Bob [2] and is already
commercially available [2]. In spite of progress in photonics and telecommunications
technologies, losses in optical fibres, and especially dark-counts in the detectors, limit the
maximum achievable distance for QKD to about ~ 100km. A quantum relay, based on
quantum teleportation, allows increasing the communication signal-to-noise ratio (SNR)
and thus extending this maximum achievable distance [4].

In this context, we show that integrated optics offers the possibility of compact and stable
components suitable for enabling quantum communication experiments. More specifi-
cally, we will describe in the following preliminary results obtained with a “relay-chip”
for fiber-based quantum communication systems.

A quantum relay chip based on the teleportation scheme

As already mentioned, the channel SNR severely limit the quantum communication dis-
tance. Basically, for increasing the maximal achievable distance of a quantum communi-
cation channel, one could think that photon amplifiers like those used for telecommuni-
cations could be useful. However in quantum communication, only states matter and the
no-cloning theorem forbids replicating unknown quantum states with a perfect fidelity
[5]-

A viable possibility for extending the distance is based on the quantum relay. Here we
take advantage of another quantum communication protocol, quantum teleportation. In
this scheme, the qubits encoded on photons by Alice are teleported onto other photons at
some points along their propagation, for instance in the middle of the channel, without
destroying their quantum properties. At the same time, when teleportation succeeds, the
final user, here Bob, receives the relayed qubit-photon together with an electrical signal
which makes it possible to synchronize his detectors and to increase the SNR of the
communication channel and therefore the maximum achievable distance [4, 6]. In the case
of long-distance quantum communication, integrated optics on lithium niobate permits
realizing a telecom-like quantum relay chip that could provide the relay function, in a
compact, stable, efficient, and user-friendly fashion. Figure 1(a) presents the structure’s
description where all the necessary optical functions are merged on the same chip. We
will now discuss how this chip works.

Let’s suppose there’s an unknown qubit 1, encoded on a photon at 1550 nm and travelling
along a fiber quantum channel connected at port A to the relay chip. At the same time, a
photon from a laser pulse at 775 nm, synchronized with the arrival time of qubit 1, enters
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(b)
Figure 1: (a) — Quantum relay chip, see description in the text. (b) — 3D representation of
the quantum relay chip with its two electro-optically controllable couplers C; et C;.

a non-linear zone of the chip which consists of a waveguide integrated on periodically
poled lithium niobate (PPLN). Thanks to the appropriate choice of the periodic poling
grating period (here around 16 um), this pump photon can be converted by spontaneous
parametric downconversion (SPDC) into an entangled pair of photons (2 and 3) whose
wavelengths are also centred at 1550 nm [7]. Then, the first 50/50 directional coupler
(Cy) is used to separate the created entangled photons in such a way that photons 1 (sent
by Alice) and 2 arrive at the same time at the second 50/50 coupler (C>). If conditions
on the polarization states, central wavelengths, and coherence times are met, photons 1
and 2 can be projected onto one of the four entangled “Bell states”. The resulting state
is identified by detectors D; and D; placed at the output of the chip. This measurement
signals that the qubit initially carried by photon 1 has been teleported to photon 3 that
exits the chip at port B, in theory without any loss in its quantum properties. This has
been possible since photon 3 was initially entangled with photon 2 providing quantum
correlations that cannot be described classically. In other words, entanglement has to be
seen as a quantum resource that is consumed during the teleportation process. Note that
the initial quantum state has not been cloned since photon 1, together with photon 2, have
disappeared in the measurement. As a consequence the resulting electrical trigger is not
only the signature of the presence of the initial carrier photon at the relay chip location
but also of the departure of a new carrier photon encoded with the same qubit state, which
remains unknown.

From a practical point of view, when this teleportation process is repeated on all the qubits
travelling along the quantum channel, we obtain, at the output of the chip, qubits still
encoded on photons at 1550 nm but now synchronized with an electrical signal given by
the Bell state measurement at detectors D and D,. This allows triggering Bob’s detectors
only when the initial qubits have traveled half the distance, leading to an increase of both
the SNR and the communication distance. Of course, the price to pay is a reduction of
the quantum bit rate since such a chip introduces propagation and interconnection losses.
From a technological point of view (see figure 1(b)), the chip features a photon-pair cre-
ation zone, two 50/50 couplers, and tapered waveguides at all input/output ports to maxi-
mize the mode overlap between the fibers and the waveguides at the particular wavelength
of 1550 nm. PPLN waveguide-based photon-pair sources have already been developed in
our group [7]. As usual, the SPDC non-linear interaction is ruled by the energy and
momentum conservation laws. In this waveguide configuration, the latter is achieved
using the so-called quasi-phase matching technique which compensates periodically for
the dispersion between the three interacting photons (pump, 2 and 3). This technique al-
lows phase-matching any desired wavelengths. Moreover, the waveguiding structures, ob-
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tained by soft proton exchange, enables light propagation with low losses (~ 0.3dB/cm)
and very high conversion efficiencies thanks to strong light confinement over long dis-
tances (&n ~ 2.2 - 1072). The directional couplers C; and C, consist of two waveguides
integrated close to each other over a certain distance. If the spacing is sufficiently small,
energy is exchanged between the two guides. An electro-optical control of the coupling
ratio can be made using deposited electrodes. To correctly separate photons 2 and 3 and
entangle 1 and 2, we have worked with 50/50 couplers, for both C; and C;.

Experimental characterizations

We therefore studied numerically, and then fabricated, a 4.9 cm long quantum relay chip
merging all the necessary functions. To implement an actual quantum relay based on
such a chip, as depicted in figure 1, we first test separately all the optical functions in the
classical regime, i.e. using standard lasers.

The photon-pair source is designed to ensure the conversion of 775 nm pump photons into
two photons at 1550 nm. This can be achieved thanks to lithium niobate periodic polings
between 16.4 um and 16.7 um. In previous work we have already shown that photon-pair
sources based on PPLN waveguides lead to the highest conversion efficiency reported to
date and to very high quality of entanglement [7]. Here, the PPLN zone used in our new
chip is 10 mm long. The SPDC response of this non-linear waveguide zone when pumped
by a CW laser at 765 nm is represented in figure 2(a).

"
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Figure 2: (a) — SPDC from the non-linear waveguide zone, see the text for explanations.
(b) — Characterization of the coupling ratios obtained with couplers C; and C; in both
classical (lines) and single photon counting (dots) regimes.

We see in this figure that the SPDC signal is distributed at the three output ports of the
chip due to the presence of the two couplers. To characterize significantly the response
of the non-linear zone, the sum of these three contributions have been added in figure
2(a). We get here a degenerate signal around 1530 nm for a poling period of 16.6 um and
at a temperature of 80°C. Both the spectral width and SPDC efficiency are in excellent
agreement with theoretical calculations and with previously obtained results for the same
poling period (see [7] for more details).

Regarding the couplers, numerical simulations have been carried out using the beam prop-
agation method in order to choose and optimize their size parameters so as to get the
50/50 required ratios. Here the radius of the bends have to be carefully chosen since
too small radii would introduce important losses while the opposite would lead to too
long a chip. We selected 10 mm long bends, corresponding to losses lower than 1dB
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for the propagation over the entire component. Note that the waveguides input/output
spacing was imposed by external consideration since standard V-Grooves with 250 um
separated fibers were used at both end facets to couple photons into and out of the chip.
The interaction length required to transfer half of the energy to the opposite arm is of a
few mm, and strongly depends on the separation between the two waveguides forming
the couplers. Taking into account all these constraints we selected couplers made with
6 um width waveguides and having a set of parameters going from 5.0 to 5.3 um for the
waveguides separation.

Figure 2(b) presents the characterization of the two couplers in both classical and single
photon counting regimes at 1550 nm. To carry out the measurements, we launched suc-
cessively a standard laser and single photons coming from a source previously built in
our lab [8]. The results reported here are in good agreement with theoretical calculations.
We see moreover that the electro-optical control permits obtaining our necessary 50/50
coupling ratios for a voltage of around 40 V. This is higher than expected but still shows
we can correct the coupling length despite fabrication errors. These results show that
we obtained couplers fulfilling the requirements for a quantum relay chip. Note that the
repeatability of the fabrication was demonstrated to be good since couplers coming from
different runs showed the same coupling lengths within a few percent.

Moreover, loss measurements at 1550 nm over the entire chip have been performed and
shown to be 5.5 dB between any couple of input/output ports. This has been made possible
using tapered-waveguides at all the input and output ports [9]. This result is in good
agreement with the simulations when coupling, propagation as well as separation losses
at the couplers are taken into account.

Conclusion and outlook

We have seen that all the elements of the integrated quantum relay have been tested sepa-
rately: the photon-pair source, the taper-waveguides and the couplers. Taking into ac-
count all the above mentioned characterization results, we expect an increase of the max-
imum achievable distance for a one-way QKD link by a factor of 1.8. Current work now
consists of testing this quantum relay chip in the quantum regime, i.e. when actual qubits
are first encoded and then teleported through the chip. We believe this is a significant
demonstration of the applicability of integrated optical technology to photonic quantum
information treatment.

References
[1] G. Weihs and W. Tittel, Quant. Inf. Comp. 1, pp. 3-56 (2001).

[2] N. Gisin et al, J. Mod. Phys. 74, pp. 145-195 (2002), and references therein, see also www.
idquantique.com and www.magigtech.com.

[3] I Marcikic et al, Nature 421, pp. 509-513 (2003).

[4] H.De Riedmatten et al, Phys. Rev. Lett. 92, 047904 (2004), and references therein.

[5] W.K. Wootters and W.H. Zurek, Nature 299, pp. 802-803 (1982).

[6] D. Collins et al, J. Mod. Opt. 52, pp. 735-753 (2005).

[7] S. Tanzilli et al, Eur. Phys J. D 18, pp. 155-160 (2002).

[8] O. Alibart ez al, Opt. Lett. 30, pp. 1539-1541 (2005).

[9]

D. Castaldini ef al, J. of Light. Tech. 25, pp. 1588-1593 (2007).

O ©0

162



ECIO '08 Eindhoven

164



Eindhoven, The Netherlands, June | I-13,2008 ThB2

Quantum Mechanics with Curved Photonic Structures

Stefano Longhi!

1 Dipartimento di Fisica and Istituto di Fotonica e Nanotecnologie del CNR, Politecnico di Milano, Piazza
L. da Vinci 32, 1-20133 Milan, Italy
longhi@fisi.polimi.it

Abstract - Curved waveguide structures provide an accessible laboratory tool to inves-
tigate the optical analogues of many quantum phenomena encountered in atomic, mole-
cular, and condensed-matter physics. In this contribution the most relevant quantum-
optical analogies will be reviewed, including coherent destruction of tunneling, Bloch
oscillations, coherent population transfer, and quantum Zeno effect.

Introduction

Similarities between quantum and classical phenomena are not uncommon in physics al-
beit quantum and classical physics are grounded on different paradigms. Such analogies
have been fruitfully exploited in emerging research areas such as photonic crystals, quan-
tum computing, nano-devices and new forms of light (see [1] and references therein).
Quantum-classical analogies in apparently unrelated fields have been also successfully
exploited to mimic at a macroscopic level many quantum phenomena which are currently
not of easy access in microscopic quantum systems. In particular, in the past recent
years specially-designed waveguide-based photonic structures have proven to be a useful
laboratory tool to investigate the optical analogues of a wide variety of coherent quan-
tum effects encountered in different physical contexts, ranging from atomic, molecular,
condensed-matter and matter-wave physics. Among others, we mention here the optical
analogues of electronic Bloch oscillations and Zener tunneling [2, 3, 4, 6, 5, 7, 8], dy-
namic localization [9, 10], coherent enhancement and destruction of tunneling [11, 12],
adiabatic stabilization of atoms in strong laser fields [13], Anderson localization [14, 15],
and coherent population transfer [17, 18, 19]. In particular, the use of coupled waveguides
with a curved optical axis introduces a kind of non-inertial forces” for light waves which
are capable of mimicking the effects of electric and magnetic fields on the coherent quan-
tum dynamics of a charged particle [16, 20].

It is the aim of the present contribution to review some of the most relevant quantum-
optical analogies, including: coherent destruction of tunneling in driven bistable sys-
tems; electronic Bloch oscillations and related effects in crystalline potentials; coherent
population transfer and adiabatic passage in laser-driven multilevel atomic or molecular
systems; ionization suppression and adiabatic stabilization of atoms in ultra-strong laser
fields; quantum decay control and Zeno effect in unstable quantum systems. Besides of
general interest, the proposed analogies highlight new and unexpected ways to control
light transfer and photon tunneling in integrated photonic structures.

Analogies with solid-state physics

The first broad category of quantum-optical analogies is that between light propagation in
curved waveguide arrays and coherent electronic dynamics in crystalline potentials sub-
jected to an applied dc or ac electric field. In this case, spatial light propagation along
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Figure 1: Optical analogue of electronic dynamic localization in an array of sinusoidally-
curved waveguides (Ref.[9]). By varying the period A of waveguide bending, discrete
diffraction in the array [in panel (a)] can be suppressed [see panel (b)].

the curved waveguide array mimics the temporal evolution of an electronic wave packet
in the lattice driven by the applied electric field. The use of circularly-curved waveguide
arrays mimics the effect of a dc electric field and results in the optical analogue of elec-
tronic Bloch oscillations and, at large curvatures, Zener tunneling [2, 3, 4, 6, 7, 8]. In
periodically-curved arrays, an ac electric field is instead simulated, which enabled to
demonstrate in the optical realm the analogue of dynamic localization [9] of electrons is
solids (see Fig.1). Such effects have been observed by mapping the flow of light, visual-
ized from the top of the waveguiding structure, using fluorescence imaging or near-field
scanning optical microscopy (SNOM). The introduction of disorder in waveguide arrays
have been also proposed and demonstrated to allow for the observation of the optical ana-
logues of Anderson localization and metal-insulator transitions [14, 15]. Additionally,
introduction of waveguide twist enables to mimic the dynamics of a Bloch particle in a
magnetic field [20].

Analogies with atomic and molecular physics

The second broad category of quantum-optical analogies is that between light propagation
in curved coupled waveguides and electronic dynamics and coherent population transfer
induced by laser fields in atomic or molecular systems. A single waveguide possessing
one (or more) guiding mode and the continuous spectrum of radiation modes behaves
like an isolated atom. Introduction of a periodic curvature of the waveguide axis mimics
the action of a laser field which can induce optical transitions between bound states of
the atom or between a bound state and the continuum (ionization). In the optical system
the temporal evolution of the electronic state is mapped into the spatial propagation of
the light waves, and can be thus visualized in an experiment by fluorescence or SNOM
imaging as briefly mentioned above. In this way, one can observe in the optical realm
some unusual and still unexplored effects of atomic physics, such as suppression of ion-
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Figure 2: Adiabatic transfer of light in a triple waveguide system which mimics stimu-
lated Raman adiabatic passage (STIRAP). (a) Schematic of coherent population transfer
in a three-level atom driven by two delayed optical pulses in the intuitive and counterin-
tuitive schemes. (b) Optical tunneling in a triple waveguide system and quantum-optical
correspondence. (c) Light transfer dynamics (theory and experiment) corresponding to
an intuitive and counterintuitive (STIRAP) pulse sequence (Ref.[17]).
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ization and adiabatic stabilization of atoms in ultrastrong and high-frequency laser fields
[13]. Other methods of coherent population transfer in atoms or molecules driven by
laser pulses can be also exploited to transfer light among evanescently coupled optical
waveguides in a counterintuitive way. For instance, the photonic analogue of stimulated
Raman adiabatic passage enables to transfer light between two outer waveguides of an
array with negligible excitation of all intermediate waveguides [17, 19](see Fig.2).

Analogies with quantum physics

The third category of quantum-optical analogies can be related to some rather general
phenomena encountered in quantum physics. We just mention here coherent control of
tunneling in driven bistable potentials and its enhancement [11] or suppression [12], the
optical analogues of quantum collapses and revivals [21, 22], the control of quantum
decay in unstable systems and the quantum Zeno effect [23, 24].
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Abstract - We predict that truncated but otherwise perfect modulated photonic lattices
can support a novel type of generic surface states, which are fundamentally different
from the previously studied Tamm or Shockley type surface waves, and present the first
experimental observation of such defect-free surface waves in laser-written waveguide
arrays.

Interfaces separating different physical media can support a special class of transversally
localized waves known as surface waves. Linear surface waves have been studied exten-
sively in many branches of physics [1]. Electro-magnetic waves localized at the bound-
aries of periodic photonic structures, such as optical waveguide arrays or photonic crys-
tals, have been extensively analyzed theoretically and experimentally [2]. The appearance
of localized surface waves in photonic structures is commonly explained as the manifes-
tation of either Tamm or Shockley type localization mechanisms [3]. In particular, it was
found that surface waves can exists at the edge of an array of optical waveguides when
the effective refractive index of the boundary waveguide is modified [4], whereas surface
localization was shown to be impossible when all waveguides are exactly identical, as
sketched in Fig. 1(a). In the latter case, the beam launched into array delocalizes due to
diffraction [Fig. 1(b)], and it is also strongly reflected from the boundary as illustrated in
Fig. 1(c).

We predict, for the first time to our knowledge and contrary to the accepted notion, that
novel type of generic defect-free surface waves can exist at the boundary of a periodic
array of identical optical waveguides, which axes are periodically curved along the prop-
agation direction as schematically shown in Fig. 1(d). We note that the periodic bending
of waveguide axes was shown to result in the modification of diffraction [5, 6], which
strength nontrivially depends on the bending amplitude and optical wavelength. An in-
teresting feature is that the diffraction can be completely suppressed for particular values
of the bending amplitude, and this effect is known as dynamic localization or beam self-
collimation. Under such very special conditions, the beam remains localized at its input
location, either inside the array [Fig. 1(e)] or at its boundary [Fig. 1(f)]. However, our
most nontrivial finding is that surface localization is possible for an extended range of
structural parameters even when diffraction is non-vanishing.

We perform direct numerical calculations of the full mode spectrum, and present the
dependence of the mode wavenumbers on the bending amplitude in Fig. 2(a). One can see
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Figure 1: Beam propagation in (a-c) straight and (d-f) periodically curved waveguide ar-
rays. (a),(d) Sketches of waveguide arrays. (b) Beam diffraction in the middle of straight
waveguide array. (c) Beam reflection from the boundary and subsequent diffraction in
a straight waveguide array. (e),(f) Dynamic localization inside and at the boundary of
curved waveguide array, for a specific value of the bending amplitude corresponding to
the regime of diffraction cancelation.
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Figure 2: (a) Dispersion of defect-free surface modes vs. the bending amplitude. Circles
and solid lines show modes Bloch wave numbers k calculated numerically and using
asymptotic analytical expansion, respectively. Shading marks transmission band of the
lattice. (b-c) Numerically calculated modes profiles at z = 0 and (d-e) their dynamical
reshaping are shown for the points marked 1 and 2 in (a), respectively.
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Figure 3: Schematic of the direct femtosecond laser-writing method of waveguides in a
glass sample.
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Figure 4: Observed experimentally fluorescent images of light propagation in femtosec-
ond laser-written waveguide arrays. Top row: input beam position is away from the
surface. Bottom row: beam is coupled at the edge waveguide [the surface position is
marked with dashed lines]. (a) Diffraction in a straight waveguide array (top), combined
with strong reflection from the boundary (bottom). (b) Diffraction cancelation in curved
waveguide array, enabling beam self-collimation at arbitrary positions. (c) Reduced, but
non-vanishing, diffraction in curved array (top), and mode localization at the surface in
the same structure (bottom). Waveguides bending amplitude is Ag = 28.5 ym.
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that for modulation amplitudes around the self-collimation value there indeed appears a
pair of surface modes, which existence is defined by the condition that the wavenumbers
are outside the lattice transmission band indicated with grey shading. One mode has
unstaggered input profile [Fig. 2(b)], while the other one exhibits staggered structure
[Fig. 2(c)]. We have observed numerically stable propagation of these surface modes
over distances of several thousands of bending periods, examples of their propagation
dynamics are shown in Figs. 2(d) and (e).

To study these effects experimentally, we fabricated waveguide arrays in fused silica us-
ing the femtosecond laser writing technique, which was performed using a Mira/RegA
(Coherent) system [7], see a schematic of the writing setup in Fig. 3. Our arrays con-
sisted of 21 waveguides, with separation of 14 um, the sample length of 70 mm, and the
wavelength was A = 633 nm. Most importantly, we were able to monitor directly the
beam evolution inside the glass sample, by observing the fluorescence form excited oxy-
gen centers. In straight waveguide array, we observe beam diffraction and repulsion from
the surface [Fig. 4(a)], in agreement with theoretical prediction [Fig. 1(b,c)]. In curved
waveguide arrays, when the modulation amplitude corresponds to the self-collimation
condition, the beam remains localized at arbitrary locations [Fig. 4(a), c.f. Fig. 1(e,f)].
Most remarkably, when the modulation amplitude is tuned away from the self-collimation
condition, the surface mode remains localized [Fig. 4(c), bottom], despite the significant
beam diffraction away from the boundary [Fig. 4(c), top]. This illustrates the fundamental
difference between the dynamical localization in infinite waveguide arrays [6] and forma-
tion of the defect-free surface modes. While dynamical localization is a purely resonant
effect which takes place just for a specific value of the modulation amplitude A = Ay [see
Fig. 4(b)], the defect-free modes form families which always exist in a finite region of the
modulation amplitudes.

Since the normalized modulation amplitude is proportional to the optical wavelength,
our results suggest new possibilities for the manipulation of polychromatic surface waves
in photonic lattices [8]. We note that the defect-free surface states introduced here for
modulated photonic lattices may also appear in other physical systems. In particular,
by introducing special periodic shift of lattice potential it may be possible to observe
peculiar surface localization in Bose-Einstein condensates. On the other hand, our results
indicate the possibility for novel mechanism of surface localization of charged particles
in complex time-varying driving electric fields.
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Abstract. We present an advanced Fourier space imaging technique to probe guided light
in nanophotonic structures with an effective numerical aperture of 2.5. This
superresolution technique allows us to successfully investigate the dispersive properties
of 1D nanowaveguides such as photonic crystal W1 waveguides, photonic wire, slot
waveguides, and couplers.

Introduction

The propagation of light in photonic structures is governed by the dispersion curve w(k)
relating the frequency w to the spatial wave vector k. Engineering the slope of w(k)
allows the implementation of innovative concepts such as slow light in photonic crystal
(PhC) waveguides [1] and ultra-fast wavelength conversion in silicon waveguide [2]
where the achievement of the phase matching condition between pump and Stokes
beams is crucial. Therefore, the experimental investigation of w(k) is very important to
understand the properties of propagation in such integrated photonic devices.

Some important regions of the dispersion curves lie outside of the light cone, implying
that the associated modes do not radiate into free space and as a result propagate with
minimal optical losses. Far-field optical techniques are at first view relevant only for the
characterization of radiating modes, i.e. inside the light cone, and scanning near-field
optical microscopy (SNOM) is currently used to characterize such nanophotonic
structures. To retrieve w(k), the required phase is determined via heterodyne techniques,
which complicate the already cumbersome SNOM technique.

In this paper, we show that far-field optical experiments can be used to accurately
extract the dispersion curve of modes propagating below the light cone.

Description of the Fourier space imaging technique

We have combined an end-fire set-up working in the 1.5um range, generally used to
measure the transmission through the waveguide, with a high numerical aperture Fourier
space imaging set-up [3]. A single point in the Fourier space that is located in the back
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focal plane of the collecting lens corresponds to an unique direction of the light scattered
from the sample. The continuity of the parallel component of the mode wave-vector at
the sample surface implies that a unique in-plane wave-vector of the propagating field is
associated with a single measured point in the Fourier space. Therefore, the
measurement of the scattered field in the Fourier space for different excitation
wavelengths permits, in principle, the retrieval of the dispersion curve of a mode
propagating in a photonic waveguide. As the far field characterization of infinite
photonic structures cannot record information carried by modes whose wave vector lies
below the light line, we used an integrated linear probe grating (LPG) to fold the
dispersion curve of truly guided mode into the light cone [4] as shown in Fig.1. Such a
LPG acts as a local probe that scatters the transverse evanescent tail of the propagating
mode with minimal disturbance if the LPG is far enough from the waveguide. In the
present case the chosen lattice constant A of the LPG allows us to collect 2 scattered
orders, which appears as straight lines in the pupil of the collecting objective (the red
circle in Fig.1-center). The variation of the position of the observed lines in the Fourier
space versus the different excitation wavelengths mimics the dispersion of the guided
mode and can be unfolded back with the knowledge of A.

Fourier space 15t order .
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Fig. 1 Left: Schematic of the Fourier-space imaging principle. Center: Optical Fourier space images of a
photonic waveguide. The wave vector of the guided mode lies far below the light cone. The first and
second orders scattered at the linear probe gratings are however collected in the pupil of the imaging lens
(red circle). Right: Illustration of the folding of a theoretical dispersion curve (dark line) into the light
cone (dash line). Gray region: region below the light cone.

Dispersion curve of photonic wires and slot waveguides

We investigated rectangular silicon-on-insulator (SOI) waveguides of 300 and 400-nm-
width (labelled as R300 and R400, respectively), as well as two different slot
waveguides [5]. Waveguide patterns were defined by electron-beam lithography (EBL)
using hydrogen silsesquioxane as a resist and transferred to the silicon layer by reactive-
ion etching. The lateral profiles of the slot waveguides, S70 and S130, consist of two
180-nm-wide silicon sections spaced by an air trench of 70 and 130 nm, respectively.
As shown in Fig.2-left, LPGs have been etched on both sides of the waveguides at the
separation distance of Y=1pm or Y=3pm. The comparison of the experimental
dispersion curves with simulations (empty circles) based on the Film Mode Matching
method reveals a very good agreement. In Fig.2-right, the first order dispersion
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coefficients are deduced from the experimental dispersion data obtained in Fig.2-center.
The observed anomalous first order dispersion results from the effect of the sub-
wavelength waveguide geometry that dominates the material dispersion. These data
confirm that not only properly designed rectangular wire waveguides but also slot
waveguides allow wavelength separated laser beams to be phase-matched around 1.55
pm for nonlinear interactions. Based on the intrinsic fine spectral analysis of this
technique we also succeeded to determine the coupling length of SOI wire couplers for
different wire widths and relative waveguide separation distances [6].
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Fig. 2 Left: Perspective layout and top-view SEM images of rectangular R300 (left) and slot S130 (right)
wire waveguides. The dimensions are given in nm. Center: Experimental (dots) and theoretical (dots and
line) dispersion curves of the TE (dark) and TM (grey) modes propagating in the rectangular and slot
nanowires. Right: Experimental group index dispersion curves.

Investigation of slow light modes in PhC waveguides

Figure 3 shows the dispersion curve of a specially designed W1 photonic crystal
waveguide (SW1) as well as a standard W1 waveguides. The SW1 waveguide was
engineered to operate in a slow-light regime over a large frequency bandwidth, by
changing the diameter of the first and second row of holes near the line defect [1]. Two
LPGs were etched outside of the PhC pattern in order to probe the dispersion
properties of the W1 waveguide. The Fourier space image of the emitted light from the
gratings exhibits sharp lines, labeled D1, D2 and Dr1 corresponding to the forward first-
order, the forward second-order, and the backward-scattered first-order waves,
respectively. The spacing between D1 and D2 is exactly equal to the modulus of the
LPG reciprocal wave vector. Note that the phase wave vector of each component of the
Bloch wave is unambiguously determined in the Fourier imaging space, which is not the
case for a numerical Fourier transform of the real space image. The k,-position of these
lines varies according to the wavelength as plotted in Fig.3-left. This variation
accelerates when the excitation wavelength enters the slow-light regime, i.e. for
wavelengths A longer than ~1.53um. A 3D plane wave expansion calculation of the SW1
band structure is in very good agreement with the unfolded experimental data. In
addition to the dispersion curves, the linewidths of the far-field spectra, which are not
limited by the set-up resolution, provide a direct access to the modal losses. Note that
wave vectors corresponding to group index higher than 150 could not be measured due
to the disorder and the impedance mismatch at the input coupling between the PhC
waveguide and the access ridge waveguide. This explains in particular why the
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dispersion curve of the W1 reference waveguide stops at k=0.39 (2x/a) whereas in the
case of the SW1 even mode the limit is at k=0.45 (27/a).
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Fig. 3 Left: an electron microscopy image of a SW1 waveguide with the linear probe gratings at the
waveguide boundaries (lattice constant a=370nm and A=4a). Center: a Fourier space far-field image of
the Bloch wave mode propagating in the SW1 waveguide and scattered at the linear probe gratings.
Right: experimental (dots) and theoretical (lines) dispersion curves.

Conclusion

An advanced Fourier space imaging technique has been successfully applied to retrieve
important information about the optical properties of SOI nanophotonic waveguides.
The ability to probe the wave vectors below the light cone, i.e. wave vectors of
evanescent modes, has to be linked with the issue of the resolution of optical
microscope. Here the largest wave vectors measured correspond to an effective
numerical aperture of 2.5. In the present study the integrated optics and the optical
microscopy fields merge naturally and both benefit from each other.
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Abstract. In this work, the laser oscillation at 1.06 um in Nd:YAG ceramic channel
waveguides fabricated by femtosecond direct laser writing is reported. Stable laser
oscillation has been achieved by using the natural Fresnel reflection for optical feed-
back. Output laser power in excess of 80 mW and a laser slope efficiency of 60 % have
been demonstrated.

Introduction

Nowadays the use of ultrafast lasers to write lightwave circuits has been
revealed as a promising technique to define microstructures in dielectric materials. In
particular, femtosecond (fs) direct laser writing (DLW) offers the possibility of three
dimensionally modifying the optical properties of the irradiated media. When fs pulses
are focused inside a dielectric material a local and permanent refractive index change is
produced, in such a way that channel waveguides could be generated. This possibility
has been already demonstrated in a great variety of glasses and crystals [1-3]. On the
other hand, ligthwave circuits can be performed by using DLW without the expensive
clean-room envioronment, in contrast to most waveguide fabrication approaches in
which different photolithographic steps are needed to define the channels.

Neodymium doped YAG transparent ceramics are attracting materials because
of its advantages over the traditionally used Nd:YAG crystals. These advantages are the
lower manufacturing costs, the possibility of high Neodymium contents without any
decrease in the optical quality of the gain medium and also the possibility of direct
composite fabrication [4]. As a matter of fact, the laser performance of Nd:YAG
ceramics has been found to be equal or even superior to that corresponding to Nd:YAG
crystals [5]. Recently, authors reported on the fabrication of near surface channel
waveguides in Nd:YAG ceramics by taking advantage of the permanent induced
modifications created around the focal volume after fs ablation [6]. Nevertheless, up to
date no attempt has been made, to the best of our knowledge, for the fabrication of
buried channel waveguides in Nd:YAG ceramics by fs DLW. The possible application
of such waveguides as reliable and integrated laser sources is, therefore, still
unexplored.

In this work, the fabrication of buried channel waveguide lasers in Nd:YAG
ceramics by using a two line confinement approach is reported. Light confinement has
been achieved between two parallel tracks due to filamentation of the fs laser pulses.
The spectroscopic properties of Nd®* ions within the guiding region have been
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investigated by Time-resolved Confocal Microscopy. The quality of the channel
waveguides has allowed to obtain highly efficient and stable laser oscillation under
continuous wave conditions.

Waveguide fabrication

The Nd:YAG ceramic sample used in this work was provided by Baikowski Ltd.
(Japan). The sample was a 5x5x5 mm® cube with all its faces polished up to optical
quality (\/4). The nominal Nd** concentration was 2 at.%. The waveguide laser was
fabricated by using a CPA Ti:Shappire laser system providing 120 fs pulses at 796 nm
and 1 kHz of repetition rate. The laser beam was focused with a 10x microscope
objective (NA=0.3).

@

Femtosecond laser (b)
pulse train

Fig. 1: (a) Diagram showing the direct laser writing of waveguides by using.a femtosecond laser. (b) Two
parallel lines, separated 20 um, were written by translating the sample in the x-direction.

The waveguide was written by translating the sample with an XYZ motorized
stage with a spatial resolution of 0.8 pum, the situation is sketched in Fig. 1(a). With the
linear focus of the objective located 500 um below surface, 29 pm long filaments were
written with a pulse energy of 11 uJ, which corresponds to a laser power of 85 MW,
well above the YAG threshold power for self-focusing (=1 MW) which has been
estimated by k2/21m0n2 where ng=1.8 and n, = 6.22x107'® ¢cm*W are the linear and
nonlinear refractive indexes of YAG. Two parallel lines were written separated 20 um
by translating the sample with a speed of 50 pm/s, see Fig. 1(b).

Experimental results and discussion

The ability of the written structure as an optical waveguide was firstly
investigated by end-coupling a He-Ne laser (632.8 nm). Light confinement between the
two inscribed channels was observed for both TM and TE polarizations, electric field
parallel and perpendicular to the filaments, respectively. Fig 2 (a) shows an optical
transmission image of the end face.

The spectroscopic properties of Nd** ions in the guiding region have been
checked, and compared with the bulk. For that purpose an Olympus BX41 Confocal
Microscope was used to perform time-resolved micro-photoluminescence (pPL)
experiments. Fig. 2(b) shows the room temperature ‘F3,—"l;1» nPL spectra measured
at the waveguide region and that at the bulk, points A and B in Fig. 2(a), respectively,
after excitation at 808 nm by using fiber coupled pulsed diode.
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Fig. 2: (a) Optical transmission image of the end face, the guiding region has been indicated. (b)
4F3/2—>411 1» Nd*" emission band measured at the waveguide and at the bulk, points A and B in Fig. 2(a),
respectively.

As it can be observed, the emission spectra were coincident and only slight
differences in the peak intensities were detected. The fluorescence lifetime of the *Fsn
metastable state inside the waveguide was also measured. A fluorescence lifetime of
141 ps was found, in good agreement with that obtained at position B (140 ps). The
invariance of both spectral shape and lifetime indicates that the spectroscopic properties
of Nd*" are basically preserved by this waveguide fabrication technique.
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Fig. 3: Experimental output efficiency curve. The inset shows the laser line, obtained for TM excitation at
748 nm.

The laser oscillation, under continuous wave conditions, was investigated by
forming a single pass laser cavity. For that purpose a plane dielectric mirror was
attached to the entrance end face (T > 80% @ A = 748 nm and T > 99 % for 1020 nm <
A < 1100 nm). The optical feedback, at the exit end face, was provided by Fresnel
reflection. In this case, Nd*" ions were excited at 748 nm, 419/2—>4F7/2 absorption band,
by end coupling the beam from a Ti:Sapphire laser. The geometry of the experiment
was adopted to couple the pump beam into the channel waveguide as a quasi-TMyy
propagating mode.

Fig. 3 shows the 1.06 um laser power as a function of the launched pump power.
For all the pump powers explored in this work laser oscillation was found to be quasi-
TMo, polarized and single-line, inset in Fig. 3. A best fit to the experimental points
gives a laser slope efficiency with respect to launched power as high as 60 %, and a
laser threshold of 68 mW. This laser slope efficiency is, up to the best of our
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knowledge, the highest ever reported in a Nd:YAG based waveguide laser. As a matter
of fact, it is close to 6 times the laser slope efficiency previously reported for a fs
written waveguide laser fabricated in a Nd:YAG crystal, and 1.5 times larger than the
laser slope efficiency achieved with an epitaxially grown Nd:YAG waveguide laser
[7,8]. The high laser slope efficiency here reported is achieved due to the absence of
any output coupler. Assuming a complete absorption of the launched pump power and a
100% pumping efficiency, the laser slope efficiency, 75, can be approximately

written as [9] .
[ 1
( j
A
‘pump R dS ( 1 )

Miaser = =
2a1+Ln(1j ar
R

where Apump = 748 nm is the pumping wavelength, Ajer = 1064 nm is the laser
wavelength, R = 0.08 is the output reflectance (given, in our case, by the Fresnel
reflection), a is the loss coefficient, / = 5 mm is the waveguide length and ds / dF is the
mode-overlap factor defined in [9]. Considering negligible population in the terminal
laser level, due to the four level scheme, and pump beam waist smaller than laser beam
waist, it can be assumed that ds / dF =1 [9]. By substituting the experimental value
found for the laser slope efficiency in expression (1), a value of o = 0.4 cm™ (1.7
dB/cm) was found for the loss coefficient. According to expression (1) the laser slope
efficiency the waveguide laser can be even improved by using longer pump
wavelengths, since they would lead to a significant reduction in the quantum defect
between pump and laser photons which, in turn, will be accompanied by a reduction in
the pump induced thermal loading and, therefore, in the undesirable thermal effects
[10].
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Abstract. We present the design of a monolithic integrated electro-optically tunable
filter based on two cascaded tunable arrayed waveguide gratings. The filter is designed
to be used in a fully integrated single mode InAs/InGaAsP/InP quantum dot tunable
ring-laser with a tuning range of 100nm to 200nm and a linewidth under 0.07nm.

Introduction

Lasers that can make wavelength scans over wide ranges are useful tools for e.g.
spectroscopy, gas detection and frequency domain optical coherence tomography (FD-
OCT) [1]. Such laser systems are typically bulk solid-state laser systems that are
scanned opto-mechanically or opto-acoustically. These systems are however limited in
scanning speed due to their size. Besides that they are bulky and costly to operate. In this
project we are developing monolithically integrated InAs/InGaAsP/InP (100) quantum
dot semiconductor laser systems that can make continuous sweeps of 100nm up to
200nm in the 1600 to 1800nm wavelength range, at repetition rates of 20 kHz to 50 kHz
and a linewidth better than 0.07nm. Such properties are desirable for the applications
listed above and surpass the capabilities of available tunable semiconductor lasers [2].
To realize a laser for these applications we want to make a monolithically integrated
ring-laser with a continuously scanning intra-cavity tunable filter based on electro-
optically tunable arrayed waveguide gratings (AWGs). Combinations of tunable AWGs
that have the 100 to 200nm scanning range can be realised in our active-passive
integration technique and thus be used in a fully integrated tunable laser. Significant
advantages of such filters are: full configurability through control voltages; continuous
scan capability over the full range; no heating effects in the filter (only tens of nA
current flow through the modulators, in contrast to injection current controlled gratings).
The laser gain medium will be InAs/InGaAsP/InP
(100) quantum dots layers [3]. This medium can
provide gain in the 1600-1800nm wavelength range.
The output spectrum of a monolithic ring laser

) operating around 1700nm is presented in figure 1.

k

Output power [dBm/nm]

‘ i wuvwmwm‘um“mm JWUNWWWUUMW‘J‘MM Figure 1: Laser output spectrum of a monolithic quantum dot

ringlaser with a 4mm long cavity.

N
Wavelength [nm]

In this paper we present the design of a monolithic integrated electro-optically tunable
filter based on tunable AWGs. First of all, we will discuss the requirements on the
tunable filter and secondly we will present the design of the filter.

Filter specifications

Assuming a ring-laser configuration with an intra-cavity tunable AWG, we expect that
the total length of the cavity will be approximately 15mm. The mode spacing of such a
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laser in this case will be 0.05Snm. This means that the ring-laser must be near single
mode to achieve a linewidth of 0.07nm. To scan the laser over 100nm in 1000 steps and
with a scanning frequency of 20kHz the filter must be able to change in 50ns from 1
wavelength to the next wavelength. To determine the requirements on the filter
characteristics we have simulated the ring-laser structure with a simple time dependent
multimode laser model. The parameters in the model are typical for a bulk amplifier
structure. The losses for the different modes are the calculated values for the tunable
AWG. The dynamical and CW behavior of the laser can then be simulated for various
filter properties. From the CW state simulations one can find a set of minimum required
loss values for the unwanted laser modes. When the filter is scanned the situation
becomes more involved. As the filter will be scanned the laser must change from one
mode to the next. To study the speed at which the laser mode intensities can follow the
filter tuning one also has to consider the relative losses of the modes, the cavity length,
the laser pump level, overall cavity losses and the spontaneous emission intensity. The
multimode dynamics in the laser and the SOA and the limits on the switching speed are
still under investigation. Two results from simulations are given in figure 2. On the left
hand side the evaluation of the output power is shown when the laser starts up and
reaches the CW state. All modes are building up, but the mode with the smallest loss in
the filter (wl3) will win the competition and suppress the other modes. On the right hand
side the evaluation of the output power is depicted when the laser is already on and the
filter is switched from wl3 to wl2. In this case wl3 will decrease and wl2 will increase.
In these figures we immediately see that the laser can switch from one wavelength to
another within 50ns. In our first design we have chosen to make a tunable filter with a
loss difference of at least 0.06dB at 0.05nm (the modespacing) from the center
wavelength. This choice is based on the modeling results.
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Figure 2: Simulated output power levels for the different laser modes. In the figure on the left, the
laser starts up with the filter at its center wavelength at wi3. The figure on the right depicts the
evolution of the modes when the filter switches from wi3 to wi2 at t=0. The legend gives the relative
loss values for the different modes. The vertical line marks the 50ns switching time.

Filter design

The filter we will use is based on the interference principle in an arrayed waveguide
grating (AWG) [4]. Including electro-optical phase shifters in the arms of the AWG
makes it possible to tune the AWG [5]. An AWG without phase shifters is designed to
have a linear length difference between the arms of the waveguide array. This length
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difference in the waveguide array acts as a dispersive element. Waves at different
wavelengths will have a differently oriented phase front at the end of the waveguide
array and will focus on separate positions on the image plane of the output free
propagation region (FPR). The central wavelength will have his focal point exactly in
the middle of the image plane where the output waveguide is located. Adding phase
shifters in the arms of the waveguide array will allow electro-optic tuning of the AWG.
By applying a combination of voltages on the phase shifters, the orientation of the phase
front at the end of the waveguide array can be changed. The focal point of the central
wavelength of the AWG can thus be tilted away from the output waveguide and another
wavelength will be focused on the output waveguide. The refractive index change in the
phase shifters is due to field induced electro-optical effects and free carrier depletion
based electro-optical effects [6].

The filter also must be tunable over at least 100nm. In theory it is possible to design a
filter with one AWG which fulfils these requirements. However this would become a
large AWG with more than 200 arms and phase shifters, which is impractical. In our
design we have cascaded two different
AWGs, the first one is a high
resolution AWG with 28 arms that
selects a single laser cavity mode and
suppresses the other modes with at
least 0.06dB (figure 3B). Since this
filter needs to have a sufficiently
narrow bandwidth to suppress the
neighboring laser modes, it will also
have a free spectral range (FSR) of

Filter transmission [dB]

approximately 10nm. The second o
AWG With 11 arms SeleCtS a Single 1600 1620 1640 1660 1680 1700 1720 1740 1760 1780 1800
peak of the high resolution AWG ) B_"§_
transmission and suppresses the other 0] // ™
peaks with at least 1dB (figure 3A). & / \\\
The combination is optimized to be § w{ ~~ / 3
tuned over 200nm between 1600nm € <o~ / \,’;/ \,,[.f'"\s"m i
& s Vi i ¥ lindep(m1)=1699.999
and 1800nm. T ] g E* Vot %;?dI)B(S(S,Z)),WaV)=4.1G§
= 60— H
T 1 i m2
. . indep(m?2)=1699.951
Figure 4 depicts the mask layout of the ] ? i :Sof 'D\/(an)a(S(s,z)), wav)=-1.271
tunable fl]ter and some teSt StruCtures' °:6980‘ o ;69‘8.&; o 1‘69‘9.0 B ‘169‘95‘: o ‘17(:‘!00‘ o ‘170‘0.5‘ i ‘17010
It contains a high resolution tunable Wavelength [nm]

AWG filter with 28 phase shifters in Figure 3: Transmission spectra of the high resolution
. AWG (dot) and the low resolution AWG (solid).
the arms and a low resolution tunable ; ; ; ; .
X X . . Figure B is a zoom in on the high resolution AWG at
AWG filter with 11 phase shifters in ;700,m and has two markers on laser mode positions.
the arms. These filters can be
measured separately but also in sequence. Furthermore it contains a low resolution
tunable MMI filter which possibly can replace the low resolution AWG filter. To
measure only the passive waveguide characteristics and the passive filter characteristics
we included some passive AWGs and other test structures. Both AWGs designs are
standard orthogonal AWG designs that are modified to have equal spacings between the
phase modulators in the arms. This has been done in order to increase the reliability of
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the fabrication of the electrical contacts. In the low order AWG the path length
difference between the arms need to be only eight wavelengths. This was achieved by
designing this AWG in an S-shape to cancel out all path length differences and changed
one side to include the small path length differences.

@COBRA
Test MMIs

Low resolution MMI filter (tunable)
Electrical contact pads

Low resolution AWG filter (tunable)
High resolution AWG filter (tunable)
e | Test low resolution AWG filter

! Test high resolution AWG filters
Test waveguides

@®COBRA

Figure 4: Mask layout of the tunable
AWGs and some test structures. The
tunable AWGs can be controlled by
the electrical contact pads

Conclusion

We present the design of a monolithic integrated electro-optically tunable filter based on
two cascaded AWGs with phase shifters as tuning mechanism. The first AWG is a high
resolution filter with a suppression of 0.06dB at 0.05nm from its center wavelength and
the second AWG is a low resolution filter with a suppression of 1dB at 10nm from its
center wavelength to select one peak from the first AWG. The filter is designed to make
a fully integrated single mode tunable ring-laser with a tuning range over 100nm and a
linewidth beneath 0.07nm.
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Abstract. The linear electro-optic properties in waveguides containing self-organized
InAs quantum dots were studied experimentally. Fabry-Perot measurements at 1515 nm
on Inds/GaAs quantum dot structures yield a significantly enhanced linear electro-optic
efficiency compared to bulk GaAs.

Introduction

Semiconductor-based nonlinear optical and electro-optic materials would be useful for
switching and modulation devices in photonic integrated circuits. Electro-optic (EO)
modulators are candidates for use in external modulation links in telecommunications.
These modulators can be realized using either bulk semiconductor materials [1] or
materials with multiple quantum dots or wells [2]. Due to the modification in the
density of states, quantum dots and quantum wells are expected to exhibit enhanced
optical nonlinearities and enhanced electro-optic effects [3]. Since EO modulators
require small size and low modulation voltages, possibility of obtaining quantum dots
with enhanced electro-optic and/or electro-absorption coefficients makes them attractive
for such applications.

In the literature there is limited data on EO effects in quantum dots.
Furthermore, little has been reported on the voltage dependent modulation of quantum
dot embedded waveguides [4-5-6-7]. In this article, we report on the measurements of
EO properties of multilayer InAs/GaAs self-organized quantum dots. We use the
transmission through Fabry-Perot resonators formed by two cleaved facets in
waveguides at 1500 nm to determine the electro-optical properties of quantum dots.

Samples

The waveguide structures containing three layers of quantum dots (3QDs) were
measured. Their lengths are in the range of 1-1.6 mm. These structures were grown by
molecular beam epitaxy to be used as quantum dot lasers. The active region is formed
by three layers of self-assembled InAs QDs, which are covered by a 5-nm Ing ;5Gag gsAs
QW and separated from each other by a 40-nm GaAs spacer layer. The areal dot density
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of the lens-shaped QDs is 3x10'® cm™. The devices are single mode ridge waveguide
structures with varying widths between 2-5 pm. Both facets are as cleaved. For each
sample lasing is peaked at nearly 1285 nm [8]. Detailed structure is given in Figure 1.

90 nm GaAs P+
32 nm GaAs-Al,-Ga, .As  p+
1250 nm Al .Ga, ,As P+
300 nm Al Gag As p
32nm GaAs-Al,,Ga,,As P
155 nm GaAs
5nm InGaAs

3 x{ InAs QDs

A AL L AL L LDL AL
40 nm GaAs
115nm GaAs
32 nm GaAs-Al, Ga,.As  n
300 nm Aly;Gag 5AS n
1250 nm Al ;5ag AS +
32nm GaAs-Al, Ga, .As
GaAs substrate n

FIG. 1. Detailed structure of the samples used in the measurements. Aly;Gag3As layers at the
GaAs interfaces are graded.

Measurements and results

The electro-optic coefficients were measured at 1515 nm by coupling a TE
polarized light from a tunable laser (Santec Tunable LD Light Source TSL-520) onto
one end of the waveguide with a lens shaped fiber. A DC voltage source was used to
apply 0 to 20 Volt reverse bias to the samples. The detailed measurement set-up is
shown in Figure 2. At each voltage level, the transmission through the device was
recorded as a function of wavelength and voltage. Experimental results are given in
Figure 3. Fabry-Perot resonances with large contrast were obtained and experimental
data fitted well with the theoretical formula. The well known Fabry-Perot transmission
equation is used in fitting to the measured data and the fitting parameters were mode
effective index, loss coefficients and a voltage independent phase factor. The effective

mode index was then calculated based on this curve fitting.
PC

_InterfacetoPC_ =
||
sk AR

: Interface to PC

monitor

tunable
5 laser

a .
= Microscope
a

Aparture IR Camera
Objective

% B @ Power meter

Polarizer

Polarization
Control

FIG. 2. The experimental set-up for measuring the Fabry-Perot resonances of quantum dot
waveguides.
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FIG.3. Voltage dependent shift of Fabry-Perot resonances. Significant tuning is observed with
relatively low voltages.

The linear electro-optic coefficients are obtained by fitting the measured data to the
equation of transmission through a Fabry Perot modulator [3] and calculating the
refractive index difference between two specific voltages. The change in refractive
index due to applied voltage is An(V)is given as [3]:

An(V):%nsr“%F ))

e

where 1, is the electro-optic coefficient, ¢ is the thickness of the epilayer, n,is the
effective index, V'is the voltage difference between two curves and confinement factor
T is the overlap of the vertical electric field component with the optical mode. To obtain
., I needs to be known precisely. The overlap factor of InAs quantum dot layers is
calculated using finite difference beam propagation method simulations and is
approximately 0.015 for all samples. Using this confinement factor the electro-optic
coefficient of the InAs quantum dot structures are obtained as 9x10"'' which is
significantly enhanced linear electro-optic efficiency compared to bulk GaAs. Figure 4
shows the Beamprop simulation results.

Gomputed Transvarse Mode Profile (m=0,n,=3.356573) 1.04 Index Profile
o
°
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a
= £
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2 @ 0.6
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0.0 T T T
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Horizontal Direction (um) Vertical Direction (a.u.)

FIG.4. (a) Fundamental mode profile of the quantum dot waveguide structure. The effective
index of the structure is obtained as 3.356. Note that the field is confined to the core region
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where the quantum dots are placed. (b) The graphical representation of the calculation of
overlap factor. The locations of the InAs layers are determined using the index profile, and these
points are mapped onto the vertical mode profile. The confinement factor is calculated from this
overlap region by simply integrating the shaded area.

As a matter of fact examination of Fig. 1a reveals that full on/off modulation is
possible for 1.6 mm long 3 QD sample using 6 V. This corresponds to less than 1 V-cm
modulation efficiency. In other words using this modulator as the arms of a push pull
driven Mach-Zehnder modulator, less than 1 V drive voltage would result for 1 cm long
arms

Conclusions

In conclusion, the low voltage modulation in InAs quantum dot waveguides was
observed. The linear electro-optic coefficients of multilayer InAs quantum dot
structures far away from the lasing wavelength were measured and is found to be
significantly larger than that of GaAs bulk material. This result is promising for QD-
based electro-optic modulators.
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Abstract. Polarization-sensitive optical low-coherence reflectometry (PS-OLCR) is
advantageously exploited to recover local birefringence evolution inside planar
waveguides, with a micrometer spatial resolution. In particular, PS-OLCR
characterizations on bent waveguides have experimentally highlighted a bend-induced
birefringence dependence on the square of the radius of curvature.

Introduction

Waveguide birefringence and related polarization dependent effects are an important
and still open issue in integrated optical systems, particularly in silica-on-silicon planar
waveguide technology, which can adversely affect device transfer function

performances. Waveguide birefringence is defined as the difference between effective

indexes of the two orthogonally polarized waveguide modes, that is, 4n,, = ”Sy - n;f

Birefringence results from geometrical and stress-induced birefringence [1,2]. Yet, bent
waveguide sections have been theoretically demonstrated to introduce a bend-induced
birefringence [3,4] as a further contribution to the overall waveguide birefringence.

For a more comprehensive understanding of birefringence dependence on material and
structural parameters, and for a more efficient waveguide design, measurement
techniques providing a feedback of the actual birefringence are required. To this
purpose, several methods have been introduces by previous art, yet, they are mainly
limited by the fact that they provide only spatially averaged birefringence values, as
they rely on an integral measurement along the waveguide length [5]. Thus, they do not
allow to investigate the existence of local variation of birefringence inside the
waveguide caused by defects of the manufacturing process, or induced on purpose.
Moreover, if planar waveguides, including bent sections, have to be analyzed, these
techniques can not cut out and estimate the contribution to birefringence due to
curvature.

In the present work we have proved how polarization-sensitive optical low coherence
reflectometry (PS-OLCR) [6] can be advantageously exploited to recover local
birefringence evolution inside waveguides, with a micrometer spatial resolution, from
the analysis of the state of polarization (SOP) of the backscattered light. In this way the
PS-OLCR technique provides information on phase birefringence without suffering of
the 2n-phase ambiguity. The peculiar features and potentialities of PS-OLCR have been
demonstrated by characterizations carried out on bent waveguides which provided a
first experimental evidence of a bend-induced birefringence dependence on the square
of the waveguide radius of curvature.
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The PS-OLCR experimental setup

Fig.1 shows a schematic of the PS-OLCR system realized in this work. It is basically a
Michelson interferometer which detects the interference of a reference signal with the
backscattered light from the waveguide under test. In order to analyze the birefringence-
induced SOP evolution of the backscattered signal along the waveguide sample, the
polarimetric scheme described in [6] has been conceived. In particular, in the detection
arm the light is split into its horizontal and vertical components, with complex
amplitudes Ay and A4y, by a polarization beam splitter (PBS) and focused onto two
photodiodes to detect each single polarization. Since light from the reference arm,
linearly polarized at 45° through the double passage through the A/4 waveplate, is split
equally into the horizontal and vertical polarization states, 4y and Ay result proportional
to the light amplitude fields backscattered from the waveguide sample

N2
A, =R(z isin(kozAneff )e(%) cos(2k Az + 2¢)

4, =JR() coslk ,zan,, )e[%) cos(2k ,/2) (1)

where k, =27/, 4n,, is the phase birefringence and ¢ the orientation of the

birefringence axes. R(z) describes the reflectivity of the sample at depth z and the
attenuation accumulated up to z, 4z is the optical path difference between the sample
and reference arm of the interferometer and /.= A*/A) is the spatial coherence length of
the light. In particular, the use of a broadband optical source (AA=30nm, at A=1.55um),
provides short coherence interference and results in a spatial resolution of /./2n = 26pum,
where 7 is the waveguide refractive index (n=1.5). The input signal is coupled to the
waveguide under test by means of a 30x objective followed by a 15cm-long small-core
fiber, with a 2pum core diameter. A piezoelectric transducer, attached to the small-core
fiber, modulates the sample arm length by Az =+1um at a carrier frequency f,. =4kHz,

thus generating a frequency up- shifted interference signal whose components A5 and
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coupling

fiber Waveguide
under test
Modulated H Spectrum
piezo ceramic\A Photodiode 2 Analizer
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Fig. 1. PS-OLCR experimental set-up. BS=beam splitter; P=polarizer; QWP=\/4 waveplate.
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Ay are analyzed with a HP3585A electrical spectrum analyzer with a -63dBm
sensitivity. According to [7], in order to improve the signal to noise ratio a variable
attenuator was positioned in the reference arm to search for optimum attenuation of the
reference power, which lead to a noise floor level of -55dBm. The power coupled to the
waveguide was about 4004W, resulting in an averaged interference signal level of -
40dBm, as detected by the photodiodes, that is, about 15dB above the noise floor. From
the measurement of Ay and A4y at each backscattering point inside the sample, the
evolution of the birefringence-induced phase retardation & between the two-orthogonal
polarization components could be retrieved by the following expression, simply
derivable from (1)

5(2) 2z Z‘Aneﬁ

27 =tan™ IH(Z)/IV(Z) @)

where I, =|4,|" and 1, =|4,|* are the intensities of the two backscattered components.
According to (2) phase retardation ¢ goes from 0° to 90° and from the slope of the
retardation profile the local birefringence ‘An

.| inside the waveguide can be retrieved.

Experimental recovery of bend-induced birefringence

The feasibility and reliability of the PS-OLCR technique in waveguide birefringence
recovery has been first verified by characterizing straight silica-on-silicon waveguides
with different core widths. The measured birefringence values as a function of the core
shape proved in good agreement with theoretical predictions [2]. Yet, to put into
evidence the peculiarity of this technique with respect to other methods, which recover
spatially averaged birefringence values, we have exploited the PS-OLCR set-up to
characterize planar waveguide devices including bent sections. In particular we have
analyzed a series of waveguides, as those shown in the inset of Fig.2(a), with the bent
waveguides having radius of curvature R ranging from R=1.5mm to R=200um. The
waveguides featured a 2.2x2.2um’ SiON core and a SiO, cladding, with a contrast
index 4n=4.4%. Fig.2(a) shows an example of birefringence-induced phase retardation
profile reconstructed, by means of (2), along the waveguide length. Retardation profiles,
as the one in Fig.2(a), were measured with backward steps of the reference arm of few
tens of um. Let’s notice that, according to (2), retardation curves should range from 0°
to 90°. The lower visibility in Fig.2(a) is mainly ascribable to the maximum achievable
extinction ratio between the two polarization components of the backscattered signal,
which in turn depends on the level of the backscattered signal with respect to the noise
floor, that is, to the minimum detectable backscattered signal.

In Fig.2(a) the fitting lines indicate the slope of the birefringence-induced retardation
profile in the bent section and in the subsequent straight waveguide section. It can be
noticed that the effect of the curvature is to give rise to a bend-induced contribution that
changes the overall waveguide birefringence, the effect having been measured to be
more evident for smaller radii. A quantitative estimate of the bend-induced
birefringence has been achieved by fitting measured data and comparing the slope of the
retardation profile in bent and straight sections. Repeated measurements carried out on
each waveguide, resulted in a standard deviation of £1° in recovered slopes, thus
proving the accuracy and reproducibility of retrieved birefringence values.
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Fig. 2. (a) Measured spatial behaviour of birefringence-induced phase retardation in a waveguide with a
bent section of radius R=400um. (b) Bend-induced birefringence as a function of the radius of curvature.

0 1

Results of bend-induced birefringence as recovered from characterizations of the above
mentioned waveguides with different radius of curvature are reported in Fig.2(b). The
fitting curve has a dependence on R”. Vertical bars represent the measurement
uncertainties obtained from repeated phase retardation measurements. Thus,
characterizations performed on bent waveguides with the PS-OLCR set-up fairly
confirm theoretical predictions advanced in [3,4] which foresee a bend-induced
birefringence proportional to the square of the waveguide radius of curvature.

