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An integrated tunable reflector 

Ang Li1,2,*, Yufei Xing1,2, Wim Bogaerts1,2 
1Photonics Research Group, Ghent University-IMEC, 9052 Ghent, Belgium  

2Center for Nano and Biophotonics, Ghent University, 9052 Ghent, Belgium 
* ang.li@ugent.be 

With past decade’s development, silicon photonics grows to be one of the most promising 
platforms for integrated optics. Despite its rich component library that includes grating 
couplers, multi-mode interferometers (MMI), Mach-Zender-Interferometers (MZI), ring 
resonators, modulators, germanium photodetectors and doped heaters etc., some key 
basic building blocks are still missing or not very well developed and standardized. An 
integrated tunable reflector is one of them.  Suggested by its name, such a device should 
provide a widely tunable reflectivity controlled by common tuning mechanism, like 
thermo-optic and free carrier plasma effects. Besides, it should fully fit into existing 
silicon photonics platforms, meaning no CMOS incompatible materials involved. In terms 
of its reflection spectrum, preferably it can switch between flat and wavelength 
dependent spectrum depending on the specific application. 

Popular approaches for such devices are either Bragg grating based or ring resonator 
based [1,2]. The former one has poor tunability while ring resonator based devices are 
usually narrow band in its spectrum. Here, we propose a loop-ended MZI based reflector, 
as in Fig. 1(a).  This structure can easily be incorporated in circuits shown in Fig. 1(b-c). 

 

Fig. 1 (a) gives the schematic of our reflector with a phase shifter. (b) and (c) present two 
potential applications of such reflectors. 

We use the optical circuit simulator Caphe by Luceda Photonics to perform rich 
simulations for such a device. The main design freedoms include the two arm lengths of 
the MZI and the coupling coefficients of the two directional couplers (DCs). A balanced 
MZI (∆L = 0) will generate a flat reflection spectrum as shown in Fig. 2(a), while a length 
difference ∆L ≠ 0 will result in a periodic wavelength dependence as in Fig. 2(b). For the 
latter case, a special spectrum where only one wavelength has zero reflection (shown in 
Fig. 2(c)) can be obtained if 𝑚λ = 2ΔL𝑛𝑒𝑓𝑓 , where m is the interference order, similar to 

that of a MZI. λ is the wavelength that has zero reflection, and 𝑛𝑒𝑓𝑓 is the effective index. 

This special reflection spectrum can have valuable applications in optical sensors and 
novel filters [3]. The simulated tunability is shown in Fig. 2(d). The blue and red curves 
in Fig. 2 (a,b,d) correspond to a circuit with ideal (DCs) and with dispersive (DCs), 
respectively. 

Besides the length difference of the MZI, the performance of the reflector depends 
strongly on the coupling coefficients of its two directional couplers as