Conclusions

It has been proven how PS-OLCR can be advantageously exploited to recover local
birefringence evolution inside planar waveguides, with a micrometer spatial resolution.
PS-OLCR may thus become a useful tool to investigate the existence of local variations,
spurious or induced on purpose, of birefringence inside waveguides. The PS-OLCR
peculiarity has been demonstrated by characterizations of waveguides including bent
sections, as the contribution to birefringence due to curvature could be separated and
put into evidence from the contributions of the straight waveguide sections. In
particular, results have provided a first experimental confirmation of bend-induced
birefringence dependence on the square of the waveguide radius of curvature.
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Abstract - We numerically investigate the lateral leakage behavior of horizontal rib-type
slot waveguides at M = 1.55um. We focus on resonance effects, which can be exploited to
achieve waveguide structures ensuring high power confinement in the slot and low loss
operation at the same time.

Introduction

While the horizontal wire-type slot waveguide structure [1, 2] offers several important
advantages over the vertical structure [3] such as better layer thickness control, smoother
interfaces and larger waveguide width-to-height ratios, it lacks the possibilities of elec-
tric wiring and self-suspension. Horizontal rib-type slot waveguides (see Fig. 1 (a)) of-
fer these features but can suffer from lateral leakage loss due to TM-TE mode conver-
sion [4, 5, 6]. This lateral leakage can be effectively suppressed by taking advantage
of resonance effects occurring for certain rib widths. The wire/slab-type slot waveguide
shown in Fig. 1 (b) is another interesting structure. It could offer better lateral confinement
compared to the rib type and therefore would be particularly attractive for waveguide sec-
tions in active photonic devices where no direct electrical wiring is necessary. However,
also for this structure lateral leakage is a critical issue. In this study, we investigate the res-
onance characteristics of rib-type and wire/slab-type slot waveguides in detail employing
the variable mode-matching (VMM) method [7].

The lateral leakage & resonance effect

Lateral leakage in rib-type structures occurs due to coupling of the minor TE field compo-
nents of a TM-like rib mode to a TE slab mode outside the rib that has a higher effective
index than the TM-like rib mode [4, 5]. In principle, the slot waveguide structure sup-
ports two first order modes for each polarization, an even and an odd one [8]. The highly

(a) (b) (c)
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g 102 h=130, S=50 nm
510
yéo %1; AB
b-18i0,n=146  |S |Hg, SI0.]S o
2
8107 il
108 I

500 600 700 800 900 1000 1100
W (nm)

Figure 1: Cross sections of (a) rib-type and (b) wire/slab-type slot waveguide structures.
(c) Typical width dependent resonance behavior of a rib-type slot waveguide; AB defines
the range of width within which lateral leakage losses are below 1 dB/cm.
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confined slot mode corresponds to the TM-polarized even mode.

Except for vertical fully symmetric systems, coupling to both the even and odd TE slab
mode takes place [6]. The coupling to the even TE slab mode is always more critical
because it has a higher effective index than the odd TE slab mode. For all rib-type slot
waveguide structures this coupling can be avoided by decreasing the effective index of
both TE slab modes below that of the TM rib mode, which is achieved by choosing a
geometry with H > Hg,,. Unfortunately, this measure leads to a severe reduction of the
maximum power confined in the slot to well below 20% [9].

By exploiting resonance effects for otherwise leaky geometries, low loss operation be-
comes possible without sacrificing optical power confinement in the slot. These reso-
nance effects are related to TE waves generated through mode-conversion of the TM rib
mode at the rib side walls. While one part of these TE waves propagates into the slab
region the other part is reflected at the side wall and traverses inside the rib to the other
side wall, where it interferes with newly generated TE waves. For certain rib widths (see
Fig. 1 (c)) this results in a cancellation of TE waves leaking into the slab region thus
suppressing the leakage loss.

Influence of imperfections

With respect to deviations of the geometry caused by fabrication processes the rib width
is the most critical parameter. Thus, the width range for which leakage losses are small
has to be maximized to ensure low loss operation for waveguides with slightly fluctuat-
ing width. For this purpose, we define AB as the width range for which losses are below
1 dB/cm (see Fig. 1 (c)) and study this parameter in dependence of the geometry para-
meters. The etch depth e has a major impact on AB as Fig. 2 (a) shows. For shallow
etch depths, AB significantly increases and the influence of the slot thickness is small.
However, for rib-type slot waveguides the applicable range of S is limited by the effective
index of the odd TE slab mode outside of the rib [8]. If the effective index of the odd
TE slab mode becomes higher than that of the TM-like slot mode leakage occurs again
because the resonance condition can only be fulfilled for one of the two TE slab modes at
the same time. In the example shown in Fig. 2 (a) this situation occurs for e = 0.07Hgy, at
S ~ 70 nm. With increasing etch depth this effect diminishes and for the slab/wire-type,

10 * 10 --- e=H - €=0.20 Hgy
H=Hg:;=150 nm v S=30nm 4 e=0.34Hg, -A- 6=0.07Hg,
20 30 40 50 60 70 80 90 135 140 145 150 155 160 170
S (nm) H=Hg,, (nm)

Figure 2: Dependence of AB on (a) the slot thickness S and on (b) the waveguide thick-
nesses H = Hgyyp for different etch depths e. The star indicates the slot thickness where
coupling to the odd TE slab mode occurs.

194



Eindhoven, The Netherlands, June | I-13,2008 ThPO5

| -©o-e=H H=Hg,;=150 nm i 5=30 nm
15 0=0.34 Hgy Slab ! 15
141 8- €=0.20 Hgy
| A e=007H,

20 30 40 50 60 70 80 90 135 140 145 150 155 160 170
S (nm) H=Hgpo, (NM)

Figure 3: Width Wy, for which the resonance occurs as a function of (a) the slot thickness
S and (b) the waveguide thickness H = Hgy,p for different etch depths e.

i.e., for e = H the effective index of the even and odd TE slab mode outside the rib become
identical. Deeply etched structures, on the other hand, show a strong dependence of AB
on the slot thickness. For e = H the width range AB reaches its maximum at S ~ 75 nm.
In contrast, the dependence of AB on the thicknesses H and Hsj,p is almost negligible (see
Fig. 2 (b)) while the etch depth again has a strong influence. Asymmetries in the amount
of Hg,, = H £ 15 nm do not affect the AB as well.

Apart from the width range AB also the shift of the rib width Wres at which the resonance
occurs is of high importance. Figure 3 (a) and (b) reveal that the slot thickness has a
major impact on Wres for § > 70 nm, whereas the influence of the waveguide thickness
H = HSlab is small.

Not only the deviating width also the variations of the other geometry parameters due
to fabrication processes have to be taken into account. In order to study this influence
we varied all geometry parameters, i.e., H, Hgjyp, e and S by 5 nm resulting in sixteen
different geometries. As an example, Fig. 4 (a) shows the leakage losses of all these
geometries for a structure centered at H = Hgjyp, = 135 nm, e = 0.081Hgy and S = 50 nm.
The envelope of these curves (solid line) represents the maximum losses that can occur
considering all possible variations. This envelope is a result of the shift of the resonant
minimum Wges for each geometry which leads to a reduction of the width range AB com-
pared to 50 nm for a perfect system.

Next, we studied the envelope characteristic for rib-type slot waveguides with different
H = Hg,p, e and S (Fig. 4). As for the perfect system, also for the rib-type slot waveguides
with variations the etch depth e and the slot thickness S have a major impact on the lat-
eral leakage losses. Interestingly, smaller waveguide thicknesses H and Hgjyp, result in
lower losses. For a rib-type slot waveguide with H = Hgj,p, = 135 nm, e = 0.081Hg, and
S = 30 nm the width range of operation is larger than 20 nm.

Taken together, the results show that small slot thicknesses of § < 50 nm, shallow etch
depths and thin waveguides are beneficial for maximizing AB. For a wire/slab system
these optimizations are not sufficient and accordingly no low loss width range for geome-
tries with variations of +5 nm can be obtained.
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Figure 4: (a) Lateral leakage losses of a typical rib-type slot waveguide structure taking
into account the variations of all geometry parameters by 5 nm. The envelope of these
loss curves (solid line) indicates the maximum losses that can occur; (b) dependence of
the maximum losses on the etch depth, waveguide thicknesses and slot thickness.

Conclusion

As our studies reveal, geometry parameters for rib-type slot waveguides can be found
which ensure both low loss operation and high optical power confinement in the slot.
Moreover, the results show that they can be designed to be sufficiently tolerant against
variations of all geometry parameters. Therefore, rib-type slot waveguides have the po-
tential to be utilized for applications were electric wiring or self-suspension are required
without foregoing the inherent advantages of the horizontal configuration.
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Abstract. Deeply etched InP-based planar photonic crystals incorporating point and
line defect structures were fabricated and experimentally investigated. Tuning of the HI
cavity mode and the W3 waveguide mini-stopband by infiltration with the liquid crystal
K15 is experimentally demonstrated.

Introduction

Much research effort has been devoted to the study of photonic crystals (PC) [1] due to
their unique optical properties. A practical realization of 2D planar PCs consists of a
periodic arrangement of air cylinders deeply etched in a semiconductor heterostructure
slab waveguide of the type InP-InGaAsP-InP [2,3], which is an important system for
photonic integrated circuits, operating at telecom wavelengths. PCs incorporating
defects can then serve as building blocks for circuit components.

In this contribution we report the smallest possible cavity in this 2D PC, created by
omitting the etching of a single hole, known as HI cavity. Small cavities are of interest
for components as a low-threshold laser [4,5] or drop filter [6]. Also the W3 waveguide,
consisting of a line defect with three missing rows of holes is investigated. It displays a
Mini Stopband (MSB), which can be employed as a wavelength division demultiplexer
[7]. Both devices were studied in combination with infiltration of the air holes with
Liquid Crystal (LC) [8,9] to create the possibility of tuning or trimming the PC-based
devices.

Experimental details

2D PCs consisting of a triangular array of air holes were deeply etched in an
InP/InGaAsP/InP slab waveguide with the lattice constant a varying from 309 to 522
nm (Aa = 20 nm) (“lithographic tuning”) and hole radii » designed to be r/a~0.3. The
structures were defined by 30 keV electron-beam lithography and etched using Cl,-
based Inductively Coupled Plasma (ICP) etching [3]. The etched holes show almost
vertical sidewalls in their upper part [3]. The 500 nm-thick quaternary layer was
sandwiched between an upper 500-nm thick InP cladding layer and a bottom InP buffer
layer. Transmission measurements based on the end-fire approach used as light source a
tunable external cavity diode laser (1470-1570 nm tunable range). Tapered ridge
waveguides were used to couple the light into and out of the PC waveguide or cavity.
The nematic liquid crystal K15 (5CB) used for infiltration has a crystalline to nematic
phase transition temperature 7., = 23°C and a nematic to isotropic transition
temperature (clearing temperature) 7,; = 35.4°C [9]. In the nematic state the LC-K15 is
a birefringent material with n, = 1.516 and n, = 1.682 as the ordinary and extraordinary
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refractive indices, respectively at a wavelength of 1.5 pm. In the isotropic state the
refractive index at 7= 40°C is n; = 1.575.

Experimental results and discussion

In order to assess the LC infiltration efficiency of our InP-based PCs, transmission
measurements were first performed at room temperature (RT) (approximately 23°C). A
comparison between the RT transmission spectra in the frequency region near the H1-
cavity resonance peak is shown in Fig. 1(a) both for the LC-K15 infiltrated and
uninfiltrated sample. The cavity is shown in the inset to Fig. 1(a) and has 4 PC rows
between its center and the access waveguides. All data are disturbed by strong
modulations, resulting from Fabry Perot interferences in the cavities formed by the
entrance and exit access ridge waveguides. Both waveguides are approximately one mm
long, and are terminated by the highly reflective cleaved facet at one side and the
photonic crystal mirror at the other side. Mostly, a data sampling period of typically di
=1 nm is chosen that does not resolve the FP-fringes, so that the data as in Fig. 1(a)
appear noisy. For accurate measurements, or quantitative estimates, the sampling period
is decreased to dA = 10 pm, which fully resolves the FP fringes as in Fig. 1(b). The two
access ridge waveguides have slightly different lengths /; and /», leading to a low-
frequency beat in the FP-modulation, which is also clearly present in Fig. 1(b). From
the convolution of the high-frequency FP fringes in Fig.1(b) the cavity quality factor Q
can be reliably estimated as Q = 63. This Q-factor value compares favorably to that
typically reported for the much larger FP-type cavity in similar InP-based PC’s, which
are in the order 20 to 30 [2]. Optimized chemically assisted ion beam etching (CAIBE)
processes, however, have yielded single row Fabry-Perot cavities with Q up to ~300
[10].
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Figure 1: (a) Hl-cavity resonance peak with (dashed line) and without (solid line) LC-K15
infiltration. The peak energy position redshifts, clearly indicating an increase in the average
refractive index of the holes n,,,. A top-view scanning electron microscopy image (SEM)
illustrating the H1 cavity is given in the inset. (b) High resolution measurement of the H1 cavity
resonance for the uninfiltrated case. Both the low and the high frequency modulation (inset) are
illustrated. The inset is a zoom-in on the peak centered at a/4 = 0.2448.

Infiltration has a strong effect on the H1 cavity resonance as shown in Fig 1(a). The
cavity peak redshifts by approximately A(a/2)=0.8x10~. The redshift corresponds to an
increase in the average refractive index .. of the holes, as expected. Martz et al. [9]
have observed the redshift of a ~1-row FP cavity resonance upon infiltration with the
same LC of A(a/4)=1.38x10". Simulations suggest that our lower value for the H1
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cavity results from a lower effective index of the holes, or incomplete infiltration.
Although the H1 cavity mode peak transmission 7. is enhanced by 5 times after
infiltration, its quality factor decreases to only Q~36. Both the transmission
enhancement and peak broadening were also observed for the FP-cavity with an empty-
hole Q-factor of ~300 [9]. This behavior may be explained by a modification of the PC
mirror optical properties and the H1 intracavity losses [9] which are likely to influence
both the cavity mode excitation efficiency and the mode profile. It is believed that
higher excitation efficiency might account for larger 7.+ whereas weaker confinement
of the mode inside the cavity (greater penetration into the PC mirrors) could result into
lower cavity quality factors. However, further experimental and theoretical
investigations should be performed in order to verify these assumptions.

The second defect structure whose spectral properties were investigated was the PC W3
waveguide. It is now a well-known fact [7,11] that in such a 2D PC multimode channel
waveguide an anticrossing phenomenon takes place when the guided fundamental mode
(FM) couples to a counterpropagating higher order mode (HOM). Then part of the FM
energy is transferred to the HOM and thus a dip 7, called a “mini-stopband” (MSB)
[11] appears in the transmission spectrum. The HOM corresponds to light bouncing
between the PC boundaries, thus slowly propagating and resembling the FP resonator.
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Figure 2: (a) wide frequency, low resolution transmission spectrum versus a/A (“lithotuned”) before
(black) and after infiltration (grey) (b) transmission versus wavelength scan for a single PC for the
sharp MSB dip before and after infiltration and in the latter case at several temperatures. All
spectra are vertically shifted for clarity.

We observe the MSB in a W3 waveguide easily and consistently in several W3 guides
investigated, as shown in the wide frequency scan in Fig. 2(a) for a 10 pm long guide.
This wide scan, which is necessarily obtained from several PCs with different lattice
constants (lithotuning) and low resolution, is not necessarily continuous as the
properties may differ somewhat from crystal to crystal. For accurate measurements, one
particular PC is picked that contains a sharp dip due to the MSB. The MSB is shown in
Fig. 2(b) for the crystal with interhole spacing a = 381 nm before and after the
infiltration. Data are taken in high resolution, but Fabry-Perot fringes are numerically
averaged out. Near the dip, the FP fringe amplitude decreases strongly as the W3
waveguide becomes lossy. RT transmission measurements (22.2+0.2°C) of the
infiltrated sample revealed a redshift of 30.3 nm from 1487 nm to 1517.3 nm of the
MSB wavelength location. When the temperature was raised up to 30+0.2°C with the
LC still deep in the nematic state, no measurable shift of the MSB was noticed. Only
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when the PC device reached the LC K15 clearing temperature of 35 °C, an additional
redshift of 8 nm of 7, was noticed. A similar redshift upon temperature tuning was
observed for the FP resonance peak [12]. The LC is now in the isotropic state and in this
regime the refractive index is constant n; = 1.575. Therefore, a variation of the MSB
position is not expected when the temperature is increased above 7,;. The spectra in Fig.
2 corresponding to 35, 40 and 45°C illustrate the expected zero shift of the MSB.

Conclusions

We have demonstrated the possibility of tuning the spectral properties of a H1 cavity
mode formed in a deeply etched InP-based 2D PC by infiltration with the liquid crystal
K15. A redshift of the HI cavity resonance was observed simultaneously with enhanced
peak transmission and decreased cavity quality factor. Furthermore, a similar PC
containing a W3 waveguide was filled with the same LC. We successfully demonstrated
the temperature tuning of the waveguide MSB by thermally modifying the LC refractive
index.

We like to thank C.W.M. Bastiaansen and D.J. Broer for help and advice on the liquid
crystals. This work is supported by FOM and NanoNed.
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Abstract - High-index coatings on top of surface gratings strongly enhance the grating
coupling strength in low-index contrast waveguide systems. This opens up new fields of
applications for grating couplers such as coupling into single-mode polymer waveguides.

Introduction

Polymers are an attractive material system for the realization of planar integrated optical
waveguide devices in a wide range of applications [1]. Their fast and easy processing al-
lows for cost-effective mass production using injection molding or hot embossing, while
their tunable properties provide high flexibility in design. Beside data and telecom appli-
cations sensing is an important emerging market segment for polymer waveguide devices.
Single mode behavior of waveguides is essential for sensing and for high performance
telecom devices. Coupling into thin waveguides is a challenging task where grating cou-
plers showed promising results for different material systems (gratings in polymers [2],
silicon nitride (SiN) [3] or silicon (Si) [4]).

The coupling strength o of a grating for coupling out of a waveguide expresses the rate
of leakage of the guided mode into the adjacent media [5]. In the case of input couplers,
which are the focus of this paper, it determines the optimum spot size for an incident
Gaussian beam at which maximum coupling efficiency is achieved. In high-index contrast
waveguides systems such as silicon-on-insulator (SOI) o can be in the order of 0.05 yum ™!
allowing for spot sizes as small as 10 um [6, 7] without sacrificing coupling efficiency. In
polymer waveguide systems, on the other hand, o only amounts to 0.0013 um~! even for a
comparatively high index difference (n=1.46/1.65/1.52 for substrate/waveguide/cladding)
leading to an optimum spot size of several hundred microns as illustrated in Fig. 1b).
Behind gratings, lateral tapers are needed for coupling into single mode waveguides. The
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Figure 1: a) PTR of lateral polymer waveguide tapers. b) Optimum spot size of an inci-
dent Gaussian beam as a function of the coupling strength of a uniform grating.
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a) b) Incident Gaussian beam
n=1.52 Claddingn=1.46
n=1.46 High index coating

Substrate n=1.46

Figure 2: a) Cross section of single mode polymer waveguides and b) schematic view of
the grating structures with high index coating investigated in this study.

power transfer ratio (PTR) of lateral tapers is a highly nonlinear function of the input
width. Fig. 1a) shows the results of 2D beam propagation method simulations for the
polymer system depicted in Fig. 2a). In the given example, tapering with a 1-mm long
taper is possible for input widths up to 50 um (PTR > 90%). Thus, a spot size sufficiently
small for low-loss lateral tapering results in a strongly reduced coupling efficiency of the
grating and vice versa. In this paper, we show that this conflict can be solved by depositing
a thin high-index coating (HIC) on the grating. Due to the strong dependence of ¢ on the
index difference [8] the higher index difference leads to a reduction of the optimum spot
size for the grating, thus enabling efficient coupling via lateral tapers into single mode
waveguides. In the following, simulations and experimental results illustrating the effect
of an HIC on a polymer waveguide system is presented.

Simulation results

The numerical model of the simulation tool used for the calculation of grating input cou-
plers employs a rigorous Floquet-Bloch (FB) approach [9, 10, 11]. For the computation
of the 1D grating layer eigenmodes [10] an efficient and numerically extremely stable
high-order finite-element approach is applied. The polymer waveguide system studied in
this paper is assumed to consist of a polymethylpeptene (PMP) substrate (n=1.46), a poly-
imide (PI) waveguide core layer (n=1.65) and an Ormoclad (OC) cladding (n=1.52). The
surface grating at the substrate/waveguide core interface (see Fig. 2b)) comprises hundred
periods of A=1.75 um, i.e., the coupling condition is fulfilled for an angle of incidence ¢
of about 45deg in air at A=1.55 um. The grating has a duty cycle of 0.5 and the diameter
of the incident TE-polarized Gaussian beam is 30 um. Fig. 3 shows the calculated PTR of
input gratings with a 1 um thick polymer waveguide layer as a function of the etch depth
d for a SiN (n=2) and an amorphous Si (n=3.48) HICs with different thicknesses. The
PTR increases with the HIC thickness. The termination condition of the simulation was
the excess of the effective index of the waveguide mode over the refractive index of the
waveguide core layer. The simulations were verified with 2D-FDTD simulations. These
FDTD-simulations indicated that a further increase of the HIC thickness has a negative
effect on the PTR.
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Figure 3: Calculated PTR of a 1 um thick polymer waveguide as function of the etch
depth d for a) a SiN (n=2) and b) amorphous Si (n=3.48) HICs.

Fabrication and experimental results

In order to experimentally verify the positive effect of a HIC on grating couplers in low
index contrast waveguides samples were prepared on silicon wafers. Instead of PMP,
SiO; was used as lower cladding, which matches the refractive index of PMP in the near
infrared. A 210nm SiN anti-reflection layer and a 3 um thick SiO, layer were deposited
on a silicon wafer via PECVD. The gratings and the inverse rib waveguides were pat-
terned using standard photolithography and etched into the SiO; layer with an SFg RIE
process. The etch depth varied slightly between 200 nm and 250 nm over the sample due
to variations in the RIE process. The SiN HIC was deposited using PECVD and selec-
tively removed outside the grating area employing a RIE etch step. A 1-um thick layer
of a spin-coatable PI from HD Microsystems was used as waveguide core layer material.
After spin-coating of Ormoclad as cladding the samples were cleaved to enable fiber butt
coupling for the output waveguides.

Four series of samples were prepared with different thicknesses of the SiN HIC. For
each series eleven gratings with and eleven without HIC were measured. The enhance-
ment of the input coupling efficiency induced by the HIC could be confirmed. Despite
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Figure 4: a) Calculated and measured PTR increase as a function of the SiN HIC thickness
and b) SEM picture of a 30 um width grating with 140-nm HIC.
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a nearly 5-dB increase in the coupling efficiency with a 135-nm SiN HIC, the measured
enhancement is not as high as in the simulation. This mismatch and the comparatively
large variations between gratings of the same HIC thickness can be most likely attributed
to imperfections of the fabricated grating structures such as non-vertical side walls, and
variations of the duty cycle and the thickness of the waveguide core layer.

Conclusion

The coupling strength of polymer waveguide grating couplers can be significantly in-
creased by applying a HIC. This technique allows for compact grating couplers with op-
timum spot sizes of several tens of microns, which facilitate the coupling to single mode
waveguides using adiabatic tapers in low index difference material systems. A wide range
of materials is suitable to act as HIC. Since the HIC is only present in the comparatively
small grating area the optical quality and absorption losses of the HIC have only minor
influence on the PTR. Therefore, low-temperature thin film deposition techniques usually
not used for optical waveguide fabrication because of lower optical layer quality such as
sputtering could be employed for the HIC deposition on polymers waveguides.
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Abstract. The aim of the “design on tolerances” technique is to design a circuit that is
robust against statistical variations of the parameters due to technological processes
and aging, maximize the yield and locate the most critical parameters of the circuit.
Preliminary numerical examples concerning integrated optical filters are discussed.

Introduction

The scenario of optical interconnects, optical networks and wideband connections will
shortly require large and complex optical circuits, probably based on integrated planar
technologies, but exploiting hybrid integration to combine a large number of functions
towards a VLSI level (Very Large Scale of Integration, a well known concept in
electronics). It will be then of major importance the availability of software platforms
able to simulate and design complex and large circuits, in order to reduce design,
production and packaging costs and increase the yield and the reliability of the devices.
The design of a circuit is typically carried out by searching the circuit parameters values
that satisfy a given spectral transfer function or a time response in very well specified
conditions. The designer operates by using synthesis techniques, optimization
procedures and his own experience. However, the set of nominal values corresponds to
a single point in the multi-dimensional space of the circuit variables, moving within a
domain whose boundaries are fixed by technological tolerances, the uncertainty of the
parameters and the drift due to aging or other phenomena. For these reasons, an even
more important aspect in the design procedure is the possibility to access more
sophisticated calculations such as optimizations, sensitivity analysis, yield estimation,
risk analysis and concepts as ‘statistical design’ or ‘design on tolerances’.

In this contribution it is not possible to be exhaustive on this subject but an initial
investigation is carried out. The idea, quite well known in many other fields such as
electronics and microwave, is to modify the parameters of the circuits obtained with
classical ‘deterministic’ design techniques to get a more robust or ‘optimal’ set of
parameters of the circuit. The technique is briefly described and some results
concerning the yield and the sensitivity obtained on two filters with different
architectures and similar spectral responses are discussed.

Yield and sensitivity

Let’s define a measure of the characteristics or performances of a circuit, called “circuit
performance space” and a space defined by all the variables and parameters that have
some role in determining the circuit behavior. The circuit requirements requested in the
circuit performance space define an acceptability region R, in the space of variables, in
which the values assumed by the circuit variables satisfy such specifications. If the
region Ry in the variable space identified by processes tolerances (for example) around
the nominal values of the variables is not completely included in the acceptability
region, some circuits will not satisfy the requirements defined in the performance space.
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This typically happens in mass production processes. The yield is related to such
overlap, that is as the ratio between the number of circuits satisfying specifications and
the total number of produced circuits [1, 2] or, equivalently, as the probability to
generate a circuit satisfying the specifications. Said f{¢) the joint probability density
distribution of the circuit variables, the yield is given by [2]

Y=[f@)dp=[" 1,0 f(@)dp=E{, ()} (1)

where I, defines the acceptability region R,4. The yield is therefore the average value of
the acceptability function in the whole variables space. The integral in (1) can be
estimated with the Monte-Carlo method, by generating N circuit parameters sets ¢,
(k=1...N) according to f(¢) and estimating the integral (1).

The variance of the estimated yield decreases only as the square root of N and in order
to reduce the Monte-Carlo estimator variance, we have chosen to modify the algorithm
by introducing the correlation between successive estimations (correlated sampling).
The information on the yield can be exploited to adjust the nominal design of the circuit
variables by using a standard optimizer routine, or a more efficient algorithm for the
specific yield optimization problem, such as the “gravity centers” algorithm [3,4] to find
the “best” set of circuit parameters.

Fig. 1 shows schematically the concept for a simple case with only two parameters, P,
and P,. In a) the nominal design Dy ensure the ‘best‘ circuit performance but the
uncertainty on the parameters defines a space Ry with a poor overlap with the
acceptability region, that is a low yield. In b) the parameters of the circuit have been
moved to Dr with an evident increase of the yield.

P, P,

R,

Fig. 1 — Yield maximization and design centering by using information on parameters tolerances.

The sensitivity parameter M

This analysis brings naturally to the definition of the parameter M, connected to the
sensitivity of the yield with respect to each parameter of the circuit. The parameter M is
based on the concept of statistic independence: for a variable x we call p(x) the relative
density of probability, pp(x) the conditioned probability to pass the specifications and
pr(x) the conditioned probability to fail the specifications. The overlap degree of the
two probability densities pp(x) and pr(x) is a direct measure of the weight of the variable
on the yield of the circuit. M is evaluated by using a Monte-Carlo approach [5] as
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M= f|pp(x)—pp(x)|dx. )

The parameter (component) of the circuit with the smaller degree of overlap, that is with
the largest M, is the greatest responsible for the deterioration of the yield. The parameter
M can assume a value between 0, in case of no influence, and 2 in case of total
mismatch between pp(x) and pg(x).

Optical Filter Comparison

In this section, as an example of “design on tolerances”, a 7-cascaded Mach-Zehnder
filter and a 4 coupled-ring-resonator filter are considered. The two different filter
architectures are designed with classical techniques in order to respect the same spectral
specifications. The number of stages has been found by maximizing the yield with
respect to the number of stage in case of tolerances both on the coupling coefficients K
of the directional couplers and on the effective refractive index neg of the waveguides.
The FSR of the filters is 100GHz, the bandwidth is 20GHz and the minimum
requirements in both passband and stopband are clearly marked in Fig. 2. The minimum
off-band rejection is 18 dB and the in-band return loss is 15 dB.

| - r ik ‘
) gl
WMl

i
0 ] 1 -l 4l
50040 300 220 10 0 10 20 30 40 50 50 40 300 20 <100 0 10 20
£, [5Hz) 15, [GHz]
Fig. 2 - Impact of the tolerances on a 7-cascaded Mach-Zehnder before a) and after b) yield
optimization.

Fig. 2a) shows the impact of the tolerances of the eight coupling coefficients {98.41;
0.76; 5.13; 41.99}% of the cascaded Mach-Zehnder symmetrical filter. In these
conditions only the 24.5% of the realized circuits satisfy both in-band and off-band
requirements. The probability distribution of the K coefficients has been assumed
Gaussian with a standard deviation of the field coupling kL equal to 1 degree. A
Gaussian statistic of the local effective refractive index with a standard deviation equal
t0 Onetr =5-107° has been assumed. By means of an optimization technique, the new
coupling coefficients {99.36; 0.87; 4.15; 43.20}% are calculated. Fig. 2b) shows the
transfer function of 100 realizations on the optimized filter design and the yield now is
greater than 90%. It is interesting to note that such a design is more critical compared
with the nominal one as can be seen by the wider spread of the spectral responses but
the final yield is much higher. In general it is difficult to say ‘a priori’ which is the
‘best’ design and a ‘yield optimizer’ is the only tool to perform such a process.
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Similar results are found for the cascaded coupled-ring architecture, not shown for
brevity. In this case the yield increases from 89.3% to 92.4% and the coupling
coefficients move from Dy={83.09; 34.92; 20.97; 34.92; 83.09}% to D~{83.29; 34.7;
21.26; 34.7; 83.29}%. Note that despite the very high yield of the nominal design, a
small improvement in the yield is found as well with a very small adjustments of the
parameters. This does not means that the coupling coefficient should be realized with
such a precision but that the design must centered in Dy, a substantial difference.

An even more important information derives from the sensitivity analysis of the various
parameters of the circuits. Fig. 3 shows the parameter M relative to the parameters of
the coupled-ring filter. In the figure it is clearly visible that the parameter M of the
couplers decreases with the standard deviation of the negr. This means that if the control
on the refractive index is very tight, the couplers, and especially the central couplers, are
the most critical components of the circuit. The parameters M related to the refractive
index of the rings, instead, increase with respect to Operr. Note that the refractive index
of the first rings is almost non-influent. The curves cross near the standard deviation
Onefi=5¢-6. Before this value the most critical components are the directional couplers,
while for higher values it is the refractive index that is responsible of a decrease of the
yield.

Parameter M : deviheta=1°

‘ ‘ : —-—neff‘1° Ring
——neff 2° Ring
——neff 3° Ring
1.2r neff 4° Ring|
——K(2)
K(3)
1 ——K(4)
K(3)
=
= | _K@LK@) ,
Q
©
£
Il
506
o .
N Ring 2 and 3
0.4 1
02 T——— 3
n Ring 1 and 4
00 1 2 3 4 5 6 7 8 9 10

Variation of the neff around his nominal value [x10_6 ]

Fig. 3 — 4-cascaded ring filter. Parameter M of the central couplers and of the refractive index
of the rings versus the standard deviation of the refractive index.
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Abstract - We discuss the feasibility of deploying two materials with close but opposite
epsilon values for achieving deep-subwavelength surface plasmon polariton waveguides.
In particular, waveguiding properties of a silver-silicon waveguide with a 25nm core size
at 600nm wavelength are examined. Such waveguides potentially allows for ultrahigh-
density optical integration.

Introduction

Surface plasmon polaritons (SPPs) have recently attracted a great amount of attention in
achieving subwavelength optical waveguiding. Unlike in convetional dielectric waveg-
uides, light guided by SPP waveguides does not experience a diffraction limit. Therefore
mode field of such a SPP waveguide can be squeezed into an arbitrarily small size. How-
ever, it should be noticed that not all SPP waveguides reported so far have subwavelength
mode field size (MFS). For example, most long-range SPP waveguides achieve relatively
low propagation loss because their modal energy is largely distributed in the low-loss di-
electric material. Such waveguides usually have a very large MFS. In order to deploy SPP
waveguides as integrated optical circuits, one has to design true subwavelength waveg-
uides.

To date, there are several types of SPP waveguides known for their capability in achiev-
ing subwavelength guidance, such as the gap SPP waveguide [1], and metal corner SPP
waveguide [2], etc. These subwavelength SPP waveguides are however all based on geo-
metrical tailoring. In fact, the peculiar guidance principle of SPP waveguides allows their
mode field to be confined in a subwavelength fashion without resorting to geometrical tai-
loring. For a 1D metal-dielectric interface, the guided SPP mode has its n.¢ value defined

as
€€
= 1
Neff \/€++€_7 (1

where £, and e_ (|e_| > &) are permitivities of the dielectric material and metal, respec-
tively. From Eq. 1, it is noticed that ne can be arbitrarily large, depending on how close
(e +¢€_) is to zero. It follows that the transverse field decay constant in the cladding,

ki = ko ngff— €clad ( €clad 18 either €4 or €_), can also be made arbitrarily large. This
gives rise to the possibility of tightly confined field at the interface. A section of the
interface can potentially confine light in nanodimensions in the 2D transverse domain.
Such a subwavelength waveguide has the obvious advantage of being structurally very
simple. A primiary reason for lack of proper study on such waveguide probably is that,
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in addition to the divergent propagation constant, the propagation loss will also tend to
infinity as the operation is near to the € = —&_ resonance condition. In fact, the contra-
dictory relationship between confinement and loss for SPP waveguides has been observed
for a wide varieties of guiding structures (e.g. [2, 3]). In view of many published results
on SPP waveguides, it has generally been accepted that some novel loss reduction tech-
nique (rather than merely geometric optimization) has to be deployed in order to make
functioning integrated optical circuits based on SPP. Decreasing environment temperature
[4] and using quantum-dot-based metamaterials [5] could be two viable ways to achiev-
ing the goal. Considering this factor, SPP waveguides based on a single near-resonant
interface deserve as much attention as other types of SPP waveguides do in realizing sub-
wavelength light channeling. Effectively, such a near-resonant SPP waveguide relies on
material engineering, other than geometrical tailoring. In the following, from the perspec-
tive of integrated photonic circuit, we will look into a realistic waveguide design based
on a finite section of near-resonant metal-dielectric interface. Our preliminary analysis is
based on materials available in nature. The modal properties of the waveguide, especially
its attenuation loss, will be examined. The potentials and challenges of such waveguides
will be discussed.

Realistic waveguide design

Two materials with close but opposite epsilon values (in their real part €') at certain wave-
lengths do exist in nature, but not without loss. One example is silver (Ag) and silicon
(Si). An examination of their dispersion curves tells that their epsilon values meet our re-
quirement around the free-space wavelength of 600nm, at which o, = —16.08 4-0.4434i
[6] and €s; = 15.58 + 0.2004 [7]. However, these two materials are highly lossy at this
particular wavelength, which is manifested by the relatively large imaginary parts of the
epsilon values (denoted as €”). A single surface mode formed by the two materials at
A = 600nm has a loss value as large as 690.7dB/um, rendering almost any waveguide
built upon such a surface impractical. One of our objectives is to investigate how small
the imaginary epsilon values (¢”) of Ag and Si should be for practical applications.

H_\\{—H. ﬁ )é é .....

£<0
////////

(@ ' )

Figure 1: (a) Schematic diagram of the SPP waveguide. (b) Possible integration of the
near-resonant SPP waveguides.

Figure 1(a) shows a schematic cross-section diagram of one possible waveguiding struc-
ture. The waveguiding interface has finite lateral size (w). The structure can be used to
achieve high-density photonic integration in two dimensions on a planar substrate. Such
an example is illustrated in Fig. 1(b). It should be noticed that several SPP waveguides
which are similar to that sketched in Fig. 1(a) have been reported (e.g. [4]). However few
of the studies have paid particular attention to achieving subwavelength guidance. First,
to make sure the waveguide is single-mode, we calculate the geometric dispersion as a

21C



Eindhoven, The Netherlands, June | I-13,2008 ThPO9

function of the core width w at A = 600nm (Fig. 2, left panel). Mode derivation is done
in COMSOL with an electric-field- and edge-element-based finite element method. The
blue curves (with dots) are the first two modes derived with €’ = 0 for both Si and Ag
materials. The red dots are calculated with €” values reduced to 1% (compared to their
natural values). The mode index changes little when the €” values change from 0 to 1%.
We will show later that when losses are higher, the waveguide is too lossy to be useful.
From Fig. 2, it is seen that the waveguide is single-mode when w < 27nm. We hence take
w = 25nm in our following analyses. The n¢g value is ~15.6 at w = 25nm, which ensures
the mode field is highly evanescent in the cladding regions.

4
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Figure 2: Left panel: Geometric dispersions of first two modes of the waveguide with
respect to w. Loss is assumed to be zero. Red dots: the n.g values when €” values of both
Ag and Si are reduced to their 1%. Right three panels are field plots of the waveguide with
a 25nm-sized core: (a) H, field (min:0, max:1.27); (b) H, field (min:-5.02e-2, max:5.02e-
2); and (c) z-component Poynting vector S, (min:-6.0e2, max:6.2e2). Axis unit: nm.

Mode supported by the waveguide is depicted in Fig. 2(a)-(c). The field does not change
appreciably when the material losses vary from 0 to 0.1 (in fractions of their natural val-
ues). In the cladding regions, the mode field decreases to its 1/e over a ~6nm distance.
Therefore its MFS is approximated to be 37x 12nm?. The mode field has a major polar-
ization along y direction. The z-component of the Poynting vector (S;) shown in Fig. 2(c)
confirms the highly confined energy flow in the waveguide. Notice that, although S, in
Ag region is negative, the net energy flow is positive.

The loss of the waveguide with w = 25nm is then computed as €” values of both Ag and
Si are varied. The result is shown in a contour map in Fig. 3. €” values of both materials
are varied from 107° to 10!, in fractions of their natural values. It is observed that the
waveguide loss is almost equally sensitive to variations in each of the two €” values. In
practice, the requirement of propagation length depends on the application. Here, given
such a tiny circuit cross-section, a loss level of 1dB/um (corresponding to a propagation
length of a few micrometers) could be suitable for a wide range of purposes. A circuit
with over 100 length-to-crosssection aspect ratio permits necessary waveguide bends for
forming basic components (coupler, interferometer etc) and inter-connecting various ports
in a high-density fashion. From Fig. 3, it is shown that both €” values (or equivalently,
conductivities of the two materials) have to be decreased by ~1000 times in order to
have 1dB/um propagation loss. It should be noted that keeping the desired negative €
and decreasing €” will, as dictated by the Kramers-Kronig relations, require either other
(meta)materials than the materials employed here, or possibly low temperature operation.
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Figure 3: Contour plot of the loss values in dB/um when the €” values of both Ag and Si
are varied in fractions of their natural values at room temperature.

Conclusion

In conclusion, we have shown that apart from solely relying on geometrical tailoring,
choosing appropriate materials can be an equally compelling approach for achieving deep
subwavelength mode field size for an SPP waveguide. From practical point of view,
the main concern of such near-resonant waveguides is their relatively high propagation
loss. However, we foresee that once the low-loss metamaterial or loss compensation tech-
nology matures, such SPP waveguides can be potentially useful for constructing exotic
miniature optical devices.
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Abstract - Direct observation of an electric field distribution on a resonant microstrip
line (width:0.5 mm, height:0.5 mm, substrate: stoichiometric LiTaO3) has been carried
out using electro-optic sampling system. The phase velocity of 5.4 +0.25 x 107 m/s has
been estimated from a resonance frequency and an observed wavelength of a standing
wave.

Introduction

Wide expansion of an optical spectrum by deep phase modulation at a high modulation
frequency is essential technique for many electro-optic (EO) light controlling fields, such
as ultrashort pule generation[ 1], comb generation [2], time-to-space mapping of an optical
signal[3] and so on. At a high modulation frequency region, traveling-wave EO modulator
(EOM) has been widely used because of a long interaction length between an optical
wave and a modulation wave. However, since there is so-called velocity mismatching
between the optical wave and the modulation wave in the EO crystal, when the modulation
frequency is as high as over ten gigahertz, the modulation index varies periodically as the
interaction length increases.

To achieve deep modulation at high frequency, quasi-velocity-matching (QVM)[4] with
periodic domain inversion of a ferroelectric crystal is effective technique. In the QVM
technique, phase velocity of the modulation wave should be known so that the period of
the periodic domain inversion can be determined. We calculated the modulation phase
velocity through the empirical formula using relative permittivity [5, 6] which is mea-
sured for other LiTaO3; samples at other modulation frequency so far. The modulation
phase velocity can also be estimated from the |S;;| spectrum of the resonant microstrip
line, however the estimation is largely influenced by the electrode implementation (for
example, the electrical contact between the microstrip line and the connector) and is in-
accurate.

In this paper, we estimate the phase velocity of the modulation microwave of 16 GHz
on the basis of the direct observation of the electric field distribution in the resonant
microstrip line using EO sampling system[7]. Based on the EO sampling system, we
can measure the wavelength of the standing wave precisely. The phase velocity v, is
calculated from measured wavelength of the standing wave A, and resonance frequency

Smasvy, = }\‘mfm

Quasi-velocity-matching

Figure 2 (a) and (b) shows the schematic of the traveling-wave EOM and QVM-EOM,
respectively. To avoid unnecessary complexities, we employ a one-dimensional analysis
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Figure 1: (a) Traveling-wave EOM, (b) QVM-EOM with periodic domain inversion.

for our devices. For a traveling-wave EOM, if the y axis is the direction in which the op-
tical and modulation wave propagate in a virgin (single domain) EO crystal, the variation
of the refractive index induced by an electric field E,, cos(@,t) is obtained at y as

e
An(y,tg) = npy cos(®pty — Zy), (D

where n,, = %n;’\mEm is the amplitude of index changes, 7, is the extraordinary refractive
index of the crystal, Y33 is the EO coefficient of the crystal, and ®,, = 2% f,,. L is a half-
period of the domain inversion for QVM given by L = [2f,,(v;,! — v, )], where v,, is
the phase velocity of the modulation wave, and v, is the group velocity of the optical
wave. Here, we assume that the optical wave arrives at point y = 0 at time ¢ = fg.

For v, > v,,;, the phase shift of light at the position y is expressed as

e—zn/yA (v, 10)dy = ABCOS(@mly — —-) 2)
_7b 0 n\y,lp)dy = mlo 2Ly7
where, A
L ., T
AO = o m sm(iy). 3)

Since the traveling-wave EOM has so-called velocity mismatching between modulation
wave and optical wave, the modulation index |A8| becomes a periodical function of y with
period 2L.

When a traveling-wave EOM has a suitable domain-inverted half-period of L, QVM oc-
curs and accordingly a large modulation index is achieved. In such a situation, phase
retardation Ad(x,7)s given to the light passing through the length of 2ML in a periodi-
cally domain-inverted crystal as shown in Fig. 2(b) is expressed as

2MT (2L
Aq)(x?tO)M:T 0 g(xay)An(yvt())dy, “4)

where A is the vacuum wavelength of the light, g(x,y) is -1 and 1 for domain-inverted
regions and non-domain-inverted regions, respectively.

Figure 2 shows modulation indices of EOM with (a) QVM-EOM, and (b) traveling-wave
EOM (velocity mismatching). The QVM modulation index is almost proportional to the
interaction length though it is lower than perfect velocity-matched condition by a factor
of 2/m.
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Figure 2: Modulation indices of EOM. (a) QVM-EOM with periodic domain inversion,
and (b) traveling-wave EOM (velocity mismatching).

Estimation of the phase velocity of the modulation wave
The half-period of the domain inversion for the QVM is calculated as
1
L= 17
2f m(* - g)

Vm

&)

and it is obvious that the modulation efficiency is directly influenced by the estimation
accuracy of the phase velocity of the modulation wave, v,,, and the group velocity of the
optical wave, v,. Optical group velocity can be measured in relatively high accuracy. It
is important to estimate the phase velocity of the modulation wave precisely to optimize
the operation of the QVM-EOM.

Figure 3(a) shows experimental setup. We fabricated the resonant EOM with stoichiomet-
ric LiTaOj3 substrate. The height of the LiTaOj3 crystal was 0.5 mm. A silver microstrip
line of 0.5 mm width was evaporated on the crystal. The resonant frequency was 15.91
GHz. The pulsed fiber laser ( repetition rate: 40 MHz) was used for probe pulses. The
beam spot size was about 80 um. The CdTe crystal was used for the EO sensor. We
scanned the probe beam in the y direction and measured electric field profile of the reso-
nant standing wave.

Figure 3(b) shows a typical experimental result. From the amplitude distribution of the
standing wave, the resonant half- wavelength was determined as A,,/2 = 1.7 mm. Con-
sequently, the phase velocity can be calculated as v,, = 5.4 x 10" m/s. By measuring A,,
for four times at different position of the microstrip line, we estimated the phase velocity
as vy, = 5.44+0.25 x 107 m/s. The half-period of domain inversion of L = 2.95 mm can
be derived from the phase velocity of v,, = 5.4 x 107 m/s. If the v,, = 5.4 x 107 m/s is
correct value rather than the v,,, = 5.3 x 107 m/s, which is used in our former experiment,
improvement of about 10% of the modulation index can be expected.

Conclusion

We have estimated the modulation phase velocity in the QVM-EOM by direct observation
of the electric field of the resonant standing wave using EO sampling system. The phase
velocity of v,, =5.4+£0.25 x 107 m/s has been estimated.
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Figure 3: (a)Experimental setup. (b) Measured electric field for modulation frequency of
15.91 GHz.
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Abstract. Optical properties of rare-earth ions incorporated into channel waveguides
can be used as optical probes to investigate the characteristics of the waveguides by
using sub-micrometric resolved confocal fluorescence imaging. In this work,
luminescence together with Raman spectroscopy, have been used to evaluate waveguides
fabricated by different procedures in LiNbOs crystals.

Introduction

LiNbOs; is a well established material for integrated optics applications [1] due to its
electro-optical, acousto-optical and nonlinear properties and to the availability of well
developed techniques to fabricate low-loss channel waveguides. The incorporation of
active ions, frequently rare-earth ions (RE), allows the fabrication of photonic devices
such as integrated lasers and amplifiers [2,3]. For those applications, the channel
waveguide characteristics and the modifications that the fabrication procedures induce in
the LiNbO; lattice are of great relevance. This has motivated a wide activity in that field
throughout the last years, although the details of the lattice changes induced by the
different procedures used for waveguide fabrication are not completely understood yet.
Along this line, it has been recently demonstrated that confocal micro-luminescence can
provide direct and precise information on the local properties of the material [4-6].

In this work, different optical techniques (continuous wave, time resolved luminescence,
as well as Raman spectroscopy) have been used in a confocal configuration, in order to
characterize the diverse micro-structural modifications induced by the different
waveguide fabrication procedures. As optical probes, Tm®* and Nd** ions have been
selected because of their intrinsic interest as active photonic ions with applications in
fields such as surgery, optical communications or remote sensing, as well as due to the
availability of suitable optical transitions highly sensitive to the host surroundings.

Experimental

Z-cut samples of LiNbO; doped with rare-earth ions (Tm®" or Nd**) have been used in
this work as substrates to create channel waveguides. Different channel widths (w) are
defined by a previous standard ultraviolet lithography, using a suitable silica mask.

Two fabrication procedures have been used: reverse proton exchange (RPE) and Zn-
indiffusion. The RPE waveguides are obtained by a proton exchange process in benzoic
acid at 300 °C during 14.5 hours in a sealed ampoule, followed by a reverse ionic
exchange, in which the sample was immersed in a mixture of Li/Na/K nitrides at 350 °C
during 38.5 hours. This procedure creates two different waveguides, each one confining a
different propagating mode: an ordinary waveguide (TE propagating mode) close to the
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surface and an extraordinary waveguide (TM propagating mode) buried below the
ordinary one, in the region where protons remain after the whole process.

In the Zn-diffusion technique the substrate is heated to 500 °C during 2 hours in a
metallic Zn atmosphere, creating a rich-Zn layer on the sample surface. Then the sample
is heated to 850 °C for 4 hours. This facilitates the diffusion of Zn>" ions from the surface
to the bulk creating a waveguide that confines both, extraordinary and ordinary,
polarization modes.

To investigate the changes that the index modifiers, namely protons or Zn*" ions, are
causing to the LiNbO; substrate, confocal micro-luminescence experiments were
performed using an Olympus BX41 fiber coupled confocal microscope. Excitation of the
dopant ions is performed using either a continuous argon laser or an 808 nm diode laser
(LIMO GmbH). The excitation beam was focused on the sample surface by means of an
x100 achromatic microscope objective (NA 0.9) down to a 0.6 and = 0.8 um spot size
for the case of Argon and diode pumping, respectively (Figure 1). To separate the
excitation beam and the sample luminescence, a Notch filter was used. The fluorescence
was focused into a fiber-coupled high resolution spectrometer (SPEX 500M).

The reference system used all along this work is sketched in Figure 1. The x-axis stands
for the direction parallel to the sample surface, while the y-axis stands for the depth,
being the origin of the coordinates located on the LiNbOj; surface, in the middle of the
mask opening. To control the samples position, they were situated onto an XY motorized
with 0.1 um spatial resolution stage that allows the possibility of mapping fluorescence
properties such as intensity, spectral position and bandwidth of the emission bands.

For lifetime measurements, the collection fiber was connected to a photomultiplier tube
and the generated signal was averaged and recorded by a 500MHz Lecroy digital
oscilloscope.

I Excitation

Laser Source Fig. 1: Confocal microscope schematically

I represented showing the experimental setup

and a cross section view of the sample with

the silica mask channel opening. The

reference axes used in this work, x and y, are
X represented.

Microscope LiINbO,
Objective y

: M Detail of the sample

Sample
%

y

Results

Figure 2 shows the micro-fluorescence spectra of the Tm3+:3H4 > 3H6 and the Nd3+:4F3/2
-> 419/2 transitions. Those transitions have been selected as probes to characterize the
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possible local lattice changes of the sample, produced during the waveguide fabrication,
due to their high intensity and high sensibility to the host surroundings.

I

Tm | Nd" |

Fig. 2: Micro-fluorescence spectra
of the Tm>": H, > 3Hy and the
Nd3+Z4F3/2 > 4]9/2 transitions. The
arrows point to the peaks selected
to be used as probes for the local
changes induced in the material.
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Reverse proton exchange waveguides:

Previous works ensure that proton exchange waveguides show a noticeable change in the
luminescence lifetime of the dopant levels, being the de-excitation faster in the
waveguide than in the bulk [7]. Confocal experiments in Nd**-doped LiNbO; RPE
waveguides confirm those results (Figure 3a), and add the possibility of monitoring the
lifetime value at any position within the waveguide and its surroundings, which could
bring a further understanding of such lifetime reduction. A scanning through the sample
edge confirms the correlation between lifetime reduction and the density of protons in the
waveguide. The buried waveguide defines a minimum lifetime, located 6 um below the
surface and a Gaussian-shaped distribution along the x-axis as depicted in Figure 3b (full
circles).

1

g ———— s : : "
5 e Bulk E - 195
£ * Waveguide % -
< € ? e ° %0 &
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Fig. 3: (a) Lifetime value of the “F5,, energy level of Nd*" ions inside and outside the RPE waveguide (w =
17 um). (b) *F5, lifetime as function of x position (full circles) and calculated proton density in the same
positions.

This mapping and modifications can also be tracked by following the luminescence
associated to the 4F3/2 > 419/2 transition where protons induce a blue-shift of the main
peak energy position (about AE ~ 0.8 cm™ [5]). Both spectral shift and lifetime reduction
are in complete agreement with proton distribution.

Zn-diffusion waveguides:

The energy shift of RE luminescence transitions have been also detected following the
luminescence of Nd** and Tm**-doped LiNbOs. In this case it has been observed that the
luminescence peak is shifted to higher or lower energies depending on the depth (v
distance). Figure 4 shows the results obtained for a waveguide (w = 10 um) in
Tm®":LiNbOs, measured along x-axis and y-axis directions, and quantifying different
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spectroscopic characteristics. It can be seen how the luminescence intensity (a), the
energy position of the peak (b) and its width (c) have a noticeable spatial dependence in
the waveguide region. The energy position of the luminescence peak (Figure 4b) is blue
shifted in a buried region (around 3 pm depth) surrounding a central section in which the
shift is in the opposite direction. According to previous works [4], this can be understood
in relation with the lattice modification of the substrate, indicating a contraction of the
lattice in the waveguide surface, surrounded by a lattice-dilatation zone in the deeper
regions. In Figure 4c, the width of the main luminescence peak is mapped, showing that
in the red-shifted region there is also a broadening of the peak, indicating a higher
disorder in that region.

Fig. 4: Tm’®* luminescence dependence on position of: a) the luminescence intensity at 795 nm, b) energy
position of the peak and c) peak width.

Those lattice modifications can be also detected by means of Raman spectroscopy, using
the same confocal geometry. In particular, the 504 nm LiNbOs; Raman peak, measured
under ZZ polarization, has been used for that purpose.

Acknowledgements

This work has been partially supported by the Ministerio de Educacién y Ciencia, under
project MOISES (MAT2005-05950), Comunidad de Madrid under project
MICROSERES-CM (S-0505/TIC/0191) and UAM-Grupo Santander under project
MINAS-2007. E. Martin Rodriguez and M. Quintanilla are supported by FPU program
from Ministerio de Educacion y Ciencia (AP2006-02795 and AP2005-0763).

References

[1] V. Pruneri, “Integrated electro-optic modulators in micro-structured LiNbO;”, Invited Talk ECIO"08.

[2] E. Lallier, J. P. Pocholle, M. Papuchon, C. Grezes-Besset, E. Pelletier, M. De Micheli, M. J. Li, Q. He
and D. B. Ostrowsky, “Laser oscillation of single-mode channel waveguide in Nd-MgO-LiNbO;”,
Electron. Lett., 25, pp. 1491-1492, 1989

[3] B.K. Das, H. Suche and W. Sohler, “Single-frequency Ti : Er : LiNbOj; distributed Bragg reflector
waveguide laser with thermally fixed photorefractive cavity”, Appl. Phys. B, 73, pp. 439-442, 2001

[4] V. Dierolf and C. Sandmann, “Confocal two photon emission microscopy: a new approach to
waveguide imaging”, J. Lumin., 102-103, pp. 201-205, 2003.

[5] D. Jaque, E. Cantelar and G. Lifante, “Lattice micro-modifications induced by Zn diffusion in
Nd:LiNbO; channel waveguides probed by Nd** confocal micro-luminescence”, App. Phys. B, 88,
pp. 201-204, 2007

[6] E. Martin-Rodriguez, D. Jaque, E. Cantelar, F. Cussd, G. Lifante, A.C. Busacca, A.C. Cino and S.
Riva Sanseverino, “Time resolved confocal luminescence investigations on reverse proton exchange
Nd:LiNbOj; channel waveguides”, Opt. Express, 15, pp. 8805-8811, 2007

[7] F. Cusso, G. Lifante, J.A. Muiloz, E. Cantelar, R. Nevado, A.Cino, M.P. de Micheli and W. Sohler,
“Spectroscopic investigation of proton exchanged Er-doped LiNbO; waveguides”, Rad. Eff. &
Defects in Solids, 155, pp. 217-221, 2001

22(



Eindhoven, The Netherlands, June | I-13,2008 ThPI12

Carrier Transport Effects in Multi Layer
Quantum Dot Lasers and SLDs

M. Rossettil, P. Bardellal, M. Gioannini' and I. Montrosset'

! Dipartimento di Elettronica, Politecnico di Torino, Turin, Italy
mattia.rossetti @polito.it

Abstract. Influence of carrier diffusion in the separate confinement heterostructure
(SCH) region and carrier capture by each quantum dots layer (QDL) in quantum dot
lasers and SLDs is studied with a modified rate equations model. We perform the static
analysis of several Dots-in-a-Well lasers and SLDs with different numbers of QDLs.

Introduction

In the last years, semiconductor Quantum Dots (QD) lasers and SLD have shown im-
proved performances as compared with Quantum Well (QW) devices i.e. lower thresh-
old currents and reduced temperature sensitivity.

Carrier transport effects in Multi-Quantum-Well (MQW) lasers have been widely stud-
ied in the past decade. The effect of transport and capture times on threshold current,
quantum efficiency [1-2], modulation bandwidth [2-3] and large-signal responses [2]
have been clearly demonstrated both experimentally and from simulations.

In QD based devices these effects are expected to be considerably greater. The presence
of deeper localized QD states considerably reduces the escape rates from the confined
states to the SCH bulk states, increasing therefore the non-uniformity between the carri-
ers concentrations in each QDL. Inhomogeneous carrier distribution in the QDLs is ex-
pected to limit the performances of structures with a large number of QDLs.

We developed a time-domain rate-equation-model able to resolve carriers concentra-
tions in each QDL and in the SCH region. The model considers carrier diffusion across
SCH region, carriers relaxation in the confined states and thermionic emission from
confined states. Three confined QD states (GS, ES1, ES2) are included.

In the following, a brief description of the model is given and then its application to the
analysis of static properties of DWELL lasers with different number of QDLs is shown.
Performances of multi layer SLDs when the number of QDL is changed are presented.

Description of the model

Carrier transport in QD lasers and SLD with an arbitrary number of QDLs is described
via a rate equations based model, shown in figure 1.

In order to resolve carrier and photon densities variations along the waveguide in SLD
structures, the cavity is divided in many slices in the propagation direction (z axis in
figure 1) and a travelling wave (TW) method is applied.

Three populations of photons associated to GS, ES1 and ES2 transitions are considered.
Each population is then subdivided in forward and backward propagating waves.

The spatial and temporal evolution of the photon number inside the cavity is therefore

. . [z e, (0L ()@~ oo (Z)JAZ
obtained as S;(ziAz)zS;(z)e ! +S“p’k(z), where subscript k

represents GS, ES1 and ES2 photon populations; subscript / goes from 1 to the total
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number of QDLs; S, and S are forward and backward propagating photons associated
to the k™ population; g is the material gain for the k™ population calculated via the car-
rier occupation probability in the k™ QD state, p; FX’)_ is the confinement factor in the /™

QDL; ¢; and «

asma A€ TESPEctively internal and plasma losses; and S, , is the spon-
taneous emission rate in section z. Slice width Az is related to the simulation time step
At via the photons group velocity; Ar is chosen to be much smaller than the transition

times involved in carrier rate equations in order to ensure a proper simulation accuracy.
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Figure 1 Schematic of the TW rate equation model: a 3D view of the optical cavity with forward and
backward propagating waves is shown. The upper inset shows the energy level scheme in the direction
perpendicular to the heterostructure (x axis) used to model carrier diffusion across the SCH [3]. Capture
and escape times are reported. Wetting layer (WL) and QD states energies are shown. Intra-band transi-
tions times between QD energy states, radiative and non-radiative recombination times are here omitted.

Carrier dynamics is described with a complex set of rate equations. Charge neutrality in
each QDL layer is assumed. We suppose the dynamics to be dominated by holes, having
an effective mass much bigger than the electron one. This simplification allows us to
considerably increase the computational efficiency of the model.

In order to model carrier diffusion across the SCH, we define a set of fictitious gateway
states spatially distributed across the SCH [3] as shown in figure 1. Carrier diffusion
between two adjacent gateways is modelled via an effective diffusion time

Tug = Ax*/2D, where Ax is the barrier width and D, is the diffusion coefficient. The
diffusion rate between the i" and j™ SCH state is calculated as R, = (Nb i—N, b,.)/ Thy -

Carrier relaxation in the two dimensional WL states is modelled via an effective capture
time 7. The escape time 7, is calculated from the capture time assuming no net transi-
tion rate at thermodynamic equilibrium.

Carrier dynamics in confined QD states in each QDL is described using a set of 4 rate
equations (one for each confined state) for each QDL. This allows to resolve carrier dis-
tribution in each QDL. Intraband relaxation rates, non-radiative and Auger recombina-
tion as well as radiative recombinations are considered in each equation.
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P-I characteristics of multi layer QD lasers

We apply the model to the P-I characteristic analysis of Dots-in-a-Well (DWELL) lasers
with large SCH regions (about 1250 nm) and various number of QDLs. Figure 2a shows
P-I curves obtained for structures with 6, 12 and 15 QDLs. An abrupt jump in the P-I
characteristic of the 15 QDL structure appears just above threshold. This behaviour has

been experimentally measured in many QD lasers with similar structure.
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Figure 2 a) Calculated P-I characteristics for 6 QDL, 12 QDL
and 15 QDL structures. All the devices are 3 mm-long. b-c) GS
occupation probabilities versus current in the various layers (x
axis is the direction perpendicular to the heterostructure growth
plane) for 6 QDL and 15 QDL structures respectively. Above _
threshold, photons pumping in the QDL far from the carriers )

170
injection side is clearly shown in the 15 QDL structure. cpm I [mA]

Occupation probabilities p

The explanation of this effect can be obtained representing the occupation probabilities
in the various QDL for the GS and the ESs. Figure 2b shows the GS occupation prob-
ability versus current in each QDL for the 6 QDL structure. The occupation increases in
all the layers up to the threshold current (41 mA) and is significantly greater in the layers
closer to the carrier injection side (p-side). These layers are almost saturated for the GS,
while the last ones are just above transparency. Above threshold only a small change in
the occupation probability takes place due to photons absorption in the last layers. In the
case of the 15 QDL structure (figure 1c) the carrier density grows up to the threshold
(around 168 mA) but strong carrier redistribution takes place among the layers just
above threshold. In the layers far from the injection side, the GS is initially below trans-
parency. However when the laser turns on, the photons generated by the more populated
layers can pump the carriers of the last layers (photon pumping) which can reach the
transparency. This behavior determines the slope discontinuity in the P-I characteristic.

Multi layer QD SLD

Multi layer QD SLDs with output power of several mW and about 100 nm optical band-
width have been recently realized. In QD SLDs maximum modal gain is generally lower
than in QW lasers, due to strong Pauli blocking effect in the QD states. In order to get
considerable output powers, structures with a high number of QDLs must therefore be
considered. It has been showed that increasing the number of QDLs up to 10, output
powers can be considerably increased. In SLD structures with 10 QDLs, output power
about 10 times greater than in an equivalent 5 QDLs structure has been obtained [4].
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However carrier transport effects can represent a limit in the maximum number of QDLs
useful to optimize SLD performances. Here we present a comparison between three 4.5
mm-long QD SLDs with 6, 12 and 15 QDLs respectively.
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Figure 3 a) P-I characteristics for 4.5-mm-long SLDs with 6, 12 and 15 QDLs. b-c) ES1 occupation
probabilities versus current in the various layers for 6 QDL and 15 QDL structures respectively.
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Figure 3a shows the P-I characteristic of each structure. Circle and asterisk in the 6QDL
SLD curve represent Pgs = Pgs; and Prgs; = Pgso regimes.

In structures with 12 and 15 QDLs, the output power is considerably lower and a strong
shift of the Pgs = Pgs; regime occurs so that GS power is the main contribution to the
total power for a wide range of currents. Figures 3b and 3c show ES1 occupation prob-
abilities vs current in each layer for the 6 and 15 QDL SLDs. In the 15 QDL structure a
strong non-uniformity between the ES1 occupation probabilities in the different layers
occurs. Even if QDLs closer to the injection side are almost saturated, ES modal gain is
quenched to very low values, considerably limiting the SLD output power.

Conclusions

Carrier transport effects in multi layer QD lasers and SLDs can be modeled with a trav-
elling wave rate equation model; using this model static behavior of lasers and SLDs
with different number of QDLs can be analyzed and performance limitations due to car-
rier transport effects can be underlined. Lasers with a high number of QDL (15) show
abrupt jumps in the P-I characteristics at threshold and the differential efficiency is not
considerably increased compared with 6 QDL lasers. Increasing the number of layers up
to 15 in SLD structures the output power is considerably reduced due to the strong non-
uniformity of carrier concentrations in each QDL.

This project was supported by the IST NanoUBSources European Project
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Abstract. An investigation and optimization of silicon-on-insulator nanometer slot
waveguides for nonlinear applications is proposed by using a novel iterative
calculation method.

Introduction

The actual use of existing CMOS-compatible technologies enables Silicon Photonics to
exhibit many advantages with respect to III-V semiconductors in terms of high-density
integration of photonic devices [1]. At the same time, some kinds of nonlinear optical
effects have been observed in silicon waveguides, leading to focus significant attention
on device applications using third order optical nonlinearity [2]. Recently, the
possibility of guiding light in a low refractive index medium of a waveguide by total
internal reflection has been proposed and demonstrated [3] due to an innovative
structure, well known as a Silicon-on-Insulator (SOI) slot waveguide, as in Fig. 1(a). It
is constituted by two silicon wires spaced by a nanometer low index region (called
either slot or gap region), and confined by a silicon oxide layer (SOI substrate). The
discontinuity of the electric field on the high index contrast interface between slot and
wires causes a high confinement factor in the slot region for quasi-TE mode, whose E,
component is orthogonal to the interface. Using slot waveguides, a great variety of
optical devices has been recently proposed and fabricated, including sensors [4]. In such
an ultrasmall waveguide, the light intensity is considerably larger than that of
conventional optical waveguides, giving a dramatic enhancement of nonlinear optical
effects. A stationary modal analysis of nonlinear slot waveguides is presented in this
work by a full-vectorial 2D finite element method (FEM) [5], using at least 100,000
triangular mesh elements.

To calculate the nonlinear effective index of quasi-TE mode, an iterative method based
on FEM has been implemented and compared with a different approach in literature [6].
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Fig. 1.(a) SOI slot waveguide scheme; (b) quasi-TE electric field and (c) nonlinear index.
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Our method consists of solving the full vectorial e.m. wave equation and, then, deriving
the refractive index in each region as:

PRV
n=n, [1+’1ZZ|—E|] (1)

where Z; is the free-space impedance, and ny and n, are the linear and non linear
refractive indices for each region, respectively. Then, new values of effective index and
field distributions are calculated and new refractive index evaluated again by Eq. (1).
This iteration is repeated until a fixed effective index tolerance has been reached. The
correctness and applicability of the described method has been verified and proved by
comparing with other results [6] in terms of nonlinear effective index. The guiding
structure used for comparison is a SOI slot waveguide with silicon wires and SiO,
cover, while the slot (gap) region is filled with silicon nanocrystals (Si:nc), which allow
a larger value of n; than SiO, to be obtained. The physical and geometrical parameters
include silicon wire index 3.48, cover and buried oxide index 1.46, slot region index
1.46, slot width 100nm, wire width 200 nm, waveguide height 250 nm, nonlinear index
of silicon nanocrystals in slot region 10™'® m*/W , operative wavelength 1550 nm. The
nonlinear index has been considered only in the slot region, while all the other materials
are assumed as linear, as in [6]. Moreover, the tolerance on successive iterative steps
was assumed as 10, in order to ensure a sufficient accuracy for the effective index
convergence without excessive time consuming. After setting the simulation
parameters, modal analyses for estimating the quasi-TE effective index versus input
power have been performed.

Numerical results
As an example, the graphs in Fig. 1(b-c) show the field distribution module |E'| for a

linear waveguide (i.e. n> = 0), and the nonlinear refractive index in gap region, as given
by Eq. (1), respectively. A linear effective index of 1.728703, in very good agreement
with 1.729706 given in [6], has been evaluated. Calculation of quasi-TM mode shows
an effective index of 1.755593, very similar to 1.755922 [6]. In Fig. 2 the convergence
of iteration method is sketched. Clearly the number of iterative cycles, required to reach
the fixed tolerance, depends on the input power P. In fact, six cycles are needed for
n,"P=0.01 pm?’, while the cycles are up to 23 for n," P =0.04 pm’. After the final

nonlinear effective index »j is found, the nonlinear phase shift per unit length is

calculated as:
2r
Ag,, = /l—(”]fva gy ) @
0

where nfﬁ is the linear effective index and Ag,, stands for a phase change depending

lot

on nonlinear material in the slot region. Then, Ag,, versus product n,°P has been

lot
compared with results in [6], as illustrated in Fig. 2(b). It can be noted a remarkable
agreement at low input powers. In fact, the graphs are substantially identical for

nP<0.02 um’, but the other method tends to overestimate Ag,,, when 7P >0.02
um?. In fact, our phase difference is 13% smaller than in [6] for n,'P=0.04 um?. This
result is satisfactory, because larger input powers are unlikely due to possible optical
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damage and necessity of high quality light sources with large intensity.
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Fig. 2.(a) Quasi-TE effective index versus iteration cycles for various 7P (tolerance 10™*); (b) nonlinear

phase difference per unit length versus n,°P : by our method and as in [6].

The above results are relevant to a medium nonlinearity only in the slot region, i.e.
where the transversal electric field of quasi-TE mode is at least one order of magnitude
larger than in the other regions. Although only a slight influence on the guided field is
expected, nonlinearities are to be considered in the whole domain, allowing a more
accurate analysis of nonlinear phase change Ag,,, to be carried out, closer to real case.

For instance, Ag,,, is defined as in Eq.(2) including nonlinearities in each material and

Si:nc nonlinear index 3-10""" m?/W [7]. Then, the results show a linear increase of
Ag,,, with increasing the input power, the slope varying with geometrical parameters

(slot width, wire width and height). However, the trend of Ag,,, as a function of

waveguide height /# and wire width wy, is surprisingly different from that expected.
Results can be seen in Fig. 3(a-b) in terms of nonlinear phase shift and effective area
(Aep) versus h and wy, being 4. defined as [8]:

) [ i[ﬂE(x, v) dx aryj2

- “|E(x,y)|4 dx dy

slot

It can be observed the different trend of linear effective area and nonlinear phase shift
versus both width and height of silicon wires. In fact, w;, values giving maxima of
Ag,,, do not correspond to those for A, minima. For example, for #=300 nm minimum

(€)

C/

Ay occurs for w, = 210nm but, for the same value of 4, the maximum of Ag,, is
obtained for w;, = 190nm. Furthermore, while the effective area decreases with #,
nonlinear phase shift shows a maximum in correspondence of wire height # = 300nm.
Thus, it can be deduced that Ag,, is only partially influenced by the optical field

confinement in the gap region. These simulation results can be fitted by a third order
polynomial function. Our results demonstrate that an effective area minimization is not
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a correct criterium for nonlinear applications, although usually used for linear devices.
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Fig. 3. (a) Quasi-TE mode nonlinear phase shift and (b) effective area as a function of silicon wire height
and width (w, = 100 nm).

Finally, the largest nonlinear response of a SOI slot waveguide, approaching 0.2
rad/pum, can be achieved with w; = 190 nm and # = 300 nm, assuming a technological
limitation on the slot width as w, = 100 nm.

Conclusion

An optimization of nonlinear behavior of silicon nanometer slot guiding structures is
presented in this work. A different behavior between effective area and nonlinear phase
shift versus waveguide sizes has been demonstrated for quasi-TE mode when silicon
nanocrystals are used as nonlinear material. Finally, taking into account the
technological limitation on slot width, the slot geometrical parameters have been
optimized to achieve the maximum nonlinear shift.
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Abstract: The new passive polarization rotator in the near-Z-axis anisotropic graded
index Ti:LiNbO; channel waveguide has been investigated by 3D beam propagation
method (BPM). The polarization conversion from quasi-TE to quasi-TM guided modes
(and backwards) along the 8 mm long waveguide with an index contrast 0.015 has been
numerically demonstrated.

1. Introduction

A great number of investigations are devoted for studying the anisotropic graded index
waveguides in lithium niobate (LiNbO;.). It was shown that optical guided modes are
strongly hybrid [1]. By means of artificial anisotropy induced by external electric-field
the polarization conversion had been demonstrated in Z-axis directed channel
waveguides [2]. It was shown that at near-Z-axis propagation direction the hybrid quasi-
TE and quasi-TM guided modes could have a circular polarization [3-6] with opposite
directions of rotation. Nevertheless it is very interesting to construct the polarization
rotator also in passive LiNbO; structures. It is possible [5, 6] as the input linear
polarization could be rotated during the light propagation along the anisotropic channel
waveguide by means of two hybrid modes that have different effective indexes and
opposite directions of rotation for their circular polarizations. This effect of polarization
conversion/rotation in anisotropic graded index channel waveguides has been studied in
this paper for the first time by full-vectorial 3D beam propagation method (BPM) [7].

2. Simulated results and discussion

The polarization rotation has been examined for different input linear polarizations and
directions 0 of the channel waveguide related to the crystallographic Z-axis on Y-cut
LiNbO;. The waveguide width is w= 13 pum, waveguide height is 2 = 2.4 um, maximum
refractive index contrast in the diffused waveguide is An = 0.015, substrate main
refractive indices are N, = 2.138 and N, = 2.212. All these parameters are relevant to a
Ti-diffused LiNbO; waveguide simulated example [7] at the optical wavelength 1.55 pm.
However, for simplicity we use the same value An for both extraordinary and ordinary
increases of refractive indices.

In order to study the effect of polarization rotation in the near-Z-axis channel anisotropic
waveguides (0 # (), we use the optical fields of quasi-TE or quasi-TM polarizations as
input, then examining by BPM the optical wave propagation through the anisotropic
waveguide by determination of the overlap integral of the resulted field with the
distribution of quasi-TE and quasi-TM modes determined for 6 = 0.

Typical behaviour of optical waves propagated along the diffused channel waveguides
directed at angle 5.27° is shown in Fig. 1 for the case of incidence of quasi-TE
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fundamental mode. The left part of Fig. 1 shows propagation of quasi-TE mode along
the waveguide. The right part of the Fig. 1 presents power amplitudes of the both quasi-
TE and quasi-TM guided modes.

Pathway,
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Fig. 1. 3D BPM simulation of polarization conversion in the near-Z-axis anisotropic
channel waveguide directed at angle 6 = 5.27°. Input polarizations: quasi-TE.

Z (um)

One can see that the incident quasi-TE fundamental mode has to change the polarization
to quasi-TM mode, while propagating along the waveguide. This effect of polarization
rotation/conversion in an anisotropic channel waveguide could be explained in the
following way [5, 6]. The incident optical beam excites two hybrid guided modes of
circular polarization. Because of the phase delay due to the difference of effective
refractive index of these modes, their superposition produces different polarization of the
resulting field at the waveguide end, depending on the propagation length L.

It is worth noting that it has been impossible to achieve a constant level of the total
power due to simulation problems, typical for the full-vectorial 3D BPM that currently
works only under paraxial approximation [7]. Nevertheless, for our particular
waveguides with the small index contrast, this method could be also applied for the near-
Z-axis waveguides (0 < 7°) but at the expenses of the non constant level of the total
power. However, this effect can be corrected by a simple power normalization procedure
by means of the correction coefficient K¢ to the monitor values for quasi-TM and quasi-
TE modes. Results of this power normalization are presented in Fig.2. It is easily seen
that, at optimal length L, = 7.8 mm, this anisotropic channel waveguide produces a 90°
rotation of the incident linear polarization from quasi-TE to quasi-TM (see Fig. 2a) or
from quasi-TM to quasi-TE (see Fig. 2b).

The influence of waveguide orientation in the vicinity of the optimum angle 6, has been
investigated by the power transmittance analysis for quasi-TE and quasi-TM modes
passing through the 7.8 mm long anisotropic channel waveguide. This length is close to
the optimum for the 90-degree rotation, thus the input polarization has been chosen to
have the quasi-TE orientation. As a result, at optimum direction 6, of the channel
waveguide we have the maximum power transmittance for quasi-TM and the minimum
transmittance for quasi-TE mode, respectively. Results of these simulations are presented
in Fig. 3.
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Fig. 2. Normalized results of 3D BPM simulation of power transmittance 7 in the near-
Z-axis anisotropic channel waveguide directed at angle 8= 5.27°. K- = 1.636.
Input polarizations: (a) quasi-TE; (b) quasi-TM.
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Fig. 3. 3D BPM simulation of polarization conversion from quasi-TE to quasi-TM mode
at different angle 6 relative to Z-axis in Y-cut Ti:LiNbO3. L, = 7.8 mm. (a) quasi-TE;
(b) quasi-TM.

One can see that the anisotropic channel waveguide in LiNbO; is working as the good
polarization rotator only within a small angle range, A8 ~ 0.1°, centered around the angle
6y = 5.27° related to Z-axis. For another waveguide parameters, the optimal angle 6, is
different from this one but the optimum range A8 is of the same order of magnitude. In
general, the larger difference between the effective indices of fundamental quasi-TE and
quasi-TM modes (measured along Z-axis), then the larger optimum value of the angle 6,
and the smaller length of the total polarization conversion.

The proposed optical element for the polarization conversion has the high extinction
ratio (larger than -20 dB) in a wide transmitting band ~ 80 nm (see Fig. 4) that is very
important for practical applications. For example, this polarization rotator/converter can
be applied with the polarization splitter for the polarization diversity of the multiple
photonic devices that can be monolithically integrated in lithium niobate substrate.
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Fig. 4. 3D BPM simulation of polarization conversion from quasi-TM to quasi-TE mode

at different optical wavelengths in the near-Z-axis anisotropic channel waveguide

directed at angle 6= 5.27°. Ly= 7.8 mm. (a) quasi-TE; (b) quasi-TM.

3. Conclusions

This paper describes the results of theoretical investigation of the novel passive (without
external electric filed) integrated optics polarization rotator/converter based on the near-
Z-axis anisotropic graded index Ti-diffused channel waveguide in LiNbO;. The device
operation is based on the hybrid nature of guided modes in 3D anisotropic waveguide.
The effect of polarization conversion/rotation has been studied by the full-vectorial 3D
beam propagation method. It has been found that at particular waveguide direction
(about 5° related to Z-axis of ¥Y-cut LiNDbOs), the condition of total polarization
conversion from quasi-TE to quasi-TM mode (and backward) can be obtained by using a
waveguide with index increase 0.015 and total length about 8 mm. This optical element
could find the wide applications for the polarization diversity of photonic devices
monolithically integrated in the LiNbO; substrate.

Acknowledgments
The authors thank Company RSoft Design Group, Inc. for providing user license for
Rsoft Photonic CAD Suite 8.0 including BeamPROP software [7] for BPM simulations.

References

[1] J. Ctyroky, M. Cada, “Generalized WKB method for the analysis of light propagation in
inhomogeneous anisotropic optical waveguides,” IEEE J. Quantum Electron. vol. 17, pp. 1064—
1070, 1981.

[2] T. Kawazoe, K. Satoh, I. Hayashi, and H. Mori, “Fabrication of integrated-optic polarization
controller using Z-propagating Ti-LiNbO; waveguides,” J. Lightwave Technol., vol. 10, pp. 51—
56, 1992.

[3] E.M. Zolotov, V.A. Kiselev, V.M. Pelekhaty, A.M. Prokhorov, V.A. Chernykh, E.A. Sherbakov,
“A Study of Anisotropic Optical Diffuse Waveguides in LiNbO3,” Quantum Electron. (Rus) vol.
S, pp. 1379-1381, 1978.

[4] E.A. Kolosovsky, D.V. Petrov, A.V. Tsarev, I.B. Yakovkin, “An exact method for analyzing light
propagation in anisotropic inhomogeneous optical waveguide,” Opt. Commun. vol. 43, pp. 21-25,
1982.

[5] J. Ctyroky, "Analysis of polarization effects in near-Z-axis Ti:LiNbOs devices," J. Opt. Commun.,
vol. 14, pp. 32-38, 1993.

[6] Andrei V. Tsarev, New compact polarization rotator in anisotropic LiNbO3 graded-index
waveguide, Optics Express, vol. 16, pp.1653-1658, 2008.

[7] BeamPROP from RSoft Design Group, Inc , http://www.rsoftdesign.com.

23z



Eindhoven, The Netherlands, June | I-13,2008 ThPI15

Sm* doped polymers for planar optical waveguide
amplifiers

L.H. Huang, K.C. Tsang, and E.Y.B. Pun

Department of Electronic Engineering, City University of Hong Kong
Tat Chee Avenue, Kowloon, Hong Kong

Abstract Samarium (Sm’") doped SUS8 polymer materials were synthesized and
characterized. Intense red emission at 645nm was observed under 355nm laser
light excitation. Spectroscopic investigations show that the doped materials are
suitable for the realization of optical waveguide amplifiers.

Introduction

Organic polymer materials have many advantages over inorganic materials in the
fabrication of active and passive optical waveguide devices [1]. Moreover, many
polymer materials are transparent across the low-loss visible wavelength windows of
polymer optical fibers (POFs) which are being used in local area networks and
short-haul communications [2]. These properties make polymer materials attractive
for use in optical waveguide devices that can be readily deployed with POFs, e.g.
planar waveguide amplifiers to compensate losses in splitters, multiplexers, switches,
and so on. The first organic-dye-doped POF amplifier was reported in 1993,
however, cw operation has not been demonstrated due to triplet losses [3]. On the
contrary, rare earth ions as amplification media do not suffer from triplet loss and
exhibit many advantates, such as steady fluorescence and longer metastable
lifetimes, making them suitable for cw operations.

The optical properties of Sm(BTF)4P-doped acetone-ds [4], Sm(HFA)sNets doped
PMMA-dg and Sm(BTF)4P doped PMMA [5], and Sm(DBM);(TPPO), doped
PMMA [6] were studied. Numerical simulations showed that optical gain higher
than 20dB can be realized [4,5].

In this paper, spectroscopic investigations on Sm(TTFA); doped SU8 polymer films
were carried out. Intense red emission at 645nm was observed in the doped polymer
films under 355nm Nd:YAG laser light excitation, and doped polymer channel
waveguides were fabricated using a simple UV exposure process.

Experimental

SUS polymers are electron beam and UV light sensitive materials, and were chosen
as the host materials due to their high sensitivities and negative tone properties [7].
Sm(TTFA); doped polymers were prepared by adding Sm(TTFA)s; organic
complexes into SU8 polymers directly, and the complexes dissolve readily at room
temperature. Polymers doped with 1, 2, 3, 4 and 6 wt% Sm(TTFA); complexes were
prepared and spin-coated on quartz substrates, and the film thicknesses were ~2um.
The absorption spectra were recorded using a UV-VIS-NIR Perkin-Elmer A9
spectrophotometer. The emission spectrum and lifetime measurements were carried
out using an Acton Research Corporation Spectra Pro 500i, and the excitation source
used was a 355nm Nd:YAG 10Hz pulsed laser.
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Sm(TTFA); doped channel waveguides with a dimension of 2um high and 50um
wide were also fabricated using simple UV exposure process, and thermally
oxidized silicon wafers with ~7um thick oxide layers were used as substrates.

Results and discussion

The absorption spectra of undoped and Sm(TTFA); doped SUS8 films are shown in
Fig. 1. The absorption bands with peaks at 236nm and 278nm are attributed to the
the absorptions of the SU8 polymers, and the absorption band with peak at 346nm
corresponds to the ground state to excited state absorption of the organic ligand
(TTFA™). The emission spectra of the doped SUS8 films under 355nm Nd:YAG laser
light excitation are shown in Fig. 2. Intense red emission was observable by naked
eyes, and the spectra consist of four emissions, with peaks at 562, 598, 645, and
705nm wavelengths, corresponding to the transitions from the 4G5/2 to the 6H5/2,
6H7/2, 6H9/2 and 6H11/2 levels, respectively, and the emission at 645nm is the most
intense. The emission intensity increases monotonically with increasing Sm(TTFA);
concentration (up to the 4 wt%), and then decreases.

—SUu8

- — -1 wt% Sm-TTFA-SU8
- - - -2wt% Sm-TTFA-SU8
—-— 3 wt% Sm-TTFA-SU8
=--=4 wt% Sm-TTFA-SU8
----- 6 wt% Sm-TTFA-SU8

Absorbance (a.u.)

S
0 = s 1 2 1 r I re
200 300 400 500 600
Wavelength (nm)

Fig. 1 Absorption spectra of undoped and Sm(TTFA); doped SU8 films

From the absorption spectra, the emission spectra and the energy level diagram of
Sm™ ions, the luminescence mechanisms of Sm(TTFA)3; doped SUS films can be
explained, as illustrated in Fig. 3. The excitation of the singlet state S; from the
ground singlet state Sp occurs in the TTFA ligand after the absorption of UV light.
Then, the singlet state S; undergoes non-radiative intersystem crossing process to
the triplet state T,. The triplet state T; couples with the 4G7/2, 419/2 and 4M15/2
energy levels, and transfers energy to these levels. These upper levels relax
non-radiatively to the lowest level 4G5/2. Finally, the ions in the 4G5/4 level relax
radiatively to the lower levels 6H5/2, 6H7/2, 6H9/2 and 6H11/2, respectively, thereby
producing four emissions at 562, 598, 645 and 705nm wavelengths.
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Fig.2 Emission spectra of Sm(TTFA); doped SU8 polymer films
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Fig.3 Luminescence mechanisms of Sm(TTFA); doped SUS8 polymer films under
355 nm UV laser light excitation

The spectroscopic properties of most rare earth ions in solids can be determined
quantitatively by the Judd-Ofelt theory [8,9]. Since the waveguide films were only
~ 2um thick, the absorptions attribute to the Sm** ions are too weak to be recorded,
thus, a 1.47 mm thick 4 wt% Sm(TTFA); doped SUS film was prepared for this
purpose. The Judd-Ofelt parameters calculated from the absorption spectra are Q,
= 14.96x10%cm’, Q4 = 11x10*%m’* and Q¢ = 6.46x10”%cm”. The stimulated
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emission cross section (G.n) for the 645nm emission is calculated using the
Fuchtbauer-Ladenburg relation [10] and is 2.75%x107'cm?. This value is comparable
to reported values for Sm(BTF);P doped Acetone-dg (3.3><10'21cm2) [4],
Sm(HFA);Net; doped PMMA-dg (4.5x10%'cm?) [5], Sm(DBM)3(TPPO), doped
PMMA (1.58><10’21cm2) [6], and Er’* doped silica optical fiber (5><10’210m2) [10].
Hence, Sm(TTFA); doped SU8 materials can exhibit efficient amplification at
645nm wavelength under 355nm UV laser pumping. Channel waveguides have
been fabricated using direct UV exposure process, and gain measurements are in
progress.

Conclusions

Spectroscopic investigations on Sm(TTFA); doped SUS8 polymer films have been
carried out. Intense red emission at 645 nm was observed in the doped polymer
films under 355nm Nd:YAG pulsed laser excitation. The J-O parameters of 4 wt%
Sm(TTFA); doped SUS8 film samples are Q, = 14.96x10*cm?, Q4= 11x10*’cm?,
and Qg = 6.46x10°%cm®.  The calculated stimulated emission cross section is
2.75x10*'cm? and is comparable to values reported for Sm doped PMMA polymers.
Channel waveguides have been fabricated in the doped materials using simple direct
UV direct exposure, and the results indicate that Sm(TTFA); doped SU8 polymers
are suitable for the fabrication of polymer waveguide amplifiers and lasers in the
visible spectrum.
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Abstract. In this paper, simulation results of high performance grating and inverted
taper fiber couplers for horizontal slot waveguides are reported. Maximum 48% and
61% coupling efficiencies are achieved for positive and negative detuned gratings,
respectively. Furthermore, 93% coupling efficiency is achieved for the horizontal
inverted taper-based coupler.

Introduction

Silicon-on-Insulator is emerging as a very suitable technology to develop silicon-based
photonic integrated circuits. This technology is 100% CMOS compatible, allowing the
development of planar optical devices and making possible to achieve very large scale
integration (VLSI). However, nonlinear effects in silicon are inefficient. Materials
which have superior optical properties, such as alloys of Group III and V elements, are
commonly used to make lasers and active devices. These materials are regrettably not
CMOS compatible. Slot waveguides have recently been proposed for silicon photonics
devices [1]. The main advantages of slot waveguides is the possibility of filling the slot
region with an active optical material thus enabling modulation, switching, sensing and
many other applications which are not feasible with silicon material. In this paper, we
design efficient fiber couplers for horizontal slot waveguides.

Horizontal slot waveguides

The use of silicon nanocrystal (Si-nc) embedded in silica (SiO,) is one of the most
promising approaches to exploit nonlinear effects by means of silicon slot waveguides.
In the slot waveguide (see Fig. 1), the light is highly confined in a very small region
(slot region) of a low index contrast material (ns) sandwiched between two high index
contrast layers (ng). Vertical and horizontal slot waveguide configurations, as depicted
in Fig. 1, have been recently studied [2]. Optimum parameters of the slot waveguide
have been obtained in order to achieve minimum effective area in the slot region thus
enhancing the nonlinear effects [2]. However, the horizontal slot waveguide planar
geometry offers an easier fabrication compared to the vertical geometry [2]. Regarding
the horizontal slot waveguide, light confinement in the slot is achieved for TM
polarization, whose main electric field component is in the y-axis direction (see Fig.
1b). Considering that the slot is formed by Si-nc/SiO; (n=1.6 for A=1550 nm), it was
obtained that the optimum slot waveguide parameters for enhanced nonlinear
performance are w=350 nm, h=200 nm and ws=50 nm A=1550 nm [3].

Horizontal slot waveguide-based fiber couplers

In Fig. 2 it can be seen both grating coupler and inverted taper slot waveguide-based
proposed fiber couplers.
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Fig. 1.- (a) Vertical and (b) horizontal silicon based slot waveguide configurations.

@ ®)
Fig. 2.- (a) Grating coupler and (b) inverted taper horizontal slot waveguide-based fiber couplers.

With respect to the grating coupler in Fig. 2a, the entire grating coupler is surrounded
by a silica layer. The slot thickness is 50 nm. The main grating design parameters are
the grating period (b), the etching depth (a), the grating width (W,) and the grating
length (Lg). The fiber core is slightly tilted (8;,) to minimize the effect of second order
diffraction. The fiber core is also vertically separated from the grating by a distance s,
and horizontally by a distance d. The inverted taper-based coupling structure (Fig 2b) is
based on a horizontal slot waveguide, on top of a silica cladding layer, which is tapered
down by the inverted taper. A fiber-adapted waveguide on top of the inverted taper is
used [4] to efficiently guide light from the taper to the fiber (see Fig. 2b). This
waveguide can be made by means of a polymer with a refractive index ny=1.6 equal to
the Si-nc/SiO; refractive index. The main design parameters are the taper length (L),
the taper tip width (wy), and the dimensions of the fiber-adapted waveguide (wp, hy).

Grating coupler design

The grating has been designed employing 2D-FDTD simulations. The parameters
optimization is based on maximum coupling efficiency for A=1550 nm and TM
polarization. The grating is 20 period long (L,=20b). The grating width is chosen as
W,=12um. The fiber is considered vertically separated from the grating by a distance
s=1.5um. A tilt angle of 0;,=%8° is chosen for negative and positive detuned gratings. As
usual in conventional SOI grating coupler designs [5-6], the filling factor is initially
ff=50%. Tab. 1 shows the obtained optimum simulation parameters. 48% coupling
efficiency can be achieved for the positive detuned grating coupler. On the other hand,
it 61% coupling efficiency can be achieved for the negative detuned grating coupler.
For these optimum parameters, the spectral response of the grating coupler has also
been calculated. Fig. 3 shows the obtained spectral response. A 35 nm 1 dB-bandwidth
spectral response is achieved in both cases.
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Parameters @ 2=1550 nm and TM polarization
Positive detuned grating Negative detuned grating
01"1:8‘) 9"}1:-8‘)
b 807 nm b 670 nm
a 265 nm a 265 nm
d 3.83 pm d 3.83 pm
Teox 2.2 pm tpox 2.3 pm

Table 1.- Optimum design parameters of the grating coupler.
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Fig. 3.- Spectral response of the grating couplers with optimum parameters shown in Tab. 1.

Sensitivity to fabrication and alignment tolerances of the structure has also been
analyzed. Regarding fabrication tolerances, it is obtained that the coupling efficiency is
almost constant for etching depth variations of +10 nm or filling factor changes of +5
%. For alignment tolerances, it is obtained that the coupling efficiency is also almost
constant for tilt angle variations of £2° or horizontal fiber position changes of +3 pum.

Inverted taper design

The inverted taper-based fiber coupler has been analyzed employing 3D BPM
simulations. Parameters have been optimized to achieve maximum coupling efficiency
for A=1550 nm and TM polarization. To simplify the design, the dimensions of the
fiber-adapted waveguide have been chosen as wy,=h,=3 pm. For these waveguide
dimensions, it has been evaluated the mode mismatch between the fundamental mode of
the waveguide and the fiber in the fiber-SiO, waveguide interface. To do this, overlap
integral [5] between the fiber and the waveguide fundamental modes has been analyzed
as a function of the fiber mode field diameter (MFD). It was obtained that if a standard
single mode fiber with MFD=2.5um is chosen, 98% coupling efficiency is achieved at
the fiber interface. The design can be optimized for coupling to higher MFD optical
fibers by changing the dimensions of the SiO, waveguide. For this waveguide section,
the mode mismatch in the inverted taper tip interface has also been evaluated by using
the overlap integral. Fig. 4a shows the simulation results of the power coupling
efficiency as a function of the inverted taper tip width. It can be seen that if a taper tip
width of w=40nm is chosen, the power coupling efficiency at the taper tip interface
increases up to 95%.

Using the taper tip width of w;=40 nm and the SiO, dimensions of wy=h,=3 pum, the
taper length has been optimized by employing 3D BPM simulations. In Fig. 4b, it can
be seen the simulation results of the coupling efficiency as a function of the taper length
for wy=h,=3 pm and w=40 nm. It is obtained that the coupling efficiency remains
almost constant for inverted taper lengths longer than 150 um. For a taper length of
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L=150 pm a maximum coupling efficiency of 95% is obtained. The final coupling
efficiency would then be 93% for TM polarization and A=1550 nm.

3D BPM Simulations 3D BPM Simulations.

|[—TM fundamental mode
[—TM fundamental mode]

Power Coupling Efficlency (%)
3
Power Coupling Efficiency (%)

L , , . , ,
100 120 20 40 60 80 100 120 140 160 180 200
Inverted taper Length (um)

(@) (b)
Fig. 4.- (a) Power coupling efficiency as a function of the inverted taper tip width taking into account a
Si0, waveguide of w,=h,=3 um. (b) Power coupling efficiency as a function of the taper length for a
taper tip width of w,=40 nm.

40 60 80
Inverted taper tip width (nm)

Conclusion

In conclusion, 48% and 61% coupling efficiencies and a 35 nm-bandwidth spectral
response can be obtained for positive and negative detuned slot waveguide-based
grating couplers, respectively. On the other hand, coupling efficiency higher than 90%
may be achieved with slot waveguide-based inverted taper couplers.
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Abstract. We investigated the extraordinary transmission that occurs for subwavelength
slits on metallic substrates: the transmission process is driven by several physical
mechanisms, whose relative importance depends on the thickness of the metallic
substrate and slit size. We show how a Palladium-based device is suitable for H,-leak-
detection exploiting the enhanced transmission phenomenon.

Introduction

The demand for using hydrogen as a next-generation, clean, and renewable
energy source has stimulated considerable efforts toward developing sensitive, reliable,
and cost-effective hydrogen sensors for the fast detection of hydrogen below the lower
explosive limit (LEL) of 4.65% [1]. Currently, Pd or Pd-based alloys are commonly
used as sensing material, due to palladium high sensitivity and selectivity toward
hydrogen [2-4]. Manipulation and storage of hydrogen are associated with danger of
leakage which leads to an explosive atmosphere if the hydrogen concentration exceeds
the LEL. Therefore, the development of sensors for hydrogen detection is important to
preserve human beings and equipments. The literature reports several examples of
hydrogen sensors based on chemical or electronic approaches [5-9]. Chemical hydrogen
sensors measure changes induced by reaction between hydrogen and a corresponding
chemical transducer, such as palladium [10-12]. Moreover, optical sensors are highly
important for use in dangerous environment where explosive concentration of hydrogen
could occur. The detection of very small quantities of hydrogen in the surrounding
environment can be operated by monitoring the transmitted field of a subwavelength slit
carved on a palladium substrate: the association of resonance cavity effects and surface
plasmon generation allows the investigation of a regime of extraordinary transmittance
in which the sensitivity to the variation of the optical properties is dramatically
increased due to the presence of surface waves inside the nanocavities.

Transmission From a Single Slit

Several theoretical and experimental works report on the ability of subwavelength
apertures carved on metal substrates to enhance the transmitted field thanks to the
coupling of surface plasmons inside the nanocavities [13-15]. In this paper we
investigate the enhanced transmission phenomenon that occurs for a single slit carved
on an opaque metal substrate by inspecting two different mechanisms, respectively
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driven by two different geometrical parameters: the thickness of the metallic substrate
and the aperture size. The device under investigation is depicted in Fig.1-a : it consists
of a palladium layer whose key parameters are the metal thickness w and the slit size a.
All the calculations and results reported below are obtained solving Maxwell’s
equations by means of a proprietary numerical code based on a full-wave, finite-
difference, time-domain method (FDTD) [16] and considering a Gaussian shaped
incident input tuned at 800nm. Dispersion and absorption of the Palladium layer are
considered in all the simulations [17]. Fig.1-b shows the transmission coefficient
obtained by changing the metal thickness w and the slit size ¢ by considering the
source input described above and normalizing the transmitted field to the energy that
only impinges the slit: the Fabry-Perot-like behavior of such structures is altered respect
to previously reported transmittance peculiarities of equivalent perfect electric
conductor structure [18], meaning that the presence of a plasmon resonance inside the
nanocavity plays a fundamental role in the resonant mechanism as well as in the
enhanced transmission phenomenon, resulting in the enhancement of the transmitted
field due to the double coupling between the resonant conditions that depend on the
metal thickness and on the slit size.

e & 8 &

L]

Metal Thickness [nm]

“I E

200 250 3
Slit Size [nm]

am ' -
B -
I I‘
= - |
L — P 50 300 350 400 450
-)
w
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Fig.1: a) Sketch of the palladium substrate: the parameters under investigation are a (slit size) and w
(substrate thickness) b) Transmission coefficient evaluated by varying the metal thickness w and the
aperture size a; The presence of a resonance located for w=200nm confirms the Fabry-Perot like behavior
of the structure.

The Palladium-Based Sensor: operating principle

As it is well known, the majority of transition metals spontaneously absorb hydrogen,
changing their mechanical and optical properties as a function of the hydrogen content
in the environment. Palladium, indeed, shows an extraordinary ability of trapping
hydrogen molecules in its electrical configuration free states, modifying its Fermi level
and changing reversibly its electrical [10] and optical [11] properties. This phenomenon
causes the decrease of both the real and the imaginary parts of the complex permittivity
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of palladium [17] described by means of a simple function 4, that relates the bare
palladium permittivity to the hydride palladium one as follows:

epar(®)= h(w) % epau(w) (1

where epgy(w) is the dielectric permittivity of bare Pd, epsu(w) is the dielectric
permittivity of hydride Pd, and /(w) is a nonlinearly decreasing function that assumes
real values between 1 and 0 by increasing the hydrogen concentration [19]. Moreover,
to take into account the dispersive properties of both bare and hydride palladium, we
consider the Drude model, which remains valid by increasing the hydrogen
concentration inside the Pd lattice [6,7,12]. As mentioned in the previous section the
peak in the transmission coefficient for a carved metal substrate corresponds to a perfect
coupling condition inside the subwavelength aperture, meaning that also a slight
variation in the optical properties of the palladium induces a dramatic change in the
coupling phenomenon and, as a consequence, in the transmitted field. As depicted in
Fig.2 the variation associated to the increase of the hydrogen content in air is
remarkable: the sensitivity of the sensor calculated as the ratio between the variation of
the transmission coefficient over the hydrogen content variation [6], is equal to S=0.567
% ppm’' when the hydrogen content goes from Oppm to 100ppm.
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Fig2: Sensor calibration curve: transmittance value decreases as a nonlinear function of the hydrogen
content, showing a sensitivity $=0.567 % ppm’' when the hydrogen content goes from Oppm to 100ppm.

Conclusions

We theoretically investigated on the extraordinary transmission phenomenon that
occurs for sub-wavelength slits carved on opaque metal substrates, i.e. palladium. Due
to the dramatic response of palladium to hydrogen presence and to the combination of
cavity effects and surface waves inside the slit one can explore the quantity of this gas
by simply monitoring the changes in the transmitted field.
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Abstract — We investigate the optical properties of a plasmonic chain waveguide
consisting of a linear array of elongated nanoshell particles (i.e. nanorice), where the
interaction is based on low and high order mode coupling. Research shows that the
propagation length can be improved by this kind of nanorice structures when compared
to solid metallic structures with elongated (elliptical) shapes. Furthermore, at high order
resonances, the propagation, as well as the energy transfer can be enhanced compared
to the propagation at low order mode interactions. These findings allow the design of
highly efficient waveguides for guiding light on the nanoscale.

Introduction

Waveguiding at nanoscale dimensions using metallo-dielectric structures become an
active research topic of increasing interest [1]. One promising candidate is the so-called
plasmonic chain waveguide made of orderly arranged nanoparticles, which can provide
strong 3D mode confinement at still moderate propagation lengths [1]. By changing the
building blocks of the chain, the performance of the waveguide can be further improved,
when using a more complex geometry for the nanoparticles [2], such as e.g. elliptical
nanoparticles similar to a nanoscopic grain of rice [3]. Nanorice chains are essentially set
up from a specific kind of (elongated) nanoshells, which consist of a dielectric core and
metallic cladding material. The underlying nanorice particles show a wide tuning range of
the surface plasmon resonances, reaching from ultraviolet to the near-infrared [3].
Moreover, the modes existing in nanorice particles can be either of low or high order
provided the geometric parameters are properly selected. In the following we shall discuss
the advantages of plasmonic chain waveguides when consisting of nanorice particles. We
investigate energy propagation in the framework of low and high order mode coupling.
This study complements our previous research on spherical nanoshell chain waveguides [2].

Numerical modeling considerations

In this paper, we use full wave simulations based on the Finite Element Method (FEM)
[4], which is capable to handle the complex geometries, as well as the strong dispersive
nature of the materials involved with reasonably small numerical errors. For simplicity,
only two dimensional structures are considered in this paper. Since the surface plasmon
resonances of most noble metals occur at ultraviolet or optical frequencies, our
calculation is then carried our in the wavelength range from 300nm-900nm.
Considering the polarization dependence of such 2D structures, only H-polarization is
used here, where the magnetic field (i.e. the H. component) is oriented out of the plane as
depicted in Fig.1.
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Results and discussion

The nanoshell chains under consideration are shown in Fig.1. First, the resonances of an
isolated nanorice particle are detected while calculating its scattering cross section
(SCS). The wavelengths related to the peaks in the SCS’s spectral response correspond
to the resonance wavelengths, where the interaction of light at an angular frequency @
with the metal nanoparticle is strongest if @ lies in close vicinity to the particle’s localized
surface plasmon frequency.

OL x B bou
Golamjca =Nt T

_

Fig.1. A schematics of the chain waveguide under calculation. The nanorice particle
consists of a dielectric core (n=1.5) and a silver shell [5], the overall structure is
embedded in air. The coordinate system is indicated in the figure and the wave is
incident from the —x direction. The geometric parameters of the nanorice are
ain=40nm, bj,=10nm, @,y =50nm, and b, =20 nm, with a particle separation
of d=10nm.

—=a— Single metal ellipse
—e— Single Nanorice

Scattering Cross Section (a.u)

T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Fig.2. Scattering cross sections of a single nanorice and a solid metallic elliptical particle.

Figure 2 shows the SCSs for single nanorice and a solid silver elliptical particle
having the same shape and volume as the nanorice. The resonances for the nanorice are
found at 334nm, 514nm, 816 nm within our wavelength of interest. The modes in the
nanorice at 334nm and 514nm are characterized as multipolar modes due to mode
hybridization [3,6], whereas the mode at §816nm and the mode in the solid elliptical
counterpart at 334 nm are identified as low order modes. To investigate the propagation
properties we use the resonant modes as an excitation field at the input of the particle chain.
For comparison, energy propagation relying on other non-resonant modes will be
demonstrated as well.

The chain waveguide under investigation consists of 12 nanorice particles (the spacing
between two adjacent particles is 10 nm throughout the paper). In order to numerically
estimate the power attenuation of the chain waveguide, first; the field intensity along the
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particle chain was computed at a line parallel to the propagation direction which is
displaced to the outmost surfaces (y- direction) of the nanorice; second, the attenuation
factors are then calculated referring to the Beer-Lambert law (exponential decay of the
field intensity with respect to the propagation length). Here we will use the spatial
averages of the field intensities. Note that the computed data from the first and the last
nanorices in the chain will be excluded, in order to mask out interference effects stemming
from impedance mismatch at the far and the near end of the chain waveguide.

k() —=— Metal ellipse chain at 334nm
6% —e— Nanorice chain at 334nm

v —— Nanorice chain at 514nm

|

—v— Nanorice chain at 816nm

Field Intensity |E|*

110 220 330 440 550 660 770 880
Distance (nm)

(b) —=— Pure metal
0.25 —e— Nanorice

Field Intensity |E|*

0 1‘;0 ZéO 3(‘30 4210 5é0 GéO 77‘0 880
Distance (nm)

Fig.3. Total electric field intensities along the outer surfaces of the 12-nanorice chain. The
starting point (0) is at the outmost surface of the second nanorice particle. (a) The
chain waveguides are operated at the single resonance of the underlying particle,
namely the nanorice or the solid metallic elliptical particle, including low and high
order modes. (b) The chains operated at off-resonance of the structures (at 600 nm).

Figure 3(a) displays the results of the total electric field intensities along the outmost
surfaces of a 12-nanorice chain under the operation of low order modes (816 nm) and high
order modes of a single nanorice (334nm, 514nm). The result of a 12-elliptical solid
particle chain is also shown for comparison. The power attenuation factors for the cases as
given in Fig. 3(a) are a5 =0.0010488 nm '(nanorice chain at 334nm), »=0.0011834nm™"
(nanorice chain at 514nm), 3=0.00455nm ' (nanorice chain at 816nm), and
a4=0.0093nm ™" (elliptical particle chain at 334nm), which correspond to a 1/e-
propagation length of L; =953 nm, L,=845nm, L3=219nm, Ls=107 nm, respectively.
As can be seen from these figures, the propagation length is dramatically enhanced by a
factor of 8 when using such nanorice structures instead of the pure metal counterpart even
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when the structure is operated on the low order resonance of the single nanorice particle.
Since the light matter interaction is strongest at low order resonances, the enhanced
propagation of nanorice chain at low order mode arises likely from the large field
enhancement in the interparticle space [cf. the behavior of the field intensities in Fig. 3(a)].
Whilst at high order mode resonances, the propagation lengths are generally larger
although the light matter interaction is not as strong as before. The enhanced propagation
at high order mode coupling is owing to the promising far-field radiation features of the
high order modes in nanorice structures, which shows forward radiation features along the
chain direction [2], and thus the interaction between particles is supported by far-field
contributions. Figure 3(b) shows the results when the chains are operated at off-resonance
either of the nanorice or of the solid metallic elliptical particle. As can be seen in Fig. 3(b),
there is no big difference for the structure's propagation properties, and high-energy
transfer is also possible at off resonances. This is due to the fact that at off-resonances, the
nanoparticle acts as a weak dipole, where the weak coupling between adjacent particles
leads to a considerable reduction of damping losses. However, there is a well-known trade-
off between mode confinement and propagation length: The propagation length is smaller
at resonant coupling which is associated to a strong field concentration; the propagation
length is larger at off-resonances but with less tight field confinement. It should be noted
that the local response of the chain is quite sensitive to the incident light due to interference
effects. In particular, the mode coupling becomes more complicated when the nanoshell
particle encompasses complex geometries. Under these circumstances mode hybridization
is likely to give rise to a considerable amount of novel features that will be investigated in
the near future.

Conclusions

In this paper, we investigate the optical properties of a plasmonic chain waveguide
consisting of elongated nanoshells, i.e. nanorice. The propagation lengths under
resonant and non-resonant conditions of single nanorice particles are analyzed. Studies
show that the propagation, as well as energy transfer can be significantly improved by
means of the proposed structure. Particularly, high order mode coupling provides
enhanced propagation compared to low order mode coupling in the particle chain. This
would inspire new design rules for light guiding in the nanoscale range.
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Abstract - A chain of gold nanoparticles embedded in a dielectric waveguide is proposed
to locally transfer energy from a guided optical mode into a nearby absorbing medium
through the excitation of surface plasmon modes. The energy transfer is evaluated placing
different absorbers at the end of the chain.

Introduction

The purpose of this work is to investigate a way to locally transfer energy from a guided
optical mode into an absorbing medium using a metallic nanodevice. Plasmonic proper-
ties of metallic particles provide both confinement and enhancement of the light, offering
the potential for efficient energy transfer [1]. The idea is to use a chain of closely packed
gold nanoparticles in order to produce a hot spot at the end of the chain, in a similar
way to what was proposed by Ghenuche et al in [2]. For this purpose, a strong coupling
between each gold particle is important. This can be achieved in the near-field coupling
regime, which occurs when the metallic objects are coupled together through the evanes-
cent waves they scatter under illumination. The interspace between the particles must
then be only a few tens of nanometers. We consider a system made of a number N of gold
nanoparticles placed inside a dielectric waveguide (Fig. 1). In the following simulations
the size of the particles is chosen to be 100 x 100 x 20 nm>. The period of the chain is
120 nm, which means that the gap between two adjacent particles is 20 nm. The chain is
excited by the first TE mode supported by the slab, with the electric field directs as shown
in Fig. 1. This can excite a surface plasmon mode which results from the combination of
the individual localized surface plasmon mode of each particle.

Figure 1: A chain of eight gold particles embedded in a dielectric waveguide and illumi-
nated by a TE-polarized mode.

The electromagnetic field is computed using the Green’s tensor formalism. A detailed
description of the method can be found in the literature, see for example references [3, 4].
The data for gold susceptibility were taken from Palik [5].
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Spectroscopy

As first example, we consider a structure where the waveguide is 150 nm thick, and the
refractive index is equal to 2.1. The effective index of the incoming guided TE mode
evolves from 1.7 (A = 720 nm) to 1.4 (A = 1000 nm). Several methods are possible
to characterize the response of the structure. Two parameters are plotted in Fig. 2(a):
the absorption per volume unit and the maximum of the electric field amplitude inside
the gold structure. Absorption is calculated based on the time-averaged Joule power per
volume unit ; by electric field amplitude we mean the square root of the time-averaged

intensity.

Lambda =720 nm.

absorption
max()

[

Lambda =1000 nm,

 (nm) -400 200 [ 200 400 600

(@ (b)

Figure 2: (a) Absorption and electric-field maximal-amplitude spectra, normalized to
their maximum ; (b) Distribution of the electric-field amplitude in the plane perpendicular
to the middle of the chain, for the two resonances of the maximal-intensity spectrum.

Both quantities have been normalized to their maximum for easier comparison. The ab-
sorption (black curve) and the field maximum (gray curve) show similar responses in the
position and number of peaks. Two sets of resonances are observed, respectively around
A =700 nm and A = 1000 nm. Two peaks are visible around A = 700 nm, whereas the
broad resonance around A = 1000 nm is composed of several different peaks, sometimes
hidden in the wings of the main resonance (see A = 870 nm). We note that the maximum
for the field intensity, around 1000 nm, is not reached at the same wavelength as the one
for maximal absorption, around 1050 nm. Figure 2(b) shows the distribution of the time-
averaged electric-field amplitude on the plane crossing the middle of the chain, for the
two resonance wavelengths of the maximum intensity spectrum (Fig. 2(a), gray curve).
At 720 nm, the field amplitude drops rapidly along the chain direction, and is almost zero
inside the last gold particle: the energy is completely absorbed and scattered by the chain
while the incident guided mode propagates inside the system.

The resonance at 1000 nm has a completely different structure, as both ends of the chain
show a strong field enhancement. This results from the coupling between the incident
field and the collective mode of the chain. Indeed, as the effective wavelength of the
mode supported by the dielectric waveguide is 1000/1.43 = 700 nm, the chain length is
about 1.5 times the wavelength. Hence the gold system resonates, and the electric field
at the two ends oscillates in phase opposition. In the present case, the maximum is at
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the forward end, which is interesting to optimize the energy transfer. The electric field
intensity at this location is 26 times the intensity of the incoming electric field at the
middle of the waveguide.

Influence of the waveguide parameters

The proposed system has a very large parameter space, as all the dimensions and mate-
rials can be modified in order to optimize a chosen property. In the following we focus
on the effect of the waveguide thickness. Moreover, we also change the waveguide ma-
terial to SiO; in order to demonstrate that the previous effects can be shifted to different
wavelengths (n = 1.5).

25|
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Figure 3: Evolution of the absorption spectra with the thickness of the silica waveguide.

Figure 3 shows the absorption spectra of a chain composed of 10 gold particles, placed in a
n = 1.5 waveguide of variable thickness e. As in the previous paragraph, two broad peaks
are observed. An increase of the waveguide thickness results in a red-shift of the different
resonance wavelengths. The longer wavelength peak corresponds here to absorption of
the incoming wave by the chain. Similarly, the light intensity decays all along the system
(not shown). The shorter wavelength group of resonances corresponds to the excitation
of cavity modes: the evaluation of the effective wavelength of the incident guided mode
shows that the light couples in this case to the L = 2A cavity mode of the chain. The
electric-field distribution (not shown) indicates that the balance between the electric field
amplitude at the end and the beginning of the gold chain can be modified by varying on
e. Moreover the enhancement in intensity at the end of the chain is about 40 times the
incoming intensity in the middle of the waveguide from e = 60 nm to e = 300 nm.

Effect of an absorbing element

In order to study the energy transfer to a nearby absorbing medium, several geometries
and materials has been considered. In the following example, a chromium pad is added
20 nm away from the last gold particle. The block is chosen to be 150 x 150 x 30 nm?>,
with the shortest side being set parallel to the chain axis.
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Figure 4: (a) Absorption spectra of the eight-particle chain without (black) and with (gray)
chromium block placed 20 nm away from the last particle ; (b) Amplitude of the electric
field along the middle of the chain, with the chromium block.

As expected, the absorption spectra computed with and without the absorber are almost
identical around the short wavelength resonance, as the incoming wave does not reach
the last particle (Fig. 4(a)). The shapes differ somewhat for the wavelengths around 1000
nm, as the last gold particle is then strongly excited: the mode is then more sensitive to
the presence of the chromium particle. A shift of 20 nm in the position of the maximum is
observed. The distribution of the electric field amplitude (Fig. 4(b)) shows unfortunately
that the presence of the chromium particle is unfavorable since it tends to expel the field,
which prevents the energy from being transferred efficiently from the guided mode to the
substrate. It will be shown that we can change the material of the particle and add an air
layer between the chain and the absorbing part to influence the energy transfer.
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Abstract: The spectral response of even-row microring resonator arrays is analysed
using a transfer matrix model. A simple 2x2 microring resonator array is firstly
studied analytically, and the results are found to agree well with the FDTD simulation.
Finally, we provide detailed results of complex spectral responses for larger array
sizes.

Keywords: Integrated optics, microring resonator, transfer matrix model,
finite-difference time-domain method

Introduction

Microring resonators are promising building blocks for future high density optical
circuits [1]. To date, many studies have been performed based on multiple microring
resonator systems in both series and parallel forms. Recently, microring resonator
arrays (MRAs) have been proposed and studied, but these have mainly focused on the
odd-row MRAs for filtering [2], pulse repetition rate multiplication and shaping
applications [3]. A 4xXN MRA has been demonstrated for programmable
spectral-phase encoding (SPE) and decoding for wavelength-division-multiplexing
(WDM)-compatible optical code-division multiple access (OCDMA) systems [4, 5].
In M series coupled microring resonators (i.e. an MRA with just one column), the
morphology-dependent spectral resonances split into M higher-Q modes, which are
defined as mode splitting [6]. However, there has been less attention on the theoretical
study of the even-row MRAs. Hence, in this paper we study even-row MRAs, and
show that the spectra are modulated by the presence of the coupled resonators and
feedforward waveguides, rather than exhibiting mode-splitting.

Transfer Matrix Model

Figure 1(a) shows an MRA with M rows and N columns. Each column contains
M coupled resonators and is connected to each of the other columns in the array via
waveguides placed at the top and bottom of the array. Figure 1(b) gives the detailed
representation of each column in the MRA. The array is also denoted as MRA(M,N)
or an MXN MRA.
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The transmission spectrum of an even-row MRA is calculated using conventional
transfer matrix formalisms [2, 3]. The transverse transfer matrix of the nth column is
denoted as Uy, and the transfer matrix of straight waveguides between the nth and
(n-Dth columns is V,; with V;=(1,0;0,1) assumed. After decompositions and
iterations, normalized complex transfer functions at the drop and through ports can be
written as (&r; &p) =(Paz; P12), where P=Hr1111 Va1U, 1s the total transfer matrix. D=|§D|2
is the normalized transmission spectrum at the drop port. Significant differences
between the even-row and odd-row MRAs can thus be deduced. For example, every
column of straight waveguides provides feedback paths for an odd-row MRA but
feedforward paths for an even-row MRA. Mathematically, the complex optical
propagation coefficient for the straight waveguide /,.; cannot be distilled from V)., for
the odd-row MRA. However, P=(H111\ill .1)(1_[1]11 1Uh) for an even-row MRA, where the
product of every column of ring resonators is [12%U, and the product of every
column of straight waveguides is | JEARYARY Finally, due to the reasons above, the
normalized transmission spectrum at the drop port is not affected by /,; for an

even-row MRA, while it is significant for an odd-row MRA.
N

I -:D
Q Drop i i
(o] } ]
e Column n
Input Through
(a) (b)

Figure.1 (a) Schematic of an even-row MRA. The solid boxes correspond to each column of M
cascaded microring resonators and the dash box corresponds to straight waveguides between two
adjacent columns. (b) Each column of M cascaded microring resonators.

Using the transfer matrix model above, transmission characteristics can be
calculated for MRAs with arbitrary ring sizes and coupling coefficients. The values of
the coupling coefficients are critical for the performance of microring resonators,
strongly affecting the spectral shape and the transmission full width at half maximum.
In the following investigations, ring sizes are assumed identical and the resonators are
lossless. For simplicity, we denote ¢ and A# as the total and normalized round-trip
phases in the resonator, respectively, withd=A6+2mz, where m is the resonance
order. At resonance, it is assumed that A@=0. The relation between ¢ and radius R
is given by 6=4z’n,R/A, where n, is the effective reflective index of the
waveguide and 1 is the optical wavelength.

Analytical and Numerical Results

The simplest even-row MRA, i.e., the MRA(2,2), is firstly investigated using both
the analytical transfer matrix method and a rigorous finite-difference time-domain
(FDTD) simulation. The waveguide-resonator and inter-resonator coupling
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spectrum at the drop port is found as D =4p’0"/(p* +0° )2, where p=cosf-(2-k*)/2
and o=k /2J1-&*) . The solid line in Fig.2(a) is the transmission spectrum of
MRA(2,2) with k=0.5. The transmission spectrum of MRA(2,1) is also calculated
for comparison. When the two resonators are series coupled as in MRA(2,1), mode
splitting is clearly present. However, more complex modulated spectral features
appear in MRA(2,2). The resulting zero transmission occurs in MRA(2, 2), where
unity transmission occurs for MRA(2,1). 2D FDTD simulation [7] is adopted to
validate the accuracy of the analytical model based on the transfer matrix method. A
Gaussian pulse at a centre wavelength of 1.5um is injected into the resonator system.
The waveguide is chosen to be high index semiconductor material with air as the
cladding. Thus, the refractive index difference is as high as 2.4 to provide a small
radius of microring resonators. The radius of microring resonators is chosen to be
2um with a waveguide width of 0.2um. The widths of inter-resonator and
waveguide-resonator gaps are chosen as 0.05 and 0.10pum, respectively. Fig. 2(b)
gives numerical results of the spectral response of the MRA(2,2) structure for
wavelengths between 1.4 and 1.6 um. This response shows good agreement with the
results obtained using the analytical model.
(2,2
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Figure. 2 (a) Transmission spectral of MRAs (2,1) and (2,2), respectively. (b) Transmission spectrum
of MRA(2,2) using FDTD simulations.

We further study the spectral performance of even-row MRAs for larger array
sizes. The coupling coefficient £ is firstly assumed to be 0.5 for each coupler. Fig.
3(a)-(e) shows the transmission spectra for MRAs (2,3), (2,5), (2,6), (2,7) and (2,9),
respectively. Fig. 3(f) shows the transmission spectral plotted in contour form, where
zero transmissions are black. It can be seen that strong modulation of the spectra
occurs in the spectral regions where originally mode splitting has occurred, and that
the spectral modulation becomes very strong. To characterise this spectral responses,
the number of zeros is denoted as M, . Fig. 3(g) gives the spectral response when M is
increased to 4, and shows that more zeros appear. Generally, A, is observed to
equal M(N-1), with N-1 zeros near each splitting mode of MRA (M,1), as shown in
Fig.3(f) when N varies from 1 to 5. However, two or more zeros merge when the
coupling coefficient is larger than some specific values. The transmission spectra are
calculated as a function of the coupling coefficient £ as shown in Fig. 4. For the case
of MRA(2,6), there is just one region at A@=0 where zeros merge as shown in
Fig.4(a). As k increases, the most inner zeros merge when £=0.5 and the following
inner zeros merge when £=0.87. However. for the case of MRA(4.6). there are three
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regions where zeros merge as shown in Fig.4(b). Zeros at A0=0 merge at the same &
as that of the MRA(2,6). Zeros at two outer symmetrical regions merge at k~=0.58 and
0.91 sequentially.
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Figure 3. (a)-(e) Transmission spectra of MRAs (2,3), (2,5), Figure 4. (a), (b)Contour plots of
(2,6), (2,7) and (2, 9), respectively. transmission spectra of MRAs
(f) Contour plot of transmission spectra corresponding to (2,6) and (4,6) as a function of
MRAS(2,2:9). the coupling coefficient,
(g) Contour plot of transmission spectra corresponding to respectively. 'x' points
MRASs(4,2:9). correspond to values of k& where

Zeros merge.

Conclusion

To conclude, we have analysed the spectral response of even-row MRAs, and a
large number of zeros is found to appear in the spectra. Thus the spectra are
modulated, which is caused by combination effects of resonator interactions and
waveguide feedforwards, compared to mode-splitting in series coupled microring
resonators. This kind of modulated spectra may have potentials in spectrally
dependent sub-system applications. By tuning each column’s effective index and
coupling coefficients, it would be possible to control the response of even-row MRAs,
which allow very large numbers of spectral amplitude codes to be generated for
OCDMA systems.
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Abstract. Photonic crystal structure supporting the surface wave is considered. It is
shown both theoretically and experimentally that two such structures placed close to
each other can yield to resonance transmission of light through the structure. This
effect is promising for sensor applications.

Introduction

Recently bounded systems of coupled waveguides attracted attention of researchers
because of the surface waves that can exist on its boundaries with the homogeneous
medium. Surface waves could be a handy tool for studying the processes taking place at
the surface and sensor applications [1, 2]. These wave are somewhat analogous to the
surface waves that can be excited on the metal-dielectric surface (surface plasmon
polaritons (SPP)), however they are not limited to TM polarization like SPP as they are
excited on the boundary of dielectric media. The feature of the considered waves that is
common to SPP is the exponential decay of field into the both adjacent media. While
the field in the uniform dielectric media is strictly exponential, the field in the stratified
media is oscillating inside the exponent envelope. This penetration of the field in the
adjacent dielectric media makes possible the design of the structure that supports two
surface waves evanescently coupled with each other. Earlier in paper [3] was devoted to
experimental study of such waves in the case of metal-dielectric boundaries. In this
paper we are demonstrating the same effect for surface waves propagation on the
photonic crystal boundary.

1D photonic crystal and the surface wave on it’s boundary

We use the following structure supporting the surface wave: 10 pairs of Nb,Os-SiO,
were deposited on the glass substrate (n, =1.52 at wavelength of He-Ne laser

A=632.8nm). Waveguide

209 system was deposited using

L R high-vacuum ion-beam

1.8 e ., sputtering setup Aspira 150

[4]. Measured refractive

5 164 indices of the films at this

2 wavelength are n =227

(]

5 144 and n, =1.48 for Nb,Os and
@ rf

i suracewye SiO, films respectively.

12 \ Layer thicknesses were

] " chosen to be 4, =110 nm for

w8 NbOs and n,=180nm for

0 2 4 6 8 10 12 4 Si0, that correspond to

mode order, m . g
) . single mode guiding of each
Figure 1: modes of the waveguide structure
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high-index layer. Figure 1

20 presents the calculated

effective refractive indices of

15 TE waveguide modes

propagating in the structure in

—ef the case when the medium

adjacent to the structure is air.

5 The characteristic feature of

/\ the shown curve is the sharp

7 = ~— drop of effective refractive

index from 10™ to 11™ mode

05 that corresponds to the

forbidden zone of the periodic

Figure 2: Field distribution of the surface wave structure. Note that the 110

mode lies inside the forbidden

zone that makes this mode a surface wave at the boundary between the periodic

photonic crystal and dielectric medium. We confirmed the surface nature of the mode
by calculating its field using the method described in [5] (see Figure 2).

We used the Kretchmann

1.0
setup for excitation of the

091 surface wave with the prism
0.8 attached to the back side of
0.7 the structure substrate and
having refractive index 1.52.

5 061 Excitation of the surface wave
8 05 in this scheme occurs due to
& 04 leak of the wave into the
' substrate. Number of layers in
0.3 the structure was chosen so

0.2 that the leak is high enough to

provide a sufficient coupling
0'138 40 42 44 46 48 50 52 54  With the incident beam of He-
Ne laser. Figure 3 presents the
calculated dependence of light
reflection from the structure.
Dips correspond to the different modes of the structure. The sharpest dip corresponds to
the surface wave. Inset on Figure 3 shows the m-line obtained in the experiment
confirming the excitation of the surface wave.

Incidence angle 0 (degrees)
Figure 3: Reflection from the single structure

Tunnel coupling of two photonic crystal with surface waves

In our experiment on tunnel coupling of surface waves between two photonic crystals
used two glass prisms with substrates carrying waveguide structures attached to their
bases. Air gap between the structures was created by sputtering buffer metal stripes on
one of the structures. The system was excited by TE-polarized He-Ne laser beam (A=
632.8 nm). Figure 4 presents the scheme of the experiment. PD1 and PD2 were
photodiodes registering the reflected and transmitted light beams. When the air gap was
wide (about 2 mkm) we detected only the reflected beam that had one resonance dip
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|PD1 when the surface wave was
A excited like in the case of the
— single structure. At smaller
gaps (below 1 mkm) we were
able to detect the transmitted
signal. Two peaks in this

signal correspond to two dips
Beaiedesey in the reflected signal (see
Figure 5). The characteristic
PD2 " feature of this curve is the
double resonance that means
that two different modes were
. B excited. Angular distance
Figure 4: Epo;i;'e;;{a’Z setup between these two resonances
increased when we applied
0.8 more pressure on the structure
1, ' reducing the air gap. These
074 "= . . are very first results obtained
06 . . and we will present more
~ 7 . . detailed  results at  the
5 0.5
8 ] . - . conference.
5 0.4 -
8 0] - . Discussion
2 ] = = As we said earlier paper [3]
0'2'_ . m demonstrated the possibility
0.1 - of coupling between the
0.0, surface waves propagating in
g ' 9 ' 10 ' 11 two closely placed planar

metallic films. In our case the
structure consists of two
identical photonic crystals
separated by a small air gap. This structure can be considered as Bragg waveguide
transmitting the light radiation in the air gap [6] (or in any other material having
refracting index lower than that of the waveguides. Two surface modes exist near this
gap. One has a symmetric electric field distribution in the gap and the other — anti-
symmetric. Existence of these modes leads to the transparency effect that we observed
in the experiment. These two modes have different effective refractive indices (see
Figure 6) and thus different angles at which the structure transparency exists. Splitting
of the resonance allows us to conclude that we are in fact observed tunnel coupling
between the surface modes. Dispersion curves presented at Figure 6 shows that the
mode parameters depends on the gap width. Effective indices are most sensitive to the
gap width at small values of the width. Our calculations show that the loss in the gap
(imaginary part of gap material dielectric constant) leads to strong losses in the surface
modes and thus to the rapid decrease of the transparency effect. Change in the real part
of the dielectric constant leads to angular shift of the resonance transparency peaks.

¢ (deg)
Figure 5: Reflection near the resonance
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The observed effect of tunnel

n* coupling between the surface

175 waves of two photonic crystals
170 leading to resonance
1654 transparency in the region of
160 n=1.1594 total reflection can be utilized in
various sensor and modulating

1551 devices. This kind of waves is
150 more  attractive than  the
145 plasmonic waves in metal films
140 due to absence of the absorbing
medium. It allows to create

1351 devices with the larger sensing
130 T " T T " T area and with the better

- T -
0.2 0.4 0.6 0.8 1.0

sensitivity due to lower width of
air gap width (mkm)

the resonace. If we create a
Figure 6: Effective indices of two surface waves cavity between the two photonic
crystals like that was shown in

[7] for the plasmons then it will have very high quality factor and could be used for
high-sensitive sensors. Besides sensor applications it seems feasible to achieve light
switching in the structure by adding nonlinearities.
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Abstract. An investigation and optimization of silicon rib-membrane waveguides for
Stimulated Raman Scattering applications is presented.

Introduction

In order to develop Silicon Photonics, main areas or building blocks for investigation
include selectively guiding and transporting of the light within the silicon, encoding
light, detecting light, amplification and generation the light, packaging the devices and
intelligent control of these photonic functions. While a wide variety of passive devices
were developed in the 1990’s, recent activities have focused on achieving active
functionality, mostly light amplification and generation, in silicon-on-insulator (SOI)
waveguides. In particular, the approach for light generation based on Stimulated Raman
Scattering (SRS) in SOI technology has recently met a large interest [1]. More recently,
new silicon-based waveguides have been proposed to manage the propagation loss in
the near and long-wave infrared region [2]. This work represents a first investigation of
SRS effect in silicon membrane waveguides, demonstrating the possibility to increase
the Raman amplification by an appropriate design of air membrane.

Theory

When Stokes optical pulses propagate inside a waveguide in sub-picosecond regime,
both dispersive and nonlinear effects largely influence their shapes and spectra. Space-
time evolution of Stokes waves can be described by the following equation:
o4 o4, .1, 0’4 al”"” 1 2
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where x =3,4 for quasi-TE and quasi-TM fundamental Stokes pulses and x =5,6 state
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for first order Stokes waves, respectively. In addition, if x=3,4, it results ¢ =1 and
v =43, while if ¥ =5,6, it results # =3 and v =6,5. Meaning of all terms and other
details of complete mathematical model can be found in our recent work [3]. The

261



ThP22 ECIO ‘08 Eindhoven

efficiency of Raman amplification depends on total loss coefficient
al™ =a/" + "V, where a"™ is the free carrier absorption (FCA) contribution

(prop)

and ¢, is the propagation loss coefficient in the waveguide, depending on material

absorption evaluated for the SOI waveguide as [2]:

(prop) (bulk) (bulk)
FSIaSz + FSIO aSIOZ (2)

(bulk)

being ay"" and ey, the bulk absorptions of silicon and silica, respectively, and ',

and Iy, the guided-power fractions into silicon and silica, respectively. Eq. (2)
suggests that a silicon rib-membrane waveguide, as shown in Fig. 1, could guarantee a

significant reduction of optical loss because of absence of any silicon oxide layer. The
waveguide is characterized by total rib height H, slab height H , rib width W and air

cavity H . N
y

HS T

>
H Si-Substrate

Air-cavity

Fig. 1. Schematic diagram of suspended-membrane rib waveguide.

Numerical Results
In the optimization of membrane waveguides, the cavity thickness H, plays a

fundamental role. In fact, it must to be large enough to avoid the slot effect into the air
layer, but not too much for structural reasons. Fig. 2(a-b) shows the electric field
dominant components by full-vectorial finite element method (FEM) [4] for quasi-TE
and quasi-TM polarizations, respectively, at A = 1.55 pm assuming H,= 50 nm, H =

400nm, W= 400 nm and r:H/HS: 0.25. For high index contrast interfaces,

Maxwell’s equations state that, to satisfy the continuity of electric flux density normal
component, the corresponding electric field (E-field) must undergo a large discontinuity
with much higher amplitude in the low-index material. Thus, thin air cavities induce
strong enhancement of light confinement for vertical component of electric field (quasi-
TM mode in Fig. 2(b)), compromising Raman amplification in rib waveguides for
quasi-TM modes. Fig.3 shows the propagation loss versus parameter H, for both

polarizations, in cases of membrane and SOI rib waveguides. The curves have been
obtained by Eq. (2), in which the guided-power fraction in each layer has been again
evaluated by FEM, with at least 60,000 mesh elements, A = 1.55 um, H = 400 nm, and
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(bulk) (bulk)

W =400 nm. In addition, we have considered o and ag, "~ equal to 1dB/cm (worst

case in [2])
S Ex companent win® Ey companent wio?
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1
9
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2
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(a) (b)
Fig. 2. Electric field distribution: (a) x-component (quasi-TE mode), (b) y-component (quasi-TM mode).
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Fig. 3. Propagation loss versus H, for various values of r and for silicon membrane and SOI
waveguides: (a) quasi-TE mode; (b) quasi-TM mode.

For both polarizations, the membrane waveguide shows a propagation loss smaller than
standard SOI rib waveguide. Moreover, r strongly influences the membrane waveguide
with respect to SOI one. In addition, for the quasi-TM modes the curves show a large
slope for small values of H,, as due to light confinement into air cavity (see Fig. 2(b)).

The presence of air cavity also influences the dispersion properties of the rib
waveguide. Fig. 4 shows the group velocity dispersion (GVD) coefficient spectra for
membrane and SOI rib waveguides and both polarizations. The simulations are obtained
with A =200 nm, H =400nm, W =400 nm, and »= 0.25. The membrane waveguides
clearly lead to obtain larger GVD coefficients in the anomalous region for both
polarizations with respect to SOI waveguides.

Finally, Fig. 5 shows the net Raman gain versus input pump pulse FWHM width, by
solving the system of partial differential equations (1) and comparing membrane and
SOI rib waveguides. The input pulse is considered aligned as a quasi-TE mode, while
both polarizations of Stokes waves are included, with pump peak power £, =1W, pump
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wavelength 4 = 1.434.4um, Raman gain g, =10.5cm/GW [1], and keeping the

fundamental Stokes probe power 10 dB below the pump. All optical parameters are
calculated by FEM. For both membrane and SOI rib waveguides, the curves related to
quasi-TE and quasi-TM modes cross each other for a particular value of FWHM width,

namely TFWHM .

5 8
—e— Membrane (quasi-TE mode) P —*— Membrane (quasi-TE mode)
4 —e— Membrane (quasi-TM mode) 7 7} | —S— Membrane (quasi-TM mode)
3\ —#— SOl (quasi-TE mode) P —+— SO0l (quasi-TE mode)
B o —=— $0l(quasi-TM mode) Va 6 | —— SOl (quasi-TM mode)
%
a — sl
§ g
g =
4 £ 40
g 5 ¢
2 c
H
3 £l
£ 5
% 3
$ 3 2
o
S
2 1+
o
[
200 1300 1400 1500 1600 1700 1800 100 150 200 25°T 30‘3 35 400 450 500
Wavelength (nm) FWHM (fs)
Fig. 4. Group velocity dispersion spectrum Fig. 5. Raman net gain versus FWHM width

Thus, for both SOI and membrane rib waveguides, when T,,,.. <Ty,.., » quasi-TE

modes experience a larger net gain with respect to quasi-TM ones, which have a larger
anomalous GVD effect for the designed waveguide. However, the opposite behaviour is

revealed for T, > Tpym, - In fact, larger values of FWHM width induces the quasi-

TM dispersion length to be larger than the waveguide length. In this situation, the
anomalous GVD effect is not dominant even for quasi-TM modes and then the net gain
for TM polarization can increase, becoming larger than for quasi-TE because of its
smaller optical mode area. It is worth to note that, if the anomalous GVD effect is not
dominant, the membrane waveguides show their advantage in terms of larger net
Raman gains with respect to standard SOI waveguides. Our investigations indicate that
in dependence of designed cross section, it is possible to find a range of FWHM time
widths for which the membrane waveguide shows a larger Raman net gain than SOI
waveguide, for both polarizations. This offers the possibility to downscale the
waveguide sizes in Silicon Photonics. Moreover, membrane waveguides could induce
significant advantages in terms of sizes and power consumption even for SRS effect
applied in mid-IR wavelength region.
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Abstract - We propose a design for an integrated all-optical label-swapper for packet-
switched optical networks using Indium Phosphide technology. The proposed topology
is a two stage approach that makes use of cross-gain modulation in a semiconductor
amplifier used inside a ring laser topology.

Introduction

Optical packet networks have attracted much attention as a solution for reducing latency
and increasing flexibility in next-generation optical networks [1]. One implementation
of packet switched optical networks is optical code multi-protocol label switching (OC-
MPLS). OC-MPLS makes it possible to process labels in the optical domain, thereby
avoiding power-hungry and costly conversions between electrical and optical domains
for payload data [2]. Spectral amplitude coding (SAC) is an attractive implementation
of OC-MPLS because it promises simple label processing [2, 3]. Using SAC, part of the
channel spectrum is allocated to the OC-MPLS label, as shown in Fig. 1a.

A key component in a OC-MPLS network node is the label swapper, which strips the
incoming label, attaches a new label, and reinserts it with the payload. Devices using
cross-gain modulation (XGM) in ring cavities have previously been demonstrated which
have several desirable characteristics for a label swapper; namely, high extinction and
contrast ratios [4]. In particular, a proof-of-concept tabletop label-swapper using a two-
stage XGM-based fiber-ring laser has been demonstrated [5]. The main drawbacks of this
device were cost, size, and low operating frequency due to a lengthy cavity.

Label Swapper Topology and Principle of Operation

The proposed label swapper is shown in Fig. 1b. The device makes use of two cross-
gain modulation (XGM) stages to achieve the desired label swap, which is essentially
all-optical multi-wavelength conversion. In both cases, the XGM is realized in a semi-
conductor optical amplifier (SOA). It should be noted that each XGM stage performs
a wavelength conversion, while also performing a logical inversion of the signal. As a
result, for a dual stage topology, the output has the same polarity as the input signal.

The first stage is used to convert the input label (A, 1,Ai2) to an out-of-band interme-
diate wavelength (A;,). To achieve this, the modulated input label is first injected into
a semiconductor optical amplifier (SOA;) through an arrayed waveguide grating (AWG).
Simultaneously, a continuous wave probe beam at A is injected into SOA; in a counter-
propagating configuration relative to the input beam. The counter-propagating configura-
tion of the first stage minimizes the amount of in-band power transmitted to the second
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Figure 1: Fig. 1a Time and wavelength domain representations of an optical packet with
SAC-label; Fig. 1b Proposed two stage XGM-based integrated label-swapper.

stage without requiring additional filtering. Note that this stage serves the dual purpose of
performing the required logical inversion of the signal (A;;; is OFF when the input label is
on and vice-versa) as well as ensuring that no power enters the ring laser in the SAC label
band (this ensures that output label wavelengths have the same power levels regardless of
input wavelength).

The second stage uses XGM in SOA, which is placed inside a semiconductor ring laser
(SRL). The second stage is biased so it operates slightly above the SRL lasing threshold.
When A is present, the SRL operates below threshold and no output is produced by
the SRL. Conversely, when A;, is absent, the SRL produces power at Apu 1, - - - Aout.n-
Note that A;, is injected via an AWG; it is also removed using an AWG. The output
wavelengths are selected using the pass-bands of the AWGs inside the ring. The label
swapper can be esily reconfigured to output some or all of the available wavelengths by
changing the bias conditions on SOAyy 1, - -, SOAy 4y 5 this compares favorably with the
table top demonstrator which used mechanical adjustments (stretching of Fiber Bragg
Gratings) [5].

Simulation Details and Results

The topology shown in Fig. 1b was implemented using the VPItransmissionMaker soft-
ware (version 7.6). The parameters for the devices correspond to the targeted fabrication
platform, JePPIX [6-9]. Optimal biasing conditions and device parameters were found
and are shown in Tables la and 1b. Note that the SRL was assumed to contain 5 mm of
waveguides (losses were adjusted accordingly). Furthermore, note that all AWGs were
assumed to have Gaussian filtering profiles and 100 GHz channel spacing, with a band-
width of 40 GHz, and total losses of 6 dB (this includes AWG insertion and transmission
losses).

Fig. 2a shows the simulated optical spectrum analyzer traces of the input, intermediate
and output wavelengths. Note the clearly visible longitudinal modes that exist within
each output label. Their spacing is related to the cavity length, as in [9]. For single-mode
ring laser operation, the overall cavity length should be properly adjusted, given the AWG
passband bandwidth. Fig. 2b shows the static transfer function of the device as the input
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PlnputLubel (avg.) 0dBm
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Table 1: Tables 1a & 1b, biasing conditions and device parameters of simulated integrated
label swapper; Table 1c, simulated integrated label swapper performance

power level is swept. Fig. 2c shows the input and output temporal traces with a wide
bandwidth (> 100 GHz) photodetector module with unit responsivity. Finally, Fig. 2d
shows the input and output temporal traces with after conversion to an electrical signal
using a photodetector with a bandwidth of 1.25 GHz. Note that the simulation software
considers the input laser sources to be temporally coherent, resulting in the beating pattern
visible for the input label in Fig. 2c & 2d.

Two static performance metrics are used for the label swapper: (1) the static contrast ratio
(SCR), which is defined as the ratio of power in the ON to OFF states for the output label
wavelengths, (2) the optical signal-to-noise-ratio (OSNR), which is the ratio of the peak
output label wavelength in the ON state to the noise floor.

Full transient simulations were then performed using a PRBS input with a frequency of
1.25 GHz. In particular, we consider the rise and fall times, which are defined as the
time required for the output to pass from 10%-90% or 90%-10% of the signal levels. We
also consider the dynamic contrast ratio (DCR) which is defined as the ratio of the mean
power of ON bits to the mean power of OFF bits for the output label wavelengths. Note
that all dynamic results are taken using the photodetector with a 2.5 GHz bandwidth.

Analysis and Conclusion

The results in Table 1c show excellent results in terms of CR and OSNR. In addition,
however, it should be noted that the device produces a near-single-mode output for each
label wavelength, with better than 25 dB suppression of side modes. In order to compare
with our previous results in [5], the power values were determined from the OSA traces
using similar resolution bandwidth (60 pm), therefore taking into account the power of
all the longitudinal modes within one optical label.

Note that this device requires a wide spacing between label wavelengths due to the use of
AWGs; for a transparent optical network, the entire SAC label would need to fit in a single
100 GHz (~ 0.8 nm) band. AWG performance is limited by lithographic technology.
Smaller lithographic features will allow for tighter AWG channel spacing; nonetheless,
it may be necessary to investigate other filtering mechanisms to reduce spacing between
label wavelength slots. Regarding bidirectional lasing, previous work shows lasing only
occurs on one direction [9]. In the simulations, the output label was collected from the
counter-clockwise direction as it avoids the need to filter the intermediate wavelength
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Figure 2: Spectral output, static transfer functions, and dynamic simulations for the la-
bel swapper. For 2a, OFF state (blue, dotted), ON state (red, solid), input label (green,
dashed). For 2b, A,y,1 (blue triangles), A,y 2 (red squares), Ay 3 (green diamonds), Agur 4
(black circles). For 2c, the raw output of the label swapper (dark blue) is shown with the
input label (red). For 2d the output of the label swapper after a photodetector with limited
bandwidth (dark blue) is shown with the input label (red).

from the output signal, but in practice additional filtering should nonetheless be included.
In conclusion, the proposed topology shows a marked improvement in frequency response
(1.25 GHz), dynamic contrast ratio (25 dB), and reconfiguration speed relative to the
previously demonstrated work [5].
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Abstract. We compute the whispering-gallery modes for a microdisk laser with an
InGaAsP/InP quantum-dot gain medium. We find that whispering-gallery modes in the
1.5 um telecommunication window with 0>10° can be sustained in a microdisk laser
with a diameter as small as 2.8 ym and a thickness of 200 nm.

Introduction

To fulfill the demands of increasing speed of fibre-optic-based telecommunications,
high speed, integrability and low-power consumption for the constituent devices are
needed. Particularly, semiconductor microdisk lasers are attractive because of their
small cavity volume, cleavage-free cavities, excellent wavelength selectivity, ultra-low
threshold and high cavity quality (Q) factor due to the great confinement of
whispering-gallery modes (WGMs) [1]. These characteristics can be enhanced with a
quantum-dot (QD) active region offering fast response to external pumping [2] and the
possibility for simultaneous excitation of multiple WGMs inside one microdisk over a
wide spectral range [3].

At the surface of the microdisk laser, the modes are bound by total internal reflection.
These whispering-gallery modes [4] are of special interest due to a very good
confinement of the field which can be characterized by the cavity Q factor.

Recently, whispering-gallery modes in microdisk lasers have been theoretically and
experimentally investigated [1;2;5-8]. The theoretical models in [5-7] simplify the
problem to two dimensions by neglecting the wavevector dispersion in the axial
direction. We investigate whispering-gallery modes through a three-dimensional model
of a microdisk laser with a QD active region. We solve and compute the lasing modes
for a quantum-dot microdisk laser by considering an approximate separation of
Maxwell’s equations in the axial and transverse directions, subsequently, we compute
the Q factor in closed form for disk lasers with different dimensions. We find that large
Q factors can be obtained for small disks.

Model

Figure 1 shows the device considered in our study, a disk with a dielectric-air boundary
supported by a post with an active region consisting of ten QD layers. We are only
interested in modes propagating along the edge of the disk and therefore the coupling of
the field into the supporting post can be neglected. These are higher-order modes and
correspond to the whispering-gallery modes. We labeled these modes with two
numbers. The order of the resonance is N, where N -/ denotes the number of nodes in
the radial variation of the field and M is the azimuthal-mode number, where 2M
corresponds to the maxima in the azimuthal variation of the resonant field around the
disk’s circumference [4].

Due to the symmetry of the problem, we use a cylindrical coordinate system to solve the
Maxwell’s equations in three dimensions, for transverse-electric (TE) modes, using the
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Figure 1: Multiple-layer quantum-dot microdisk laser in a cylindrical coordinate system.

method of Borgnis’ potentials [9]. In the angular direction, we assume clockwise and
counter-clockwise propagating waves. In the axial direction, the field consists of a
cosine solution and decaying exponential functions inside and outside the disk,
respectively. Lastly, the solution in the radial direction is expressed in terms of Bessel
functions of the first kind and modified Bessel functions of the second kind, both of
them of complex order k,, inside and outside the disk, respectively. The complex order
ke, which corresponds to the complex wavevector for the field propagating in the
angular direction, is a result of the losses due to the field radiating away from the disk.
Simplified solutions consisting of Bessel functions of integer order, found for instance
in [5-7], result in an over-estimation of the field confinement. Following the
considerations above, we obtain expressions for the electric and magnetic field
components inside and outside the disk. Modes are found by solving the continuity
conditions at the microdisk radial and axial boundaries. For the QD gain and carrier-
induced refractive index spectra we use the linear gain model described in detail in
[10;11]. Finally, we compute the Q factor for the i-th mode using the following relation
[9]:

0-0". )

where w; denotes the natural angular frequency of the i-th mode, W is the time-averaged
energy stored in the cavity and P denotes de power loss. Hence, we compute the time-
averaged stored energy inside the cavity and we use the Poynting vector to compute the
power loss.

Results

We choose a QD gain medium with ten layers having a QD density of 4x10" cm™? and
an average dot height of 5 nm. Figure 2 shows the QD gain and carrier-induced
refractive index spectra. In our analysis, we consider microdisks with diameters in the
range 2 um< D < 4 uym and thicknesses in the range 50 nm< L <350 nm.

In view of the two telecommunication windows, we are interested in modes in the range
1.3 um< A <1.7 um. Figure 2 also shows the spectral positions of some of the lasing
modes found in a disk with D=3 um and L=200 nm. In addition, Figure 3 shows the
mode wavelength dependence on the disk diameter and on the disk thickness for a fixed
L=200 nm and for a fixed D=3 um, respectively. We found that disks with D<2 um or
L<100 nm can only sustain low-order modes that have a low confinement inside the
disk, and thus large losses. In contrast, disk diameters of D>2.8 um and thicknesses of
L>200 nm show lasing of higher-order modes (M>10), i.e. WGMs in the 1.5 um
telecommunication window. We also observe that degenerate modes exist in the cavity.
For instance, the modes in the 1.3 um telecommunication window with M equal to 9 and
12. This situation does not occur in the 1.5 ym telecommunication window unless a
thickness larger than 200 nm or a diameter larger than 3.6 um is used. On the other
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Figure 2: Quantum-dot gain (solid) and Figure 3: Mode wavelength dependence on the
carrier-induced refractive index (dashed) (a) disk diameter for a fixed L=200 nm, and on
spectra. Also shown are some of the lasing the (b) disk thickness for a fixed D=3 um for the
modes for a disk with D=3 gm and L=200 nm. 7%, 9% 10™, 12", 13™ and 15™ modes.

hand, from Figure 3 (b), we observe that for L>=250 one can not sustain modes with
M>12 since the cutoff wavelengths of these modes are reached.

We have computed the Q factor for all lasing modes M found during the variation of
both the diameter and the thickness of the disk. Figure 4 shows the Q-factor dependence
on the mode wavelength for the configuration of Figure 3 (a). We observe that the
Q-factor behavior follows that of the QD gain but the other way around. That is, modes
whose wavelengths coincide with the low part of the gain spectrum have also lower
losses and as a consequence they achieve a higher Q factor (~107). On the other hand,
modes having more gain are more amplified and consequently the losses, even when
they are low, are greater than those in the previous case, resulting in Q factors which are
still in the order of 10°. Hence, we find that even when all of our modes have a positive
net gain, only a few of them propagate with a field that is highly concentrated along the
edge of the disk. To meet this condition, one should have a higher-order mode lasing at
a wavelength with a high gain. It turns out that these modes present only one intensity
peak in the radial direction, i.e. N=1. Higher-order modes, lasing at wavelengths with
low gain, show more intensity peaks in the radial direction (N>1) which results in
propagation along the edge of the disk but also inside the disk. An example of these two
situations is illustrated in Figure 5, where the radial dependence of the field IV(r)l, for
the 12™ mode propagating in two different wavelengths is shown for a disk of D=3 ym
and L=200 nm. We observe a similar behavior for the Q-factor dependence on the mode
wavelength for the configuration of Figure 3 (b).

Conclusions

We have used a three dimensional model to compute the whispering-gallery modes in
quantum-dot microdisk lasers. The model accounts for the radiation of the field in the
radial direction. We found that higher-order modes with high Q-factors (~10%)
propagating in the 1.5 um telecommunication window can be sustained in disks with
diameters from 2.8 ym and a thickness of 200 nm. It should be remarked though that the
Q factors do not account for scattering losses at the disks edge. Also losses due to
surface recombination have been neglected due to the nature of the quantum-dots.
Accordingly, mode propagation with a highly concentrated field along the edge of the
disk is determined by the quantum-dot gain and by a large azimuthal-mode number M.
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Figure 5: Radial dependence of the field for the
(a) TE;;; mode and the (b) TE;,, mode

propagating in a disk with D=3 ym (r=1.5 um)
and L=200 nm.

Therefore it is possible to engineer a quantum-dot gain medium having ground and
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Abstract. The optical core of an integrated ratiometric wavelength monitor which
consists of a Y-branch and two edge filters, with opposite spectral responses, based on
a pair of symmetrical multimode interference (MMI) structures is proposed. The
designed ratiometric structure demonstrates a suitable spectral response, with
potentially a 20 pm resolution over a 100 nm wavelength range.

1. Introduction

Wavelength monitoring and measurement is required in many optical systems
such as multi-channel dense wavelength-division multiplexing optical communication
systems and fibre-Bragg-grating-based optical sensing systems. In one wavelength
monitoring scheme, the so-called a ratiometric detection scheme, the wavelength of an
input signal is determined by the measurement of the ratio of two signal powers. It has a
simple configuration and offers the potential for high-speed measurement as compared
with wavelength-scanning-based active measurement schemes. A ratiometric
wavelength measurement scheme can be implemented with bulk devices, an all-fiber
based configuration or integrated optical circuits. Integrated wavelength monitors have
a compact size, a fast response, are more robust and have a low fabrication cost
compared to bulk optical devices. Examples of the designed and developed integrated
wavelength monitors include multimode interference (MMI) couplers, a Y-branch with
an S-bend structure and a Y-branch with an MMI structure [1-3].

In [1], the wavelength monitor consists of a central MMI waveguide, two output
waveguides, and one input waveguide. For wavelength measurement it offers a 100 nm
range and 200 pm resolution. Previously, in [3], we have shown that an MMI structure
can be used as an edge filter for a ratiometric wavelength monitor. In [3], the length and
width of the multimode section, and the positions of the input and output waveguides
are optimised according to a desired spectral response by using the global optimisation
algorithm-adaptive simulated annealing. We propose here a further improvement, with
a ratiometric scheme which employs two opposite slope edge filters offering a higher
resolution compared with the ratiometric scheme with one edge filter and one reference
arm [4]. In this paper, two edge filters with opposite slope spectral responses based on a
symmetrical MMI are designed and can be used for high resolution wavelength
monitoring.

2. Proposed configuration and design method

Fig.1.a shows a schematic configuration of an integrated ratiometric structure. It
contains a Y-branch splitter and two edge filter arms, containing symmetrical MMI
structures. The desired spectral responses of the two arms are shown in Fig.1.b, while
the corresponding ratio of the two outputs over a wavelength range is presented in

27¢



ThP25 ECIO '08 Eindhoven

Fig.1.c. The wavelength of an input signal can be determined through measuring the
power ratio of the output ports at the outputs of the two arms, assuming a suitable
calibration has taken place.
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Figure 1 (a) Schematic configuration of ratiometric structure with two edge filter arms
with MMI structures (b) Desired spectral response of two edge filter arms and (c) The
output ratio between two arms.

The design steps for each MMI structure are identical. To optimise an individual
MMI structure for an edge filter application, the width (W) and length (L) of the MMI
are adjusted. The transmission response of the MMI is calculated for each W and L of
MMI. A modal propagation analysis (MPA) can be used to calculate the transmission
response in the multimode waveguide [5]. It is known that the desired edge filter
corresponds to either an increasing or decreasing transmission as the wavelength
increases over the wavelength range. Therefore it is necessary to calculate the
transmission response between the lower and upper limits [ 4; and A, ] of the desired
wavelength range over a range the W and L values for the MMI. For each W of the each
MMI, we scan the length L in increments of 0.01 L, (where L,is the beat length) and

determine the transmission value at A;, A» as P(A;), P(A,) and then calculate the
corresponding discrimination range D = P(ﬂl)— P(/lZ )‘ (thus P(A) and P(\,) should be

in dB). A symmetrical MMI produces a self image at a distance L=2L_, so we can set
the scanning range of L as 0< L<23L_(4).

After calculating P(A,) and P();) for each W and L for an MMI we select some
structures as possible candidates. We select the structures based on the constraints that
the discrimination, D, should be better than 10 dB and that the baseline loss (either
P(\) and P(A;) depending on whether the slope is negative or positive) should also be
less than 8 dB. Then we calculate the spectral response for each selected structures. An
ideal response for the edge filter should give a linear dependence for wavelength versus
transmission. We can use a linear curve fitting and get a slope (m) of linear function
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(T(A)=mA+c) and a norm residual (nxr) from a QR decomposition of the

Vandermonde matrix [6], as the parameters to choose the best spectral response. The
ideal spectral response has high m and low nxr. The optimal edge filter with positive or
negative slope is chosen based on a figure of merit:

FpHmﬂ 0

where ¢, and c,, are weighting coefficients. The best edge filter occurs when F =1

and the worst when F =0.

3. Numerical example and discrimination demonstration

As a numerical example, a buried silica-on-silicon waveguide is chosen where
the refractive index of the core and cladding is 1.4553 and 1.4444, respectively. The
waveguide cross section is 5.5 um x 5.5 um and the multimode section thickness is 5.5
um. The effective index method is used to simplify the calculation. The wavelength
range for this example is taken to be 1500 — 1600 nm. The width of the MMI is chosen

to be in the range 30 — 50 wm and the lengthO—Z%Lzr (21) Based on the above

procedure, the optimal edge filters are found to have the dimensions W = 45 um, L =
3478 um and W = 46 um, L = 3250 um for the positive slope MMI (P;) and the
negative slope MMI (Py), respectively. The spectral responses are plotted in Fig.2.a
from which it is clear that the discrimination range (from 1500 to 1600 nm) is 10.97 dB,
while the baseline loss is 6.57 dB for the positive slope edge filter. For the negative
slope edge filter the discrimination range is 11.39 dB with a baseline loss of 5.96 dB. To
calculate the ratio of the whole integrated ratiometric structure, a Pade (1,1) beam
propagation method with a GD scheme is used [7]. The ratio of the spectral response is
from —10.91 to 11.49 dB and is shown in Fig.3.
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Figure 2 (a) Spectral response of optimised edge filters with opposite slopes (b)
Spectral response of the ratiometric

To confirm the wavelength discrimination capability of the designed structure,
the ratiometric wavelength measurement process is modelled numerically [8] by taking
account of the optical noise of the source signal and the electrical noise of the
photodetectors. Assuming the SNR of the input signal is about 55 dB, the best
resolution achievable for power measurement is 0.001 dB and the noise generated by
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photodetectors and electronic circuitry is equivalent to an uncertainty in the ratio
measurement of 0.002 dB. The source wavelength is set to 1550 nm. This wavelength is
changed by successively increasing increments of 5, 10, 15 and 20 pm. The
photodetector outputs are sampled 100 times and the ratio of the photodetectors outputs
is calculated for each wavelength. The wavelength is incremented again and the process
of sampling is repeated. Fig. 3 shows the complete time series of the calculated ratio
values as a function of sample time and the wavelength increments. From Fig. 3, it is
clear that the detectable ratio due to the wavelength tuning has a potential resolution at

least better than 20 pm.
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Figure 3 Output ratio as the wavelength is tuned

Conclusion

An integrated ratiometric wavelength monitor based on a pair of MMI structures with
symmetrical responses has been presented. The width and length of the two MMI edge
filters with opposite slope spectral responses are optimised based on a defined figure of
merit. The wavelength discrimination of the designed ratiometric structure has been
demonstrated numerically and shows a competitive resolution (20 pm) for wavelength
measurement.
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Abstract. In this paper, the modeling of optically tunable all-optical switching and
slow-light device is addressed. We consider cavity-based add-drop and direct-coupled
filters as switching elements, and analyze the static and dynamic behaviours, for
tunable delay lines, we investigate coupled-resonator optical waveguide (CROW)
structures. The tunability of the system under investigation is discussed considering the
Jjoint interference effect created by a not excited dipole in a cavity in Purcell regime,
and the interference effect in a quantum state by Electromagnetic Induced
Transparency (EIT).

Introduction

One of the main tasks for applications of nanotechnology in Data&Telecom market is
the development of innovative devices like lasers with low threshold current,
nanocavity laser arrays, add-drop filters for wavelength routing networks, buffers for
Optical Burst Switching (OBS) and Optical Packet Switching (OPS) and quantum
information devices [1]. The progress in fabrication of 2D Photonic Crystal (PhC)
cavity-based structures, achieving recently Q parameters of order of millions [2], gives
the opportunity to obtain strong light matter interaction in a small volume V. In
particular, by increasing the Purcell factor Q/V, we can design a quantum-based device,
and by tuning the decay rate of a dipole through the electromagnetic environment, we
can exploit the interaction between a cavity mode and a quantum state [3]. In this paper,
we refer to PhC and Quantum Dot technology, and we consider a single quantum dot
inside a PhC cavity, analyzing the behavior of side- and direct-coupled waveguides for
switching purpose; then we analyze a Coupled Resonator Optical Waveguides (CROW)
as a slow light device.

Switching device

Figure 1: Side and directed coupléd PhC cavities

We consider the device of Figure 1, and we suppose that there is a quantum state inside
the cavity, composed of three energy levels where one of the two transitions is
entangled to a cavity mode through the g parameter [4, 5]. The other transition is driven
by a coherent field, not related to any cavity mode, that is described by the Rabi
frequency Q_. We suppose to work in Purcell regime [6], i.e. the Purcell factor is larger

than one
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but there is not strong coupling between the cavity mode and the quantum state. This

condition is satisfied for high values of the g parameter, but also if the dipole decay rate
y' is much smaller than the whole decay rate of the cavity, that is related to T, tc; and

>1

Tep. This situation can be achieved by a suitable design of the cavity, considering the
Spontaneous Emission (SE) rate of the dipole in the cavity and by a proper alignment
between the cavity mode and the dipole moment matrix elements of the quantum state,
but also by reducing the volume of the cavity mode to increase the g parameter [5].
In Figure 2, the power spectral density of the direct-coupled system is shown in two
cases: when the pump signal is switched off (Q:=0), we observe a sharp transmittance
peek and for Q=400 GHz, the so called Rabi splitting is achieved in the quantum state,
and the distance between the two symmetric transitions is 2Q,_ .
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Figure 2: Power spectral density of a direct-coupled cavity:
(@) Q =0() Q =400 GHz

This behavior is similar to that one in a EIT material, where a coherent field cancels the
absorption of a probe transition, if the two allowed transitions share a common energy
level. In side-coupled system, we have an opposite behavior and the signal is reflected
or dropped, depending on the design, when the pump is on [4]. This effect holds in a
weak excitation limit, when the photon flux is much smaller than the Purcell factor [3,
71.

We have performed our analysis in both frequency and time domains, and the transient
behavior of the side- and direct-coupled systems are shown in Figure 4, for two values
of the g parameter. We have considered an input monochromatic field, and it is evident
that a large Purcell factors speeds the creation of the dark state in an EIT material; we
also observe that a side-coupled system has a larger Q parameter.

Slow-light device

The proposed approach can be used to design a tunable slow-light device based on a
CROW. We assume that the whole Hamiltonian of the system is

H:ZIER‘1><1‘+E2R‘2><2‘+E3R‘3><3‘)+2ha1/)aRa; +KZ(aRaR, +hc.)—2hg(ofaR +o‘fa;)—
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where the first term is the energy level related to the quantum state in each cavity, the
second term is related to photon number of the mode in each cavity, the third term is
related to photon hopping between neighbor cavities, and the forth and the fifth terms
are related to the interaction part in the rotating wave approximation, between each
cavity mode and the quantum state inside. The last two terms are related to the modes in
the waveguides that are coupled to the first and the last cavity [6]; «,x' are the
coupling coefficients between neighbor cavities that can be calculated through an
overlap integral [7].

e @ =630 Gz

— g =330 GH=z

25 252 254 256 258 26 262 264 25 255 26 265 27 275 28 285
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(a) (b)
Figure 3: Transient analysis of the (a) side-coupled system, (b) direct-coupled system.
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Figure 4:(a) CROW system under investigation (b) Reflectivity considering Q. =0 (in
the j-th cavity)

We consider an interaction picture, to eliminate the time dependence of the pump
signals, and derive the Heisenberg picture of the system. In Figure 4b the transmittance
considering different numbers of cavities N with a resonant dipole is shown, and we
observe that the reflectivity bandwidth increases, and the frequency response becomes
more flat, by increasing the number of cavities. Figure 5 shows the group velocity, and
we observe that the slowing down effect is larger for a small value of the Rabi
frequency of the pump, in accordance with the dispersion relation of an EIT material.

N is the number of cavities with a value of the pump signal of 100 GHz in Figure 5 (a)
or 500 GHz in Figure 5 (b), and all the remaining cavities have a 2THz pump, that is
quite identical to have no pump effect.
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Figure 5: Group velocity for (a) Q! =100 GHz (b) Q) =500GHz (in the j-th cavity)
We observe that for N=5 we obtain the maximum group velocity reduction in both case,
as expected, and that there are two different behaviours in the two cases. For Q=500
GHz, the light speed reduction varies linearly with N (the curves are equally spaced
apart), and it is almost constant over the frequency bandwidth, whereas this is not true
for Q=100 GHz.

Conclusions

In this paper, we have analyzed the behavior of different PhC and Quantum Dot system
for switching and slow light applications, in the Purcell regime. We have investigated
different regimes of EIT material in microcavities [10] to drop or slow down an input
monochromatic signal. The EIT effect created in a single quantum dot has been
considered, in both static and transient regimes; a CROW device is investigated as an
optically tunable buffer, with a large bandwidth.

The work reported in this paper has been funded by the European Sixth Framework
Program FP6-2004 IST-NMP-2 "Novel nano-template technology and its applications
to the fabrication of novel photonic devices N2T2".
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Abstract: This paper presents the new type of heterogeneous optical waveguide on
silicon-on-insulator (SOI) and its application for ROADM. The side p-n-doping of 220
nmXx35 um silicon core provides quasi-single-mode behavior due to small optical losses
for fundamental mode with 10 um mode width and increasing losses for the higher
modes.

1. Introduction

Optical waveguides based on thin silicon-on-insulator (SOI) nanostructures are widely
used in various photonic elements [1] whose production technology can be compatible
with the standard CMOS technology. On the base of thin SOI one can manufacture
photonic crystals, nano-scale two-dimensional (2D) diffraction gratings for coupling light
from optical fibers or/and for polarization diversity of photonic devices [2].

However, due to a high contrast of the refractive index of the silicon core (n = 3.478)
and surrounding oxide (n = 1.447), it is impossible to fulfill simultaneously incompatible
requirements imposed on the optimal geometrical dimensions of the waveguide silicon
core that have the best fit with 2D grating. To reduce parasitic signals, the waveguide
should be single-mode, i.e. it should have the submicron size. In the direction
perpendicular to the waveguide axis, this condition is fulfilled due to the small optical
thickness (~ 220 nm) of a high-quality silicon layer. At the same time, the width of such
strip waveguides should be large enough (about 10 um) to provide the acceptable
matching with the optical fiber, and hence, these waveguides are necessarily multi-mode,
containing tens of modes. Traditional way to eliminate this problem is based on the use
of adiabatic waveguide coupler that has to change waveguide width about 20 times
(from submicron silicon wire to multi-micron grating region).

In this paper, we describe alternative way, that is based on the use of the new thin
heterogeneous SOI waveguides with large transverse dimensions (mode size ~ 10 pum),
being at the same time a single-mode. The new design contains additionally heavily
doped p-n-regions on the sides of a multi-mode strip waveguide (with silicon core cross
section ~ 220 nm x 35 um). Such doping provides the quasi-single-mode behavior of the
heterogeneous waveguide due to the small optical losses for the fundamental mode and
increase in losses for the higher-order modes. This heterogencous SOI waveguide
provides low propagation and waveguide crossing losses and is preferable for jointly use
with 2D grating couplers, reconfigurable optical add/drop multiplexers (ROADMs) [2]
and multi-reflector filtering photonic devises [3].

New structure design is accomplished by a number of numerical simulations using beam
propagation method (BPM) and finite difference time domain (FDTD) method [4]. To
have faster simulations, 3D structure has been replaced by its two-dimensional analogy
using the effective index method (EIM), which decomposes 3D strip waveguide into two
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2D slab waveguides. We use the same width and concentration for p* and n" - doped
regions that provides charge equilibrium of the structure. Besides, the width of p-n
junction is assumed very small in comparison with the waveguide width that makes
possible to use a step shape approximation of the refractive index across the structure.

I1. Optical properties of heterogeneous optical waveguide in thin SOI
Recently, we propose heterogeneous optical waveguide that contains p - doping of sides
of wide silicon core [3, 5]. Here we extend this approach for the more preferable case of
p-n side doping (see Fig.1) that provides even better results. Optical properties are
studied on the base of simple relation obtained from the well-known paper by Soref et al.
[6]. It describes the change in refractive index (An) and absorption (Ac) at the
wavelength of interest (Ay= 1.55 um) due to presence of free electron (N,) and hole (N,)
concentration in silicon [3, 5]:

Ao, = 0.12-|An,| (1)

Aoy, = 0.16-| A"

Thus total change of complex refractive index due to the free charge dispersion effect is:
An=An+i-n’, (2)

where n” = Acdy/(41), An = An,+An,, A= Aoy, + Ac,.

y
285
SiO, Wo
o o x
Si Si 284 =
Hsioz P W IH P ih <
[~ f 1 >
— 1 X 1145
n'Si i sio, | Mo We | Si0,
1.44
Si - substrate
a)

Fig. 1. Heterogeneous optical waveguide in SOI structure.
a) the structure design; b) distribution of the real part of a refractive index and optical fields of
the first three modes (W=10 um, W,=35 pm, An = 0.002 ); Calculation by 2D BPM.

-20 -10 0
X (MKM) X (MKM)

a) 0)
Fig. 2. Propagation of the Gaussian optical beam that is displaced by 2 pm in relation to the axis
of wide SOI waveguide. Spatial distribution of a magnetic field of TM polarization (that
corresponds to TE in 3D case): a) in standard multi-mode waveguide (W=12 pm); b) in
heterogeneous quasi-single-mode waveguide (W = 12 um, W,= 35 um). 2D BPM simulation.
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The principal difference of standard and heterogeneous optical waveguide is illustrated
by the Fig.2 that demonstrates propagation of the Gaussian optical beam that is displaced
by 2 um relative to the core center. One can see that heterogeneous optical waveguide
suppressed multi-mode interference that disturbs optical field of wide waveguide
(compare Fig.2a and Fig.2b).

This positive effect produced by the p-n side doping (N, = N, ~ 9.2:10"" ecm™, |An,| ~
0.002, see (1)) that changes the field distribution in those manner that the main part of
the fundamental-mode energy in concentrated in the central region of the waveguide of
width W (see Fig.1b), while only a very small part of this energy occupies the dissipative
region with charge carriers. The optical fields of all other modes with effective refractive
indices close to the refractive index in the doped region occupy the entire cross section
of the waveguide. Therefore, the fraction of energy occupied the dissipative region
increases by many times (Fig. 1b) and that produces considerable additional decay (see
Fig.3) of these optical modes by free charge absorption. One can see from the data
presented in Fig. 3 that fundamental mode of heterogeneous waveguide has negligible
losses related to the losses of the high-order modes and that the losses could be
controlled by the structure design.
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Fig. 3. Additional optical losses by free charge carriers (holes and electrons) in a strip optical
waveguide for various modes as a function of real part of refractive index increment in p -doped
regions. W =10 umand W =12 um, W, =20 um and ¥, = 35 um. 2D BPM simulation.
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Fig. 4. Simulation by 2D FDTD of multi-reflector ROADM with heterogeneous waveguides with
32 slanted reflectors (¢ = 45°) for TM polarization. W = 3 pm, n(reflector) = 1.7, period of
reflectors d, = 6 um, beam expander period d, = 24 um. Variable reflector width from 40 nm to
90 nm. a) frequency response (FWHM = 2.4 nm, FSR = 67.1 nm); b) field map at through
wavelength Ay=1.55 um; ¢) field map at drop wavelength o= 1.5036 pum.
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Single-mode behavior and wide mode size, small propagation and waveguide crossing
losses [3] make heterogeneous waveguides very suitable for multiple photonics
applications. For example, they could be used for construction multi-reflector filtering
devices [3]. For the illustration Fig.4 presents simulation by 2D FDTD [4] of typical
frequency response of multi-reflector ROADM [3] with heterogeneous waveguides. We
use variable reflectors width and position to provide proper apodization of the frequency
response. The structure could be manufactured by modern nano-photonics technology.

These results show the need to conduct extensive investigation of novel nano-SOI
waveguide structures and devices that utilizes p-n-doping, nano-grooves, and 2D-grating
couplers. These arrangement could provide polarization diversity and better
manufacturability of multi-reflector reconfigurable optical add/drop multiplexers [1-3].

Summary

This paper presents the first description and simulation of novel nano-photonic SOI
heterogeneous waveguide structures. New structure design includes p-n doping on both
sides of SOI strip waveguide with 220 nm x 35 pm silicon cross section surrounded by
the silica cladding. It provides small crossing and propagation optical losses for
fundamental mode and large losses for high-order modes due to different free charge
absorption depending on the modes field distribution that is controlled by the structure
design. For example, heterogeneous waveguide with equal level of p” and n" side doping
(Niy = N, ~9.2:10"7 em?, |Any| ~ 0.002, W = 10 um, W, = 35 pum) has the very different
losses of fundamental and the first mode -2.1 dB and -20.4 dB, respectively. That is
enough for single-mode optical beam propagation. Incorporation of these novel
heterogeneous waveguides with 2D nono-grating couplers provides new opportunity for
polarization diversity of ROADM. Thin and wide quasi-single-mode SOI heterogeneous
waveguide provides better performance and manufacturability of multi-reflector
ROADM that utilizes multi-reflector beam expanders. Multiple simulations by FDTD and
BMP methods demonstrate the validity of the new SOI design that will be also
interesting for implementation in other multiple nano-photonic optical elements.
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Abstract. We determine, using a Beam Propagation Method technique, the accuracy of
the well known method of evaluating the modal gain based on a ratio between the ASE
powers obtained injecting current in one and two longitudinal sections of a device. We
correlate the method accuracy with the sections length.

Introduction

Segmented contact method has been widely used since its introduction to measure the
gain [1] and loss [2] of active semiconductor materials analyzing the emitted amplified
spontaneous emission (ASE) power.

The usual technique requires two equal-length electrodes on the semiconductor device
under test [1]: first, amplified spontaneous emission (ASE) power P(L) is measured in-
jecting current only one section; then P(ZL) is measured injecting in both sections. In
the laboratory set-up, output ASE power is then collected with an optical system to an
OSA.

Net modal gain G is then estimated from the measures using the relation

1
G=-—1 1
T log (1)

More complex solutions are also used, which require two electrodes with different
lengths [2], or 3 or more electrodes, allowing estimating both the gain and the intrinsic
material losses [3].

The aim of this work is to give a quantitative evaluation of the error affecting this meas-
urement technique, and to determine the minimum device length required in order to
obtain certain accuracy. We analyzed for simplicity the case of 1D layered structure,
n(y), using a two-dimensional BPM simulator. We calculated the ASE radiated power
and its coupling with an optical system, and then we calculated the device gain. Results
are shown for different modal gain values and different equivalent spot sizes of the col-
lecting optical system.
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Fig. 1 shows the layout of the device and the numerical discretization grid we used: y
and z directions are discretized with step Ay and Az respectively.

) T

(n,0)
(0,0)

(n,m)

Electrode 1

Electrode 2

IL

Fig.1 Layout of the device and 2D numerical discretization grid.

In the hypothesis of unsaturated regime of operation, the output ASE coupled to the out-
put optical system can be computed using the following steps:
e We calculate first the field' f (n,m;0) in all the structure generated by a point

source in the middle of the active section (y, =0) of the waveguide in the

plane z =0 (see Fig. 2);
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Fig.2 Calculated fields from a SE point source at various longitudinal sections

and refractive index profile.

We repeat this calculation for all the discretization points in the input section

(‘y_‘v = sAy‘ <w/2,z7=0), obtaining the fields f(n,m;s);

region can be computed at the output section;

From these results the ASE field contribution due to each SE source in the active

The Fourier Transform of these fields can then be used to determine the trans-

mitted fields at the output cleaved interface F(k;m,s) from the spontaneous

emission source at ( sAy, mAz);

! The first two indices indicate the position of the field sample at the coordinates (nAy, mAz), the third

defines the position of the SE source which originates the field at ( sAy,0).
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e The projections of these fields on the Fourier Transform F, (k) of the equivalent

spot size of the receiving optics allow to determine the contribution of each SE
source P(m,s); the total contribution from section mAz is therefore calculated as

2 2
Pon)= S| 6 ks ] 1 o ]
e Finally, we obtain the gain for a cavity with length 2L = 2MAz from Eq.1 as
1
Gr)= o3, Pm)-10g 3", pm)

Results for modal gain and its relative error

In Figs. 3 and 4 we report the modal gain and relative errors obtained from the simula-
tion of an InAs/GaAs QD active waveguide with Aly,sGag7sAs cladding having a spot
size FWHM of 0.6um.

In the case of Fig.3, we considered a 16cm™ modal gain waveguide. The results depend-
ence with the equivalent spot size of the receiver system clearly appears, and at least
750um total device length is necessary to obtain a 10% relative error with a lum
equivalent spot size. Wider spot sizes clearly require longer device in order to obtain the
same error.
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Fig.3 Estimated gain (left) and relative error (right) for a device with 16cm™ net modal gain,

for different equivalent spot sizes of the receiver system.

When working with lower gain values, a longer device is also required: for G=5cm, at
least 1.7mm are necessary to obtain a 10% relative error (Fig.4).

This behaviour clearly shows that segmented contact method gives correct results only
when the ASE field coupled to the output optical system is sufficiently filtered from the
unguided modal field components. Low modal gain operation and large spot size of the
equivalent output optical system risk not guaranteeing a sufficient filtering effect respec-
tively during the propagation in the waveguide or at the end coupling.
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Fig.4 Estimated gain (left) and relative error (right) for a device with 5cm™ net modal gain,
for different equivalent spot sizes of the receiver system.

Conclusions

For the first time, to our knowledge, the multistrip modal gain measurement technique
has been validated respect to its measurement error. Results from BPM simulation show
that the error depends significantly on the ASE filtering capability of the receiving sys-
tem and on the modal gain itself. Longer strips are necessary in order to measure low
modal gain.

This project was supported by the IST NanoUBSources FP6 European Project, contract
no. 017128.
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Abstract. Electrically-pumped single-cell photonic crystal lasers are reported. Two
possible nondegenerate resonant modes are chosen and investigated in detail. In
addition, our recent proposal and demonstration of ‘reconfigurable’ photonic crystal
resonators will be discussed.

The ability to localize photons into photonic bandgap semiconductor
microcavities [1, 2] having wavelength-scale volumes and high quality factors
enables us to study the cavity quantum electrodynamics in semiconductor material
systems. Various optically-pumped, ultra-small, photonic crystal lasers and
electrically-driven light emitting structures based on the concept of photonic crystal
have been recently reported. However, the deployable microlasers should be built on
the simple electrical pumping scheme. One of the realistic difficulties of the
wavelength-scale electrically-driven photonic crystal laser is the electrical contact
onto the sub-micron-size semiconductor slab resonator.

In our electrically-driven photonic crystal resonator structure [3, 4], a sub-micron-
size semiconductor post is placed at the center of the single-cell photonic crystal
resonator where the photon density is almost zero. This small central post functions
simultaneously as an electrical wire, a mode selector and a heat sinker. Electrons are
supplied laterally from the top n-electrode while holes are injected directly through
the bottom p-post. A nip doping structure that is inverted from that of a typical
semiconductor laser is used to exploit the high mobility of the electrons that has to
travel a longer distance along the top surface. The central /nP post was size-tuned by
changing the temperature of dilute HCI solution from 10 degrees to room temperature.
We observed single mode lasing operations from two nondegenerate modes, the
monopole mode and the hexapole mode, respectively. For the monopole mode, the
single modeness comes naturally since this resonance is spectrally well-isolated from
the other modes. However, near the hexapole mode, the high-quality factor
degenerate quadrupole modes always exist. We suppressed the quadrupole mode by
controlling the size of the current post and hence the optical losses. Lasing operation
in an intended mode is confirmed through contour finite difference time domain
methods, where the structural input data is transferred directly from the digitized
scanning electron microscope image of the fabricated sample. Threshold current and
voltage are 100~300 A and 0.9~1.1 V, respectively, at room temperature, near
1,550 nm.

Semiconductor quantum dot combined with microcavities is the one of the
attractive approaches for the single photon sources. Photons trained by a high O/
resonant mode have a narrow spectral line and a well-defined polarization state. In
addition, photon collection can be achieved more efficiently by controlling inner
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symmetries of the resonant mode of interest. The successful optical characterizations
of PhC microcavities with quantum dots were performed recently. However, these
trials employing PhC cavities exposed two critical problems clearly. The first issue is
that of the spatial and spectral overlaps of two relevant resonances, the cavity
resonance and the quantum dot resonance. In order to answer this question, one needs
to control the emission wavelength of a quantum dot on the order of nanometer or
better. At the same time, this right quantum dot should be placed at the anti-node of
the resonant mode with precision on the order of nanometers. The second issue is that
of the efficient collection and delivery of valuable photons to customers. This
nontrivial issue requires good understanding of photon out-coupling out of a resonant
cavity. Our microfiber-coupled ‘reconfigurable’ resonator allows the repeatable
formation of the cavity’s physical position until the quantum dot of ‘right’ emission
spectrum is identified at the ‘right’ physical position. Efficient out-coupling into the
tapered single mode optical fiber follows naturally and easily.

Free-standing 2-D slab /nP triangular photonic crystals are employed as basic
building blocks. The single-row photonic crystal slab waveguide is coupled with a
highly-curved tapered fiber as shown in Fig. 2 [5]. Note that the whole real estate over
the single-row PhC waveguide is where at least one ‘right’ quantum dot needs to be
found. The beauty of this scheme is that of allowing a large margin of fabrication errors
until one constructs the optimized resonant cavity supported by the ‘spectrally-right’
quantum dot. When a microfiber is placed on the PhC slab waveguide, the effective
index near the point of contact increases relative to that of the bare waveguide as
calculated in the dispersion curve shown in Fig. 3. With one step further along this logic,
one is able to construct a photonic potential well by simply placing a tapered fiber on
top of a PhC waveguide, in the proximity of a properly-selected spectral position in the
PhC waveguide dispersion curve. As shown in Fig. 4, we confirmed the formation of a
‘Gaussian’ photonic potential well in the proximity of the contact point of the highly-
curved-fiber. Considering that the electric field of the PhC guided mode penetrates into
the silica in exponential fashion and the air-gap distance of the curved fiber from the
slab has a quadratic dependence, the Gaussian dependence is physically understandable.
In this scheme, the physical location and size of a PhC laser resonator can be defined
(and redefined) repeatedly by simply relocating the microfiber along the PhC waveguide.
Experimentally we confirmed the formation of reconfigurable resonators slightly below
the all three available band edges in the form of lasing action.
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Functional photonic-crystal mini-stopband demux
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Abstract. We successfully implement mini-stopband DeMUX — the wavelength-
selective routing in multimode photonic-crystal “Wn” n-missing-rows waveguides —
in two devices: (i) a tunable laser for wavelength monitoring based on W3 guides with
< 20 GHz accuracy, (ii) a membrane-based InP DeMUX receiver, based on W(5+x)
guides, with polarization diversity and Coarse WDM capability.

Introduction

Demultiplexing is a crucial function in integrated telecom devices. Photonic Crystal
(PhC) multimode waveguides support anticrossing phenomena, so-called MSB (mini-
stopband) that have been exploited to demonstrate a demux action. We show here two
devices where integration of such a demux has been made possible, a laser to monitor
its wavelength, and a polarization-independent surface coupled receiver, with integrated
photodiodes. This work was part of the EU project FUNFOX (IST 04582).

Fig. 1 explains the basics of MSB demux. Fig.1a depicts the typical band structure of
a multimode “Wn” photonic crystal waveguide consisting of holes on a triangular array
of pitch a with n missing rows (here n=7, matrix index ne;=2.7 to 3.3 depends on the
layer structure). Higher order modes and the fundamental mode couple together in tiny
frequency and wavevector windows [1], ignoring each other elsewhere. The higher-
order mode easily tunnels through many rows of PhC (Fig.1d-e), while the fundamental
mode cannot. Hence, in Fig.1b, we exploit this difference to produce highly
wavelength-dependent photocurrents in two ‘side’ and ‘through’ photodiodes. The ratio
can be used to monitor in an integrated fashion a tunable laser wavelength, and provide
data for feedback, especially along the edges of the spectral response.

Fig.1c shows the demux WDM action, that we shall use rather in a Coarse WDM
(CWDM) spirit, according to Refs [2-4]. Thanks to its small footprint and satisfactory
response, our device competes well with various approaches (phasar/AWG [5], cut-off
waveguides [6], multiple cavities [7]) and has some intrinsic design robustness.

The existing attempts of an MSB-based demux [2-4] were all made in a substrate
approach. This will still be the case of the laser monitor of Fig.1b, but we will
demonstrate here an MSB-based demux implemented on an InP membrane[8,9], with
surface couplers and polarization diversity [10].

Wavelength monitor

The wavelength monitor we implemented was based on the principle of Fig.1b. The
basic PhC-tunable laser makes use of two cavities of similar length, and uses two
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injection currents to tune the laser monomode emission across several tens of nm
around 1550 nm, with good SMSR in general [11-12]. The rear mirror of such a laser
was thinned to three rows to allow sufficient signal to leak through. The short taper was
simple, its efficiency was not a critical issue, as it had a smooth spectral behaviour.

Several other hurdles had to be tackled. Firstly, electrical cross-talk between diodes
and with lasers had to be controlled by means of insulation trenches and grounded
guard rings to avoid leakage currents. Next, reflections in the laser had to be tamed,
thanks to extensive FDTD simulations [13]. For this, the few rows at the start of the
PhC waveguide were made different so as to break coherence of the back reflected
beam, as will be detailed. The thinned side was also made with a simple trench instead
of one of the rows to diminish the feedback and broaden the response range.

After all these steps, the system looked as shown in Fig.2. The ratio of the
photocurrent was monitored as a function of the two laser currents with our home made
setup and gave the result of Fig.3a. Compare with the lasing wavelength map of Fig.3b.
The impact of the MSB can clearly be seen. Using the ratio to monitor, we obtained the
correlation data of Fig.4a,b, which show an unambiguous correlation between lasing
wavelength and ratio over several nm.

This particular monitor, with associated electronics, could therefore be of interest to
finely lock laser arrays in PICs. The issue of temperature dependence will be discussed.

Integrated receiver with photonic-crystal integrated demux

Thanks to the progresses in surface couplers on membrane [14], we could design a
device that gathers three key elements: (i) a polarization diversity surface coupler, (ii) a
demux device working as indicated in Fig.1c, and (iii) integrated photodiodes.

The basic system is an InP membrane bonded thanks to BCB onto a holder. A single
e-beam-defined mask is defined. It is first used to perform deep etching of PhC holes,
while the coupler areas are completely protected by another coarse masking. Then,
these area are de-protected, and a shallow-etch step is practised, of no influence for the
“through” PhC holes. The photodiode array is included on the back side, as will be
described in more detail on slides in correspondence with the BCB bonding procedure.

Several subparts were tested at intermediate steps. They revealed the high
performance limits of our approach, notably the polarization diversity performance
(Fig.4) and the wavelength demux capabilities (Fig.5, on devices with cleaved optical
readout rather than photodiodes).

The overall chip is described in Fig.6 as well as its key demux performances on all
but one functional channels. The overall footprint is small and can be shrunk to
100x150 pm with curved grating coupler. Device-wise, 50 MHz operation of the
demux will be shown, the photodiodes having a designed 10 GHz cut-off (not
measured).
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Figure 2 : Micrograph of the wavelength monitor situated at
the rear side of a two section PhC laser. The fate of different
wavelengths is illustrated by arrows with solid line or dotted
line. Note the strong taper just at the entrance of the
monitor, partly hidden by the guard ring.

Figure 3 (page 4 top): (a) Correlation of wavelength and
ratio along a particular plateau (high SMSR), ensuring
20 GHz potential stability over 110 GHz (dots at the top
are the SMSR data, cf. left scale); (b) Tuning map of the
laser: wavelength (color) as a function of front and rear
section currents. Note well-defined parabola-shaped
regions; (c) Map of photocurrent ratio PD2/PD1 as a
function of the same parameters. Note the overall
similarity with the (b) map. features.
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Abstract. We report on Photonic Crystal DFB laser array under electrical pumping. The
2D geometry of the Photonic Crystal allows precise and fine wavelength spacing. Lasing
occurs on the first excited mode, which can be explained by 2D-FDTD calculation
showing extremely low loss and high DFB coupling for this mode.

Introduction

All photonic crystal (PhC) defect waveguide lasers appear as extremely promising for
planar optical integration. Indeed they are by nature fully compatible with already
reported integrated compact optical systems based on PhC. Moreover, previous works
have shown that such lasers can exhibit single-mode DFB-like operation [1] and have
also predicted that precise wavelength engineering could be achieved by harnessing the
transverse dimension of the 2D PhC [2].

Here we report on integrated arrays of defect waveguide lasers “SW5” where the
wavelength spacing is set by altering the transverse period of each waveguide PhC. Both
single- and dual-mode DFB lasers were obtained and using planar simulations we can
explain most of these lasers' properties.

Sample and geometry

We focused on “SWS5” defect waveguides obtained by omitting 5 rows of holes in a
rectangular PhC, as shown on figure 1. Such lattice can be described by two periods: a ,
along the waveguide, and b, transverse to the waveguide. The former is set to a=484 nm
for all the lasers in the array and we vary the latter to change the wavelength. In
practice, both lattice constants differ by only few percents and we stay close to a square
geometry (a~b). Each waveguide can be seen as a square lattice that has been laterally
shrinked or expanded by an affine deformation while keeping the hole radius constant.
The dimensionless deformation, that we define as a=b/a, is the key design parameter in
this work and all the other parameters remain constant.
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For this study, we built arrays of 12 lasers, with a period a=484 nm, hole radius of
r=150 nm and deformations ranging from «=0.91 to a=1.23. The waveguides were
370 pm long and both ends were 15 um away from the cleaved edge. These 15 um of
free propagation help reducing the re-injection from the cleaved edge and ensure a
reproducible DFB operation.

Samples were fabricated at “Alcatel Thales III-V Lab” in the InGaAsP/InP material
system. We used an InGaAsP planar waveguide on InP substrate with 6 compressively
quantum wells. The gain curve of the quantum wells is centered around 1550 nm. The
PhC waveguides were defined using e-beam lithography and deep dry etching. The holes
depth is around 4 um, deep enough to achieve 2D like geometry. Metallic contacts were
then deposited on the top and bottom surfaces, taking care not to fill the holes so as to
preserve the quality of the PhC. A gain region of around 10 um wide was delimited by
proton implantation. Samples were then thinned and cleaved into laser arrays that we
reported on an aluminum submount, in turn mounted on a PCB board for
characterization.

These structures were simulated using 2D FDTD [3], with an effective index of n.,;=3.21
and assuming an infinitely long waveguide (periodic boundaries). The effect of the
lateral implant on the guided mode was described using weak perfectly matched layers
(PML) in the implanted regions.

Figure 2 shows the evolution of the emission wavelength with the deformation for 4 first
DFB modes. The two degenerated fundamental modes are My (black) and Mow(red) and
the two degenerated first excited modes are M,z (blue) and Miu(green). The subscripts
“Z” and “M” respectively stand for “zero” and “maximum” and describe the way the
mode is phased with the holes, as can be seen on the insets of figure 2: “Z” modes have a
zero aligned with the holes column and “M” modes have a maximum aligned with the
holes column. “M” modes experience higher losses than “Z” ones and this explains the
single-mode operation on the My reported for W1 waveguides [1].

Here, we expected single-mode DFB operation on Mgz, with a central wavelength
ranging from 1550 nm to 1554 nm, as can be seen on figure 2 (black line).
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Experimental results

Emission spectra of the lasers were measured under pulsed operation using a 1-m focal
length monochromator fitted with a cooled InGaAs photomultiplier. Figure 3 shows the
DFB lasing wavelength depending on the deformation o (top part) together with a
typical spectrum obtained for deformation a=1 (bottom part).

As expected, the lasing wavelength changes slowly and linearly with the deformation.
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However, neither the average lasing wavelength (around 1520 nm) nor the slope of the
wavelength evolution (A4/A4h=0.1) matches what was expected for the fundamentals
DFB modes Mz and My (see figure 2). In fact, all these lasers are on the first excited
transverse mode. Indeed, the theoretical slope for Mz and My (AAV/Ab=0.1) perfectly
matches the experimental results shown on figure 3 (we attribute the small wavelength
offset to a slight mismatch in the effective index used in the simulation).

Lasing on the first excited mode was confirmed by near-field probe measurements in the
close vicinity of the waveguide exit facet. To avoid distortion of the beam profile over
the 15 pm of free propagation, measurements were made on shorter lasers (280 pm long)
cleaved inside the waveguide. Figure 4 shows a typical intensity profile obtained for a
cleaved SW5 waveguide for a=1 (lasing wavelength around 1520 nm).

Moreover, for deformations higher than «a=1.08 (gray area), the lasers are no longer
single-mode and both degenerated DFB modes M;; and My are visible.

Analysis and discussion

To understand why these lasers were on the first excited mode and why the single-mode
behavior was lost for high deformations, we compared various properties of the different
modes obtained from 2D FDTD and complementary 2D plane wave simulations.

First, from the spatial profile of each mode, we estimated the confinement inside the
guide and thus the modal gain. We found that all 4 modes experience almost identical
modal gain (with a confinement above 98 %).

Then, we extracted from 2D-FDTD the loss level (the imaginary part of the propagation
constant) for each mode, which is displayed on figure 5. One of the first excited mode,
M,z (blue), experiences losses orders of magnitude smaller then the other 3 modes
excepted for high deformations where the loss level difference tend to shrink.

This low level of losses for M,z , together with comparable modal gain could explain the
single-mode lasing on the first excited mode observed in our experiment.
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Moreover, there is a clear reduction in the loss level difference for high deformations, in
good agreement with the experimental observation of a dual-mode behavior for the DFB
lasers. This reduction could partly explain the dual mode behavior seen experimentally.
However, for high deformations, fundamental modes My, (black) and My (red) also
experience reduced losses, whereas we never see lasing on of these modes. An
explanation could lay in the DFB coupling that is way stronger for the first excited
modes than the fundamental ones in this region.
Once more, these 2D simulations only account for in-plane losses and 3D FDTD
simulations are needed to estimate losses out of the plane that could be different for
fundamental and first order modes.
Transverse period b = aa (nm)
450 475 500 525 550 575
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Loss Level (arb. u.)

Deformation a
Figure 5:Loss level for the first 4 DFB modes, My, (black),
Mou(red), M,z (blue) and M y(green). M,z (blue) has lower losses
than all the other modes. The gray area corresponds to
deformations for which lasers are dual-mode.

Conclusion

We have experimentally demonstrated a new concept for integrated DFB laser arrays
based on PhC defect waveguide. The affine deformation of the crystal lattice offers an
efficient way to precisely tailor the wavelength spacing between lasers of the array. The
peculiar characteristic of these lasers, among which the lasing on the first excited
transverse mode, is well described by planar simulations.

A. Larrue acknowledges financial support from DGA under supervision of B. Desruelle.
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Abstract. We present results on room temperature CW electrical operation of an edge
emitting, all photonic crystal laser diode. The laser is based on a DFB-like photonic
crystal W5 defect waveguide and shows stable single mode emission at 1563 nm. Laser
design and performances are discussed.

Introduction

All photonic crystal (PhC) defect waveguide lasers appear as extremely promising for
planar optical integration. Indeed they are by nature fully compatible with already
reported integrated compact optical systems based on photonic crystals [1]. In this
paper, we present results on the design optimization and CW operation of hexagonal
“HWS5” defect waveguides lasers showing single mode emission based on 2" order
DFB operation.
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Figure 1: Schematic diagram of the Figure 2: Band diagram of the waveguide with
deformed hexagonal lattice used for a deformation of -25%. Calculations used 2D
the “HWS5” waveguide. PWEM method and an effective index of 3.21.

Laser design

To achieve efficient single mode lasing in the waveguide, we design our PhC
waveguide so that the second folding of the first guided mode occurs at the gain peak
wavelength. In that way, we plan to achieve stable 2" order DFB-like emission of our
laser [2, 3]. To minimize propagation losses and to minimize the laser threshold, we
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tried to minimize possible couplings between the DFB mode and the PhC optical modes
[4]. To that effect, we introduce an affine deformation of the hexagonal lattice (figure 1)
to move the band gap so that the 2 folding of the guided mode rests into it (figure 2).
The final parameters of the lattice are dx = 494 nm and dz = 642 nm, with a hole radius
of 123 nm. These values correspond to a deformation of -25%, as a standard hexagonal
lattice with the same dx of 494 nm would require dz equal to 856 nm. Due to the
deformation, the waveguide width is reduced from 2.5 pm to 1.9 um. The waveguide is
delimited by a cleaved facet on one end and on the other end by a rear hexagonal PhC
mirror in the I'M direction. The lattice constant of the mirror is 403 nm, and the air
filling factor is 30%. We designed the PhC mirror so that the emission wavelength of
the laser rests at the center of the band gap, to maximize the reflectivity

Results and discussion

Since the main challenge of electrical pumping is heat dissipation, we use what appears
to be the most promising route to manage it, the so called “substrate approach”.
Samples were fabricated at Alcatel Thales III-V lab in the InGaAsP/InP material
system. We use an InGaAsP based planar waveguide on InP substrate with 6
compressively quantum wells. The gain curve of the quantum wells is centered around
1.55 um. The photonic crystal waveguide was defined using e-beam lithography and
deep dry etching. The holes depth is around 4 pm, deep enough to achieve 2D like
geometry [5]. Metallic contacts were then deposited on the top and bottom surface of
the sample, taking care not to fill the holes so as to preserve the quality of the PhC. A
gain region of about 10 um wide was delimited by proton implantation. Samples were
then thinned and cleaved into laser bars that we reported on an aluminum submount, in
turn mounted on a PCB board for characterization.

Fabricated samples of different lengths ranging from 80 um to 330 um were
characterized in the continuous regime. Figure 3 shows a typical light-current curve
obtained on a 230 um long laser at room temperature. There is a clear emission
threshold around 22 mA with a slope efficiency of 0.07 W/A. The maximum emitted
power is around 3 mW and is limited by temperature. As seen on figure 4, the threshold
current increases with laser length, whilst the efficiency slowly decreases.
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Figure 3: CW Light-current characteristic of a Figure 4: Evolution of the measured threshold
230 pm long laser at room temperature. current and slope efficiency versus cavity length.

Emission spectra of the lasers were measured using an Ando AQ6315 optical spectrum
analyzer. Lasers with lengths ranging from 230 um to 330 um showed single mode
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emission with a side mode suppression ratio (SMSR) larger than 30 dB. The single
mode emission is stable with the bias current, as shown on figure 5. For shorter cavity
lengths, the Fabry-Perot emission prevailed due to the influence of the rear PhC mirror.
DFB operation would be favored by using an antireflection coating on the front facet
and moreover the SMSR would be increased. Indeed a 400 um long laser designed with
a cleaved rear reflector showed SMSR as high as 46 dB (figure 6), with a threshold
current of only 28 mA.
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Figure 5: 330 um long laser spectra for several bias Figure 6: 400 um long laser spectra for several bias
current with a rear PhC mirror. current with a rear cleaved facet.

Similar PhC lasers without affine deformation were fabricated and tested. The crystal
lattice constant was 485 nm. Lasers with a rear PhC reflector exhibited threshold current
in the same range as deformed lasers and showed multimode Fabry-Perot emission. A
400 um long laser with a cleaved rear facet presented DFB emission at 1540 nm with a
SMSR of about 35 dB, with a high threshold current of 50 mA. These results show the
influence of the lateral lattice parameters on the spectral characteristics and the interest
in engineering the lateral lattice parameter to design and to achieve a DFB laser with a
high SMSR.

Conclusion

We demonstrated CW electrically pumped, 2" order DFB-like laser emission using an
all photonic crystal defect waveguide laser. We introduced an affine deformation to
limit the coupling of the DFB mode with the PhC optical modes and to force the
emission in the bandgap. Experimental results show that DFB operation is improved by
introducing an affine deformation in lateral dimension of the lattice. This approach will
allow to achieve DFB lasers operating with high SMSR values.

A. Larrue acknowledges financial support from DGA under supervision of B. Desruelle.
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Abstract. Efficient coupling in the slow light regime of photonic crystal waveguides is a
key prerequisite for many designs. In this paper, we describe an easily implanted
injector that promises high coupling efficiency for values of ng up to 100 and show
experimental results demonstrating the usefulness of this technique.

Introduction

The realization of devices that may control the group velocity of light propagating in
photonic waveguides has a number of important applications and is receiving
considerable interest among researchers. By reducing the group velocity, the light-
matter interaction may be considerably enhanced enabling the creation of devices that
perform useful functionalities with lower powers and smaller devices than otherwise
possible. Linear interactions, including gain and the electro-optic effect, scale with the
slowdown factor (the ratio between the group and phase velocities). Nonlinear
interactions then scale with the square of the slowdown, as there is both a phase and an
intensity enhancement [1].

Slow light photonic crystal devices promise to be very advantageous for the Silicon on
Insulator (SOI) system. Very high quality passive silicon photonic crystals have been
reported in the literature [2, 3], however, the absence or weaknesses of many non
linearities in silicon have hampered the development of active devices. By using the
slow light enhancement, more useful devices may be created, thereby capitalizing on
the many advantages of the CMOS compatible SOI system.

There have been a number of promising results on slow light photonic crystals both
passive [4] and active [5], but a recurring issue is the low coupling into the slow light
regime of the photonic crystal from a photonic wire. Vlasov et al. have shown that the
termination between the wire and crystal strongly affects the efficiency, with small
fabrication errors in this area, having a considerable effect [6]. Recently, Hugonin et al.
[7] and Marris-Moroni et al. [8] have theoretically investigated adding an intermediate
photonic crystal region between the slow light photonic crystal and the photonic wire.
The principle of this technique is to couple light from the wire into the fast mode of the
photonic crystal (in the coupler region) and then from this fast mode into the target slow
mode of the main photonic crystal.

In this paper, we fabricate photonic crystal W1 waveguides with intermediate photonic
crystal coupling regions (referred to as W’) and test the improvement in coupling
efficiency using transmission measurements.

Theory and Design

The coupling between a photonic wire and the fast mode of a W1 has been shown to be
very good- over 90% [6]- as the modal size and group index are reasonably well
matched. This suggests the addition of an intermediate region, W’, (with a larger lattice
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constant and, thus, a faster mode for a given wavelength) as a solution to coupling to
slow W1 modes.

We have considered a number of possible configurations for this region, such as slowly
chirping the lattice into the main crystal, rapidly chirping and an abrupt change.
Somewhat surprisingly the abrupt termination proved the most successful. Numerical
simulations then showed that in spite of the abrupt change, the field actually
experiences a transient zone, allowing the light to smoothly build up in intensity (while
slowing down), see figure 1a.
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Figure 1: Simulations performed using a Bloch mode Fourier modal method, showing the smooth
transition between the injector region and the main crystal (a). Dispersion relations for the W1 and W1
regions are shown on the right (b) [7].

Efficiencies as high as 80% for the coupling into the slow mode at n,=100 have been
predicted with this technique [7].

As this is quite a simple technique, the experimental implementation is straightforward
and easily applied in practice. Figure 2 shows how we chose to realize the injector
region. For the 10 rows immediately next to the interface with the photonic wire, the
hole spacing along the direction of the defect is increased, thus, enlarging the lattice
constant and pushing the mode to longer wavelengths, creating the W’ region as in
figure 1b. :
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Figure 2: An example of a W1 photonic crystal waveguide with a coupling region (W’) between the slow
light region (W 1) and the access photonic wire. The lattice constant along the direction of the defect is
enlarged in the coupler region. For illustrative purposes the enlargement shown here is 50 nm.

Fabrication

The devices were fabricated on a SOITEC Silicon on Insulator wafer comprising a 220
nm thick Silicon layer on 2 pm of silica. The pattern was exposed in ZEP520A electron
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beam resist using a hybrid ZEISS GEMINI 1530/RAITH ELPHY electron beam writer
at 30 keV with a pixel size of 2 nm and a writing field of 100 pm. The resist was
developed using xylene with ultrasonic agitation. Pattern transfer was carried out using
Reactive Ton Etching with CHF3 and SF¢ gases. The silica beneath the photonic crystal
was removed using Hydrofluoric acid (the rest of the pattern was protected with
photoresist).

The fabrication of these devices was carried out in the framework of the ePIXnet
Nanostructuring Platform for Photonic Integration [9] and was very similar to that used
in [2]. A propagation loss of 12 db/cm was measured for benchmark W1 waveguides.

Transmission Measurements

The devices were characterized using an endfire setup with a broadband LED source
source. Figure 3 shows a comparison between W1s with and without the W’ injector
region. As the mode cutoff is approached (at a wavelength of approx. 1545nm) and the
group velocity of the mode reduces, the improvement due to the injector region
becomes very apparent- for example, at a wavelength of 1540nm, the transmission of
the W1 with the injector is twice that of the normal W1.
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Figure 3: Transmission spectra for a normal W1 (black) and a W1 with 10 period injector regions with a
20 nm period enlargement (red). The nominal lattice constant was 420 nm and the W1 length was 200
um. The shape of the transmission curves is also influenced by the propagation loss, which is higher in

the slow light regime.

The injector region is also expected to improve the tolerances for the fabrication of the
interface between the photonic wire and photonic crystal. Normally, nanometer scale
imperfections may have significant effects on the transmission but as this region now
only affects the coupling from the wire into the fast mode, its significance is much
reduced.

Conclusion

An injector region has been implemented that significantly improves the coupling to the
slow regime of W1 photonics crystals. This technique may be expected to add to the
performance of many slow light photonic crystal designs. Further work will involve the
investigation of the more advanced injector proposed in [7], which is predicted to have
superior performance in the ng>100 region.
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Abstract. We demonstrate propagation loss as low as 1 dB/cm in photonic wire
waveguides based on Silicon-on-Insulator. A high repeatability process based on
hydrogen silsesquioxane electron-beam resist (HSQ) is demonstrated with small
dispersion of the resonance frequency of coupled micro-ring resonators and optical
delay lines.

Introduction

Silicon-on-insulator (SOI) technology is a promising platform for constructing
functional micro-scale optical devices for a high density photonic integration. Sub-
micron cross-section waveguides and micrometer-size bend radii are allowed by the
high refractive-index contrast between silicon and typical cladding materials such as
silica.

The small dimensions also imply the need for stringent manufacturing tolerances and for
reduction of the sidewall roughness that is the main source of the propagation losses due
to scattering. With optimized etching processes, lithographic pattering becomes the only
significant source of imperfection —through sidewall roughness.

In most work to date, electron-beam resists such as PMMA and ZEP together with a
transfer mask layer of silica or silicon nitride, have been used to transfer the require
device pattern into the substrate. But in the recent years Hydrogen silsesquioxane (HSQ)
has proven to be a promising electron-beam resist because it combines high resolution at
a moderate sensitivity, with minimal line edge roughness, together with a substantial
level of etch resistance. Despite of all these positive characteristics, several papers have
shown that HSQ suffers from significant process delay effects that result in a fluctuation
of the optimum e-beam dose and pattern size.

In this work we show that very low propagation loss silicon wires and low resonance-
frequency dispersion coupled micro-ring resonators can be fabricated by using HSQ e-
beam resist. The patterning process was optimized both in terms of its repeatability,
accuracy and edge roughness.

Fabrication

A 220-nm silicon core layer on 1-um buried oxide sample of SOI wafer from SOITEC
was spin-coated with a FOX16-HSQ, diluted with MIBK at a ratio of 1:1. All the
structures were patterned using a VISTEC VB6 electron-beam lithography (EBL)
machine and a SF¢ plus C4Fg gas combination in an STS-ICP machine. The cross-
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section of the resulting fabricated waveguides is 500 x 220 nm” which provides single-
mode operation in the third telecommunications wavelength window.

Loss Measurements

Propagation loss reduction is critical for the development of photonic wire based
devices in SOI. Given the high quality of the SOI wafers available, the major source of
propagation losses is the scattering due to sidewall roughness [1].

Optimizing the HSQ process parameters (baking time and temperature, thickness of the
mask layer) and etching conditions (temperature, gas flow rate and pressure), we have
achieved substantial improvements in comparison with previous values (~ 2-3 dB/cm)
and have measured propagation losses just below 1 dB/cm, with a standard deviation of
0.14 dB/cm [2], for a photonic wire waveguides without silica upper-cladding, as is
shown in Fig. 1. To our knowledge this is the lowest value reported for a non-embedded
photonic wire.

We extracted the propagation loss value using a combination of Fabry-Perot fringe and
cut-back techniques for a set of waveguides with different lengths varying between
1 mm to 9 mm, adiabatically tapered to 2 um wide coupling ridge waveguides.

The FP fringes generated by the cleaved facets allow the extraction of the round-trip
attenuation independently of the input optical power coupled into the system.
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Fig. 1: a) Loss measurements obtained using the combined FP and cut-back technique. b) Schematic of
the standard waveguide design with the input/output tapered waveguides (top) and device layout for the
cut-back loss measurement technique (bottom) [2].

Coupled Ring Resonators

Optical delay lines can be formed by using a cascade of resonant cavities [3] e.g. ring
resonators (Fig. 2a) coupled together that slow the propagation of through the combined
effects of resonance and increased optical path length.

All-Pass Filters (APF) can be constructed from a series of distinct photonic wire ring-
resonators separately coupled to a single photonic wire bus (see Fig. 2b).
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Fig. 2: SEM micrographs of a) Singe ring resonator. b) All pass filter multiple ring resonators
configuration.

Mismatch between the resonance frequencies related to each ring has the additional
effect of broadening the spectrum — and such mismatch can compromise the correct
operation of the fabricated device structures. The HSQ-based fabrication technology
suffers from significant aging effects. In particular, the dose changes significantly with
the elapsed time from dilution of the base material, even when the resist is stored in a
refrigerator. The resulting expansion or contraction of the written pattern modifies the
characteristic properties of the devices produced.

An assessment of the optical resonance of single and cascaded racetrack resonators
provides information on both the long-term stability and uniformity of the HSQ e-beam
resist [4].

We have fabricated 500 nm wide and 20 pm bend radius ring-resonators, transversely
coupled to a bus waveguide in APF configuration. To increase the coupling strength,
straight waveguide coupling regions with a length, L, of 10 pm have been introduced
into the design. The gap between the bus waveguide and the coupling region of the ring
was 150 nm.

A 1 um thick upper-cladding layer of silica is deposited by PECVD, to reduce the
dependence of the device characteristics on the etching depth, all the samples were
slightly over-etched and subsequently covered with silica. Antireflection coatings were
deposited after the cleaving of the sample section, in order to reduce the Fabry-Perot
resonance effects.

We have produced device structures using newly diluted HSQ at different times over a
period of several weeks and have obtained more consistent results than those obtained
by preparing a single dilution of HSQ to be used over the same period; Fig. 3(a) shows
the resonances obtained from two devices fabricated at times separated by five days,
from the same batch of diluted HSQ.

A shift in the resonance wavelength of 0.33 nm was observed, corresponding to a
change in waveguide width of 0.43 nm.
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Fig. 3: Measurements of the resonance for (a) two different single ring devices fabricated on different
days on two different substrates, (b) a single ring and 64 rings fabricated on the same substrate.

The results of a second experiment using 64 separate ring resonators along a bus
waveguide are shown in Fig 3 (b). From the broadening of the resonance peak, it can be
deduced that the average variation of the resonance wavelengths over the cascade of 64
rings is approximately 0.7 nm.

This result also provides a test of the fidelity of the proximity effect correction used in
the electron-beam writing process, since the rings at either end of the cascade require
different doses to those in the centre.

Conclusions

In conclusion, propagation losses and aging effects of the HSQ were accurately
measured in single-mode silicon wire waveguides. Propagation losses as small as 0.92 +
0.14 dB/cm were measured by a combined Fabry-Perot fringes and cut-back techniques.

Samples made with newly diluted HSQ resist have shown more consistent results than
those obtained by preparing a single dilution of HSQ to be used over the same period.
This suggests the use of a fresh dilution all the times that the dimensions are critical for
the performance of a device e.g. photonic crystals, photonic micro-cavity, waveguide
gratings, etc.

These loss figures and the development of HSQ lithographic processes are useful for
further development of silicon photonics circuits on SOI technology.
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Abstract. We have experimentally demonstrated high Q-factors strip waveguide
resonators using the Si;:Ny/SiO; material platform at the wavelength of 1.31um. The
analyzed filters demonstrate high quality factors reaching 133,000. The dependence on
resonator radii and coupling gap is also discussed.

Introduction

The usefulness of integrated microring resonators has been demonstrated in numerous
applications, including optical signal filtering [1], switching [2] and modulation [3], as
well as biological and environmental sensing [4]. Usually silicon on insulator (SOI) is
an attractive platform to make such photonic structures, featuring high index contrast
(An=2) between silicon and its oxide and therefore further leading to high integration
and possible miniaturization of the photonic devices. However, the high optical index
contrast makes the device highly sensitive to fabrication imperfections (e.g. sidewall
roughness) [5]. The use of silicon nitride (Si3Ny) instead of silicon permits reducing
index contrast to An=0.5, offering a higher tolerance to fabrication imperfections, while
maintaining low cost and a reasonable level of integration [6].

In this paper we analyze silicon nitride microring resonators based on strip waveguides.
According to the experimental results, the influence of ring resonator radius as well as
the coupling gap is analyzed. Finally the high quality factor of the resonator is shown.

Design of the optical filters

The simplest topology of an optical filter based on a microring resonator is composed of
a bus waveguide evanescently coupled to a single ring resonator presented in Fig.1.
N

sio,

Fig.1. Schematic view of the wavelength selective filter with single bus waveguide side-
coupled to the ring resonator
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In the presented configuration, the device acts as a wavelength selective stop-band filter,
where the resonant wavelengths are dropped to the resonator and do not propagate
within the bus waveguide.

The considered geometry of the strip waveguide is the following: height H=300 nm,
Wius=Wiing=900 nm. The D gap ranges between 400 and 700 nm and the ring radius
ranges between 80 and 120 nm.

Fig. 2 presents simulations of the fundamental mode profile of Si3Ny strip waveguide.
The obtained effective index of a fundamental mode is equal to 1.59 and the group
index of the mode equal to 1.913.
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Fig.2: Simulation of a SisN, strip waveguide TE electrical field profile obtained at the
wavelength of 1.31um

Fabrication of experimental structures

A 3.3 um thick silicon dioxide bottom cladding was grown on a silicon substrate by wet
thermal oxidation at 1100°C. The 300 nm thick silicon nitride core layer was then
deposited by LPCVD at 800°C from NHj3 and SiH,Cl, precursors. A hard mask was
patterned by electron beam lithography of PMMA, followed by a chromium evaporation
and lift-off. The waveguide pattern was then transferred to the core layer by dry etching
in a He/CF, plasma. Finally, the guides were covered by a 530 nm silicon dioxide top
cladding by TEOS LPCVD at 720°C.

Fig.3 shows the SEM micrograph of the coupling section between the bus waveguide
and the microring resonator.

24m EHT= 500V Signal A = SE2 Date 14 Feb 2008
 — WD= 4mm Mag= 16.11 KX Time :20:26:02

Fig.3. SEM micrograph of coupling section between a bus waveguide and a microring resonator
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Experimental validation of test structures

The transmission spectra of fabricated test structures have been experimentally
investigated by means of a micrometric optical setup and a tunable laser source.

Fig.4 shows the transmission spectrum of a strip waveguide microring resonator of
radius R=90 pym and gap D=700 nm.
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Fig.4. Transmission spectrum of a wavelength selective filter based on Si;N, ring resonator. a)
close-up on the resonant peak, b) the free spectral range of the filter

The normalized transmitted power has been measured in the wavelength range
1308.400-1305.570 nm with a step of 1 pm, so as to resolve the extremely narrow
resonance peak of the filter (Fig.5a). The peak shows a resonance wavelength of
1308.497nm * 10°nm and a full width at half maximum (FWHM) of 17pm,
corresponding to a loaded (measured) quality factor (Q) of 77,000 and the intrinsic
quality (Q;) of 133,000. The extinction ratio reaches 15.9 dB. The free spectral range
(FSR) of the filter has also been characterized experimentally by enlarging the
wavelength range of the measurement to 1308.25-1312.00 nm with a step of 10pm
(Fig.5b). Three resonant peaks are observed at 1308.50 nm, 1310.07 nm and
1311.68 nm, respectively, giving an average FSR of 1.59 nm * 0.01 nm. These
measurement results allow calculating the effective group index of the strip waveguide
resonator mode that is equal to 1.91 that is in good agreement with the theoretical
investigations.

Fig.5 depicts dependence of measured filter parameters on resonator radii and coupling
gap between bus waveguide and microring.

In the case of resonators with radius between 80 um and 100 pm, the loaded quality
factor strongly depends on the coupling gap between resonator and bus waveguide.
Indeed for the gaps ranging between 500 nm and 700 nm, the quality increases with the
gap increment reaching more than 60000. It can be explained with lower coupling
losses. In the case of the resonators with 120 um radius, the quality does not exceed
30000 and only slightly depends on coupling gap. This could be explained by
dominating propagation losses being the limitation of quality factor. In contrary for the
resonators of radii between 80 um and 90 pm bending losses dominates as the quality
increases with radius increment.

A similar observation can be made when the throughput attenuation of the filters is
analyzed. In the case of resonators with radii varying from 80 up to 100 um it reaches
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the highest value (exceeding 15dB) for the coupling gap of 600 nm. In the case of the
resonator with 120 pm, where coupling is weaker due to more open bend the highest
attenuation is obtained for the smallest analyzed gap of 500 nm.
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Fig.5. Comparison of the loaded quality factor (a) and throughput attenuation (b), for filters
with different resonator radii and coupling gaps

Conclusion

We have demonstrated wavelength selective filters with high quality factors from
microring resonators based on silicon nitride strip (Q;=133,000) waveguides. We
discussed the influence of the filter parameters such as resonator radius and coupling
gap on the quality factor of the filters.
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Abstract. We present a detailed simulation-based analysis of Raman lasing in small-
volume silicon-on-insulator racetrack resonators. Continuous-wave Raman lasing in
submicron-sized resonant waveguide devices can be expected without the need of
additional electronic structures, with a significant improvement in threshold power,
device footprint and laser efficiency compared to state of the art integrated Raman
lasers on silicon.

Introduction

One elementary building block within the emerging field of Silicon Photonics is an
efficient integrated laser source. In the last years rapid progress in the development of
Raman lasers as integrated laser sources has been made [1], [2]. So far, experimentally
demonstrated silicon-based Raman lasers comprise low-loss waveguides with large
cross-sections above 1.5 ym? and exhibit overall footprints larger than 5.5 mm? [1], [2].
As the stimulated Raman scattering cross section is proportional to the intensity of the
pump laser inside the silicon waveguide, it is desirable to use small-size waveguides.
Another benefit of small size waveguides is the strongly reduced carrier lifetime
compared to large size waveguides [3], as the free carrier lifetime determines the
dominating loss mechanism of free carrier absorption in Raman lasers.

By the use of racetrack resonators high quality factors over a large wavelength range
can be achieved [4]. These properties make these devices well suited for integrated
Raman laser cavities. In the following we will present a model for analyzing the Raman
laser characteristics in integrated racetrack resonators on silicon. With this model we
analyze for the first time Raman lasing in ultrasmall waveguide resonators on silicon.
We show that it is possible to develop a Raman laser with submicron-sized waveguides
based on a racetrack resonator with a magnificent improvement in threshold power,
laser efficiency, device footprint and without the need of additional electronic
structures.

Modeling

Figure 1 shows a schematic view of the racetrack resonator structure studied here. The
resonator is pumped with laser light at the pump wavelength A,,, which is coupled to the
resonator and generates the laser signal at the Stokes wavelength A; by stimulated
Raman scattering. The amount of power coupled to or from the resonator is described
by power coupling coefficients k,? and k> at the pump and Stokes wavelengths.

The propagation of pump and Stokes powers (P, Ps) per resonator roundtrip can be
described by two coupled differential equations [5], [6]. Within our model pump
depletion, two photon absorption (TPA) and free carrier absorption (FCA) are included.
Here, a,s are the linear waveguide losses at the pump and Stokes wavelengths, gg is the
Raman gain coefficient and =0.5 cm/GW is the TPA coefficient of silicon [1], [2].
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In the last terms of Egs. (1) and (2), o represents the wavelength dependent FCA cross
section and N is the charge carrier density resulting from TPA.
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In Eq. (3) terr is the effective carrier lifetime inside the silicon waveguide and Ej, is the
photon energy at the pump wavelength, where the assumption E, = E; is made. For an
adequate description of the nonlinear interaction area we use an overlap integral
between the mode profiles at pump and Stokes wavelengths based on the definition
presented in [7]:
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In order to describe the resonator behavior, the boundary conditions at the coupling
region of the resonator have to be included. Inside the resonator the following

equations, for pump and Stokes power for the i™ roundtrip inside the resonator can be
derived:

P"()=tP/i=1), P,"() =1, P,'(i=1)+ P,'(0) + 2t,k,[P,' (0B, (i=1) » t;,, +K,, =1 (6)
It is assumed, that pump and Stokes wavelengths match precisely a resonance
wavelength of the racetrack resonator. Equations (1)-(6) are solved iteratively until a

steady state for pump and Stokes power after n iterations is reached. The output power
of the Raman laser at the Stokes wavelength is then calculated as Praman=Ks*Ps‘(n).

j j R{E. x H_}2.dxdy

| Atot

2
dxdy

(6))

eff - 2* -
E,[ *|E,

! Reference plane

Fig.1: Schematic view of a racetrack resonator. P, represents the initial pump power, Pgr,yan the
output power of the Raman laser at the Stokes wavelength A, k> describe the wavelength
dependent coupling coefficients between bus waveguide and resonator.

Results and discussion

In order to demonstrate the reliability and performance of our model we apply the
equations above to an experimentally demonstrated Raman laser based on a racetrack
resonator of large-size SOI rib waveguides [2]. For all presented modeling results in this
contribution a pump wavelength of A,=1550nm and a Stokes wavelength of A,=1686nm
is used. All coupling coefficients for the different resonators were also taken from [2].
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Used modeling parameters as given in [2] are Le=3 cm, 04,=0.6+0.1 dB/cm, Tes=1 ns
and gg=9.5 cm/GW.

Figure 2 shows the Raman laser output power Praman for different input pump powers
Py. Solid lines represent our numerical simulations and corresponding measured data
points are taken from [2]. Obviously, our modeling results are in excellent agreement
with the experimental data, demonstrating the suitability of our model to analyze Raman
lasing in SOI racetrack resonator structures.

T T
= » Measurement k;,2=0.25,kg2=0.05 [2]
€ 309 - Measurement k;2=0.30,k52=0.15 [2]
25 = Measurement k,2=0.86,ks2=0.17 [2]
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Fig.2: Output power Raman laser over input pump power. Shown are the experimental data
taken from Ref. [2] and our simulation results (solid lines) for different coupling coefficients k.

Subsequently we apply our model to resonator structures with ultrasmall cross sections.
We consider SOI waveguides of 400 nm width and 340 nm height. After simulating the
mode profiles for pump and Stokes wavelengths with the finite element software HFSS
the effective modal area was calculated to Acs=0.15 pm?. For the Raman gain
coefficient gg we used the value of gr=30 ci/GW, which has been experimentally
determined for small-size waveguides with comparable cross-sections [8], [9]. We
model a ring resonator of 100 um radius equivalent to about a 24-fold reduction in
resonator length compared to Raman lasers on silicon demonstrated up to now.

For this resonator configuration power coupling factors of x,>=0.12 and k,>=0.09 were
calculated using coupled mode theory. The value of k;? is close to critical coupling at
the chosen resonator geometry for state of the art waveguide losses of 2 dB/cm [4], [10].
The effective carrier lifetime is determined by interface and surface recombination
velocities and can be estimated to t.s=1.2ns for the given waveguide geometry [3].
Figure 3(a) shows the Raman output power Pryman Versus input pump power Py for
different linear propagation losses o=a,=0o,. The laser threshold power increases with
increasing linear waveguide losses and the Raman output power saturates at higher
input powers due to TPA induced FCA. An extremely low threshold power level of
6.9 mW for state of the art waveguide losses can be expected. This presents about a
threefold reduction in power threshold level compared to the lowest threshold level
presented so far for large size rib waveguide resonators [1].

Fig. 3(b) shows the Raman output power Praman Over input pump power Py for different
effective carrier lifetimes t.. It becomes clear, that at shorter effective carrier lifetimes
larger laser efficiencies can be reached. Assuming an effective carrier lifetime of
Te=50ps, which has already been demonstrated using a p-i-n-diode ring resonator in
small size waveguides [11], a total laser efficiency of 30.1 % at Py=100 mW can be
achieved. This represents more than twice of the highest efficiency of silicon Raman
lasers realized so far .in large size rib waveguides.
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Fig. 3: (a) Raman output power Pgryp,, vs. input pump power P, for different linear propagation
losses a=0p-0, and T.~=1.2 ns. (b) Raman output power Pgypa, vs. input pump Power P, for
different effective carrier lifetimes 1. and a=2 dB/cm.

Conclusion

An effective model to predict the output characteristics of racetrack resonator based
integrated continuous wave Raman lasers on silicon is presented, predicting better
performance as reported up to now. The key point is the scalability to ultrasmall SOI
waveguides, with small effective core areas and low carrier lifetimes, allowing
integrated Raman laser on silicon with higher efficiencies, lower threshold power levels
and about a 140-fold footprint reduction compared to state of the art Raman lasers.
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Abstract. In this paper, the design of a micro-ring resonator electro-optical modulator
using a PN junction embedded in a rib waveguide is reported. A reverse bias of 10V is
applied to the junction and shows the possibility to achieve a high modulation depth.
The figure of merit of this compact depletion modulator is estimated to be Lp.Vp=3.46
V.cm for a loss varying from about 5 dB/cm to 8.6 dB/cm depending on the voltage
applied.

1. Introduction

Silicon photonics aims at scaling down dramatically the dimensions of optical
components so electronic and optical functionalities could be integrated monolithically
into an all-silicon chip at very low cost. Most of research activities in the field of silicon
have been so far focused on passive structures, light emitting devices, detectors and
modulators. Significant progress has been made, pushing physical limits of silicon
beyond initial expectations. In the field of light modulation in Silicon, the challenging
aspect is to alter the refractive index as silicon does not exhibit any linear electro-optic
(Pockels) effect, usually used in III-V semiconductors. Alternative ways to alter the
refractive index in all-silicon structures have been proposed. So far, the last
experimental evidences shown that the only viable mechanism to achieve multi-Ghz
modulation in all-silicon devices is proven to be the plasma dispersion effect. This
physical effect is basically based on free carrier concentration variation in a
semiconductor, which alters both the real and imaginary part of the refractive index,
respectively known as electrorefraction and electroabsorbtion. These parameters were
derived experimentally by R.A.Soref [1] from the Drude-Lorenz equations at the
specific telecommunication wavelengths (1.3 um and 1.55 pm). His conclusions led to
the following empirical equations:

AtA=1.55 um:
An=An, +An, =—8.8x107* An, +8.5x107"*(An,)"*]

Aa=Aa, +Aa, =8.5x107 An, +6.0x107* An,
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Where An, is the change in refractive index resulting from change in free electron
concentration; Any is the change in refractive index resulting from change in free hole
concentration; Ao, is the change in absorption resulting from change in free electron
concentration; Aoy is the change in absorption resulting from change in free hole
concentration

Combining these equations with a mode solver it becomes possible to work out the
effective index change of a mode and therefore the resulting phase shift for a given
voltage. Experimental demonstrations of high speed modulation in free carriers depleted
silicon-based structures was demonstrated theoretically by [2,3] and experimentally by
[4-7] to work in the multi-GHz regime. However, the need for compactness, the key for
VLSI integration motivated researchers to move toward resonating structures among
other alternatives. The use of a ring resonator to modulate an optical signal was already
shown by [8] to reach bit rates as high as 12.5 Gbit/s under a pre-emphasized voltage
driving scheme. In this paper, we propose also the use of a ring resonator modulator, in
which modulation is achieved shifting the resonance peaks by means of carrier depletion
within a PN junction.

2. Device description

The proposed ring resonator modulator (Fig. 1) is based on a 300nm wide, 150nm etch
depth and 200 nm high rib waveguide, which enables to achieve single mode
transmission.

Figl. Schematic of the proposed ring resonator
modulator showing the positioning of the

junction inside the ring modulator Fig2 : Electrical structure of the modulator

As shown on Fig .2, the PN junction is asymmetrical in size and in doping concentration
in order to maximize the holes depletion area overlapped by the optical mode. The n-
type region is 75 nm wide and the p type 225 nm wide, the net doping concentration of
this particular junction is varying between 6E17/cm3 and 2E17/cm3, for n and p type
respectively. The resistive contacts are formed by highly doped regions (1E20/cm3) in
order to form a good resistive contact and are placed 1um away from the junction to
minimise interaction with the optical mode and thus absorption losses. The position of
the contacting electrodes is a key aspect in the case of a reverse biased PN based-
modulator because the RC constant cut off frequency, which results from capacitive
effects within the junction, limits the modulation speed.

The modulator performance was simulated using Athena for the process development
and ion implantations and Atlas for DC and transient analysis, both part of the
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semiconductor CAD software Silvaco. Optical Characteristics for the optical loss,
efficiency and transient analysis were calculated using an in house mode solver. Fig. 3
represents the variation of the effective index for different reverse voltages; the loss of
the active area is also displayed, and varies from 8.6dB/cm when no bias is applied, to
about 5 dB/cm with a reverse bias of 10 volts. The efficiency of this specific modulator
is Lp.Vp=3.46 V.cm. meaning that a length of 3.46 mm would be necessary to obtain a
n-phase shift with a 10 volt reverse bias in a Mach Zehnder interferometer.
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Fig3. Simulated effective index change and loss of due to the carrier for different reverse voltage
bias

As the active part of the modulator is inserted in the ring resonator, the response of the
ring modulator is calculated by combining the results in figure 3 in the equation below
([91, [10])

. K2+ —ZKMCOS[%NL]

1+ K2 —2K‘t‘cos[%NLj

Where N is the total effective index including dispersion or group index, K is loss factor
of the ring (K=1 is lossless), L is total physical length of the ring (nm), t is transfer or
coupling coefficient of the coupler, A is the wavelength.
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Fig4. Simulated ring response for different radius 10, 30 and 50 um and reverse bias voltage
varying between 0 and 10 volts.

The results are displayed in Fig4 for three different ring radii. Those results are derived
from an ideal coupling factor matched to the loss factor of the ring in order to obtain the
best response, also only the loss induced by the free carriers inside the waveguide is
taken into account. The interesting result here is to show that for a similar PN junction
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design, a similar extinction ratio can be achieved regardless of the ring size. This is due
to the fact that as the ring decreases in size, the free spectral range (FSR) increases
hence a small change in refractive index inside the waveguide will induce a bigger shift
in wavelength compared to larger rings where the FSR is smaller. Nevertheless, it is
important to note that decreasing the bend radius increases the intrinsic losses inside the
ring due to the waveguide wall roughness, hence increasing the loss factor and the
extinction ratio of the ring.

Conclusion

This paper shown the theoretical possibilities of modulating efficiently an optical signal
propagating through a ring resonator and using a PN junction embedded in rib
waveguide. Due to the intrinsic possibilities offered by a PN junction, high speed
modulation can then be achieved by shifting the ring resonance peak under a reverse
biased voltage, canceling the need of using complicated pre-emphasized voltage driving
schemes. Furthermore such a device would be beneficial and a major improvement in
terms of power requirements as well as real estate of the device compared to depletion
modulators inserted in MZI.
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Abstract - We demonstrate that a narrow-band resonant-router made of a matrix of in-
tegrated ring-resonators can combine wavelength routing and dispersion compensation
operations, with neither significant signal distortion nor inter-channel crosstalk deterio-
ration. The transmission of 10-Gbit/s NRZ data-streams through a 2 X 2 integrated SiON
router with 4-GHz bandwidth is reported.

Introduction

Reconfigurable architectures made of bi-dimensional arrays of ring-resonators (RRs),
also known as resonant routers (ReRs) [1], are good candidates for implementing ad-
vanced routing and switching operations in a WDM optical network [2]. ReRs combine
high flexibility, full reconfigurability and the capability of handling many WDM opti-
cal channels in small footprint devices. Recently, ReRs have been also proposed as cost
effective solutions in access network applications [3].

One of the major limits of the ReR performance is the intrinsic trade-off between the
bandwidth and the off-band rejection, the latter determining the inter-channel cross-talk of
the ReR. To increase the ReR bandwidth with no crosstalk deterioration, RRs with a large
free spectral range (FSR) can be employed, this approach requiring waveguides with a
suitably high index contrast. On the other side, to reduce the crosstalk without narrowing
the bandwidth, each ReR node can include several coupled RRs; besides a larger footprint,
this solution increases the complexity of the RER configuration and management.

In this contribution, we demonstrate that the bandwidth of a ReR can be significantly
narrowed with respect to the signal bandwidth, while corrupting neither the signal quality
nor the crosstalk. To this aim, a small frequency detuning between the signal carrier
and the ReR’s frequency response is introduced. In this condition, the frequency chirp
provided by the RRs dispersion can be also exploited to make the transmitted signals
more robust against fiber chromatic dispersion. The routing of two intensity modulated
10 Gbit/s NRZ channels through a 2 x 2 integrated ReR with 4 GHz bandwidth is reported
and the signal quality after propagation through several spans of optical fiber is evaluated.

Fabrication and characterization of a 2x2 integrated ReR

Fig. 1(a) shows a 2 x 2 ReR fabricated in 4.5% index-contrast silicon oxynitride technol-
ogy [4]. It comprises a crossbar matrix of four identical racetrack RRs, which are side-
coupled with four orthogonally-crossing straight bus-waveguides. The optical waveguide
has 2.2 x 2.2 um?-wide cross-section and 0.35 dB/cm propagation loss at 1550 nm. The
bending radius of the RRs is 570 um, corresponding to a FSR of 50 GHz. The resonance
of each RR is independently controlled by means of a metallic heater deposited onto the
waveguide, so that the ReR spectral response can be fully reconfigured.
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Figure 1: (a) Photograph of a 2 x 2 A-ReR fabricated in SiON technology. (b) Measured
frequency-domain response of the A-ReR shown in (a) at the output ports O (dashed line) and
O; (solid line) when the signal is provided at the In port.

Fig. 1(b) shows the measured transmission from the input port (In) to the output port O
(dashed line) and O, (solid line). The bell-shaped passbands in O and O, are the drop-
port responses of RR4 and RR», respectively. The deep notch in O is due to the through-
port contribution of RR4. The measured 3-dB bandwidth is 4.1 GHz (+0.1 GHz) and the
overall insertion loss at the transmission maximum is 2.9 dB (+0.1 dB). This insertion
loss partially comes from fibre-to-waveguide coupling, amounting to 0.2 dB/facet when
small-core fibers with 3.6 yum mode field diameter are used. The round-trip loss of each
4-mm-long RR is about 0.2 dB/turn, where 0.15 dB come from propagation loss and the
remaining 0.05 dB from bending loss and directional couplers’ excess loss. The loss
at each waveguide-crossing is 0.4 dB, but it can be reduced by tapering the waveguides
profile at the crossing-sections. The unbalance between the peak transmission at the two
output ports is below 0.3 dB. Thanks to the high finesse of the RRs, the off-band isolation
exceeds 18 dB over more than 8 GHz at both the ReR output ports.

The fabricated ReR can operate either as wavelength router (A-ReR) in a WDM system
with 25 GHz spaced channels or as an optical cross-connect, if the channel spacing is 50
GHz. In the experiment reported in the following the operation as A-ReR is discussed.

Two-channel wavelength routing at 10 Gbit/s

Fig. 2 shows the experimental setup used for the time-domain measurements of the 2 x 2
ReR of Fig. 1(a). Two optical sources A and A, spaced by 25 GHz, are modulated by
two intensity modulators, MOD| and MOD,, in order to generate two 10 Gbit/s NRZ
optical data-streams. The two signals, sharing the same pseudo-random bit sequence
(PRBS), are decorrelated by making A; propagate through few kms of optical fiber while
a variable optical attenuator (VOA) is placed on the A,-path to compensate for fiber loss.
Two polarization controllers are employed to control the polarization state of each channel
at the ReR input. A 3dB coupler is used to couple A and A; into the In port of the ReR.
For back-to-back measurements (B2B), the signal outgoing the ReR output O is directly
supplied to an EDFA pre-amplifier followed by a VOA, which is employed to control the
received power level. A small portion (10%) of the received signal is sent to an optical
spectrum analyzer (OSA) for monitoring the ReR frequency response. The signal quality
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Figure 2: Experimental setup.

is evaluated by measuring the eye-diagram opening (system Q-factor) by means of an
optical sampling oscilloscope. A tunable optical filter (TF) with 1-nm-wide bandwidth
is placed before the detector to remove the off-band ASE noise produced by the EDFA.
For propagation measurements, an EDFA booster is added at the ReR output and several
spans of SMF fiber are inserted before the receiver apparatus.

The Q-factor of the received signal was measured for different detuning AL = Ag — Ap
between the ReR spectral response and the signal carrier A, as shown in Fig. 3(a). Fig.
3(b) shows the measured Q in B2B transmission, when the received power is kept at a
constant level. When AA = 0 the eye diagram is completely closed (Q < 2), because of
the large intersymbolic interference introduced by the narrow ReR bandwidth. As the
detuning increases, the Q-factor improves symmetrically with respect to Ag. As shown in
the insets of the figure, the eye-diagrams measured at AL = £+28 pm are almost indistin-
guishable. We observed also that if AL < 30 pm, the eye-opening is almost independent
of the presence of the interfering channel A, demonstrating that the crosstalk level is not
significantly affected by the small detuning. This result is a direct consequence of the
high off-band rejection of the narrow-band ReR.

The symmetry of the Q curve versus A\ disappears when propagation through an optical
SMF fiber is added. As shown in Fig. 4(a), fiber propagation makes the Q factor increase
on the upper wavelength side of the RR’s resonance (AL > 0), whereas the Q factor de-
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Figure 3: (a) Transmission (solid line) and dispersion (dashed line) of the ReR in the neighbor-
hood of the O, port maximum; (b) measured Q-factor versus the detuning AX in B2B measure-
ments. The reported eye-diagrams are measured at AA = -28 pm, 0 pm and +28 pm.
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Figure 4: (a) Measured Q-factor versus the detuning AA for increasing propagation length; mea-
sured (squares) and simulated (solid line) Q-factor versus the propagation length for AA = £24
pm (b) and AA = £+30 pm (c).

creases for AL < 0. The minimum of the Q curve shifts towards shorter wavelengths.
This effect is due to the combination of the fiber and the ReR dispersion, the latter as-
suming an opposite sign at the two sides, as shown in Fig. 3(a). For AA > 0 the ReR
introduces a normal chromatic dispersion, which compensates for the anomalous fiber
dispersion, so that the Q improves with propagation. Fig. 4(b) and (c) show the simulated
(solid lines) and the measured (squares) Q versus the propagation length for AL = +24
pm and AA = 430 pm, respectively. The distance L, at which the Q-factor reaches its
maximum value (chirp-free signal) is 65 km (-1050 ps/nm ReR dispersion) in (b) and 40
km (-650 ps/nm ReR dispersion) in (c). The Q-factor decreases to its original value at
2Ly Since L,y depends on AL, the quality of the received signal can be optimized for
a variable range of fiber lengths. On the other side of the RR frequency response, where
the ReR dispersion is positive, the Q-factor monotonically decreases.

Conclusion

Our results demonstrate that wavelength routing and dispersion compensation can be both
accomplished by a narrow-band A-ReR. The control of the wavelength detuning between
the signal and the device enables the optimization of the signal quality for a variable
range of propagation lengths, with no significant deterioration of the ReR crosstalk level.
The device can be usefully exploited either in a node or at the receiver side of a WDM
network.
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Abstract. Micro-ring resonators have been fabricated in hydrogenated amorphous
silicon on silica structure. The intrinsic quality factor is estimated as 56,000 and the
notch depth is ~ 30dB. The intrinsic loss per unit length is 15.3dB/cm, comparable to
9.16dB/cm in the single-crystalline silicon ring of the same geometry.

Introduction

Micro-ring resonators have found wide applications in optical filtering, add-drop
multiplexing, dispersion compensation and bio-sensing [1-4]. Q values larger than 10°
have been demonstrated in single-crystalline silicon-on-insulator (SOI) structure [5-6].
There have been some reports on amorphous silicon rings [7], but the results are not
well-comparable to single-crystalline silicon rings. From fabrication aspects, amorphous
silicon (a-Si:H) can be readily deposited using low temperature plasma enhanced
chemical vapour deposition (PECVD) with good uniformity. The thickness can be
varied flexibly. Commercial SOI wafers, on the other hand, are fabricated using
expensive wafer-bonding technology and usually the silicon thickness cannot be chosen
freely. The common belief is that o-Si:H exhibits much higher material loss. In this
work, we fabricate micro-rings in both a-Si:H and single-crystalline SOI of the same
lateral and vertical geometry during the same process. By comparison we show that the
performance of the o-Si:H ring resonator is at least comparable to that of the single-
crystalline ring and a-Si:H is a promising platform for high quality photonic devices.

Theory

Time-domain coupled mode theory is applied to analyze the filter consisting of a single
waveguide side-coupled to a ring [8-9]. The schematic is shown in Fig. 1. We assume
that wave coming from the waveguide excites only one of the travelling modes in the
ring, which in turn generates the other counter-travelling mode. We allow the mutual
coupling between the two ring modes because we have introduced some nanometre-
scaled periodic roughness on the ring sidewalls. This periodic roughness works as
gratings. The period and amplitude can be tuned during the fabrication process. In the
optimal case, it only improves the mutual mode coupling and does not significantly
deteriorate the intrinsic Q. The presence of mutual mode coupling makes it easier to
reach deep transmission notches for detection [10].

We study the steady-state solution and assume e time dependence for the resonator
and waveguide modes. The transfer function can be derived as
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For power conservation, the mutual coupling coefficient u is a real number. ®,}, are the
resonant frequencies for the ring resonator modes, t is the photon life time, and « is the
coupling coefficient between the ring and the waveguide. The reciprocal of photon life
time is the decay rate 1/1, which is related by power coupling to the waveguide (1/t¢)
and power dissipating due to intrinsic losses (1/t;). Thus, 1/t = 1/t + 1/1;. The quality
factor (Q) is decided by the photon life time, i.e., Q = wot/2. The waveguide/ring
coupling coefficient and the power decay rate are related by |k* = 2/x..

From Eq. (1), the transfer function in general is not of Lorentzian shape. The Q value of
the system cannot be estimated from the division of resonance frequency by 3dB
bandwidth. The transmission spectrum has to be fitted to obtain the Q factors
numerically.
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Fig. 1 Schematic of a ring resonator side coupled to a waveguide.

It is convenient to define a mutual coupling Q factor Q.. Assume w, = o, =0, ,

0, = % Q. is not related to any power loss in the system. It is merely a figure that
u

manifests the mutual coupling rate for the two travelling modes in the ring.

In practice it is difficult to guarantee the conventional critical coupling, when Q. = Oy,

for complete channel drop. However, with the help of mutual coupling, the notch depth

improves and it is possible to reach new critical coupling. When u further increases, the

resonance notch will split [10].

Fabrication

a-Si:H is deposited by PECVD (STS). The refractive index variation is less than 1.0x10
*. From atomic force microscope, the root mean square of the surface roughness is
measured as 7.5 A for the chamber deposition temperature 250 °C. The device sample
has a top a-Si:H layer of 250 nm and silica buffer layer 3 pm.

The waveguide and ring pattern is first defined in electron beam (E-beam) lithography
(Raith 150, 25kV) with negative resist ma-N 2405. During the E-beam scan, the ring
area is broken down into concentric polygons. By varing the E-beam scan step size, dose
factor and resist developing time, the period and amplitude of the grating can be tuned.
Reactive ion plasma etching (ICP DRIE, STS) is then performed to transfer the pattern
to the silicon layer. The bending radius of the ring is 40 pm and the cross-section is 400
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nm (wide) by 250nm (thick). The width of the air gap between the ring and waveguide
is ~ 100 nm to ensure good coupling with the waveguide and thus Q,e < Qy;.

Results

The SEM photos and measurement results of a-Si:H ring resonator are shown in Fig. 2.
The resonance at 1540.05 nm is split due to mutual mode coupling. Eq. (1) is used to fit

the experimental curves. The estimated intrinsic Q value for the notch in Fig. 3(c) is
5.6x10%,
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Fig. 2 (a)-(b) SEM photos of the amorphous ring resonator. (c)-(d) Measured transmission spectra (solid)
and fitted curves (dashed) using Eq. (1). The resonance at 1540.05 nm is slightly split with intrinsic Q ~
5.6x10* and notch depth ~ 30 dB. The resonance at 1556.57 nm has intrinsic Q ~ 2.2x10* and notch depth
~22dB.

1575

To make a comparison, we have fabricated and analyzed the device of the same lateral
and vertical geometry in the single-crystalline silicon sample during the same process.
The results are shown in Fig. 3. The best notch occurs at 1574.6 nm with intrinsic Q
estimated as 9.1x10",
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Fig. 3 Measured transmission spectra (solid) for the 40-um-radius single-crystalline micro-ring and fitted
curves (dashed) using Eq. (1). (a) The resonance at 1564.32 nm has intrinsic Q ~ 8.2x10* and notch depth
~ 33 dB. (b) The resonance at 1574.62 nm has intrinsic Q ~ 9.1x10* and notch depth ~ 31 dB.

Note that the intrinsic Q values of o-Si:H and single-crystalline silicon ring resonators
are on the same order of magnitude. For a-Si:H, the intrinsic loss per unit length in the
ring is calculated as 15.30 dB/cm and for single-crystalline silicon the loss is 9.16
dB/cm.
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Summary

To summarize, we have fabricated and analysed micro-ring resonators in the
hydrogenated amorphous silicon on silica structure. The intrinsic Q value is estimated as
5.6x10*. The loss per unit length is calculated to be 15.30 dB/cm. A control device with
the same structure but fabricated in single-crystalline silicon on silica structure during
the same process gives intrinsic Q of 9.1x10* and loss per unit length 9.16 dB/cm. This
indicates the fact that ring resonators fabricated using a-Si:H are at least comparable to
those fabricated using single-crystalline silicon. With PECVD as a convenient and
cheap solution for SOI wafer deposition, a-Si:H is well-suited for high-quality photonic
devices.
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Abstract. We have proposed a new device structure to achieve apodization in a quasi-phase-
matched (QPM) wavelength converter. Widely tunable 3 um-band difference frequency
generation was realized using an apodized QPM LiNbO; waveguide. We have demonstrated the
simultaneous detection of the absorption lines of CH,; and C,H, using the widely tunable source.

Introduction

Mid-infrared light sources have attracted a lot of attention because they are useful for sensing
environmental gases. A 3 um-band light source is particularly important for sensing
hydrocarbons because there is much strong absorption in this wavelength range [1] [2].
However, no practical laser source has been developed that can emit a continuous wave at room
temperature. On the other hand, quasi-phase-matched (QPM) difference frequency generation
(DFQG) is an attractive technique for generating mid-infrared light because we can utilize well-
established telecom laser diodes as pump and signal sources. Recently, we demonstrated 3 um-
band laser light generation in periodically poled LiNbO; (LN) ridge waveguides using a direct
bonding technique. Direct bonding is especially suitable for generating mid-infrared light
because it avoids any undesired absorption by hydroxyl and other groups [3]. We achieved a
high conversion efficiency of 40 %/W by making best use of the advantages of direct bonding
[4]. However, the narrow bandwidth of the current waveguide, yielded by quasi-phase matching,
limits its application to a multiple-gas sensor. So there is a strong need for a broadband QPM
device if we are to realize a widely tunable mid-infrared light source. In this paper, we present
the basis for the apodization of a %' grating that yields an arbitrary degree of band broadening
and a flat phase-matching response, as well as a high conversion efficiency. We use the method
to obtain widely tunable high-efficiency 3 pm-band DFG in a LiNbO; ridge waveguide.
Moreover, we apply the result to demonstrate multiple hydrocarbon gas detection. We detect the
absorption lines of CH4 and C,H,4 simultaneously.

Concept of apodized QPM LiNbOj; device

In a uniform QPM-grating device, we can increase the bandwidths by reducing the interaction
length. This is because the bandwidth scales inversely with length. However, since the
conversion efficiency scales quadratically with length, this approach leads to a marked decrease
in conversion efficiency. Another common broadband device technology is the chirped 3@
grating [5]. This grating makes it possible to obtain a linear tradeoff between conversion
efficiency and bandwidth. However, attempts to obtain a high conversion efficiency with a
moderate bandwidth have resulted in large ripples in the tuning curve owing to interference
arising from various phase-matching conditions of the grating. Apodization is widely used to
suppress the ripples produced by Bragg gratings in semiconductors and fibers [6]. However,
QPM structures are formed by reversing the spontaneous polarization, which has only two states,
namely the up state (0°) and down state (180°). That means that, unlike a refractive index, it is
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impossible for a nonlinear coefficient to have an intermediate state. Therefore, apodization has
never been demonstrated in a QPM grating.

We found that it is possible to control the effective nonlinearity by changing the duty ratio [7].
And we exploited this characteristic to apodize a QPM grating. Figure 1 is a schematic of an
apodized y® grating structure. To reduce unwanted ripples in the phase matching curve, we
change the duty ratio at both ends of the device. The duty ratio in the center section is
conventionally uniform. In addition, to increase the bandwidth, we invert the sign of the
nonlinear coefficient aperiodically. Here, we define the duty ratio f{z) as the ratio of a non-
inverted domain to one poling period. In this work, we employed the following duty ratio
function [8]:

f(z)=%tanh[zzz} %SZSL (1)

:ltanhM’ ogzg£
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where a is an apodization parameter that adjusts the duty ratio variation, and L is the total length
of the device. For the unapodized grating, f{z) is equal to 0.5. In addition, to increasing the
bandwidth, we chirped the poling period linearly.

Widely tunable high-efficiency 3 pm-band DFG

We demonstrated 3 pm-band DFG with a large bandwidth and high conversion efficiency. We
fabricated ridge waveguides by employing the direct-bonding technique [3]. We used a 3-inch
z-cut non-doped LiNbO; wafer and a 3-inch z-cut LiTaO; wafer for the waveguide layer and
substrate, respectively. First, we formed QPM gratings on the LN wafer and then directly
bonded the two wafers together. We reduced the thickness of the waveguide layer to 11 um by
lapping and polishing. Finally, we fabricated 17 um-wide ridge waveguides using a dicing saw.
Since we did not use ion exchange or adhesives in the fabrication, there was no unwanted
absorption by, for instance, hydroxyl and/or hydrocarbon groups. This makes the technique very
suitable for the generation of mid-infrared light. Figure 2 shows the measured tuning curve as a
function of signal wavelength. The corresponding idler wavelength is shown on the upper
horizontal axis. For comparison, we have also plotted the theoretical tuning curves for apodized
and linear chirped gratings.
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Fig. 1. Schematic of apodized grating structure  Fig. 2. Measured and calculated DFG tuning curves
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The experimental and calculated tuning curves agree well. Apodization clearly suppresses the
ripples in the phase-matching curve to about £0.5 dB. The residual ripples are mainly caused by
Fresnel reflection. These ripples can largely be eliminated by reducing the reflection at the end
of the waveguide. We obtained a bandwidth as large as 60 nm in the 3.4 pm band and a DFG
efficiency of 2 %/W. The 3 dB bandwidth for the apodized grating is 7 times larger than that of
a device of the same length with a uniform grating, while the peak conversion efficiency only
decreased by a factor of ~10 [4]. This technology enables us to examine the mid-IR absorption
spectrum precisely over a wide range, and can be employed, for instance, in the detection of
multiple gases by using a mature tunable laser diode for the 1.55 pm band.

Detection of multiple hydrocarbon gases

We demonstrated the simultaneous detection of the absorption lines of CH4 and C,Hy. Figure 3
shows the experimental gas detection setup. We used a 1.05 pm laser diode as a pump source.
We also used a 1.55 um band external-cavity laser diode (ECLD) and an erbium-doped fiber
amplifier (EDFA) as a signal source. The pump and signal beams were combined with a fiber
coupler injected into the QPM-LN WG. Pump, signal, and idler beams radiate from the QPM-
LN WG output facet, and the input beams are separated from the DFG idler output beam with a
dichromatic mirror. The input light was measured with a powermeter. The pump and signal
powers at the output facet of the QPM-LN WG were measured and found to be approximately
600 uW and 100 mW, respectively. The DFG output beam passed through a Ge filter and was
divided by a beam splitter into two parts, namely a gas-absorption detection beam and a
reference beam. Both beams passed through gas cells or reference cells and were detected by a
PbSe photoconductive detector. Each of the idler outputs was independently measured with the
lock-in amplifier. The QPM-LN WG temperature was set at 25 °C. All the gas cells that we
designed and used were made from the same fused-silica cylinder and had anhydrous silica
windows, which were tilted to prevent reflection. There were two hydrocarbon gas cells and two
reference cells. One cell was filled with CH4 at 9 Torr and the other cell contained C,Hy at 5
Torr and buffer gas at 495 Torr. The CH, and C,H, cells had path lengths of 20 and 10 cm,
respectively.
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Figure 4(a) shows the absorption spectrum that resulted when CH4 and C,H4 were observed
simultaneously. The spectrum was provided by a single scan of the signal with a wavelength
resolution of 0.01 nm/step. We obtained the absorption spectrum by dividing the transmission
spectrum through the gas cells by the transmission spectrum through the reference cells, as
shown in Fig. 3. Figure 4(b) shows other experimental data. A gas-absorption measurement was
performed for each gas cell and the reference cell. The absorption spectrum agrees with that in
the HITRAN database. We successfully demonstrated the detection of multiple gases using the
broadband DFG technique.
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Fig. 4. Measured absorption spectrum.

(a) Simultaneously observed spectra for CH, and C,H,
(b) Superimposed individual spectra for CH, and C,H,

Conclusion

We succeeded in using apodization in a QPM wavelength converter by changing the duty ratio
of a x® grating. This technique provides a large bandwidth and a flat phase-matching response,
as well as a high conversion efficiency. We employed the technique to fabricate a DFG device
based on LiNbO; waveguides. We demonstrated 3 pm-band DFG with a bandwidth of over 60
nm. These results agreed well with the theoretical predictions. We also demonstrated the
simultaneous detection of the absorption lines of CH, and C,H4 and obtained a broadband
absorption spectrum over 100 nm in the 3 um region.
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Abstract. In this tutorial the physics of semiconductor quantum dots and their
application to optoelectronic devices will be presented.

The three-dimensional electronic confinement in semiconductor nanostructures
(“quantum dots”, QDs) produces discrete energy levels, much like in atoms. This gives
rise to unique physical properties, with potential advantages over well-established bulk
or quantum well active regions for lasers and other optoelectronic devices. Defect-free,
nanometer-sized QDs with excellent optical properties are routinely obtained by self-
assembled growth methods, using the strain in lattice-mismatched heterostructures as
the driving force for nucleation (e.g. in the InAs/GaAs and InAs/InP material systems).
High-performance and reliable lasers have been demonstrated in the entire 800-1600 nm
wavelength range. Nevertheless, QD lasers have fallen short of original predictions in
terms of gain, modulation frequency and temperature characteristics. In this tutorial,
after a brief overview of growth methods and physical properties, the state-of-the-art of
QD lasers will be presented. The main limiting factors in the laser modulation
bandwidth and temperature performance will be analysed. Additionally, it will be
shown that the unique features of QDs can find application in other optoelectronic
devices, such as amplifiers, superluminescent diodes, mode-locked lasers and single-
photon sources.
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Abstract. A quantum dot active layer is used in a novel, highly scaleable monolithic
optical switch matrix architecture.  Electronically paired semiconductor optical
amplifiers gates are implemented in a four-input four-output configuration to reduce
the electrical connections and control complexity. Low power penalty 10Gb/s routing
at a wavelength of 1555nm is demonstrated.

Increasingly high-capacity data transfer in storage area networking, high performance
computing, and server networks is driving research into increasingly elaborate photonic
switched interconnect test-beds [1-4]. The need for low-latency, high capacity, scalable
switch fabrics with low driver complexity, excellent crosstalk and the broad gain
bandwidth has lead to a particular focus on semiconductor optical amplifier (SOA)
based switches. However, considerable integration is required to remove complex
packaging-related restrictions such as the high numbers of fibre pigtails, power
consuming cooler circuits, and the complex electronic control circuits.

To date, integrated SOA based switch designs have focused on gate arrays in a
broadcast and select architecture. The gates and inputs are connected via splitters and
combiners utilising fibre [4] and waveguides with hybrid integration [5] and epitaxial
regrowth [6]. The latter has lead to the smallest circuits with 20mm? footprints. The
bulk active layer amplifier designs implemented have however lead to low saturation
powers. The resulting low distortion threshold necessitates a lower number of photons
per bit and thereby impairs signal to noise ratio and data capacity. The broadcast and
select architecture requires a high number of waveguide crossings and exhibits a square
law scaling in the required electrical control signals with the number of optical inputs.
This already leads to 16 independent controls for a four input four output switch.

In this work, we present the first implementation of a four input, four output quantum
dot based switch matrix. The design is based on a new crossbar element design which
both integrates the waveguide crossing within the gate and is implemented with
common electrodes to halve the required numbers of electrical connections. The use of
complementary electrical signals further halves the number of independent control
signals to four. Integration of the crossing within the gate also allows a reduced size for
the shuffle network, and in combination with low loss, low distortion, quantum dot

epitaxy, this allows an all-active implementation in a reduced chip area of only 3mm>.

Integration Architecture

Figure 1i shows a photograph of the fabricated circuit. Four parallel input and output
waveguides on a 250um pitch are shown on the left and right hand side of the image.
At the centre, a reduced shuffle network is implemented to interconnect the four
crossbar switches. This therefore allows any optical input to be pathed to any optical
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output by means of electronic addressing, although not necessarily simultaneously.
Non-blocking operation may be implemented with a third stage of crossbars, but
contention may also be more efficiently addressed with a packet-time-scale media
access protocol.

i) Fabricated switch matrix iii) Crossbar element
schematic

Figure 1: i) Photograph of switch matrix prior to bonding.
ii) Schematic layout showing waveguides and metallisation in correct proportion.
iii) Logical representation for one crossbar element.

The paths are implemented with a combination of multimode interference splitters and
combiners located within the input, shuffle and output regions (pads 00, 07 and 13 in
figure 1ii). These are interconnected by two stages of cascaded SOA gates (pads 03-06
and 09-12) which are also electronically configured. A crossing is implemented within
the gates themselves using tight bend radius 100pm curves in combination with
shallow-etched orthogonal crossings. This allows the area required for the remaining
crossings and connections to be significantly reduced. The metallisation is common
between the paths for the input, output and central shuffle region (pads 00, 07, 13).
Within the crossbar matrix element, pairs of gates are electronically coupled to each
other to reduce the off-chip wiring. One such crossbar matrix element is highlighted by
the dashed box in figure lii with its logical equivalent alongside. For the two logical
operational states required: cross and bar, this leads to a requirement for only one
control input per crossbar switch, further reducing the operational complexity. Only
four independent control signals are required for the four input, four output matrix.

The switch matrix is fabricated from a five stack quantum dot active plane embedded in
a Q1.15pum InGaAsP separate confinement heterostructure [7]. A single step all-active
epitaxy is used. The lower schematic in Figure 1ii shows the connections for the switch
matrix. Three of the mask layers are shown including the SOA waveguide layer in
black, p-metallisation denoted by the light shading, and regions with shallow SOA
waveguides denoted by the dark shading. While the mask layer for the electrical
isolation is not shown, the InGaAs capping layer is removed between the metal areas
for this purpose. Planarisation is performed prior to gold evaporation and plating.
Devices are mounted as-cleaved, epoxy bonded to patterned ceramic tiles, and wire
bonded.
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Circuit element performance

The switch is assessed using a multi-probe to the ceramic tile in combination with a
reconfigurable electronic multiplexer. Forward series resistance values between 4-6Q
are measured depending on the addressed waveguides with one electrical fail at pad 5.
Electrical isolation is measured to be in excess of 100kQ2 for all electrode combinations.
Initial characterisation is performed without electrical bias as the quantum dot epitaxy is
sufficiently low loss to enable such characterisation and this is expected to provide
clearer insight into on-chip component performance. Photocurrent measurements were
performed for each circuit element with a continuous wave optical input of -13.7dBm
in-fibre. Figure 2 shows the photocurrent generated at each electrical connection with
the remaining connections left open circuit. Both forward and reverse directions
through the circuit are overlaid with separate axes to show responses to all eight optical
inputs. The data indicate a relatively uniform optical performance throughout the
circuit. Predicted photocurrent values are also shown for the circuit with a solid line in
figure 2 assuming the designed de/multiplexing gain and 4dB combiner losses.

10 1?‘: l% l} lp O? 07 06 95 94 93 (?0

Photocurrent [pA]
(=2 S I N

00 03 04 05 06 07 09 10 11 12 13

Pad number
Figure 2: Measured photocurrent for -13.7dBm in-fibre injected power for each input
(open symbols) and output (filled symbols). The solid line shows the predicted values.

A mean photocurrent reduction of 9dB is observed from the input pin to the output pin.
The mean fibre coupling loss is estimated to be 8dB per facet from photocurrent
measurements and this includes an estimated loss of 1.5dB through the cleaved facet.
Including a 6dB adjustment to account for the four optical outputs gives a predicted
fibre to fibre loss of 31dB for the unbiased circuit. This may be compared with direct
power measurements at the input and output fibres where best case fibre coupled
measurements give a 36dB off-state loss. More typical values of around 40dB are also
measured for the majority of paths. A discrepancy is expected from difficulties in
precisely estimating fibre coupling loss and from output waveguide losses which are
unaccounted for in the photocurrent measurements.

Continuous wave currents are subsequently applied to combinations of five electrodes
to form the switch paths. The input, output and shuffle pins are each operated at
200mA. The crossbar electrodes are selected according to the required state and are
biased at 100mA. When one crossbar element is switched from on to off state, crosstalk
values of over 10dB are typically observed. Local heating is believed to compromise
the available gain and therefore crosstalk. Improved confinement layer design and
longer gate length in the crossbar elements is expected to directly enhance performance.
Optical saturation properties have also been studied, with the dependence of the gain on
input fibre coupled power being negligible up to +11dBm.
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10Gb/s Routing

To assess the integrity of routed data, optical eye diagrams and bit error rate
measurements were performed at a data rate of 10Gb/s with a pattern length of 2°'-1. A
fibre-coupled input power of +11dBm is used to study stressed performance. The
switch matrix is polarisation sensitive and the injected state is optimised for minimum
path loss. The bias conditions are the same as for the previous crosstalk assessment.
Measurements are shown for the path from input 3 to output 4 to give a 0.4dB power
penalty. Eye diagrams before and after the matrix remain clearly open.
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Figure 3: Bit error rate at 10Gb/s as a function of received power with (solid symbols)
and without (open symbols) the switch matrix and corresponding eye diagrams.

Conclusions

The first quantum dot SOA based crossbar switch matrix design is proposed, fabricated
and demonstrated. The monolithic circuit exploits the low loss and low distortion
properties of the epitaxy to enable a compact, all-active, four input, four output switch
fabric. The architecture leads to a marked reduction in electrical connections and
control complexity compared to previously published SOA based switch arrays. A low
optical power penalty of only 0.4dB is observed when routing 10Gb/s data.
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Abstract. This paper demonstrates the uncooled operation of an integrated 2x2
quantum dot switch and investigates the feasibility of an uncooled 32x32 optical switch
constructed using QD monolithic crosspoint switches.

Introduction

The increasing commercial demand for next generation services such as video on
demand, voice over IP, and IP television has placed a requirement for highly
reconfigurable optical cross-connects (OXC) for implementation as both core and edge
switches in the next generation optical networks [1]. Optical switching technologies
such as optical MEMS have been of interest, but they have slow switching speeds and
are relatively lossy [2]. High speed switching is considered advantageous as it would
improve network efficiency and provide greater flexibility, while lossless switching
would negate the need of additional amplifiers in the link. As a result, there has been
increasing interest in quantum dot (QD) semiconductor optical amplifiers (SOAs) for
high speed optical switching applications as they demonstrate broad gain bandwidth,
low noise performance, ultra-fast gain recovery, high saturation output power and low
crosstalk performance [3]. A further issue arises from the need for high port count
switch fabrics to operate uncooled over a large temperature range to reduce package
complexity and cost by the removal of the thermoelectric cooler (TEC) used for
temperature stability. QD-SOAs have been believed for some time to have the potential
for enhanced temperature performance compared with multi-quantum well (MQW)
SOAs owing to their improved carrier confinement.

In this paper, we present the performance of uncooled integrated 2x2 QD-SOA switches
and consider their potential for scalability to switch sizes of up to 32x32. The basis of
the analysis draws from the presented measurements of high gain, low penalty
switching operation in an integrated 2x2 QD SOA switch at temperatures up to 70°C [4].

Monolithic 2x2 QD Switch

The layout of the 2x2 QD SOA switch is shown in Figure 1. The switch incorporates a
QD active structure which is grown on a GaAs(100) substrate using molecular beam
epitaxy. The active layer comprises a ten-fold stack of Ing 5GagssAs QDs, separated by
33nm GaAs buffer layers, embedded in an Aly3sGagesAs waveguide. Standard
photolithography and ICP dry etch processes are used to fabricate the ridge waveguide
structures. Each of the four input ridge waveguides has a width of 3pm which expands
linearly to a 6um width, over a length of 150 pm. At this point, a focused ion beam
etched 45° TIR mirror (inset Figure 1) is used to realise an integrated beamsplitter
element, which allows 50% of the signal to pass to each of the following straight and
perpendicular SOA gates. For ‘through’ path switching, bias current is applied to the
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QD SOAs in sections 1, 2, and 3. Alternatively, bias current is applied to sections 1, 4,
and 6 for the ‘drop’ path. The switch has an overall chip area of only 2.55x0.85 mm’.
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—> Throughpath l_J. @ (1) Input
=> Drop path E = ] (2) Through
(3) Drop
(4) Add
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Figure 1: Schematic of switch structure showing the inputs, outputs, waveguides, splitters and SOA
sections. Labels (1) to (4) denote the inputs and outputs of the switch. The solid and dotted arrows show
the ‘through’ and ‘drop’ paths respectively. The TIR mirror used to route the light to drop and through
path is shown in the inset.

The switch architecture considered in this analysis is based on a recently published
Benes-Tree hybrid architecture [5]. This switch is similar to the Benes architecture, but
with its middle cores replaced by a tree broadcast & select (B&S) architecture of
corresponding size. A NxN switch designed using this architecture is shown in Figure
2A (with N as the number of inputs and outputs). It consists of N/2 2x2s in the input
stage, two N/2xN/2s in the middle stage and N/2 2x2s in the output stage. Figure 2B
shows how a 2x2 switching element can be augmented to a 4x4, 8x8 and 16x16 middle
switching stage. Therefore, it can be seen for example that the 32x32 switch can be built
using 160 2x2 switches, with each routing path traversing three cascades of 2x2 QD-
SOA switches. As shown in Figure 2B, each step of switch augmentation requires an
addition of one splitter at the inputs and one combiner at the output. The total number of
splitters at the input and combiners at the output, as well is the corresponding net loss
assuming 3.5dB passive loss for each splitter and combiner, is summarized in Table 1.

NxN Switch Fabric

f:: (A

- (B)

;.»
2 2x2s

NN
ng Two 2%X5

Figure 2: (A) A rearrangeably non-blocking 32x32 switch using the Benes-Tree hybrid architecture [2].
The 32x32 switches can be built using 192 2x2 switches. Each routing path would transverse three
cascades of 2x2 switches. (B) Shows how a 2x2 switching element can be create successively larger 4x4,
8x8 and 16x16 switch fabric. Each step of switch augmentation requires an addition of one splitter at the
inputs and one combiner at the output.

Table 1: Summary of number of input splitters and output combiner for a given switch size using 2x2
switching element and building blocks.

Switch Size for N/2 Number of Number of Output Total Input Total Output

x N/2 middle stage Input Splitter Splitter Splitting loss Combiner loss
4x4 1 1 3.5dB 3.5dB
8x8 2 2 7.0dB 7.0dB
16x16 3 3 10.5dB 10.5dB
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Uncooled Operation of 2x2 QD SOA Switch

Figure 3 shows the performance of the switch operating under temperature conditions
between 20°C to 70°C. In figure 3A we show the gain vs. wavelength for a range of
temperatures for the through path of the switch. The gain of the drop path is 3dB less
owing to the excess loss of the additional mirrors to route the signal to the drop path. In
general, the peak gain is higher when temperature is low, and the peak gain wavelength
increases with temperature, as expected. For a 5Snm optical bandwidth (1285-1290nm),
there is only a +3dB gain variation in the temperature range from 20°C to 70°C, which
is shown in figure 3B.
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Figure 3: (A) Wavelength dependent gain tor the through path as a function of temperature; also shown is
the drop path at 20°C and 70°C. (B) highlights a region where gain is above 8.5dB for all temperature
and ports .
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Figure 4: (A) BER curve for input power -18.2dBm. (B) Penalty vs. input power for the 2x2 QD-SOA
switch at 70°C at 1290nm.

An optical signal at 1290nm wavelength, modulated with 10Gb/s PRBS sequence of
2%11, is transmitted to the ‘input’ power of the switch to assess the bit error rate (BER)
performance from the ‘through’ and ‘drop’ output ports. The BER curve for input
power -18.2dB is shown in Figure 4A, showing error free operation. The power penalty
vs. input power curve for both the through and drop ports of the switch at operation of
70°C is shown in Figure 4B. A dynamic range of 11dB, restricted by measurement
limitation, is obtained at power penalties of <0.6dB. No output power saturation is
observed within the IPDR measurement range. A switching time of 1ns at 70°C has
been measured [4], limited by the parasitics of the switch driver circuit.

Power Budget Analysis and Discussion

From Figure 3(A), it can be seen that for wavelength region of 1285 to 1290nm, a gain
higher than 8.5dB can be obtained for both through and drop for all temperatures
between 20°C and 70°C. It can be seen that for power penalties of <0.6dB, the input
power dynamic range into the switch ranges from -13dBm to -24dBm. Hence, the
power budget analysis would be based on each 2x2 switch giving a worst case gain of
8.5dB, with the maximum incurred power penalty for each stage of 0.6dB. Together
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with the inter-stage switch loss information in Table 1, the evolution of power budget
with the specified constraints is plotted in Figure 5.

It can be seen from Figure 5 that the estimated input power dynamic range of 11dB,
11dB and 7dB are obtained for switch sizes 8x8, 16x16 and 32x32 respectively.
However, as calculations are based on IPDR measurements carried out using
experimentally measured parameters for 1290nm wavelength, 70°C temperature and
100mA bias current, several assumptions have to be made. Overshoot of the ‘IPDR
max’ region is considered acceptable as the gain of the QD-SOA can be reduced to
operate within the IPDR margin by using a lower bias current. The reduction of gain is
assumed not to incur additional penalties over the region of interest as lower bias
current would contribute less amplified spontaneous emission (ASE) noise to the signal.
As for the changes in temperature, similar IPDR measurements of a QD 2x2 SOA have
been previously carried out at 20°C and penalties of <0.2dB have been measured over
the region of interest [6].
X-axislegend:
1—Input into 1% stage switch
2—CQutput from 1¢ stage switch
3—Input into 2 stage switch
4 Output from 2 stage switch

5—Input into 3 stage switch
6— Qutput from 3 stage switch
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Figure 5: Figure shows the power budget evolution for switch sizes of 8x8, 16x16 and 32x32. The
numbers (1 to 6) x-axis of the graph corresponds to the point of the signal within the switch, as shown in
the top sub-figure.

Conclusion

This paper investigates the potential to realise high speed optical switches of size up to
32x32, operating uncooled over a temperature range of 20 to 70°C, using cascades of
integrated 2x2 QD SOA switches. This analysis is derived from uncooled static and
dynamic measurements of a fully integrated QD-SOA switch, which in the wavelength
region of 1285 to 1290nm has a maximum of 17dB and minimum of 8.5dB gain, and an
IPDR of 11dB (restricted by measurement limitations) at temperatures up to 70°C for
power penalties of <0.6dB. The estimated input power dynamic range of the switches
are 11dB for 8x8, 10dB for 16x16 and 4dB for 32x32 for cumulative power penalties of
1.8dB and below. These results show the significant potential of QD SOA technology in
uncooled optical switched networks.
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1 Abstract

Polymers have many applications in Photonics. Over the last 20-30years they have
provided revolutions in the base technology (e.g. polymer coatings for silica fibres
and plastic optical fibre) and in advanced applications (e.g. liquid crystal based filters
and switching devices). This presentation offers a vision of the future

2 Polymers and Molecular Materials in Photonics

For a polymer to find application in optical systems it is essential to understand what
physical form the polymer will take and what best fits the application. In contrast to
most crystalline systems or oxide glasses, the naming of a polymer, for example
polyethylene, is no guide to its physical nature nor its full property set. To understand
the full gamut of its properties it is necessary to know, for illustration,

eMolecular size as specified by the molecular weight and molecular weight
distribution of the polymer

ePolymer topology — is the polymer cross-linked (covalently bonded), branched, or
are the molecules separable,

eMechanical and Thermal phase behavior - is it glassy, elastomeric or crystalline (or a
mixture of many "phases"), and if so its relevant thermal parameters,

eChemical composition - is it a single monomer,

ea co-polymer,

eMonomer distribution — is it random, blocky, etc.,

ectceteras.

This list is many pages long and not readily answered except in a few highly studied
systems and each parameter may be subject to change within any single embodiment,
from batch-to-batch or from different manufacturers of notionally the 'same' material.

Thus, the down-selection of an individual material is not trivial and should properly
be done via an exacting specification and verification exercise. Sadly many market
deployments of polymeric materials failed to grasp this issue, or perhaps took
expedience before good engineering! Unfortunately this has seriously damaged the
credibility of these materials and they have had a troubled history, and now carry a
baggage of suspicion as to their "fitness-for-purpose" in critical applications.

For most applications in optical technology, especially integrated optics, the principle
requirements are for a baseline performance as an optical material (low loss at the
wave-band of interest; preferably a suitable refractive index of low dispersion; good
thermal performance; good process-ability) and additionally engineering quality
assurance. This latter has been the most substantial challenge for optical quality
polymers.
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3 Contemporary Developments

Plastic optical fibres have had a long gestation, struggling for many years to
demonstrate value against an incumbent glass fibre of mostly superior metrics, lower
cost and greater supporting technology. However, with an improved specification,
and the emergence of volume optical system deployment wherein ease of termination
and flexibility, linked to easy alignment and a non-exacting application specification,
has opened many new opportunities; plastic optical fibre has definitely found volume
applications suited to the performance it offers.

Typically based on acrylates or perfluoro polymers, there are now several vendors of
plastic optical fibre. This is supported by the emergence of cost effective VCSEL
based transceiver technology, and RCLED. Plastic fibre for intra-office equipment
and automotive applications (e.g. MOST) seem likely to continue to expand the
opportunities for POF. From the perspective of integrated optics this is driving new
developments for integrated optic modules and components and these will continue to
grow the ECUS50 Billion photonics market in Europe. (See ref.1 and ibid)

Cambridge University and Dow Corning have been developing planar waveguide
technology using siloxane based polymers. A key target market is board level optical
interconnect. The expectation is that optical technology will penetrate to every level
of electronics systems and be the back-bone for all high data-rate channels for
signalling. A recognition that siloxanes provide a preferred materials class for
waveguide developments had been advanced for some years but the development of
acceptable polymers, and proving the full-spectrum of process and performance
specifications for circuit-board deployment has taken skill and persistence. This work
provides an excellent example of the required program of research required if a
polymer based optical interconnects is to be fit for commercial deployment.

The requirements of this application illustrate the technical complexity of the problem
The material has to be deployable into manufacturing of boards with complex
metallic interconnects; quite possibly needing to be processed via large area
patterning; it must certainly survive lead-free solder reflow temperatures (>250°C); it
must provide low enough loss for low-cost transceiver link budgets in realistic
systems scenarios; it must be agnostic with respect to wavelength selected.

The challenge is to select hierarchical classes of device element that can be combined
effectively to demonstrate functions that might then be integrated as single devices
similar to the “Spice” models for the functional elements in electronics. Foundry
practice can then permits exchange of design rules and the designer can then
parameterise the selected design against a target foundry.

Additionally the various waveguide geometries required by differing applications
must be explored. The companion proofs of process variables, process methods and
quality engineering (reliability in service and tolerances to manufacturing of total
systems, for example thermal excursions in solder re-flow etceteras) are also
demonstrated.

To begin an emulation of this design practice the polymer wave-guide program within
Dow Corning and CAPE has taken a step-wise approach to the full technology

expression of optical waveguide components and systems. The first parts made were
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simple traces rendered as short straight sections and longer spirals. Later devices,
typical of standard needs (such as splitters, combiners and couplers), were fabricated
in multi-mode and single mode designs. Thus the demonstration of the technology
allows a level of abstraction sufficient to allow end-users clear paths to realise designs
of merit in a variety of applications. (Refs: 2,3 ).

Adoption of a polymer waveguide technology for
optical interconnect applications on circuit boards
requires that every facet of the design and
deployment is plausibly enabled to future proof the
developments. Thus adherance to the design
framework above coupled with verification
engineering and quality engineering disciplines is : 3505m
vital. In Dow Corning’s development we see a
very clear demonstration of the conjoining of the
materials science with process engineering that has
enabled market relevant proofs of fitness-for-purpose.

50KV X1500 " 10pm WD 146mm

The development of electro-optic devices based on polymeric and/or molecular
materials is not new. In more recent times many have recognised the potential of
molecular engineering to provide superior electro-optic coefficients and faster
operational performance than is possible from the traditional materials. The difficulty
has always been that any real application of such devices has deployment
specifications and operational demands which the highly specialised molecules have
thus far proven unable to survive. This does not detract from their potential and has
not stopped researchers from continuing to seek improved systems, but even the best-
in-class have yet to prove their fitness-for-purpose.

It is worth noting that inorganic, electro-optic crystals typically have a rising
dielectric loss as the frequency operation increases. They may or may not have
inconvenient damage thresholds (for optical flux or electric field). For the vast
majority of available crystals the relevant electro-optic coefficient will lie in a range
between 25 and 50pm/V. This contrasts with the best in class polymeric, or dye
guest-host systems which have shown peak electro-optic coefficients greater than
200pm/V (see L. Dalton e.g. ref.11 ). Furthermore, typical molecular design targets
utilise a non-resonant electro-optic response dependent on "Chi2" which is
determined by the transition dipole moment magnitude in the aromatic charge transfer
system. This means that contrary to their metal oxide or semiconductor crystalline
competitors these materials have a lower dielectric constant and low dielectric loss
which may be low to extremely high frequency, greatly in-excess of 100GHz.

Liquid crystal materials in integrated optics have also been studied, designs from the
planar waveguide community for electric field driven phase control in Mach-Zehnder
(MZ) devices are typical (ref. 12). Herein the relatively slow but either analogue or
digital response of the LC is used to introduce a field initiated phase shift in one arm
of a MZ structure and thus cause switching of optical power from one branch of the
device to the other. In principle such optical elements can then be combined in
parallel and in series to produce filter structures of arbitrary complexity. As yet the
optical integration offered out of such elements has yet to be exploited widely, but the
feasibility proofs have shown the promise.
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Thus there are still opportunities for these materials but the technical and scientific
challenge should not be underestimated.

The development of low cost CMOS back-planes for projection display applications
has driven commodity costing of so-called liquid-crystal-on-silicon technology.
Several groups world-wide have seen the potential herein to produce a new class of
integrated optical system.

In principle, since an LC can control phase, the pixel circuitry of an LCoS back-plane
can address upwards of 4Million phase controllers. This array of controllers thus
becomes an arbitrarily programmable phased array (or holographic optical element).
These have been shown to allow not only beam steering, but also point-to-point
interconnection, multi-cast and broad-cast array switching capability. Using the
intrinsic capability to write gratings then extends this capability to dispersive devices
and LCoS has been adopted by several groups to demonstrate wavelength selective
add-drop devices suitable for deployment in telecommunications as Reconfigurable
Optical Add-Drop Multiplexers (ROADM).

This technology is still in its infancy but the direct coupling of the power of CMOS,
with capability to place over a billion gates of processor power, with the power of
computer generated holograms, via the liquid crystal phase control, is a staggering
example of integrated optics far exceeding the previous generations of study.

4 Conclusions: The Potential Future

It is clear that polymers and molecular materials will play an every increasing role in
integrated optics. Their complexity brings with them challenges as well as exciting
opportunities. We believe to be the most exciting opportunities for advancement are

Self Assembly - the ability of molecular materials to self assemble and, either as
polymers or as mesoscopic supramolecular systems, it is this capability which
suggests manifold photonic integration applications. The future is for device
structures to be created wherein the assembly of the photonics crystal or ordered array
is entirely pre-determined by molecular design and process environment control.
Example applications are: Polymer Modulators; Quantum Information Processing;
Ubiquitous Integrated Optics. For high performance polymer modulators and,
conceptual nano-scale gain devices, the ability to create polar order and thus have
exceptional hyper-polarisability tensor values is already being demonstrated. Taking
the next steps to create these effects in systems which replicate nature's ability to
sequester and protect the reactive, functional, molecular entities is being attempted
and will surely occur in the next decades. Having mastered polar order the next
challenge beyond this is to control the spin environment and manipulate directly the
quantum density of states. This leads one to contemplate the next great revolution...
that of Quantum Information Processing, wherein we will finally see the complete
fusion of "electronics" and "optical physics". The concept of ubiquitous integrated
optics has been a currency of our community for many years. Even today this is true
to a degree un-imaginable when Charlie Kao and George Hokham invented the
optical fibre in the latter half of the 1960s. However, the process has a long way to
run still.
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Abstract. The optimization of erbium-doped Ta;Os thin film waveguides deposited by
magnetron sputtering is described. Background losses below 0.4dB/cm have been
obtained before post-annealing. A broad photoluminescence spectrum centered at
1534nm is obtained, and the photoluminescence power and fluorescence lifetime
increase with post-annealing, yielding promising results for compact amplifiers.

1. Introduction

Optical amplifiers are key components in optical telecommunications and in fully-
integrated optical systems. Erbium doped materials are of particular importance in
optical communications technology, due to their excellent performance as gain media
for amplifiers and lasers at the telecommunications wavelength of 1.5 microns. Low-
cost, compact erbium doped waveguide amplifiers (EDWAs) are essential for local-loop
optical systems, and fully-functional densely integrated planar lightwave circuits (PLCs)
will rely upon gain as electronic integrated circuits do at present. Erbium-doped high
index contrast materials have generated great interest [1-4], and will allow strong
confinement of light, ultra compact photonic devices, and non-linear processes at
moderate power levels. Tantala (Ta,Os) has already been used as a host for rare earth
ions [5-7], with lasing being achieved only in Nd:Ta,Os to date [5]. This, combined with
high refractive index (>2.0), moderate phonon energy for high radiative efficiency [8], a
large third order non-linearity [9], and high photosensitivity [10], makes it an ideal
material for realising multifunctional PLCs. In this paper, the deposition and
optimisation of erbium-doped Ta;Os (Er:Ta,0s) thin films using magnetron sputtering is
presented. The photoluminescence and fluorescence lifetime characterisation of these
Er:Ta,Os films annealed at different temperatures are also presented to evaluate this
material’s potential as a high index contrast host for erbium and as an EDWA.

2. Waveguide fabrication & characterization
Slab waveguides were fabricated by magnetron sputter deposition of a powder pressed,
Er:Ta,0s target onto an oxidised silicon substrate (oxide thickness ~ 2.1 um). The target

was doped with 1 wt. % of Er,O;3 (~2.5 x 102 ions/cm’ ). The deposition was carried
out in a vacuum chamber pumped to a base pressure of 10™ Torr and backfilled with an
Ar:0, ambient. In order to obtain high-quality as-deposited films, substrate temperature,
magnetron power and O, gas flow rate were optimised to yield low-loss films. The
deposition rate was determined by measuring the film thickness for various sputtering
times, using a stylus profilometer. Figure 1a shows the thickness plotted against time,
for the deposition conditions optimised below, with the average deposition rate found to
be ~ 2 nm.min™".

The slab waveguide losses were measured at 633nm (He-Ne laser) by prism coupling
and measuring the propagation decay length. The losses were estimated at several
different places on a sample to check the homogeneity of the sample, and averaged. The
optical loss variation with substrate temperature is shown in Figure 1b. The sample
sputtered at 200°C gave the lowest losses (~0.4 dB/cm), so this was chosen as the
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optimum substrate temperature. Losses are expected to be substantially lower at
wavelengths near 1550nm.
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Fig 1 Er:Ta,Os waveguide optimization a) Er:Ta,0s deposition rate. b) Loss vs. substrate temperature, c)
Loss vs. magnetron power, and d) Loss vs. oxygen flow rate.

Figure 1c shows the variation of optical loss with magnetron power, with low loss being
achieved at 300W. Argon is used to start and maintain the plasma discharge and thus its
flow rate is not critical, but the oxygen flow rate plays an important role in achieving
low loss films as shown in figure 1d. With the increase in the O, flow rate, the film
approaches its stoichiometric composition and hence lowest possible loss, but a further
increase will lead to increased oxidisation of the target surface and an unacceptably low
deposition rate. For our samples, a flow rate of Ssccm achieved the lowest loss value
and a reasonable deposition rate. Ellipsometry measurements were performed on the
sputtered Er:Ta,Os samples to determine the thin film refractive index at various
wavelengths in the visible region. Figure 2 shows the results for the fully optimized
Er:Ta,0Os film.
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Fig 2.Refractive index of magnetron sputtered Er:Ta,Os in the visible wavelength region.
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2. Photoluminescence characterization

Photoluminescence measurements were performed at room temperature by pumping
erbium ions into their 4111/2 level using a Ti:Sapphire laser emitting at 980nm. The
thickness of the sample was approximately 2 microns. The power density was of the
order of 1kW/cm? (180mW total power), and was chopped at 25Hz. The luminescence
was collected perpendicular to the sample, sent to a 30cm focal monochromator, and
detected with an InGaAs photodiode through a lock-in amplifier. The resolution of the
spectra was 10nm. Lifetime measurements were also performed with 0.2ms
resolution.The photoluminescence spectra of annealed and non-annealed magnetron
sputtered Er:Ta,Os samples are shown in Figure 3a. Four samples were annealed at
450,500,550 and 600°C, respectively, in a tube furnace for one hour in oxygen. Higher
temperatures were not employed as annealing above 600°C is expected to result in a
lossy polycrystalline film [11].
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Fig 3 a) Photoluminescence spectra (bottom: unannealed, topmost: 600 °C) and b) Luminescence decay
(leftmost: unannealed, rightmost: 600 “C) for annealed and unannealed samples.

The emission spectra correspond to the transition between the 4113/2— 4115/2 levels of the
Er*" ion and peak at 1534nm. The bandwidth of the spectrum (FWHM) was measured to
be 50nm which is substantially broader than those obtained from non-telluride glasses
(~30nm) [12] and comparable to high index contrast hosts such as telluride glasses
(n~2.1, 65nm) [13] and alumina (n~1.69, 55nm) [14] and shows potential for broadband
applications. The photoluminescence intensity increases with annealing temperature to
about 14 times that of the unannealed sample, at 600°C. The luminescence lifetime of
the erbium ions is shown in Figure 3b and was found to increase from 0.53ms for the as-
deposited sample to 2.4ms for the sample annealed at 600°C, where I/1, is the intensity
normalized with respect to the maximum intensity. The relationship between the
intensity and lifetime can be explained in terms of the decrease in the non radiative
decay rate when annealed at higher temperatures. The 2.4ms lifetime decay is smaller
than those obtained from non-telluride glasses (10-15ms) [12] and alumina (6ms) [14]
but comparable to high refractive index hosts such as telluride glasses (3.5ms) [15] and
zirconia (n~2.04, 1.8ms) [2].

3. Conclusions

The deposition of Er:Ta;Os by magnetron sputtering has been optimized to yield low
loss slab waveguides (<0.4 dB/cm at 633nm) without annealing and losses can be
expected to reduce further upon annealing at high temperatures, and with use at longer
wavelengths. The refractive index of the thin film was determined over the wavelength
range from 350nm to 700nm. A relatively broad photoluminescence spectrum
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(FWHM~50nm) peaking at 1534nm was obtained, and a luminescence lifetime of 2.4ms
was measured for the erbium ions in the Er:Ta,Os film for optimised sputtering and
annealing conditions. The results obtained for the losses and radiative lifetime are
promising, for realizing erbium-doped integrated amplifier/laser and multifunctional
photonic circuits based on Er:Ta;0Os.
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Abstract: We report sub-nanometer linewidth control in high index contrast photonic
devices using CMOS fabrication tools. A linewidth uniformity of 20pm and 0.1nm is
achieved over a distance scale of 25um and 10,000um respectively. Over a 200mm
wafer, we have achieved linewidth uniformity of 99.55% for a 450nm photonic wire.

Introduction

High index contrast material technology is an attractive platform for making compact
and high density photonic integrated circuits[1]. However, the spectral characteristics of
these high index contrast devices, especially SOI based circuits, are very sensitive to
very small dimensional variations. This does not only hold for circuits as a whole but
also for parts of devices, such as an individual ring in a multi-ring demultiplexer [2].
Making identical photonic circuits or devices is a technological challenge in high-index
contrast systems. Each step in the fabrication process can give rise to dimensional
variations. Starting from mask fabrication till device measurement small variations in
dimensions and material properties can induce a change in the spectral response of the
device. The device dimensions - width and layer thickness - have to be controlled in the
order of few nanometers (or even below Inm), which requires a high resolution
fabrication process. Fortunately, advanced CMOS fabrication processes allows for such
high resolution and stable fabrication process.

In this paper, we present our recent results on device uniformity achieved using 193nm
optical lithography and dry etching. All the processes were carried out using 200mm
CMOS high volume manufacturing tools. Over a 200mm wafer, we have achieved a
linewidth uniformity of 99.55% and 99.44% after optical lithography and dry etching
respectively, for isolated lines. This high uniformity encouraged us to fabricate
wavelength selective devices such as ring resonators and mach-zehnder interferometers.
For these devices, we obtained a fabrication accuracy better than 20pm for short range
device-to-device separations (25um) and 0.lnm for long range device-to-device
separations (10,000pm).

Design and fabrication

To test the uniformity within a die and between dies, identical wavelength selective
components were arranged in a particular fashion (Fig. 1a). We use all-pass racetrack
ring resonators and 1X1 mach-zehnder interferometers (MZI) as wavelength selective
test devices for characterizing the device uniformity over short (25um) and long
distance range (1700pum). Each device was repeated 4 times in pairs of 2 (twins). The
racetrack ring resonators were designed with a wire width of 450nm, coupling gap of
180nm, coupling length of 4um and a ring radius of 4um. The MZI’s were designed
with a delay length of 50um in one of the arms.
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(2) (b)
Fig. 1 (a) Die layout in a 200mm wafer , (b) Device layout in a die and (c) SEM picture of the ring pair

A 200mm SOI wafer was patterned with the mask containing the test devices described
above (Fig. la). The fabrication was done in a CMOS pilot line at IMEC, Leuven,
Belgium. We used 193nm optical lithography (ASML/1100) and dry etching to define
our circuits. For comparison, we have also used 248nm optical lithography [3] and
etching to compare the process with our new 193nm lithography process [4]. Fig.1b
depicts one of the fabricated pairs of ring resonators. During the fabrication process the
linewidths were measured at two stages, first, the resist linewidth after optical
lithography and then the silicon wire width at the end of the fabrication process.
Accurate linewidths were measured using critical dimension scanning electron
microscope (CD-SEM). The linewidth measurement was done at 175 locations in a
200mm wafer. For a 450nm photonic wire, a standard deviation (15) of 2nm and 2.6nm
was obtained after optical lithography and etching respectively. Table 1 summarizes the
linewidth measurements statistics. A 15nm increase in the mean linewidth value after
etch is due to the sloped sidewalls obtained after etching, which increase the photonic
wire linewidth measured from the top. There is also a slight increase in the standard
deviation after etch, which is associated with a non-uniform plasma distribution over the
wafer, which subsequently increases the linewidth non-uniformity.

Table 1
Linewidth statistics after 193nm optical lithography and dry etch
Target linewidth = 450nm

Li th?) gre;phy After Etch
Mean linewidth (nm) 450.92 464.77
Intra wafer stand. deviation (nm) 2.01 2.59
Intra wafer range (nm) 5.50 7.50
Intra wafer stand. deviation (%) 0.45 0.56
Intra wafer range (%) 1.22 1.61

Device characterization

The fabricated devices were optically characterized by coupling in TE polarized light
from a broadband light source and measuring the output from the devices through a
spectrum analyzer with a resolution of 0.12nm. Grating fiber couplers [5] were used for
in and out coupling of light. The measurement spectrum was limited to the 1550nm
telecom wavelength range (1520nm-1600nm). The spectral response of the ring
resonators and MZI’s was obtained to analyze intra (within) die and die-to-die
uniformity.
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Intra Die Uniformity

Each die contains two pairs of ring resonators and MZI’s as shown in Fig.1. Fig 2a
shows the spectral response of four MZI’s within a die, which were separated by 25um
(MZI-1,2 and MZI-3,4) and 1700pum (MZI-1,3 and MZI-2,4). Similarly, ring resonators
were characterized (Fig. 2b). The measurements are summarized in Table 2. It can be
clearly seen from Table 2 that the wavelength shift increases with an increase in the
distance between the devices. This shift is more apparent when using 248nm
lithography. Even though we used the same mask for 193nm and 248nm illumination,
the linewidth variation using 248nm lithography is much higher than for 193nm
lithography. These measurements clearly demonstrate the need for high resolution
optical lithography for fabricating photonic devices.

From the measurements, we observed that the wavelength shift in the short distance
range (25um) ring resonator was below the resolution of our spectrum analyzer
(0.12nm). Therefore, a tunable laser was used to characterize the resonance wavelength
shift. With a sampling period of 10pm, we observed a peak shift of 20pm. This indicates
an average linewidth offset of 20pm between the two ring linewidths. Fig.2b depicts the
spectral response of two closely placed ring resonators. This short range linewidth
uniformity achieved is comparable with matched ring resonators fabricated in SiN using
e-beam lithography [2].

Table 2
Within Die/Chip device uniformity
Distance between Average resonance wavelength shift Average resonance wavelength shift
the devices obtained using 193nm litho obtained using 248nm litho
(Within Die) Ring resonator MZI Ring resonator MZI
25um 0.15nm 0.2nm 0.3nm 0.7nm
1700pum 0.55nm 0.6nm 7.8nm 7.3nm

Transmission [a.u]

1540 | 155 150 | 15555 | Wm0 | 155 | 170
Wavelength{nm]

(b)
Fig. 2 (a) Spectral response of 4 MZI’s within a die,
(b) Spectral response of two racetrack ring resonators which are 25um apart.

Die-to-Die Uniformity

Die-to-die or chip-to-chip uniformity is the device uniformity between two normally
identical chips within a wafer. Die-to-die uniformity falls under long distance scale
uniformity, at least few 10’s of millimeter. Thus device uniformity is more complex
than within a die. There are various factors (lithography tool etch, resist thickness, Si
layer thickness, etc) contributing to the device non-uniformity and discriminating the
contribution requires a detailed study of the different factors.

Table 3 shows the summary for 3 dies of the die-to-die measurements on ring resonators
and MZI’s. The average wavelength shift was calculated from 12 ring resonators and 12
MZI’s (Fig. 3). A wavelength shift as low as 0.1nm was observed for ring resonators on
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immediately adjacent dies and 1.5nm for the next farthest die. From these
measurements, we observe a strong correlation of wavelength shift over each die (not
shown here), which could be related to the mask or the lithography tool. More extensive
experiments and analysis are necessary to draw further conclusions however.

Table 3
Die-to-Die device uniformity using 193nm optical lithography
Distance between Average resonance Smallest resonance
the devices wavelength shift obtained ~Wavelength shift obtained
(Die-to-Die) Ring resonator MZI1 Ring resonator MZI
10,000pm 1.3nm 1.08nm 0.1nm ~0nm
20,000pm 1.8nm 1.73nm 1.5nm Inm

Transmission [dB]

% ——Die 3MZI4

150 1540 1560 1550 1600

Wavelength [nm]

Fig.3 Spectral response of 12 MZI’s from 3 different Dies
Conclusion
Highly uniform high index contrast silicon-on-insulator photonic devices were
demonstrated. Device uniformity within die and die-to-die showed linewidth uniformity
as low as 20pm and 1.5nm respectively. The results obtained are a good indication of
the high resolution fabrication possible using CMOS fabrication tools. An extensive

study on the non-uniformity is necessary to understand and improve the accuracy
further.
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Abstract - Transparent electrodes made of ultra thin metal films are highly competitive
with respect to Transparent Conductive Oxides, e.g. ITO. We report on thermally stable
nickel transparent electrodes.

Introduction

Wide band gap semiconductors with heavy doping have been widely investigated as trans-
parent electrodes. They are known as Transparent Conductive Oxides (TCOs) with In-
dium Tin Oxide (ITO) probably the most used of them. The trade-off between low elec-
trical resistivity and high optical transmittance that can be achieved in TCOs has led
to their use in many electro-optic devices such as solar cells, photo-detectors and Or-
ganic Light Emitting Diodes (OLEDs)[1]. TCOs deposition is, however, far from being
a straightforward process. The influences of oxygen pressure, substrate temperature or
post-deposition treatments on electrical resistivity and optical transparency of the film
have been widely studied and regarded as potential drawbacks.

We have shown in previous works that Ultra Thin Metal Films (UTMFs) can possess
higher electrical conductivity than TCOs while still having similar optical transparency
[2, 3]. In addition, they can be grown through a single step deposition process, such as
ultra high vacuum sputtering. In this paper we investigate the temperature stability of
nickel-based UTMFs. We show that the electrical resistivity of films with thicknesses
> 3 nm does not change significantly for annealing temperatures < 90°C. Also, in the
case of film thickness > 5 nm, the electrical resistivity does not change significantly for
temperatures up to 145°C.

Experimental results

Ultra thin nickel films were sputtered onto glass substrates at room temperature using a
Kenosistec Dual Chamber DC sputtering machine in a pure argon (Ar) atmosphere. We
used 8 mTorr Ar pressure and 200 W DC Power. Resulting deposition rate was 1.6 A/s.
Fig.1(a) and Fig.1(b) show respectively AFM images of blank BK7 substrate and a 3.4 nm
Ni film taken five weeks after deposition with a Digital Instrument D3100 AFM and as-
sociated software WsXM [4]. Surface roughness has to be kept below the thickness of
the layer, otherwise films could be discontinuous and thus non-conductive. In our case,
3.4 nm film’s RMS roughness is measured to be 0.36 nm using the WsXM software.

The electrical measurements were carried on using a Cascade Microtech 44/7S 2791 four
point probe connected to a Keithley 2001 multimeter while a Cary 500 Fourier Transform
scan spectrometer was used for optical transmittance measurements.

Five weeks after deposition UTMFs show electrical resistivity and optical transparency
levels similar to ITO as shown in Fig.2(a) and Fig.2(b) respectively but slightly larger
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Figure 1: AFM images: (a) Blank BK7 substrate with a surface RMS roughness of
0.56 nm (b) 3.4 nm Ni film with a RMS roughness of 0.36 nm. Surface roughness levels
of the substrate lower than deposited thickness are required for continuous films.

electrical resistivity when compared to previous works [2, 3] where it was measured
straight after deposition. The difference is attributed to the advance in the oxidation pro-
cess of the films. Note that the substrate’s absorption is taken into account in the optical
transmittance measurements as Ty = T; /T; where T, is the total optical transmittance (film
and substrate), Tr and Ty are the film’s and substrate’s optical transmittance respectively.

Resistivity comparison Ni vs ITO Nickel and ITO transmittance

1000

* ok * T —
- ITO annealed wf T
—~ 800 L
S t=3.4 nm
9 0 < .
£ P = T E R —
5 ITO not-annealed e k
S 500 o N § %
g £
S 400 5«
% o
2 = t=10.1 nm
4

200 20 \
t=20.2 nm

100F Nj as deposited ~--Imo Nickel

10' 10° 500 1000 1500 2000 2500
Thickness (nm) Wavelength (nm)

Figure 2: Comparison between UTMFs and ITO: (a) Electrical resistivity of ultra thin Ni
films (solid line) 5 weeks after deposition. ITO annealed (dotted line) and non-annealed
(dashed line) films are given as TCO reference. (b) Ultra thin Ni films (solid line) and ITO
(dashed line) optical transmittance in the 400-2500 nm range. Two nanometer Ni film
shows approximately the same optical transparency as ITO layers. The measurements
were obtained five weeks after deposition.

The cumulative annealing treatments described in Table 1 were performed inside a Selecta
Hightemp 2001406 oven and temperature was measured using a Fluke thermometer 52 I1
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Treatment name Time Temperature®C
H1 2h 90
H2 2h 45 min 105
H3 2h 30 min 112
H4 2h 30 min 145
H5 2h 30 min 90
H6 X -40 to 85

Table 1: Time and temperature of the annealing treatments applied to the nickel films.
These treatments were performed cumulatively. Treatment H6 corresponds to tempera-
ture cycles ranging from -40 to 85°C at 1.4°C per second.

Resistivity variations after cumulative annealing steps
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Figure 3: Electrical resistivity variation after cumulative annealing treatment.

thermometer and 80 PK-1 thermocouple. The first annealing treatment - labeled as H1 -
was performed five weeks after the films had been deposited.

Electrical resistivity variations were measured after each annealing step on the same sam-
ples of different thicknesses. The values reported in Fig.3 are an average among 6 mea-
surements. The formation of a natural oxide film due to oxygen indiffusion reduces the
effective metallic layer, thus leading to higher electrical resistivity as shown in Fig.3,
this effect being more significant for thinner films. Electrical resistivity variations of lay-
ers thicker than 5.0 nm are found to remain within 5% for all the annealing treatments
whereas thinner films show larger variations. Accordingly, Fig.3 presents only the rela-
tive electrical resistivity variations for 3.4 nm and 5.0 nm films. Harder conditions, i.e.
higher temperature, lead to larger electrical resistivity variations. The effect upon the
5.0 nm film is significantly reduced, with all variations within 6% meaning thus this film
maintains similar conductivity along all the annealing process. In addition, also for films
if 3.4 nm the variations are negligible below 90°C.
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Conclusions

Ultra thin Ni films have been deposited using ultra high vacuum sputtering on glass sub-
strates. The deposited films show continuity despite their very small thickness. The
observed temperature stability together with the optical transmittance and electrical re-
sistivity performances confirm that Ultra Thin Metal Films are serious competitors to
Transparent Conductive Oxides, such as ITO, for those applications where transparent
electrodes are required.
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Abstract - We present a technique to trim the resonance of silicon ring resonators. The
cladding oxide is compacted by electron beam bombardment, causing strain in the silicon
lattice, which leads to a 5 nm resonance shift.

Introduction

Silicon-on-insulator (SOI) is gaining interest as preferable material system for future
ultra-compact integrated photonic components. The main advantages of this material
system are firstly the high refractive index contrast between silicon (core) and oxide or
air (cladding) enabling small bend radii and dense integration, and secondly mature fab-
rication facilities thanks to the electronics industry. One of the applications aimed at
by the telecom industry is optical filtering for wavelength (de)multiplexing. SOI is the
ideal platform to make these filters compact and low-cost. Several geometries, such as
ring resonators [ 1] and photonic band gap materials [2] have good filtering characteristics.
However, most of the demonstrated filters were fabricated with electron beam lithography,
which is a serial fabrication technique and therefore unattractive for mass fabrication. In
previous work we have demonstrated that these filters can also be fabricated in a parallel
way, with 248 nm or 193 nm Deep-UV lithography (DUV) in a standard Complemen-
tary Metal Oxide Semiconductor (CMOS) facility [3]. However, variations of the critical
dimensions of devices fabricated by optical lithography are inevitable. These variations
can be caused by wafer non-uniformity, by e.g. varying layer thicknesses on wafer edges,
or by non-uniformity within one chip, mainly caused by lithography imperfections near
mask edges. A way to assess critical dimension variations in a photonic circuit is to
evaluate the resonance wavelength shift of identically designed ring resonators, dispersed
over a wafer. These resonators are fabricated with Q-factors of about 10* [1], or a 3 dB
bandwidth of 0.15 nm. In practice the resonance wavelength shifts exceed 1 nm, which is
unacceptable for many applications. The most common solution for this is active thermal
tuning [4], however, when many resonators have to be integrated on a single chip, this
would lead to high power consumption and important device complexity. Another ap-
proach to circumvent these process variations is trimming of the devices after fabrication.
In this paper we present a technique to locally and independently trim the resonances of
ring resonators on a silicon chip. This allows for complete compensation of resonance
wavelength variations on silicon photonic integrated components.

Experiment

The resonance wavelength of a ring resonator is trimmed by changing the optical path
length of the resonator, in our case by varying the effective index of the guided mode and
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Figure 1: Overview of the experiment: the right ring is trimmed by electron beam com-
paction; the left one is kept original as a reference to exclude temperature or ambient
variations.
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Figure 2: Left: The resonance wavelength of a ring is red shifted to equate that of the
reference ring. One can notice a slight decrease of the Q factor. Right: Cross-section of
the 220 nm thick silicon ring resonator. The 2 keV electrons penetrate 70 nm into silicon
and oxide, and lead to volume compaction only in the oxide. This effect generates a
tensile strain in the silicon, parallel to the substrate. The effect of silicon strain dominates
the refractive index change. In the bottom drawing the first principal strain obtained from
a finite element simulation was overlaid.

not the length of the ring. An increase in effective index causes a red shift of the resonance
wavelength. This was demonstrated in several (low to medium index contrast) material
systems such as silica glass [5] and SiN/SiON [6]. In SOI, the preferable material system
for future industrial deployment, the core material is silicon, which can not be compacted
by either UV or electrons. Only the SiO; cladding is susceptible to compaction. Due to
the imaging capabilities and the ease to precisely control the irradiation dose and energy
we have used an electron beam (from an FEI Nova 600 scanning ion/electron microscope)
to compact the SiO; cladding layer. The resonance frequency of silicon ring resonators
is extremely sensitive to changes of temperature and of the surrounding medium; rings
are therefore attractive as sensors. However, in this experiment we want to exclude all
external factors and investigate the resonance shifts caused only by electron beam irra-
diation. Therefore we have fabricated a sample with two rings, with different resonance
wavelengths, serially connected to the same waveguide, as depicted in Figure 1. Only one
of these rings is irradiated by imaging it with a scanning electron beam. The transmission
spectrum features two superimposed ring spectra. By evaluating only relative peak shifts
between the two ring spectra the external influences are excluded.

The experiment was performed in situ, inside the vacuum chamber of a scanning elec-
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tron microscope, by providing it with vacuum fiber feedthroughs. The optical input and
output signals are transported by single mode fibers, glued (with UV-curable glue) in a
near-vertical position above grating couplers. The optical circuit, with grating couplers,
waveguides, tapering sections, and ring resonators, was fabricated by DUV lithography
in a CMOS pilot line [3]. Light was generated by a super luminescent LED with center
wavelength at 1530 nm and detected by a spectrum analyzer with a resolution of 60 pm.
The graph in Figure 2 shows part of the experiment. The left transmission dip - belonging
to the right ring from Figure 1 - is trimmed to equate the resonance of the other ring.
In this graph a resonance wavelength red shift of about 3 nm is shown. This part of the
experiment was performed with a 0.84 nA beam, by scanning it over the ring resonator
for 400 s. Figure 2 shows a slight decrease of the Q factor. The original position of the
resonance was around 1523.9 nm, so in the complete experiment a total resonance shift
of 4.91 nm was obtained.

Discussion

Two distinct physical processes cause the effective index change of the mode in the sil-
icon ring resonator, as depicted in Figure 2. The first is a larger refractive index of the
oxide cladding due to volume compaction; the second is the stress this oxide compaction
induces in the silicon lattice. In our experiment we have worked with 2 keV electrons,
which have a penetration depth of about 70 nm in Si and SiO, (this was calculated with
Monte Carlo simulations, and confirmed by [7]). The silicon ring is 220 nm thick, on top
of a 2 um oxide layer; therefore the electrons can not penetrate the silicon. The mode
overlap with the compacted oxide is lower than 1.5%, as was calculated with a mode
expansion tool. From [7, 8] we have estimated the maximum amount of refractive index
change lower than 3% (i.e. for a compaction of about 10%), with a total irradiation dose
of 2.8 x 10?* keV/cm? (the total dose in our experiment). This can not lead to more than
0.5 nm shift in resonance wavelength. We can thus conclude that the largest fraction of
the observed resonance wavelength shift is caused by strain in the silicon lattice. Finite el-
ements simulations were used to evaluate this effect, as is shown in Figure 2. The overlay
picture illustrates the deformed mesh (with a scale factor of 2) and the first principal strain
in the case of a 10% compacted oxide layer with a thickness of 70 nm. Since a complete
study was beyond the scope of this work, we have chosen to estimate the influence of
compaction induced stress on the effective index of the supported modes without detailed
simulations of the optical mode profile in the strained lattice. We have therefore calcu-
lated the average silicon strain in the dominant direction: perpendicular to the waveguide
propagation direction and in the plane of the substrate surface. The resonance wavelength
shift was calculated by using only the p;; component of the silicon elasto-optical tensor.
This shift is calculated for varying oxide compaction rates and for different compacted
layer thicknesses. The results of this simulation support the fact that tensile strain in the
silicon waveguide can account for the observed resonance wavelength shift of more than
5 nm. Although all experiments in this report were performed with an electron beam,
they can in principle be repeated with UV since the penetration depth at wavelengths be-
tween 200 nm and 400 nm is sufficiently low to create compaction induced strain. Ring
resonators in other semiconductor materials can be compacted in a similar way, as well as
other kinds of cavities, such as photonic crystal cavities. It can be argued that this method
is too slow for mass fabrication purposes. However, we believe that it can be accelerated
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by using higher beam currents. Furthermore, realistic shifts will not often exceed 1 nm.
This makes that a typical trim will be performed in seconds. Specifically in combination
with vertical grating couplers and in situ readout, this technique is suited for rapid and
automatic trimming of devices before packaging and on wafer scale.

Conclusion

We report on the trimming of a silicon ring resonator by electron beam irradiation. The
oxide cladding is subject to volume compaction, causing tensile strain in the silicon lat-
tice. Both effects generate an increase in refractive index, generating a red shift in reso-
nance wavelength. The dominant effect is the tensile strain in silicon. In our experiment
we have measured a maximum resonance wavelength red shift of 5 nm, which would be
sufficient to compensate for variations on wafer scale and on chip scale due to optical
lithography imperfections.
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Abstract. First implementations of subwavelength gratings in silicon-on-insulator
waveguides are discussed and demonstrated by experiment and simulations. The
subwavelength effect is exploited for making antireflective and highly reflective
waveguide facets as well as efficient fiber-chip coupling structures for photonic wire
waveguides.

Introduction

Subwavelength gratings (SWGs), i.e. gratings with a pitch that is sufficiently small to
suppress all but the 0" order diffraction, have been known and used for many years [1],
most commonly as an alternative to antireflective (AR) coatings on bulk optical
surfaces. Since diffraction is suppressed, the light propagating through a SWG structure
is influenced by the average optical properties of the SWG medium. This SWG effect
allows one to engineer artificial materials with refractive indices that are intermediate to
those of the constituent materials of the SWG. In the context of high index contrast
(HIC) integrated planar waveguide circuits, SWG patterns can be used to alleviate some
of the fundamental problems intrinsic to HIC waveguides. Here, we demonstrate by
experiment and simulation the first implementations of SWG structures in silicon-on-
insulator (SOI) waveguides. We show that both AR and highly reflective (HR)
waveguide facets as well as highly efficient fiber-chip couplers for photonic wire
waveguides can be made using SWGs fabricated by standard lithography and etching
processes.

Modification of Facet Reflectivity by SWGs

The AR effect of SWG structures formed on waveguide facets, such as those shown in
Fig. 1, is analogous to the same effect on bulk optical surfaces and can be described
using the effective medium theory (EMT) [2]. According to EMT, a composite medium
comprising two different materials interleaved at the subwavelength scale can be
approximated as a homogeneous medium with a refractive index expressed as a power
series in (A/A), where A is the pitch of the SWG and A is the wavelength of the light.
From this theory a gradient-index AR effect is expected for gratings with a triangular
shape while square SWGs can be used to mimic the effect of a single layer AR coating.
The duty cycle of the grating controls the effective index and the modulation depth
corresponds to the thickness of the equivalent thin film. Examples of square and
triangular SWG patterns on ridge waveguide facets in 1.5 pm thick SOI are shown in
Fig. 1. In both cases, samples are fabricated with a two-step patterning process. The
facets are formed by electron beam lithography and reactive ion etching.
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Fig. 1: Scanning electron micrographs of SOI waveguide facets patterned with square
(left) and triangular (right) SWGs.

To measure the facet reflectivity, transmittance of fabricated waveguides was measured
as a function of wavelength near A=1.55 um and the reflectivity was inferred from the
depth of the Fabry-Pérot fringes observed in the transmission spectrum. Results of these
measurements for triangular SWGs are shown in Fig. 2 as a function of the grating
modulation depth. An efficient AR effect is observed, with facet power reflectivities as
low as 2.0% for transverse electric (TE) and 2.4% for transverse magnetic (TM)
polarization for a modulation depth of 0.7 um [3]. The single layer AR effect of square
SWGs is also demonstrated experimentally. Unlike the case of the triangular SWGs, the
reflectivity of square SWGs is strongly polarization dependent. For example, the lowest
experimental facet reflectivity for a square SWG obtained is 3.6% for TE polarized
light; however, the same facet has a reflectivity of 23% for TM polarization. The
experimental results for both triangular and square SWG facets are in good agreement
with EMT.
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Fig. 2: Experimental data and theoretical results from EMT for the reflectivity of facets
with triangular SWGs as a function of the grating modulation depth (corresponding to
the length of the gradient-index section).

When the pitch of a square SWG is increased to the point where diffraction becomes
possible on the silicon side, but is still suppressed on the air side of the grating, i.e.
Mns; < A <A, an interesting effect is observed. The grating parameters can be chosen
such that a waveguide mode incident on the patterned facet from the silicon side
experiences a high reflectivity, whereas light incident from the air is almost completely
diffracted into the +1 and -1 diffraction orders inside the silicon, with the 0" order
transmission and reflection being suppressed. Finite-difference time domain (FDTD)
modeling is used to demonstrate this effect. The layout of a 2D FDTD simulation is
shown in Fig. 3a. It is a 7 um wide Si waveguide (ns; = 3.476) with SiO, lateral
claddings (nsi02 = 1.44), terminated at the facet with a square grating. The grating period
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is 0.7 um, the duty cycle is 54% and the grating modulation depth is 485 nm. The
external medium is air (n = 1). A continuous-wave field excitation of a TE (electric field
in the plane of the drawing) waveguide fundamental mode of free space wavelength A =
1.55 um propagating in the waveguide towards the facet was assumed. The mesh size
used was 10x10 nm’® and the simulation was run for a total of 10,000 time steps of
At=2.2x10"" 5. The calculated TE electric field map is shown in Fig. 3b. The excitation
plane for the waveguide mode source is indicated in the figure by a blue line, including
the mode propagation direction (arrow). It can be seen that the transmittance through the
grating structure is efficiently suppressed, creating the mirror effect. Between the
excitation plane and the facet, the forward propagating and the reflected light form a
standing wave interference pattern. To the left of the excitation plane, the reflected
mode propagates unperturbed in the waveguide. A reflectivity value of 97% is obtained
for this 2D structure. Figure 3¢ shows the simulation of light coupling from an external
optical fiber to the Si waveguide. In this case, a light source with Gaussian intensity
profile with a 1/¢* full width of 10.4 pm (SMF-28 fiber mode), is located at the
excitation plane (white line in Fig. 3c). The calculated field in the waveguide reveals a
strong transverse modulation with a period half of the grating pitch, which persists
almost unperturbed for several micrometers as the light propagates in the waveguide.
This intensity pattern stems from the superposition of the -1 and +1 diffraction orders,
while the 0" order is suppressed. Rigorous coupled wave theory (RCWT) of plane
waves incident on silicon surface gratings corroborates the FDTD results described
above. For example, reflectivities >99% for light incident from the silicon side are
calculated from RCWT.

Fig. 3: FDTD simulations of HR SOI facets: a) Simulation layout. b) FDTD simulation
for a TE waveguide mode launched at the plane indicated in the figure. c¢) TE field map
for an external optical fiber mode coupling into the waveguide.

Waveguide transmission measurements similar to the ones we have discussed for the
AR facets have been carried out for the HR structures. The results confirm the HR
subwavelength grating concept; however, it is found that the reflectivity depends
strongly on mode confinement. This was confirmed by 3D FDTD simulations, which
showed that the maximum facet reflectivity for a 1.5 um thick SOI waveguide is 80%,
whereas 94% reflectivity can be achieved for a waveguide thickness of 5 um.

Fiber-Chip SWG Couplers

An original application of SWGs for fiber-to-waveguide coupling and mitigating losses
due to the mode size mismatch of optical fibers and SOI waveguides of submicrometer
dimensions has been proposed recently [4]. The principle of this fiber-chip coupler is
based on a gradual modification of the waveguide mode effective index by the SWG
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effect. In this scheme the waveguide is transformed into a longitudinal subwavelength
waveguide grating, as shown in the scanning electron micrographs of a fabricated
coupler structure in Fig. 4a. As the mode travels along the SWG, the waveguide mode
effective index is altered by chirping the SWG duty ratio r(z) = a(z)/A(z), where a(z) is
the length of the waveguide core segment and A(z) is the pitch. Figure 4b depicts the
same coupler structure closer to edge of the chip, where the fiber is coupled to the SWG.
Both the duty ratio and the width of the segments are reduced to optimize the overlap of
the fiber mode with the mode of the segmented waveguide. Coupling efficiencies as
large as 76% (1.35 dB loss) were calculated for coupling from a standard SMF-28
optical fiber using 2D FDTD simulations of SOI waveguides with a Si core thickness of
0.3 um. The first fabricated SWG waveguide couplers shown in Fig. 4 are for SOI
photonic wire waveguides with dimensions of 0.45 pm (width) X 0.26 um (height). The
minimum pitch of the grating is 0.2 um and the smallest gaps are nominally 50 nm. In
first experiments, the lowest coupling loss of approximately 4 dB was achieved for a
coupler length of 50 um, compared to 11 dB loss for photonic wires without couplers.
Preliminary experimental results indicate that the coupling loss can be further improved
by optimization of the SWG parameters, in particular by tapering the width.

el ]
I—— - ) ) ] ]

Fig. 4: Scanning electron micrographs of a fabricated SOI photonic wire waveguide with
a SWG coupler (top view): a) The SWG coupler joining the photonic wire waveguide.
b) Mid-section of the SWG coupler.

Conclusions

We have presented results of experiments and simulations of first SWG structures in
SOI waveguides. Three types of structures have been discussed, namely AR and HR
waveguide facets and fiber-chip couplers, all fabricated using standard fabrication
techniques. The AR facets were demonstrated exploiting either a single layer AR effect
from square SWGs or a GRIN effect from triangular SWGs with a minimum measured
reflectivity of 2%. HR SWG facets employ a similar structure to that of square AR
SWG waveguide facets but with different grating parameters, namely pitch, modulation
depth and duty ratio. Finally, the principle, design and first experimental results on
SWG fiber-chip couplers were reviewed, demonstrating a fiber-to-photonic wire
coupling loss of ~4 dB.
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Abstract. We have demonstrated all optical switching using photonic crystals integrated
into an AlGaAs Mach Zehnder interferometer (MZI). Enhanced phase modulation
efficiency together with fast carrier recovery times of 4 ps and high nonlinearities of the
AlGaAs material make this design suitable for ultra fast all optical switching
applications.

Ultrafast all optical switching

Nowadays telecommunication networks rely on electro — optic components that limit
the network’s performance. Only full optical control of light by light can meet the
demands of increased bandwidth. Optical components are not limited by the RC
constants like their electronic counterparts and allow generation of much shorter pulses
which allow higher network speeds. However still some work must be done to fulfil all
the requirements for optical devices. The most important are low power consumption,
high S/N ratio, and high repetition speed. It is very hard to meet all of these criteria at
once so the device should be carefully chosen. All optical elements rely on the
refractive index change. This optically induced change is limited by the material
nonlinearity and the required @ phase change entails that the size of the device be in the
range of millimetres. Proper device design, material choice and the optical nonlinearity
used can significantly increase the device performance. High repetition rates can be
achieved using nonresonant optical nonlinearities. The main disadvantage of that
approach is the high power required to utilize the full material nonlinearity. Power
consumption and the speed can be enhanced by utilizing resonant coherent effects.
Coherent effects are not limited by real carrier relaxation. The pulse width of the laser
should be shorter than the carriers’ relaxation times, if not, real carrier generation occurs
and limits device speed. Even if the laser pulse width is shorter real carrier generation
can still mask coherent effects. Carriers are generated then via multiple photon
absorption. From a practical point of view it is easier to work with incoherent effects
because the device can be operated at low powers. In this experiment we show a way to
decrease carrier relaxation time utilizing TPA (two photon absorption).

Experimental methods

We have investigated all optical switching using photonic crystals integrated into a
GaAs/AlGaAs Mach Zehnder interferometer (MZI). The MZI employs multimode
interference (MMI) optical power splitters and photonic crystal waveguides in the
functional area of each arm. Optical switching can be achieved by optically pumping the
photonic crystal sections of one of the arms causing a carrier induced refractive index
change in this arm of the MZI.

A compact 3dB 1x2 power splitter operating at 950nm centre wavelength was designed
by selecting correct position along MMI’s and waveguides configurations.
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The imaging length of the MMIs was optimised using FDTD simulation and 3/8L, was
found to get 1x2 power splitting. A refractive index of 3.29 was used during simulation.
This refractive index represents the effective index of the waveguide slab which was
calculated separately.

The optical bandwidth of the splitter is inversely proportional to the square of the
MMI’s width so 6um width was chosen as optimal for the sake of device performance
and fabrication purposes [1]. As an output waveguides separation was design to be 3um
hence further decreased in device size could cause outputs overlapping.

Optimal geometry was found to be: 6um MMIs width, 64pm MMIs length, 1.5um
width of the input and output waveguides. S-bend type waveguides were added to
separate MZ arms of 25pum.

Photonic crystal waveguides are the most critical part of the all optical MZ switch.
Their function is not only decreasing the functional area of the device but, importantly
increasing the operation speed of device. The holes patterned in a semiconductor host
system play the role of recombination centres and hence relaxation time of the excited
carriers is reduced. Samples were fabricated with three different types of photonic
crystal waveguides. The first two types rely on engineered defects in the triangular
lattice PhC. Rows of the one and three holes were removed to create W1 and W3 type
waveguides. The third type utilizes self-collimation phenomena in a square PhC lattice.
The main advantage of this type of structure is that the guiding does not rely on the
photonic bandgap, so no defect need to be introduced into lattice. The fraction of etched
holes and thus surface recombination is increased in that type of lattice. The self-
collimation regime of the square lattice was found using PWE and FDTD method.

Light propagation in the photonic crystal is governed by its dispersion surface and it is
perpendicular to it. Non patterned semiconductor slab exhibits circular shape of EFC
(equi-frequency contour) so propagated light is diverged. Different dispersion properties
of the photonic crystals at different frequency give rise to different EFC contours
shapes. One can obtain a square shape of EFC contours and hence collimation of the
beam by carefully choosing the geometry and frequency operation range for the square

lattice. Square lattice has two possible self-collimation regions [2].
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Figure 1. Dispersion diagram for PhC comprising an AlGaAs slab patterned with air holes in a square
lattice (top left). PWE method was used with effective refractive index of the slab 3.29. EFC contours for
a first two bands: band 0 (left) and band 1 (right) show variety of shape for different frequencies.

Figure 1 shows EFCs for first two bands. First band has a square shape of the EFC for
a gamma — M direction of the lattice and frequency in the range of 0.2096. In the second
band self-collimation takes place in gamma — X direction. One can obtain the same self-
collimation properties in the second band by simple rescaling and rotating the geometry
by 45°. This has one important consequence in fabrication of self-collimation based
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device in the near infrared region. The rescaling factor of V2 makes the lattice larger and
easier to fabricate. FDTD calculation was performed to confirm proper frequency range
for the device operating in the gamma — X direction.

Sample fabrication and characterisation

Devices were patterned on asymmetric AlGaAs/GaAs heterostructure slab system.
The sample consists of an Aly>GaggAs core layer of thickness d = 400nm and lower
Alp¢Gag4As cladding layer with thickness dg=1500nm. A 200nm thick SiO2 layer was
deposited on the top of the heterostructure and acts as a hard mask during dry etching
steps. Patterns were written into 400 nm PMMA electron beam resist then transferred
into silica mask via fluorine — based chemistry CHF3. The resist was then removed and
the patterned oxide mask transferred to the semiconductor layers with Clo/Ar chemistry.
This type of system is characterized by low index contrast Ae=n’.,- n’q= 1.6. That low
contrast system needs deeply etched holes to decrease scattering of the light at the
bottom of the holes. The sample was etched with an aspect ratio of 8:1 (depth >1 um for
period 260 nm, r/a=0.26). Figure 2 shows integrated MZ switch with photonic crystal
waveguides in functional area of each MZ arms.

Figure 2 Scanning electron micrograph of the fabricated MZ switch (top left). Cross section of the central
part of MZ switch (top right) and the MMIs splitter (bottom left).

The dynamics of the excited carriers were measured by pump probe techniques.
Experiments were performed using 130fs pulses from a frequency mode-locked Ti—
Sapphire laser. An 800nm wavelength pump beam of 1kHz repetition rate was focused
onto the top surface of one of the PhC regions. The weaker probe beam is transmitted
through the device and the pump induced transmission change is registered by single
channel Si detector. The main advantage of this low repetition frequency is very high
peak intensity meaning the material nonlinearity can be fully utilized. The pump beam
was focused to 8um in diameter giving a fluence of 0.1 mJ/cm?.

The maximum change in the transmission occurs near zero delay time t=0. A rapid
decrease and recovery of the transmission dependent on geometry used is observed near
zero delay (fig.3). This modulation of the transmission was a result of a change in the
real part of the refractive index induced by injected carriers. Free carriers are generated
by the two photon absorption in AlGaAs core layer.
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Figure 3 Time dependence of the transmission spectra (left).Clearly visible difference of the decay time
for different type of waveguides used in active switch area. Right: Relationship between measured decay
time and normalized frequency for self-collimator based MZ switch. Decay time was measured for
different periods at 920nm wavelength and average pump power 2.25 uW.

The carrier decay time is highly dependent on the geometry of the photonic crystal
waveguides used in the experiments. A non patterned MZ switch shows a decay time of
61 ps which is about a factor of 2 faster than in bulk AlGaAs material [3]. Introduction
of a photonic crystal in the active area of the switch changes the mean distance of the
carriers from the surface hence increasing surface recombination. The self-collimator
based MZ switch has a larger fraction of etched holes in comparison to W1 and W3
waveguides, so the recombination of optically excited carriers is further enhanced.
A time decay of 4 ps was measured for a self-collimator based MZ switch with a period
of 280nm. A decay time has been measured for a range of periods close to the self
collimation region. Figure 3 shows a decrease of the decay time with an increase of
normalized frequency. This implies that the probe beam is more collimated for
normalized frequency 0.304 and undergoes higher modulation by the pump beam.
Modulation depth was calculated using:

_ (Am-4)
T (Am+4)

(1

where Am is a peak-peak value of the modulated beam and A is peak-peak value of the
unmodulated beam. The self-collimator based device showed a modulation depth of
34%. The estimated switching energy is 2.82nJ (for average absorbed power 2.25uW).
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Abstract. We have designed and fabricated closely spaced photonic crystal waveguides
in the silicon-on-insulator material system for use as an optical switch. By providing a
slow-light region, the switch can have a total length of just Sum. The design
incorporates a silica overlayer, thus providing a robust solution suitable for
integration.

Introduction

Directional couplers are made up of two optical waveguides that are brought close
enough together for their respective optical modes to interact. This interaction splits the
modes into odd and even symmetry supermodes and allows the transfer of power
between the waveguides. Light in the directional coupler is split between the odd and
even supermodes of the coupled system, and the difference in propagation constants of
the two supermodes is equivalent to a difference in the optical path length — a relative
phase difference accumulates as light propagates through the directional coupler.

Figure 1: (a-c) Scanning electron micrographs of

interface|  Sweic photonic crystal directional coupled etched into

the silicon, before silica infilling. (a) shows the
design of the switch, which has a length of 12a =
4.9 pm (the central region, as marked). At the
input/output, interface regions of a stretched
photonic crystal lattice with a slightly different
bandstructure to the central switching region are
_ used to couple light from the slab waveguides into
the switching regions. (b) shows detail of the
three hole sizes used for engineering the
bandstructure. (c) shows the on-chip layout: s-
bends are used in order to separate the slab
waveguides to prevent interaction between them.
| (d) A cross-section of the SOI wafer after etching
and silica infilling.

An optical switch requires a relative phase difference of m between the two supermodes
of the coupled system, equivalent to the requirement An L = A/2, where An is the index
change needed to actuate the switch, L is the length of the switch and A is the
wavelength of light. Usually, values of An achievable in linear materials are small — for
example, the thermo-optic effect in silicon will provide An = 1.8x10™/K — and hence L
must be large. However, by using closely spaced photonic crystal waveguides as the
directional coupler, the dispersion of the coupled waveguide system can be engineered.
Providing a slow region adds a new dimension to the problem — the effective interaction
can be increased whilst maintaining a small footprint.
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We recently demonstrated a compact, low-power optical switch based on a photonic
crystal directional coupler in silicon [1]. In [1], the dispersion of the supermodes of the
coupled system where engineered through a control of the hole sizes in the photonic
crystal waveguides. Switching was demonstrated using the thermo-optic effect, with a
30 dB discrimination ratio between the output states achieved with an index shift of only
4 x 10”. The engineered slow-light region meant that the switch had a length of just 5
pum, or only a few wavelengths of the light, and the switching energy was estimated to
be less than 200 pJ. The switch in [1] was based on a membrane slab geometry, where
the substrate is selectively etched away from beneath the photonic crystal regions to
form an air-bridge; this provides a vertically symmetric structure required for the
decoupling of orthogonal polarisation states in the photonic crystal waveguides, and it
also increases the contrast between the photonic crystal slab and its cladding, providing
stronger index confinement. This contribution considers similar photonic crystal
directional couplers to those in [1], but rather than use the membrane geometry, we have
designed and fabricated the photonic crystal to be infilled with a silca overlayer. The
silica overlayer provides a vertically symmetric structure and is a more robust solution
compared to the membrane geometry. The post-photonic-crystal-etch processing of
other device components (for example, electrical contacts or integrated microheaters)
needed to drive the switch is simplified, as they can be placed directly over the photonic
crystal regions with no increase of the optical losses.

Design and fabrication

The device presented here uses a photonic crystal directional coupler to switch light.
The concept is based on that given in [2] — the sizes of several sets of holes are modified
in order to engineer the dispersion properties of the waveguides. The geometry is
shown in fig. 1. The holes in the rows of circles immediately adjacent to the
waveguides have a smaller radius ; = 0.31a, whereas those in the rows immediately
adjacent to this have the larger radius r, = 0.39a. All other holes have a radius ry =
0.34a. Ridge waveguides provide access to the interface regions, which consist of four
periods of a “stretched” photonic crystal lattice, where the lattice constant in the
direction along the waveguides is increased. This increase provides a slightly different
dispersion in the interface regions as compared to the central region, which is designed
to enable the efficient injection of light into the device; especially important in the slow
light regime where large coupling losses can occur.

The switching length — the length at which the © phase change occurs — depends on the
splitting of the odd and even modes: Ly = m/Ak, where Ak is the difference in
propagation constants of the two modes. The task is to provide a dispersion diagram
that maximizes the change in Ly, for a minimum change in frequency — such a
condition is met by providing a slow light region in the even mode. We have designed
the directional coupler described above to provide such a region — the dispersion of the
modes are shown in fig. 2(a), calculated by a 3D bandstructure method using the MIT
Photonic-Bands Package [3].

The fabrication of the devices proceeds as follows. A 350 nm thick layer of ZEP-520A

is spun onto a SOI wafer supplied by SOITEC (220 nm £+ 5 nm thick Si layer, 2 um
Si0, buffer) to act as a resist and etch mask. The patterns were generated by electron
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beam lithography, and, following development of the resist, transferred directly into the
Si layer using low-power, low-DC bias reactive ion etching in a CHF3/SFs gas mix, a
process known to yield very low-loss photonic crystal waveguides [4]. A silica
overlayer and the infilling of the etched structures is provided by a spin-on flowable
oxide, which is hard-baked at 400°C for 3 hours. Figure 1 (d) shows an SEM of the
cross-section of a slab waveguide after this process.

@ ®)
c
6m 10f ]
gE
0.272- 4 B9 ]
®©-10F g
0.6 \ // \\ B
0.2701- - N I
\
| = 057 ./ ! \\ || \ 4
Ma 0287 ozm8 0286 027 o2r- k<] ! N ‘l l\
’ Ma 5_; 04" \\ T il
0.268 | - £ \ Lo
| g o N 1
| \
| even F ool \\ | ( A ]
\ 1 1\
0.266— | - ol \\ ! \ \ ]
] odd - ) s
L | L | L | L
03 038 04 045 08 0951 1.52 153 1.54 1.65 1.56
K (2n/a) A (um)

Figure 2: (a) Dispersion curves of the modes of the central section of the directional
coupler switch, calculated using a 3D bandstructure method. The dashed line indicates
the position of the lightline of the silica cladding. (Inset) The switching length,
directly calculated from the bandstructure using the equation Ly, = /Ak. (b)
Measured transmission spectra (bottom) of the through port (dashed) and the cross
port (solid) for the photonic crystal directional coupler after silicon infilling. The
transmission axis is normalized to the mean transmission of several 3 um wide slab
waveguides on the same chip. Also shown (top) is the extinction ratio.

Results and discussion

In order to test our fabricated devices, we characterized them using an end-fire setup
with a broadband LED source. Figure 2(b) shows the transmission spectra of both the
through (dashed line) and cross (solid line) ports of the device, normalized to the mean
transmission of several 3 um wire waveguides on the same chip. Figure 2(b) also shows
the extinction ratio of the output ports (top), defined as the ratio of power in the cross-
port to that in the through-port. This extinction ratio varies from 14 dB at A = 1530 nm
to —14 dB at A = 1533 nm. Such a spectral response makes the device an excellent
prospect for switching applications, as it could be activated with a refractive index
change of just 7 x 107, which corresponds to a temperature shift of 38 K where the
thermo-optic effect to be used.

Whilst the thermo-optic effect could be used to actuate the switch by using integrated
microheaters, we believe that electronic tuning is more suitable for real applications [5],
where switching speed is an important parameter. With suitably designed contacts, the
small size of our device would afford an extremely low capacitance, which is essential
for high-speed operation. As an example, the carrier-depletion type modulator recently
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demonstrated by Liu er al [6] affords effective refractive index changes in the low 107
range. Larger changes are predicted for our device due to the strong confinement of the
optical mode in photonic crystal waveguides and the corresponding increased overlap
with the depletion layer. Values of An = 10” have, in fact, already been demonstrated
with carrier-injection type devices based on photonic crystals [7]. Further optimisation
of the switch design is required in order to access these small index changes, but the
control over the dispersion offered by the photonic crystal directional coupler gives the
flexibility of design in order to meet this requirement (the current design traded index
change required for a greater bandwidth).

The on-chip insertion efficiency is around 65%, corresponding to an insertion loss of
~2dB. The insertion loss of this device is interesting: as can be seen from fig. 2 (a),
much of the dispersion curves of the relevant modes of the switch lie above the silica
lightline, and hence the index confinement in the silicon slab is lost and the modes
become “leaky”. This could be expected to significantly increase the insertion loss as
compared to an equivalent membrane or air-bridge device. However, it can be seen that
the insertion loss reported here is similar to the membrane devices in [1]. We attribute
this to the ultra-short length of the device; losses above the lightline are proportional to
the propagation length in the device. More devices would need to be tested in order to
see if there is a statistically significant difference of the insertion loss between the two
classes of device.

Conclusions

We have designed and fabricated a photonic crystal directional coupler for use as an
optical switch. The design is for the SOI material system, and includes a silica overlayer
and infilling of the etched pattern, which provides a robust solution suitable for post-
processing steps. We have demonstrated that excess optical losses due to the lower
silica lightline are small, and also that our device has good spectral characteristics for
use in optical switching: a port to port extinction ratio which varies from =+ 14 dB for a
wavelength shift of 3 nm. Such a switch requires a temperature shift of 38K to be
actuated by the thermo-optic effect.
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Abstract. An ultra-compact photonic-crystal DeMUX for coarse-WDM applications is
successfully integrated with a polarization-independent surface coupler on bonded InP
membrane. The optimized technology allows to integrate the DeMUX with
photodetectors as well, showing that both active and passive functionalities are
implemented in I1I-V materials, without combining different material systems.

Introduction

Nowadays, low-cost and small-footprint integrated optical devices for metropolitan
optical network are actively demanded. One of the requirements for photonic integrated
circuits is the need for system-oriented multi-functionality, i.e. the ability to perform
different operations desired by system engineers, under the same materials technology
simply by adjusting the geometry of the structure itself and by joining several devices
together to form a complete integrated sub-system. This multi-functionality —a core
concept of the EU project FUNFOX (IST-04582)— is addressed here by implementing
two kinds of photonic-crystal (PhC) structures in bonded InP membranes.

The fabrication of these PhCs is typically carried out using electron-beam lithography
and dry etching, and the precise fabrication of the 2D structure is always a critical issue
for achievement of low-loss and high-quality components in photonic integrated
circuits. Well-controlled pattern features are necessary in order to get a PhC device
exhibiting the desired functions. There are various kinds of fabrication errors that might
cause deviation from perfect photonic-crystal structures, such as the deviation of the
periodicity due to the hole misplacement, hole size non-uniformity due to errors in the
e-beam writing, proximity-effect-induced non-uniformity in the e-beam lithography, or
systematic hole size change due to imperfect sidewall features formed during the dry
etching process.

The variation of hole size due to fabrication errors could have a significant impact on
the photonic bandgap. In this work, special attention is given to the electron-beam
lithography (EBL) process for making the PhC patterns with well-controlled size, in
order to integrate PhC DeMUX devices with 1D grating coupler without spectral
mismatch. We also report on a highly controlled EBL approach to align different
structures, which allows us to successfully fabricate efficient polarization diversity
couplers integrated with photodetectors on bonded InP-membrane.
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1D Grating Coupler integrated with 2D PhC DeMUX

The integrated device we implemented consists of 1D grating-coupled [1-2] PhC-based
demultiplexer on bonded InP membrane, for application in coarse-WDM systems
operating at 1500-1560 nm wavelength window. The DeMUX action is based on the
anticrossing phenomenon, so-called mini-stopband (MSB) [3-4], supported by PhC
multimode waveguides.

The basic heterostructure consists of a 300 nm-thick InP membrane sandwiched
between air and benzocyclobutene (BCB, a low-index polymer, n = 1.54 at 1.55 pm) on
a host substrate. The 1D coupler and the seven-channel DeMUX consisting of a Wsy
2D PhC waveguide (|x |[< 0.26) were written in a single step using a hybrid LEO Gemini
1530/RAITH ELPHY e-beam lithography tool operating at 30 kV. The ZEP520-A resist
thickness of 400 nm was chosen to ensure sufficient durability as a mask for the RIE
transfer of the pattern into an underlying SiO, layer and at the same time, to ensure
good resolution of e-beam writing. The key issue in the fabrication process is to achieve
PhC devices with well-controlled patterns size. A proximity error correction (PEC) had
to be applied to reach this target. Moreover, in order to achieve smoother and circular
holes and faster exposure, the EBL system was used in “circular mode”. In this mode,
every circular hole is exposed by the deflection of the beam along concentric circles.

High-quality grating coupler (660 nm period and 50 % duty cycle) and PhC DeMUX
(362 nm hole diameter and 540 nm period) with well-controlled sizes were achieved
after the resist development. The other demux-device’s fabrication steps are described
in [5]. In Fig. 1 are shown SEM pictures of the devices prior to bonding. The
demultiplexing operation of the PhC device is demonstrated by the experimental data of
Fig. 2. Note the precise 10 nm spacing, and the non-next-channel cross-talk of ~—10
dB.

Polarization diversity grating-coupled 2D PhC DeMUX integrated
with photodetectors

Thanks to the progresses in surface couplers on InP membrane [6-8], we could fabricate
a complete integrated device consisting of (i) a polarization diversity surface coupler,
(i) a MSB-based DeMUX , and (iii) integrated photodiodes.

The basic system is always a BCB-bonded InP membrane. Also in this case a single e-
beam process was performed, but it required a highly controlled approach to align the
2D polarization diversity coupler integrated with 2D PhC DeMUX to the
photodetectors. The process is based on a two-step procedure: (i) First detector mesas
and alignment marks have been defined using optical lithography and etching until the
InP-membrane layer is reached; (ii) In a following step, 2D coupler, waveguides, and
2D PhC DeMUX have been aligned to the detector mesas using a controlled EBL
process carried out by means of a hybrid LEO Gemini 1530/RAITH ELPHY e-beam
lithography system. The approach is reproducible and widely applicable allowing tight
alignment accuracy.

A complete layout of the device after e-beam alignment process and mask etch is
shown in Figure 3. It involves a 2D polarisation diversity coupler on the input side,
tapering down to single mode waveguides and bends, entering into the 2D PhC
demultiplexer section. The subsequent detection of each wavelength is achieved by an
integrated detector. The overall footprint is small but can be significantly shrunk to
100x150 um with curved grating couplers and much shorter tapers. Figure 4 shows the
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spectral response (photo-current, linear scale) of the three rightmost channels and the
through detector (Channel 4 was damaged). These results highlight that very high
standards of fabrication accuracy need to be met in order to integrate high-quality
multifunctional PhC devices.
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Figure 1:

(a) Complete device
layout: 1D  Grating
Coupler integrated with
PhC DeMUX.

(b) Input 1D grating
coupler (shallow etch).

(c) Entrance of the PhC
waveguide.

(d) Channell, at DeMUX
entrance.

(¢) PhC holes (deep
etch).

Figure 2: Experimental
data from seven-channel
demux with cleaved edge.
A good separation of 7
optical channels with a
spectral resolution of 10
nm nearly suitable for
coarse WDM at 20 nm

spacing is achieved. 44 + ¢ : t
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Figure 3: Layout of the polarization
diversity PhC DeMUX with
integrated photodetectors. The two
polarization diversity paths being
deviated by the pair of demux 1&2,
and recombined in the array of
photodiodes, including the
‘through’ waveguide.

Figure 4: Spectral response (photo-
current, linear scale) of the three
rightmost channels and the through
detector. Channel 4 was damaged.

0.05

0.045
0.04
0.035

0.03
0.025

detector photocurrent (mA)

0.01

0.005

13

0.02
0.015

ECIO '08 Eindhoven

2D PhC DeMUX and single

channel

Sigral A= SE2 Oute 2842007 |

= 500w
Trm G Vacams | 4MO0SeEx  Tme 124520

chi
ch2
ch3
through

00 1520 1540 156

38¢

0 1580 1600 1620 1640
wavelength (nm)



Eindhoven, The Netherlands, June | I-13,2008 FrC5

Photonic crystals (PC) in diamond: Ultra-high-Q

nanocavity design, analysis and fabrication

Igal Baynl, Boris Meylerl, Alex Lahav', Joseph Salzman', B.A. Fairchild’, S. Prawer?,
Felix L. Martinez’

'Department of Electrical Engineering and Microelectronics Research Center, Technion Haifa, 32000,
Israel
eebayn@techunix.technion.ac.il
*Centre for Quantum Computing Technology and Micro Analytical Research Center, School of Physics,
The University of Melbourne
*Department of Electrical Engineering, Polytechnic University of Cartagena

Abstract. We present an ultra-high-Q nanocavity design on diamond. The 3D FDTD
analysis of mode volume compensation technique in a double heterostructures produces
a 0=2.6x10°. The highest Q=1.3x10° with V,,=1.77x(/n)’ in a local width modulation
design is derived. The fabrication of mono-crystalline diamond planar PC devices is
introduced.

Introduction

2D Photonic Crystal Structures in diamond are being considered as an attractive
architecture for the control and manipulation of atom-photon dressed states [1]. This
implementation requires the capability to couple the optical emission of a diamond color
center (NV center) to a cavity with a sharp spectral resonance. Photonic crystal (PC)
architecture provides integral scalability, which is very important for the quantum
information applications. In diamond reaching the high-Q PC cavities is challenging due
to low refractive index (2.4). Recently, several designs for the PC high-Q cavities on
diamond were reported [2-4], while the best O~1.3x10° is obtained for the double
heterostructure (DH) [4]. It is based on the mode compensation technique, where the
cavity quality factor (Q) is increased with the increase in the mode volume (V). In this
talk we discuss this technique limitation and present a design with a one order of
magnitude higher O, with a similar DH mode volume.

The PC cavities considered are formed of a membrane suspended in air and periodically
modulated by a triangular array of air holes. The implementation of such devices is very
challenging, due to extreme chemical resistance of diamond, and the lack of developed
micro-fabrication technology. Following the high Q design, we present the
manufacturing process of 2D PC devices realized on mono-crystalline diamond
membrane, and relocated to a silicon substrate for further optical characterization. To
the best of our knowledge, this is the first report of mono-crystalline diamond photonic
crystal fabrication.

Ultra-high Q cavity design

Cavities are formed as spatial modulation of a PC waveguide providing mode
localization, which in previous works, demonstrated the best O values in both silicon [5-
7] and diamond [4]. The PC waveguide (W1) is defined by a 7/ directed linear defect
into the PC slab, with one filled row of holes. Since diamond refractive index (2.4) is
lower than that of silicon (3.4), the diamond light cone is much higher than in silicon.
This light cone mismatch results in exponentially increase in QOs; /Op as the function of
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mode widths in x and z directions (o, and o.). Taking the Ideal Gaussian envelope cavity
[6] as an analytic model for the high-Q design, we have shown that the increase in
diamond mode volume compensates the higher vertical losses and provides Qp=0s; [4].
This model has been checked for the modified DHs, where the mode is localized by the
two step change of the lattice constant in the x direction (a<ay;<a;) see Fig. 1a, while
the lattice constant in z direction is left intact. In this design, the increase in mode
volume is governed by the number of a;; lattice periods (V,;). The 1.2 times increase in
the ¥, results in the 4 times higher Q (Q(N,;=0—4)=6.4x10"—2.53x10°). Further
increase in N,; results in saturation of Q (Q(N2;=8)~2.6x10°), regardless of the higher
V. This saturation contradicts the Ideal Gaussian model prediction, since the model and
the DH exhibit different distributions in the k-space. As a result, the increased mode
volume cavities (N2;=4+8) do not support further decrease in the vertical power losses,
while these losses prevent the improvement in Q.
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Fig. 1. Modified Double Heterostructure cavity: (a) Geometrical parameters for N,;=4
cavity, with schematic of waveguide confinement dawn below. (b) O, V,, vs. N,;.

To achieve a higher Q, we utilize the local width modulation design [7]. This is a
waveguide based cavity, as well, where the adjacent holes are z-shifted away from the
waveguide. These holes are divided in 3 groups: 4, B, C and each is shifted by D4, Dg,
Dc, respectively (see Fig. 2a, b(inset)). In this way, a more gentle mode confinement is
obtained in the xz plane. The hole’s radii are r4=0.2875a, rpc=r=0.275a. The slab
thickness is #=0.96a.

Fig. 2. Local width modulation cavities (Al): (a) Al cavity computational domain. (b)
H, in the plane y=0. In the inset the detailed geometry is shown. The holes 4, B, C are
shifted by DA, DB» Dc.
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The cavity Q is optimized by the variation of the shifts D4, Dp, Dc. The best quality
factor O~1.3x1 0° is obtained for D,4=0.056a, Dp=0.031a, Dc=0.019a, and exhibit
V=1.775%(/n)’. Its magnetic field profile (#,) at the plane y=0 is shown in Fig. 2(b).
Note, that the Q is nearly ~5 times higher than that in the DH design, while the mode
volume is very similar. This shows that in order to achieve a high O, we do not have to
compromise the V.

This cavity design is a “near optimal”, since it exhibits the best k-space distribution.
Further work in the diamond high-Q cavity design might improve the O, but will require
sub-nanometer precision in the device fabrication for the NV center wavelength.

Fabrication

The thin diamond membrane is formed by two consecutive implantations of a high dose
He', producing amorphized layers, that after annealing and etching [8] form membranes
3.3 and 0.3um thick (Fig. 3a). Removal of the 3.3um membrane allows focused-ion-
beam patterning of the PC structure on the thin membrane. Since the air-gap under this
membrane is ~50nm, the mode leakage into the substrate prevents any practical use of
this PC. To prevent this leakage, the membrane is “welded” to an omni-probe tip (Fig.
3b), cut out and relocated from the diamond (Fig. 3¢) onto the Si substrate. It is welded
to initially prepared Si and Pt posts by Pt deposition. This scheme provides sufficient
separation from the substrate, to allow efficient mode confinement. In Fig. 3d we show
1.55um PC transmission structure, while in Fig. 2e Al cavity for 637nm is
demonstrated.

(a)

AINEL @ .3H
NWOT® 2H

membrane. (c) Thin membrane relocation. (d) /.55u transmission set-up (PC with I/O ridge waveguides)
welded on Si and Pt posts above 4um Si substrate. (d) 637nm Al PC cavity.
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Summary

In this talk we show that the achievement of ultra-high-Q cavities in diamond is
possible. The fabrication process of mono-crystalline diamond PC is demonstrated. The
micro-photo-luminescence experiments are undergoing and progress in this direction
will be presented.
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Abstract - By sandwiching a high Q photonic crystal cavity in a grating structure, the
QO can be increased with about 150% compared to a silica background, since certain
Fourier-components inside the leaky light cone are now resonating in the vertical reso-
nant structure.

Introduction

Design of high Q cavities, together with a small modal volume, is crucial for photonic
integration. High Q values of the order 10° - 10° have already been designed in the air-
bridge structure. The methodology used is nearly always the same. As proved in [1],
the Q values can be very high, by shifting holes or reducing the hole size so that the
reflection coefficient is not steep, but gradual. The abrupt change introduces a lot of leaky
components while when having a gradual reflection these components are shifted out of
the light cone and are no longer leaky.

In the present paper, this methodology is used again and furthermore a vertical cavity is
designed to increase the Q value. In a first stage an attempt is made to increase the Q factor
by putting a SiO;-SiN grating around the cavity. This grating results in forbidden regions
for which light can not propagate. The effect of changing the gap-center frequency of
the grating is investigated. In a later stage, the first SiO; layer is increased in thickness
resulting in a resonant cavity. Afterward the effect of a SiO,-Si grating is investigated.
The Q cavities are simulated with the FDTD software and the Q-values are calculated
with a Padé approximation [2]. The refractive index of Si, SiO; and SiN are 3.6, 1.45
and 2 respectively. The air holes in the photonic crystal slab have a radius of 0.3a and the
slab thickness is 0.6a. All the distances given in the present paper are normalized to a,
the lattice constant of the photonic crystal.

Investigation of the vertical structure

The vertical structure is investigated by first changing the grating surrounding the pho-
tonic crystal slab. The grating will be specified by its gap-center frequency. Afterward the
first SiO; layer of the grating is tuned. This is visualized in Fig. 1. The vertical structure
is analyzed by means of the Transfer Matrix Method in which the starting point is the
center of the photonic crystal slab. For the SiO;-SiN grating 10 grating periods are taken,
for the SiO,-Si grating 5 grating periods are sufficient for the saturation of the Q value.

M1 cavity

The structure under investigation is the M1 cavity, one missing hole with H, even in the
X, y and z-direction. This cavity supports one high Q mode in the air-bridge structure
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Figure 1: Design procedure of the vertical structure: (a) the gap-center frequency of the grating
is tuned, (b) the thickness of the first SiO, layer is tuned.

of 37000 for shifted holes of 0.20a with a frequency of 0.292c/a. The field profile is
shown in Fig. 2(a). When having a silica background on both sides, in order to keep the
symmetry, the Q reduces to 2800 at a hole shift of 0.23a at a frequency of 0.286¢/a.

The structure is now surrounded by a grating for a hole shift of 0.22a and 0.25a with a
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Figure 2: (a) Field profile of |E,| for the M1 cavity in air for a hole shift of 0.20a. (b) Q values of
the M1 cavity for a hole shift of 0.22a and 0.25a when shifting the gap-center frequency
of the surrounding grating. The reflection coefficient at the center of the PhC slab for a
frequency of 0.292¢/a and an in plane k,, of 0.47/a is shown in the red graph.

corresponding mode frequency of about 0.296c/a and 0.292c/a respectively. The resulting
Q factors are shown in Fig. 2(b). When the gap-center frequency of the grating equals
the frequency of the mode, the Q is rather low (~ 500). This is due to the fact that the
SiN slab is rather close to the photonic crystal slab and so part of the light that decays
exponentially into the silica will be guided again in the SiN resulting in increased losses.
When lowering the gap-center frequency of the grating, the grating layers increase in
thickness and the first SiN layer is further away from the silicon slab resulting in an
increase in the Q value. The Q value stays however below that of the structure with
a silica background. A maximum can be seen around a grating gap-center frequency of
0.089c/a. This can be explained due to the fact that the gap-center frequency of the grating
is then about one third of the mode frequency, so the grating is again highly reflective. If
the effect that the mode does not radiate at perpendicular incidence but at small angles is
taken into account, it can be seen in Fig. 2(b) that for an in plane Fourier component k,, of
0.4m/a, the high reflectivity of the grating corresponds with the maximum in Q value. The
Fourier transform of the M1 mode surrounded by a grating with a gap-center frequency
of 0.089c/a is shown in Fig. 3(a). Since the mode will only feel the surrounding silica,
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the silica light cone is depicted instead of the effective index light cone of the grating.
The above result suggests that it is important for the grating to reflect at approximately
the mode frequency while keeping the first higher index slab far enough from the PhC
slab. When having a lower gap-center frequency of the grating, other k-components are
forbidden to propagate into the grating, but this does not imply that this light will reflect
back into the mode volume. The band diagrams of the gratings are shown in Fig. 4. For
the grating with foqp—cenrer = 0.089c¢/a the forbidden region near ky, = 0.47/a is visible
for which we saw (Fig. 2(b)) the structure was highly reflective. The first forbidden region
in 4(a) however extends much further and it is only due to the fact that the SiN is so close
to the PhC slab that losses occur.
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Figure 3: 2D Fourier transforms of the M1 mode in a grating structure along the k, axis. The red
dashed line denotes the silica light cone: (a) grating structure with gap-center frequency
of 0.089c¢/a, no tuning of the first SiO; layer (hole shift 0.24a). (b) SiO, background
(hole shift 0.23a) and 0.6207a SiO, - 0.250a Si grating (hole shift 0.25a) with first SiO;
layer thickness of 2.3a.
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Figure 4: Band diagram of the gratings. Blue areas are forbidden regions. The green dashed
line denotes the mode frequency, the yellow dashed line denotes the silica light cone.
(a) grating 0.6207a SiO,, 0.450a SiN: foqp—cenrer=0.278c/a, (b) grating 1.9130a SiO,,
1.400a SiN: foup—center=0.089c/a.

The only possibility to effectively increase the Q is by having an extra resonance in the
vertical structure. Therefore not only high reflection is needed, but the phase condition
should be met as well. For this the first SiO; layer is shifted as denoted in Fig. 1(b). For
the following, focus is pointed to a hole shift of 0.25a. The results are shown in Fig. 5.
It can be seen that the highest Q values appear when the reflected light is in phase with
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the original field. The phase shown is for perpendicular incidence since the only way to
improve the Q is to have an extra resonance in the vertical direction and as can be seen
in Fig. 3(b), the main k-components inside the light cone are near k, = 0. The maximum
Q values obtained are 3000 and 4000 for the SiO,-SiN and SiO,-Si grating respectively.
The SiO;-Si grating gives a higher Q than the SiO,-SiN grating since the former is more
broadband and will be highly reflective for more k-components inside the light cone. The
first maximum is lower than the second since for this maximum the higher index SiN/Si
slab is too close to the PhC slab. In Fig. 3(b) the 2D Fourier transform of the M1 mode

4000 1 4000 A 1

---Si0,-SiN S0, Si
—sio, —sio,
3000 N 05 3000/ 05
. T o
s - -
s . I} / / ]
O 2000 X # L S0 @ @ 2000 ; S0 o
A A N & A oo B
S S R ! \ A \J_~ t
1000, N 05 1000" A 05
h o -
\
W
% 1 2 3 i S 1 2 ‘ 4
ty, (a) to (@)
SiO, SiO,
(a) 2 (b) 'O,

Figure 5: Optimization by shifting the thickness of the first silica layer. The red graph shows the
corresponding phase of the light reflected back from the center of the photonic crystal
slab for perpendicular incidence, k,, = 0; the solid magenta line shows the Q value in
the case of a silica background: (a) 0.6207a SiO, - 0.450a SiN grating, (b) 0.6207a
SiO; - 0.250a Si grating.

along the k,-axis is shown when the PhC slab is surrounded by silica and when it is
surrounded by the SiO,-Si grating with tuned first SiO; so that the Q is maximal. This
graph clearly shows that the k-components are not decreased within the light cone, but
they are on the contrary bigger. The light near k, = 0 is however resonating in the vertical
direction and therefore stays confined.

Conclusion

The effect of putting a PhC slab inside a grating structure is investigated for microcavities.
By using a SiO,-Si grating and ensuring phase match in the vertical direction, the Q value
could be increased compared to a silica surrounding. This is mainly due to the fact that,
instead of reducing light leakage, part of the leaky light resonates in the vertical cavity.
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Deeply inside tunable CROW delay lines
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A chip-scale continuously tunable delay-line is presented and both experimental and numerical results are
discussed. The focus of the work is mainly on the open issues, involving both theoretical and practical
aspects to take care of or still to solve.

Summary

A slow-wave coupled-resonator optical waveguide (CROW) has been successfully employed to
realize a tunable delay line able to introduce a continuously controllable delay of several bits on
optical signals modulated at several Gbit/s [1]. Experimental results obtained with thermally
activated rings fabricated in 4.5% index contrast silicon oxynitride (SiON) technology
demonstrated a continuously tuneable fractional delay from 0 to 8 bits at 10 Gbit/s (overall delay
800 ps) and 25 Gbit/s (320 ps). Thanks to the high storage efficiency, exceeding 1 bit/RR, the
device reconfiguration can be easily handled and the device footprint is below 7 mm’. System
performance and signal degradation were also investigated, showing a fractional loss below 1
dB/bit and error-free operation (BER < 10™) at 10 Gbit/s for fractional delays up to 3 bits.

This device is an excellent demonstration of the optimal trade-off achieved between all the variables
and parameters of the structure and the synergy between the optical circuit, the technology
constraint and the management of the reconfigurability. There are several critical points to tackle
with and to optimize: the choice of the technology and the architecture, the impedance matching (or
apodization) impacts on backreflections, the slow down factor should be high enough to increase
the storage efficiency but not too high to reduce the technological sensitivity to tolerances, the
limitations imposed by the index contrast, mainly the minimum bending radius, the effect of
waveguide roughness, the impact of coupling coefficient disorder and phase disorder, the tuning
mechanism and its management, thermal cross-talk and so on. Moreover, one has to face with
waveguide losses, chromatic dispersion and impedance matching, the three main limiting factor of
the ultimate performances of this architecture, and find the right trade-off to achieve acceptable
system performance.

In the talk we will highlight the main features and limits, the open issues and the tricks for proper
operation with a brief overview on the possible applications.
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Fig. 1. a) Schematic of a tunable CROW delay line; b) Time traces of the delayed 25 Gbit/s sequence 10101010-
00000000 at the output of the CROW delay line: (b;) zero delay, (b,) 4-bit 160 ps delay and (bs) 8-bit 320 ps delay.
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Closed-loop Modeling of Silicon Nanophotonics:
From Design to Fabrication and Back Again
(invited paper)
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Wim.Bogaerts@UGent.be

We present a system for closed-loop modeling of silicon nanophotonics, where the properties of the
fabrication process are taken into account in the design and optimization of nanophotonic components.

Summary

When fabricating nanophotonic components, several
aspects come into play. There is the detailed
electromagnetic simulation of the component, the !
generation of the mask layout, and the properties of
the fabrication process which make that the fabricated =~ (/###=*#FEREERRERY
structure is often not exactly identical to the one that OO

was originally designed. We present a framework :
where all of these aspects are integrated in such a way
that the properties of the fabrication can be taken into
account during the design phase.

The framework is held together with Python, a
flexible programming language especially suitable for

scientific applications [1]. Currently, the framework simulated lithography
has a python interface to an electromagnetic simulator
based on eigenmode expansion [2], a library for mask
layout design, and a simulator for optical projection
lithography. This last library is calibrated against
actual fabrication processes using the 248nm and
193nm steppers used by IMEC for the fabrication of nanophotonic waveguide circuits [3].

In addition, python makes it exceptionally easy to include new interfaces to existing software tools
(commercial and free), including advanced optimization routines such as genetic algorithms.

To demonstrate this framework we optimize an in-line DBR reflector in a photonic wire. A design
with rectangular grating teeth will be deformed by the optical lithography, because for submicron
features the lithography acts as a spatial low-pass filter, rounding sharp corners. Therefore, while an
optimization routine on the rectangular design might yield an efficient component, the actual
fabricated structure would be very different. Thus, we included the lithography in the optimization
loop. Starting from a mask design, we perform a virtual lithography, and the resulting pattern is fed
to CAMFR. The result is used to modify the mask layout, taking into account design rules such as
minimal spacing. This whole cycle is then managed by an optimization routine, in this case a
relatively simple steepest descent method.

structure of interest

electromagnetic
simulation

mask layout

actual lithography
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Design of a Waveguide-Type Polarization Beam
Splitter Incorporating Trenches Filled with Low-
Refractive Index Material

Jiro Ito', Kenji Iwamoto' and Hiroyuki Tsuda'

'Department of Electronics and Electrical Engineering, KEIO University
jiro-1.23@tsud.elec keio.ac.jp

Abstract. We propose a waveguide-type polarization beam splitter (PBS) incorporating
trenches filled with low-refractive index material, which exhibits a low insertion loss of
less than 2 dB and a high polarization extinction ratio of more than 20 dB over a wide
wavelength range from 1525-1630 nm.

Introduction

The concept of a waveguide-type polarization beam splitter (PBS) is very promising
because such a device could be easily integrated with other circuits. A silica-based
waveguide-type PBS which utilizes waveguide birefringence and which is dependent on
the core-width has been reported [1]. This device exhibited low-insertion loss and a
high polarization extinction ratio. Silica-based waveguides have been very popular in
the field of passive optical components because they offer low fiber-to-chip coupling
losses and low propagation losses. However, these devices require the use of long
waveguide arms because the waveguide birefringence is low. PBS devices fabricated
using silicon-on-insulator waveguides have also been studied [2]. Since they feature
large waveguide birefringence which depends on the rib width, the size of these devices
can be more compact than silica-based designs. However, it is difficult to achieve a high
polarization extinction ratio and a low coupling loss between single mode fibers without
mode-size conversion when using a silicon-based waveguide-type PBS.

We have proposed and fabricated a compact silica-based PBS [3] by including
trenches filled with low-refractive index material with a refractive index of 1.3335. This
device exhibited a high polarization extinction ratio around the center wavelength. In
this paper, we have optimized such a PBS structure which incorporates trenches in order
to obtain a high polarization extinction ratio over a wide wavelength range, and we have
confirmed the transmission characteristics of the PBS that we designed by using
simulations based on the beam propagation method (BPM).

Design of PBS

Our proposed PBS structure with trenches filled with low-refractive index material is
shown in Fig. 1. It has a Mach-Zehnder interferometer (MZI) configuration, and
consists of two 3-dB couplers and two waveguide arms with trenches of different
lengths. We used multimode interference (MMI) devices as a 3-dB coupler, and the
trenches were introduced along both sides of the core. Because of the local laterally-
enhanced optical confinement, the propagation constants of the embedded waveguides
containing low-refractive index material strongly depend on the polarization. Therefore,
the size of such a PBS can be reduced. To balance the light intensities in both
waveguide arms, we inserted trenches into both of them. The straight trenches were
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inserted gradually into the core to reduce the junction loss between the conventional
waveguide and the low-refractive index material embedded waveguide.

MMI coupler A B Arm 1
— e
S N

(Atrench+d) um
Arm 2 k

Low-refractive index material

Fig. 1. Schematic configuration of our proposed PBS

The wavelength dependences of the effective refractive indices for both the
conventional waveguides and the low-refractive index material embedded waveguides
are shown in Fig. 2. The value of the difference in optical pass-length between the two
waveguide arms A(nL) changes according to the wavelength because the effective
refractive index of a low-refractive index material embedded waveguide depends on the
wavelength. Therefore, we can’t obtain a high polarization extinction ratio over a broad
wavelength range with this configuration.
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Fig. 2. Wavelength dependences of the effective refractive indices of both
conventional waveguides and low-refractive index material embedded
waveguides with mesa widths of 3.0 um.

We solved this problem by taking the wavelength dependence of the effective
refractive index into account. From Fig. 2, we can assume that the wavelength
dependence of the effective refractive index decreases almost linearly as a function of
wavelength. The conditions in which the PBS has a broad bandwidth are expressed by

anE (/1)(Atrench +AL)_n2TE (X)Atrench = m/l’ (1)

1
anM (l)(Alrench + AL) - nzTM (ﬂ’) Atrench = (n + 2Jﬂ' H (2)
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where nlrgmy and n2 remyy respectively express the effective refractive indices of
TE(TM) mode for a conventional waveguide and a low-refractive index material
embedded waveguide (whose values depend on the wavelength), Ay is the difference
in length between the trenches in the two waveguide arms, AL is the difference in length
between the two waveguide arms, A is the wavelength of the incident light, and m and n
are integers. From (1) and (2), the optimum values for 4;.,., and AL can be determined.
However, it is difficult to set the parameters in order to completely satisfy (1) in relation
to (2) because the slopes of the effective refractive indices of TE and TM mode as a
function of wavelength for a low-refractive index material embedded waveguide do not
share the same values. Although we can adjust these by changing the mesa width, they
are not independently controllable. Therefore, we obtained a wide bandwidth by making
a small sacrifice in terms of the extinction ratio by designing the parameters such that
the values of m and n almost become integers.

Simulation results

We optimized the parameters and confirmed the characteristics of the wavelength
dependence by using a two dimensional (2D) beam propagation method (BPM). AL was
3.59 um. The mesa width was 3 pm. The birefringence of a waveguide fabricated using
trenches filled with low-refractive index material is shown in Fig. 3, and it can be seen
that it depends strongly on the mesa width. Smaller mesa widths exhibit larger
birefringence; therefore, this enables the use of shorter waveguide arms. However, the
difference between the slopes of the effective refractive indices between TE and TM
modes as a function of wavelength for a low-refractive index embedded waveguide
becomes larger and therefore narrows the working bandwidth. Moreover, narrow mesa
widths are difficult to fabricate. Therefore, we determined that the mesa width should be
3 um, Ayencr Was 764 um, and the straight length of the shorter trench, d was 10 pum.
The length of the longer trench, including the taper parts, was less than 1130 pm. The
transmission characteristics are shown in Fig. 4.
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Fig. 3. Birefringence of a low-refractive index material embedded
waveguide as a function of mesa width.
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Fig. 4. Wavelength dependence of transmission characteristics.
(a) through-path. (b) cross-path.
The insertion loss was less than 2 dB. The polarization extinction ratio was greater than
-20 dB over a wide wavelength range from 1525-1630 nm for both polarizations.

Although the trench length becomes longer, higher polarization extinction ratios can be
obtained by widening the mesa width.

Conclusion

We improved the wavelength-dependence of a PBS incorporating trenches filled with
low-refractive index material by taking the wavelength-dependence of the effective
refractive index into account. We confirmed that a PBS fabricated using our proposed
design method exhibited a low insertion loss of less than 2 dB and a high polarization
extinction ratio of more than 20 dB over a wide wavelength range from 1525 to 1630
nm by making 2D BPM simulations.
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Temperature Insensitive Silicon Slot Waveguides
with Air Slot
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Abstract. We report numerical simulation about thermal stabilities of silicon slot
waveguide. A polymer cladding, which has negative thermo-optic(TO) coefficient, was
used to compensate positive TO coefficient of silicon and silicon-dioxide(SiO,). We
found athermal waveguide can be realized with air slot, and even with SiO; slot.

Introduction

High index contrast waveguides are very attractive, with the advantage of small
footprint and large nonlinearity due to their high optical density because of their sub-
micron sized dimensions. Novel nonlinear devices have been proposed and
demonstarated by using sub-micron sized silicon (Si) waveguides. Si has, however, high
thermo-optic (TO) coefficient which is one magnitude larger than that of silicon-dioxide
(S10,) which is utilized for various photonic applications in industry. Very accurate and
power consumable temperature controller should be used to stabilize the device
performance, especially the devices which have wavelength dependent characteristics,
such as arrayed waveguide gratings (AWGs), ring resonators, Bragg gratings, Mach-
Zehnder interferometers.

Recently, a novel design of high index contrast waveguide, called slot waveguide, have
been proposed[1],[2]. Since it can confine a light in low index region, we can employ
various materials as optical nonlinear materials by filling the slots with them. High
optical intensity in the slot enhances their optical nonlinearity. One of the advantages of
the slot waveguides is the design flexibility. Slot width can be another design degree of
freedom additional to the height and width of the waveguides. However, when we use
Si as a host material of a waveguide, thermal stability should be suffered from the large
TO coefficient of Si. A thermally stable ring resonator based on Si slot waveguide was
proposed and experimentally demonstrated using a polymer as over cladding and slot
region[3]. In this paper, we investigate on thermal stability of Si slot waveguides
focusing on slot materials. We found that filling slot regions with polymer materials is
not necessary to achieve temperature insensitive slot waveguides.

Athermal silicon slot waveguides with polymer slot

Fig. 1 shows a schematic cross-sectional structure of a slot waveguide. The slot
waveguide has a slot region which is embedded with two high index regions, and the
structure is surrounded by under cladding and over cladding which have lower
refractive index comparing to that of high index region. A material of slot region can be
the same with those of over cladding or under cladding as far as the material has lower
refractive index comparing to that of high index regions. In this paper, we assume
symmetric waveguides, or two high index regions have the same width.
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Fig. 1 Cross-sectional schematic structure of a slot waveguide
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In this section, we assume slot waveguides which consist of SiO, under cladding, Si
high index region, and slot region and over cladding polymethyl methacrylate (PMMA).
In the simulation, the refractive indecies of Si, SiO, and PMMA were 3.48, 1.46 and
1.481[4], and their TO coefficients were 1.84x10™, 1.0x107 and -1.0x10™, respectively.
We fixed the waveguide heights as 250 nm, and calculated effective refractive index
(negr) with changing Si and slot width using finite different method based modesolver.
Only TE mode was considered in this paper since light confinement in the slot region

appears only in TE modes.
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Fig. 2(a) and (b) show the simulated temperature dependence of effective index of the
waveguide with several slot widths and the slot width dependence of effective index
slope (dnes/dT) with three different Si widths, respectively. In the case that a waveguide
is temperature independent, effective refractive index change stay zero at any
temperature. Widening slot width decreased dnemdT from positive to negative slope
shown in Fig. 2(a). A zero-crossing point in Fig. 2(b) are the temperature insensitive
waveguide structure, and ~62 nm slot width was the optimum for Si width of 200 nm.
Temperature independence can be achieved in various waveguide designs without
changing their heights. Fig. 3 shows temperature dependence of the Si slot waveguides
with two different Si widths. Waveguide heights were 250 nm. 100 nm slot width was
the optimum size for Si slot waveguides whose Si width is 220 nm.

Athermal silicon slot waveguides with air slot

In practical fabrication process, it is difficult to fill the slot region with a material, such
as PMMA. However, temperature insensitive slot waveguides can be realized without
filling any materials in the slots, or with air slots. Fig. 4 shows the effective index slope
of slot waveguides as a function of slot width. The refractive index and TO coefficient
of air were assumed as 1.0 and 0, respectively. The waveguide heights were fixed at
250nm. Under cladding were SiO,. For the case of Si width of 200nm and 220nm,
athermal Si slot waveguides could be achieved with the slot width of ~65nm and
~125nm, respectively.

The refractive index of air is much smaller than that of PMMA and the light is much
highly confined inside the slot region. Since the TO coefficient of air is zero,
temperature insensitivity could be realized with air slot, covering slot structures was
sufficient to compensate the TO coefficient of Si and SiO».

4e-5 Si width
. 3e-5 .\\ —e—— 200nm
&) e —
< 2e-5 — 220nm
= 1e5 S
F= v .
é) 0 \*‘
-1e-5
-2e-5

40 60 80 100 120 140 160
Slot Width [nm]

Fig. 4 Effective refractive index slopes of Si slot waveguides with air slots, 250nm
heights, TE modes

Athermal silicon slot waveguides with SiO, slot

We reported the athermal Si slot waveguide filled with air in previous section. While
the waveguides are easier to fabricate than the PMMA slot waveguides, we cannot
utilize the advantage of slot waveguides, enhancement of optical nonlinearity due to the
high optical concentration inside the slots. To use the advantage, the slots must be filled
with a material. In this section, we report simulation results of athermal Si slot
waveguides which had SiO; slot and PMMA over cladding.

40t
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The simulation results of Si slot waveguides with SiO, slots are shown in Fig. 5. Their
heights were 250nm, same as the waveguides in the previous sections. Under cladding
was SiO,. For the case of Si width of 200nm and 210nm, athermal Si slot waveguides
could be achieved with the slot width of ~103 nm and ~145 nm, respectively.

The SiO; slot itself cannot compensate the positive TO coefficients of Si and under
cladding SiO,. For this reason, the wider slot and narrower Si width were necessary
than those of PMMA and air slot. Narrow Si width and wide slot width decrease the
optical component inside the Si region. This permits the compensation of positive TO
coefficient mainly comes form Si part, by PMMA over cladding. By using a polymer
material which has larger negative TO coefficient than that of PMMA, athermal slot
waveguides can be realized by narrower slot and wider Si width.

4e-5 Si width N
3e-5 | E\ ——e—— 200nm
— -0 — 210nm

2e-5 |
1e-5 4

o

dn{dT[1/°C]

-1e-5 1
-2e-5

40 60 80 100 120 140 160
Slot width [nm]

Fig. 5 Effective refractive index slopes of Si slot waveguides with SiO; slots, 250nm
heights, TE modes

Summary

We reported the numerical simulation of temperature insensitive Si slot waveguide to
achieve thermally stable optical devices. The positive TO coefficients of Si and SiO,
can be compensated using PMMA, whose TO coefficient is negative, as an over
cladding material of Si slot waveguides. We showed temperature insensitive design of
Si slot waveguides whose slot regions were filled with PMMA. Temperature insensitive
waveguides with air slots were proposed for easy fabrication. SiO, was employed as an
example of slot material to use the advantage of slot waveguides, the enhancement of
optical nonlinearity.

References

[1] Vilson R. Almeida, Qianfan Xu, Carlos A. Barrios, and Michal Lipson, “Guiding and confining light
in void nanostructure, ” Optics Letters, vol. 29, pp.1209-1211, 2004.

[2] Qianfan Xu, Vilson R. Almeida, Roberto R. Panepucci, and Michal Lipson, “Experimental
demonstration of guiding and confining light in nanometer-size low-refractive-index material, ”
Optics Letters, vol. 29, pp.1626-1628, 2004.

[3] Jong-Moo Lee, Duk-Jun Kim, Gwan-Ha Kim, O-Kyun Kwon, Kap-Joong Kim, and Gyungock Kim,
“Controlling temperature dependence of silicon waveguide using slot structure,” Optics Express, vol.
16, pp.1645-1652, 2008.

[4] Y. Kokubun, S. Yoneda and S. Matsuura, “Temperature-insensitive optical filter at 1.55pum
wavelength using a silica-based athermal waveguide,” Electronics Letters, vol. 34, pp.367-369, 1998.

40¢€



Eindhoven, The Netherlands, June | I-13,2008 FrD5

A Demultiplexer with Blazed Waveguide Sidewall Grating
A. Delége], P.J. Bock'?, P Cheben', J.H. Schmid', D.-X. Xu!, S. Janz', and T.J. Hall’

! Institute for Microstructural Sciences, National Research Council Canada, Ottawa, K14 OR6 Canada
Andre.Delage@nrc-cnre.gc.ca
ZUniversity of Ottawa, Centre for Research in Photonics, Ottawa, Canada

We propose a new type of waveguide diffraction grating demultiplexer with a very small footprint, designed
for the silicon-on-insulator platform.

Summary

Integrated waveguide de-multiplexers as AWG's and etched echelle gratings (EEG) have been
designed in the last decade to accommodate the specifications of telecommunication for narrow
channel spacing. Now, with new applications with relaxed specifications (such as FTTH, optical
sensing, etc.), new designs have emerged for compact coarse WDM devices. Among them we have
been interested in the performance of the dispersive waveguide grating recently published by Hao et
al [1], and we propose the use a sub-wavelength antireflection structure to improve its design.
pm The device is presented in Fig. 1; it consists essentially of a
curved waveguide on the left of the picture, in which the
output . . .
waveguides  external wall is etched as a first order grating in order to
diffract the light, originally in the waveguide, towards the
output waveguides at the right. The arrangement is based
on a Rowland circle (RC) configuration, with the radius of
curvature of the waveguide equal to twice the Rowland
radius. The focus point of the diffracted light is expected to
- . Rowland lie on the RC in front of the output waveguides. The light is
i circle . . . . o g
/ \ confined in the vertical direction, justifying the 2D
graing  j " SWEAR eundary simulations that are used to describe the device. To be
';Du;:w;veg”fe efficient, this demultiplexer should also include an anti-
LEE I reflection boundary that could be provided by a sub-
Fig 1: Waveguide grating demultiplexer wavelength grating as described in reference [2]. Contrary
to AWG and EEG, the size of the focused spot in front of
the output waveguides is not related to the input waveguide nor the grating waveguide width or
mode profile; but rather to the total span of the grating and to the apodisation brought to the shape
of the grating. This paper will present the properties of this device and its performance as a coarse
wavelength de/multiplexer.

These properties have been studied by two different approaches: a two dimensional
Kirchhoff-Huygens diffraction integral and by FDTD to account for more specific details. The first
method is particularly adequate to establish the fundamental properties and limits of an ideal device.
For R=70 um 1in silicon, it indicates the possibility of more than 10 channels separated by 25 nm
with cross-talk of -40 dB. More realistic results have been then obtained with a 2D-FDTD
technique that includes the grating shape and the AR-layer. This model uses a straight waveguide
on a 100 pm x 3 pum calculation window from which the far-field is calculated using a standard
Fourier transform. Our present design produces a 15 channel configuration with 25 nm spacing with
only a supplementary penalty of —10 dB in cross-talk compared to the ideal case.
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Abstract - We report the realization of a new polarization entangled photon-pair source
based on a titaniunm+indiffused waveguide on periodically poled lithium niobate. The
paired photons are emitted at the telecom wavelength of 1310 nm within a bandwidth of
less than 1 nm. The related quantum properties are demonstrated to be of high quality.

I ntroduction

Quantum communication often relies on the use of single uasystems, such as pho-
tons, to carry the quantum analog of bits, usually catigbits. To do so, individual
photons merely serve as carriers and quantum informatiendsded on their quantum
properties, like polarization or time-bins of arrival [1§electing two orthogonal states
spanning the Hilbert space, for instanee and|v) when polarization is used, allows
encoding the 0 and 1 values of the qubit, and quantum supggpomsiakes it possible
to create any statgy) = a|0) +€¢8|1), provided the normalization rule >+ (B2 =1 is
fulfilled. Entanglement is a generalization of the supeitpms principle to multiparticle
systems. Polarization entangled photon-pairs can beideddny states of the form

) = %[|H>1|V>2i|v>1|H>2]» 1)

where the indices 1 and 2 label the two photons, respectividig interesting property
is that neither of the two qubits carries a definite value. 8usoon as one of them is
measured, the associated result being completely randhenotiher one will be found to
carry the opposite value. There is no classical analog sopliely quantum feature [2].
In today’s quantum communication experiments, spontas@avametric down-conver-
sion (SPDC) in non-linear bulk crystals is the common wayrtwdpce polarization en-
tangled photons [3]. However, since such experiments dtmgenore and more compli-
cated, they require more and more efficient sources togeiitienarrower photon band-
widths [4, 5]. In addition, as soon as long-distance quardammunication is concerned,
the paired photons have to be emitted within one of the telewondows.

The aim of this work is to gather all of the above mentioneduess in a single source
based on a titanium (Ti) indiffused periodically poledilitm niobate (PPLN) waveguide.
We report for the first time the efficient emission of narromtbgolarization entangled
photons at 13108m, showing the best quality of two-photon quantum interfeeeaver
reported for a similar configuration [6, 7]. In the followingre will first describe the
essential aspects of the source. Then, we will focus oniclsharacterization enabling
the choice of the desired SPDC interaction. Finally, we mitlve on to an interferometric
setup designed to evaluate the quantum quality of the s@ndeliscuss the results.

*Both authors contributed the same.
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Principle of the entangled photon-pair source

To date, the creation of entangled photon-pairs is usuabyeed by SPDC in non-linear
bulk or waveguide crystals [1]. In this case, the interactd a pump field p) with

a x? non-linear medium leads, with a small probability, to thenarsion of a pump
photon into so-called signas)(and idler () photons. Naturally, this process is subjected
to conservation of energy, = ws+w and momenturg, = ks+k + 27 - t, wheren represents,

in the case of a PPLN waveguide, the poling period. Note thatdtter equation is also
known as quasi-phase matching (QPM). In our case, we chbassedndition such that,
starting with a pump laser at 655, we expect the generation of pairs of photons centered
at the telecom wavelength of 13toh.

From the quantum side, since we want to generate crossieslagntangled photons, the
waveguide device has to support both vertical and horiz@atarization modes. There-
fore, the well-established Ti-indiffusion technology danapplied for waveguide fabrica-
tion and a type-1l SPDC process, taking advantage of thelinear coefficient,4 of the
material, can be used [6]. This leads, at degeneracy, toghergtion of paired photons
having strictly identical properties, but showing orthagbpolarizations. As depicted in
FIG. 1, the paired photons are emitted simultaneously and, fdfexing out the remain-
ing pump photons, separated at a 50/50 beam splB®y \Whose outputs are labelled
a andb. At this stage, when the pairs are actually separated, thgbssible outputs,
IH). V), et V), H),, have equal probabilities. Furthermore, provided the tivotpns are
indistinguishable for any observable but the polarizatibis possible to describe them
by the entangled state of equation Eq. 1. Two steps are treredscaded for obtaining
such a state configuratiom) , M2 V), 22 n*% [[H), V), + V), H), ], Wheren andn*
stand for the efficiencies of the non-linear process andeétitire source, respectively.

Entangled photon

TFl)F & pairs at 1310nm
CW Laser |... / +-+|;-|'3-|:l-\'|“+_ HPF
at 655nm P Waveguide N e

FIG. 1. Schematic of polarization entangled photon-pair sebased on an H-polarized
CW laser at 655m pumping a titanium-indiffused PPLN waveguide; A prism (B) i
used to remove the infrared light coming from the laser. T¢®oaiation of a high-pass
filter (HPF, cut-off at 10006m) and a bandpass filter (BPF, 1318, AA = 10nm) allows
removing the residual pump photons; Finally, a 50/50 begplitter (BS) is employed to
separate the paired photons, revealing entanglement vdiecidences are regarded.

Fabrication and classical characterization of the PPL N waveguide

The required poling period for the generation of photorrgpat the degenerate wave-
length of 1310mwas calculated to be around Guén. Therefore, we fabricated a sample
containing various waveguides widths (5, 6, angn) together with different poling pe-
riods (6.50 to 6.6tm with a step of 0.0um). Experimentally, we got near-degeneracy
photon-pair emission for a temperature of 8a 6um-wide waveguide for the predicted
period. A fine tuning of the temperature up to°&Blowed us to get exactly both signal
and idler photons at the degenerate wavelength of bB81@&s shown on i6. 2. The
measured bandwidth of those photons is less timat for a 36cm-long sample. Note
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here that the measured value of the bandwidth is very clofigetoesolution of our op-
tical spectrum analyzer. The theoretical value has beematstd to be Gnm which
corresponds to a coherence length of abo8trin.
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FIG. 2: (a) Fluorescence spectra, obtained in the single ploatonting regime, for vari-
ous poling periods associated with ai&wide waveguide heated to 8D when pumped
at 655nm. (b) QPM curve as function of the temperature fo= 6.60um; The degener-
acy point can be reached by fine tuning of the temperature 88°@.

Quantum characterization of the source

Obtaining polarization entangled photon-pairs (see Egedliires these two photons to
be indistinguishable for any degree of freedom, but therpaaon, before they reach
the beam-splitter of 6. 1. To demonstrate the indistinguishability, we perforraetbn-
classical two-photon interference experiment. Contrar{t. 1, this now consists of
separating the paired photons into two spatial modes regptbeir polarization state
(H,V) using a polarization beam-splitter (PBS), and thezombining them at a standard
fiber optic 50/50 BS. This interferometric apparatus, degpién HG. 3-a, permits char-
acterizing the quantum properties of the pairs. Since ptso#we bosons, and provided
the two photons are strictly indistinguishable, we expkent to exit the BS through the
same output arm, leading to a dip in the coincidence ratenwhe detectors are placed
at each output. Such a destructive interference effect,desonstrated by Hong, Ou,
and Mandel (HOM) requires, in our case, to rotate one of tlegghpolarization states.
This is ensured by the polarization controllers placed teefoe BS. Therefore, indistin-
guishability means in this case that the two photons havadw she same wavelength,
bandwidth, polarization state, spatial mode, and time oValrfor obtaining a perfect
overlap at the BS where the interference occurs [8]. Chanifjie path length difference
of the two arms allows scanning over the coherence lengteddingle photons and leads
to the so-called HOM-dip in the coincidence rate. The modéstinguishable the photons
are, the better the visibility of the dip is. This figure of matlows inferring the quality
of the entangled state produced by the source (seelFand related text).

FIG. 3-b exhibits the coincidence rate as a function of the patgth difference between
the two arms and shows the obtained HOM interference whilglsiphoton detection
remains constant in both APDs. In our case, the associatedsitality and FWHM are
of about 84% and .bmm, respectively. Work is in progress towards understandieg t
origin of the reduction of visibility. Energy-time entamghent or other phase-matched
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Fic. 3: (a) Two-photon interference experiment. PBS: polagziube; R: retroreflec-
tor; PC: polarization controller; BS: fiber optics 50/50 treaplitter; APD: avalanche
photodiode; &: coincidence analyzer. (b) Coincidence edtéhe output of the 50/50
beam-splitter as function of the relative length of the twms The width of the dip is
related to the coherence length of the single photons.

interactions, such as Cerenkov, in our non-linear wavegcih be seen as sources of vis-
ibility degradation. In any case, the obtained visibilgyto our knowledge, the best ever
reported in a similar configuration, i.e. cross-polarizédtpns at telecom wavelength
generated by a Ti-indiffused PPLN waveguide. This is alstearcsignature that a high
quality of entanglement can be expected from the setup ofiFig

Conclusion

Using a type-ll PPLN waveguide, we have demonstrated awhaond and bright source
of cross-polarized paired photons since we estimated tdugtion rate to be on the order
of 10° /s/GHz/mW, which is one of the best ever reported in such a configurf@ion].
Using a HOM-type setup, we obtained an anti-coincidenciility of 84% indicating

a good level of photon indistinguishability. These prehiny results permits expecting
our source to be an efficient, compact, and reliable key etemeviding narrow and
high-quality polarization entangled photon-pairs for finst time at 1310m. Finally,
this work clearly highlights the potential of integratediop for long-distance quantum
communication protocols.

The work is funded by the EU ERA-SPOT program WASPS. V. Cristofori acknowledges
the ERASMUS program for her travelling grant. The authorsthank P. Baldi and M.P. De
Micheli for fruitfull discussions.
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Abstract. Vertical emitting plasers based on 2D photonic crystal heterostructures
constituted by a square lattice of upillars bonded on a vertical Bragg mirror have been

realized at 1.5um. Near field properties show the slow Bloch mode confinement inside the
heterostructure.

1. Introduction

2D photonic crystal properties, especially at band edges of the dispersion curves where the
group velocity tends to zero, allow a wide range of micro-photonic devices that require
slow light. To achieve vertical emission, Slow Bloch Modes (SBM) located above the light
line are of great interest. Indeed, they have the ability to couple with free space modes.
Especially at I'-point of the dispersion characteristic, strong lateral confinement is expected
and very compact structures can be designed. It is thus possible to finely tune the temporal
(quality factor) and spatial (SBM confinement and emission characteristic) properties of
SBM located at I'-point to achieve low threshold vertical emitting plasers.

Based on the concept we developed in ref [1], we fabricated and characterized 2D PC
photonic heterostructures constituted by a square lattice of Indium Phosphide (InP) pillars
bonded on a Si/Si02 Bragg mirror. Particularly, we study the near field properties of the
first SBM located at I"-point.

—— Light cone
—ff=0,5

Normalised Frequency (a/)

r
Bloch wave vector k,

Figure 1. 2D band diagram of a square lattice of dielectric pillars for two InP filling factor: 0.4 and 0.5 in
TE polarization. The SBM of interest is circled.

2. Sample design and fabrication

We focused on the first ['-point SBM in a square lattice of Indium Phosphide (InP) pillars,
as shown in the band diagram of the Fig. 1. This mode does not couple to free space modes
for symmetry reasons [2] and exhibits a very flat band curvature. 3D FDTD calculations
show that quality factors around 1500 can be achieved at 1.5um in a 21x21 pillar lattice
having period of 0.7um and filling factor of 50%. To increase the quality factor of this
SBM without increasing the mode volume, we use a photonic heterostructure as defined in
[1]. The heterostructure principle is to slightly increase the radius of the outer pillars to
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inhibit the lateral leakages leading to a strong lateral photon confinement. Indeed, by
increasing the InP filling factor of the outer rows, we create a barrier for the photons located
inside the cavity (see band diagram in figure 1).

The studied heterostructure consists of an inner 11x11 pillar cavity having a filling factor
(ff) of 50% surrounded by 5 rows with ff=51.6% and same period, which yields to a
difference between the pillar radii of the cavity and the barrier of Snm. The quality factor of
the SBM in the heterostructure calculated using 3D FDTD is thus 3000 whereas it reaches a
few hundreds without any row. The photon lifetime is then only limited by vertical losses.
These losses can however be reduced by associating the 2D PC heterostructure with a
vertical Bragg mirror, as depicted in figure 2. The silica gap between the 2D PC and the
Bragg mirror is 790nm which yields to a significantly increase of the quality factor [3].
Quality factors as high as 10000 can then be reached.

The device was fabricated by patterning an InP membrane containing 4 InAsP quantum
wells bonded on a silicon/silica Bragg mirror using e-beam lithography and reactive ion
etching (RIE). SEM images of the fabricated structures are shown in figure 2.

We fabricated uniform 2D PC as well as heterostructures to compare the two PC structures
and their efficiency in terms of laser threshold and field confinement. The uniform PC
structures are constituted by 30x30 pillars (=25x25um). For the heterostructure, the cavity
is constituted by 10x10 pillars (=8x8um) surrounded by 5 rows having a slightly higher
pillar radius.

a) po , , b)

Barrier Cavity Barrier

OOOOfOO0OOCOOoOoOo DDQF]E“_MP (250nm)
GAP

Bragg Mirror
3 Si/SiO,

Figure 2. a) Studied heterostructure associated with a Si/Si02
Bragg mirror. B) SEM images of the fabricated 2D PC.

3. Photoluminescence properties

The samples are first characterized at room temperature by photoluminescence using a
pulsed laser diode emitting at 800nm as optical pump. The duty cycle is 1.7% and the pulse
width is 6ns. The pulsed diode is focused under normal incidence on the structures using an
achromatic objective (numerical aperture of 0.4) onto a surface of around 10um in diameter.
The emitted PL signal by the structure is then collected through the same objective lens and
analyzed by a monochromator and a cooled InGaAs photodetector array.

We obtained laser emission for a uniform 2D PC and a 2D PC heterostructure around
1.5um. Figures 3 a and 3 b shows the Light-in/Light-out curves for each kind of structures.
The laser threshold for the uniform structure is about 8mW in terms of peak pump power
which is of the order of the obtained threshold for a 2D PC structure constituted by a hole
graphite lattice bonded on the same Bragg mirror with the same silica gap between the 2D
PC and the Bragg mirror [3]. The laser threshold for the heterostructure is about 12.5mW.
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Figure 3. Lin-Lout curves for the uniform PC (a) and the PC heterostructure (b).

The filling factor of the cavity and the barrier are very close to each other. This is almost
indistinguishable using SEM observations. A way to know precisely if the confinement of
the SBM is achieved inside the heterostructure is to use near field scanning optical
microscopy (NSOM) [4]. Indeed, using NSOM characterizations we can access directly to
the field distribution inside the 2D PC that is the evanescent components of the SBM which
is impossible with a far field experimental set-up. This will give a clear insight into the PL
structuration of the SBM inside the PC cavity and the SBM confinement due to the
heterostructure.

4. Near field characterizations

In the NSOM experimental set up, the pump beam, which is the same pulsed laser diode as
in the far field experiment, is focused on the structure with an objective lens. The PL signal
is collected in the near field of the structure (<20nm) by an uncoated, chemically etched
optical silica fiber tip. Thus, the near field probe does not perturb notably the SBM spatial
distribution. The signal is then guided to a monochromator and detected by a cooled
InGaAs photodetector array. The distance between the near field probe and the sample is
controlled by a shear force feedback. In this configuration, topographic images as well as
PL images can be recorded at the same time.

Figure 4 a shows the topography of a uniform 2D PC constituted by a square lattice of
pillars. The near field PL map recorded simultaneously to figure 4 a at 1517nm is given in
figure 4 b. Figure 5 presents the near field distribution in the 2D PC heterostructure studied
in section 3. The SBM confinement inside the heterostructure is clearly visible. In the case
of the uniform 2D PC the field leaks laterally as expected from 3D FDTD calculations [2].
NSOM characterizations demonstrate the confinement of a SBM located above the light
cone.

b)
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Figure 4. Topography of the uniform square lattice of InP pillars (a) Near field PL map of the SBM inside
the uniform 2D PC, 2D (b) and 3D (c) image

o

b)

Figure 5. Near Wﬁeld map of the SBM inside the heterostructure, 2D (a) and 3D (b) image

4. Conclusion

We fabricated and characterized vertical emitting plasers at 1.5um and at room temperature
constituted by 2D PC structures bonded on a silicon/silica Bragg mirror. Laser emission is
achieved in a uniform 2D PC as well as in a PC heterostructure. In a 2D heterostructure, the
SBM is laterally confined inside the cavity. Near field optical microscopy allowed us to
demonstrate experimentally the SBM confinement by mapping the spatial distribution of the
intensity in the evanescent tail of the field, at 20nm above the PC slab.
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Abstract. We present a comparison of high Q-factor tapered membrane-type one-
dimensional photonic crystal micro-cavities embedded in photonic wire
waveguides based on silicon-on-insulator (SOI). Q-factor values as large as
24,000 have been measured, together with normalized transmission of 67%.: an
improvement in the Q-factor value in comparison with previous results obtained
on structures with silicon cores supported by a silica buffer layer. Simulation using
a 3D FDTD approach shows close agreement with measurements.

Introduction

High quality factor waveguide micro-cavity structures have been a topic of research
interest for several years. Hole-based one-dimensional photonic crystal (PhC) micro-
cavities embedded in photonic wire waveguides, with a Q-factor value of around 500,
were described in [1]. We now report achievement of an experimental Q-factor value as
large as 24,000 in an air-suspended photonic-wire waveguide micro-cavity structure - a
value that is, to our knowledge, the highest achieved in this particular format.

High Q-factor values have been reported for several different device designs [2,3], but

the requirement of achieving high Q-factor values, together with large optical
transmission and small modal volumes, has become increasingly important [4]. Recent
work based on photonic-wires combined with 1D PhC micro-cavities having silicon
waveguide cores supported by a silica buffer layer has achieved Q-factor values in
excess of 100,000. Air-suspended membrane-type photonic crystal structures [5],
including micro-cavities, have been successfully fabricated and have demonstrated very
high cavity Q-factor values, but there are still issues of mechanical stability, robustness
and fabrication complexity. The motivation of our work on designing and producing
suspended-membrane PhC/PhW waveguide microcavities has been to investigate the
impact of increased optical confinement within the waveguides, as well as the effect of
possible reductions in the propagation losses.

Design considerations and FDTD simulation approach

Planar one-dimensional photonic crystal micro-cavities embedded in 500 nm wide
photonic wire waveguides have been realized recently with Q-factor values of
approximately 18,500 - and normalized transmission of nearly 85% [4]. This
performance combination was achieved in structures in which the silicon guiding layer
was supported by a silica lower cladding or buffer layer. The devices produced are
useful for telecommunications applications such as dense wavelength division
multiplexing (DWDM) and optical signal processing more generally. Detailed
descriptions of the devices can be found in reference [4]. Figure 1 shows an SEM image
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of a particular device in which the silica cladding underneath the silicon core has been
removed - creating an air-bridge type of structure (see the inset in Fig. 1).

e 00 © 0 0000 1600000 0 0.0 ¢

Figure 1: SEM image of an air bridge type of tapered single-row PhC/PhW waveguide

with cavity length, c, four hole tapers within the cavity - and two hole tapers outside

the cavity. Inset is a bird’s eye view (angle ~ 25°) of the suspended PhC/PhW micro-

cavities.
The structure consists of two mirrors with four period hole structures separated by a
micro-cavity spacer section. Four-hole and two-hole aperiodic tapered structures were
inserted within and outside the cavity on each mirror to reduce the modal mismatch
between the un-patterned photonic-wire sections and the periodic hole mirror sections.
3D FDTD simulations have been carried out on similar device structures in reference [4]
- but with the silica buffer layer having been removed. This device has an N = 4 periodic
mirror with hole diameters of 182 nm and periodic spacing between the holes of 350 nm.

1 .U — red line - with silica cladding (Q-17 500) .
- 12 yblack line - suspended wire (Q-34 000
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Figure 2: 3D FDTD computed for tapered one-dimensional PhC/PhW micro-cavities
embedded in 500 nm photonic wire waveguides with cavity length, ¢ ~ 425 nm for

suspended wire (red line) and without removal of the silica buffer lower-cladding
layer (black line).
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Figure 2 shows a comparison of the transmission spectra for tapered photonic crystal
micro-cavities embedded in 500 nm photonic wire waveguides obtained using the 3D
finite-difference time-domain (FDTD) approach for both suspended wire structures and
ones supported by a silica buffer layer. Our comparison is based on structures in which
all of the parameters for the patterning of the silicon waveguide core are the same, i.e.
wire width, hole diameters and spacings. The simulations show an increase in the Q-
factor value from 17,500 to 34,000 for the suspended wire, in comparison with the value
for the structure in which the silica buffer layer remains below the silicon guiding layer.
A shift in the resonance frequency, in going from the supported structure to the
suspended structure, by approximately -3 nm was also measured for this design
arrangement - together with an increase in optical transmission by almost 10%. The shift
is due, in particular, to a reduction in the effective refractive index of the guided light -
thus shifting the resonance towards a shorter wavelength when the silica support layer
1s removed.

Experimental results

The devices were fabricated using direct-write electron-beam lithography on a Vistec
VB6 machine, together with reactive ion-etching. They were characterized using a
tunable laser covering the range from 1457 nm to 1580 nm. The TE polarized light was
end-fire coupled into and out of the waveguides and was detected using a germanium
photo-detector.
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Fig 3:Measurement result for suspended PhC/PhW micro-cavities in a suspended wires
with cavity lengths, ¢ (a) 390 nm (b) 415 nm (c) 440 nm (d) 465 nm

Experimental results corresponding to the simulation results obtained using the 3D
FDTD approach given in Fig. 2 are shown in Fig. 3.The best experimental Q-factor
value - approximately 24 000 - was obtained for a cavity length, c, of 390 nm and at a
normalized transmission level of 65%.
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With silica buffer Suspended wire
cladding waveguides

Cavity Normalized Normalized
length, Transmissio Transmissio
¢/(nm) (0] n (0] n

390 18 500 0.85 24 000 0.67

415 16 600 0.82 16 700 0.71

440 9 000 0.71 7200 0.45

465 5900 0.83 2 000 0.58

Table 1: Comparison of the measured results for the suspended wire waveguides and
the one with silica cladding still exist underneath the wire waveguides

As the cavity length was increased from 390 nm to 465 nm, the Q-value decreased to
2000, together with a reduction in the normalized optical transmission level. Table 1
gives the results for the structures shown in Fig 1, in comparison with our previous
results — obtained without removal of the silica buffer layer.

Conclusions

We have successfully demonstrated a further enhancement of the PhC/PhW cavity Q-
factor value, from 18,500 to approximately 24,000, using the membrane type of
structure - at a cavity length of 390 nm - for one of our design arrangements. This value
is somewhat lower than the value of 34,000 predicted in the corresponding simulation.
Discrepancies between simulation and measurement are probably attributable to
imperfections in the fabrication processes. We believe that high Q-factor values,
possibly up to more than 500,000, will be achievable if the correct combination of the
number of periodic mirror holes, cavity length and aperiodic hole tapering within and
outside the cavity is used. The enhancement in the Q-value in this particular design is
due to the increase in the optical confinement — thus enhancing the field intensity of the
mode confined within the micro-cavity. The effective refractive index changes due to the
air gap underneath the silicon guiding layer have also produced a shift in the resonance
frequency by approximately 3 nm. The 3D FDTD approach used to simulate the
devices has shown reasonably close agreement with the measured results.
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A colorless monolithic integrated transceiver based on InP is presented. This transceiver
consists of a wavelength duplexer, a reflective SOA (RSOA), and a short photodetector,
suitable for the application at the user side to download and upload information carried
by two different wavelengths spaced 200 GHz near kr85The reflective SOA is 7n0n

long, offers 5dB fiber-to-fiber gain, and 1 Gbit/s dynamic operation at different wave-
lengths after wire bonding. The integrated @ long photodetector shows 0.25 A/W
external responsivity and up to 14 GHz 3 dB bandwidth after wire bonding.

Introduction

With the ever-increasing demands on the data rate at the user side to exchange informa-
tion, fiber-to-the-home (FTTH) has been shown to be one of the most promising solu-
tions. Currently the maximum widely available bitrate of installed optical network units
(ONU) at the user side is 156 Mbit/s for upstream data carried by 1310 nm Fabry-Pérot
laser, and 656 Mbit/s downstream data carried by 1550 nm in a TDM-BPON system in
Japan [1]. This system uses wavelength-specific optical transceivers which will finally
hinder the large-scale deployment of FTTH system due to cost and difficulty in mainte-
nance. A colorless transceiver may be a more cost-effective and flexible alternative. A
number of groups have demonstrated colorless upstream operation up to 1 Gbit/s with dif-
ferent methods, such as self-seeding, injection locking, spectral seeding or laser injected
reflective SOA [2, 3, 4, 5]. However, most demonstrations were realized with discrete
commercial components, which are costly and not practical in the user access network.

In this paper, a monolithic integrated colorless transceiver based on butt-joint active-
passive regrowth on InP is presented, and it is one of the key devices developed for
Broadband Photonics Architecture [6]. It consists of a wavelength duplexer, a reflec-
tive SOA, and a photodetector, Fig. 1. The device works as follows. Two wavelengths
(A1 andAy) come from the network into the transceiver from the left side. They are spa-
tially separated by the wavelength duplexer and guided to the photodetégt@n@ to

the reflective SOA modulatoilf). The downstream data, carried by, is detected by

the photodetector, whilg; is a continuous wave (CW) light and is guided to the RSOA
where it is modulated, amplified and reflected back to the network.

The wavelength duplexer is a Mach-Zehnder (MZ) interferometer, composed »f2a 1
and a 2x 2 3-dB MMI splitter/combiner, connected by two waveguides with different
lengths. Due to the large 3-dB optical gain bandwidth of the SOA, it can be operated in
a large wavelength range for a colorless operation by modulating the electrical current.
A high reflectivity coating (HR) is applied at the SOA side of the chip, causing the light

13
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Figure 1: (Up) The layout of the integrated Figure 2: Active-passive butt-

transceiver consisting of a wavelength duplexer, joint layerstack with spec-

a reflective SOA modulator and a detector. (Be-  ifications based on N-InP

low) The fabricated transceiver used for charac-  substrate.The unit for the doping
terization. level is cm 3,

to be reflected back. The SOA is shallowly etcheg,n2 wide and 75@m long. The
photodetector is shallowly etchedun wide and 6Qum long. To avoid lasing and to
reduce the coupling loss, the facet of the chip where the light is coupled into and out of
the device, is provided with an anti-reflection coating (AR). To further reduce any residual
reflections, the input waveguide is placed at an angle’ édbward the chip facet [7], and

a mode filter is inserted to suppress propagation of the first-order mode.

Fabrication

The device was fabricated in material grown on an N-type InP substrate by three-step low
pressure metal-organic-vapor-phase epitaxy (MOVPE). The first epitaxy finished with a
120 nm thick SOA active InGaAsP layer (Q1.58p = 1.55um), embedded between

two quaternary confinement layers (Q1.25) with different doping levels, covered by a
200 nm thick p-InP layer. Next, the active sections were defined by lithography and reac-
tive ion etching (RIE) using a SiNayer as etching mask. In the second epitaxy step, a
Q1.25 InGaAsP layer was selectively grown for the passive sections with then&isdk
protecting the active sections[8]. In the third epitaxy step, the p-doped InP cladding layers
with graded doping level and the p-InGaAs contact layer were grown with a total thick-
ness of 1300 nm, Fig. 2. All the waveguides were fabricated by reactive ion etching (RIE).
Polyimide was spun for passivation and planarization. By etching back the polyimide, the
p-InGaAs contact layer was exposed and Ti/Pt/Au metal layers were evaporated to form
the electrodes on the top and the ground (n-InP) at the backside. To improve the con-
ductivity, the device was annealed at 325or 30 seconds, and electro-plated with gold.
The HR coated facet has about 90% reflectivity, and AR coated facet has about 0.1% re-
flectivity. The device was glued and wire bonded on a AIN RF submount with coplanar
waveguide design, Fig. 3, to enable measurements with a GSG RF probe. The measured
3-dB bandwidth for such a RF submount is more than 20 GHz. The bonded wire has
20um radius, and is approximately 2 mm long. During the characterization, the chip was
stabilized on a copper chuck and cooled by a Peltier element.
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Figure 3: Bonded chip on a AIN RF submount (left) and bonded RSOA and the photodetector
(right).
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Characterisation

The reflective SOA is operated by modulating the electrical current. Because of residual
reflections, the RSOA of the bonded device starts to lase at an injection current of 110 mA.
The device gain peak is near 1530 nm, and the RSOA achieved about 5dB fiber-to-fiber
gain when injecting 100 mA. This fiber-to-fiber gain can be increased by reducing the
fiber-chip coupling loss, which in our case is around 2dB. To measure the bitrate of

the SOA, we use a pulse pattern generator to produce 1 GHz PRBS code’itt 2

word length. The bias current was set at 80 mA, the modulation amplitude is 0.78 V over
50Q impedance. The input optical power-sl1 dBm, and the recorded eye-diagram is
presented in Fig. 4, showing a quality factor of 9, and an extinction ratio of 5.2dB. The
measurement has been done on four different upstream wavelengths from 1532.3nm to
1541.9 nm, and the results are similar.

The photodetector was characterized by performing on-wafer S-parameter measurements
in the range of 130 MHz to 20 GHz with a lightwave component analyzer HP8703A and
a 50 GHz RF-probe. The photodetector was biased&W through a 65 GHz bias tee,
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and the injected wavelengths are 1536 nm and 1545.56 nm-~v@@hdBm optical power
before fiber chip coupling. The measured small signal frequency response is given in
Fig.5. The measured 3 dB frequency response is 14 GHz forarbldong wire bonded
photodetector, and the external responsivity shown in Fig. 5 includes the extra loss from
the polarization controller and two fiber connectors. The measured static photorespon-
sivity is up to 0.25 A/W over a large wavelength range, which corresponds to about 64%
on chip quantum efficiency (including the loss of the wavelength duplexer) when the chip
fiber coupling loss is taken as5 dB.

Conclusion

We presented a monolithic integrated transceiver that operates up to 1 Gbit/s for upstream
data (modulated RSOA) and around 14 Gbit/s for downstream data (reversely biased pho-
todetector). The reflective SOA offers up to 5dB fiber-to-fiber gain for 100 mA bias
current at 1532.3 nm, which is mostly limited by the fiber-chip coupling efficiency. The
bonded photodetector has a high external responsivity up to 0.25 A/W within large wave-
length range.

This work is partly funded by the Dutch National Broadband Photonics Access project
(http://bbphotonics.freeband.nl) and the Dutch National Smartmix project Memphis.
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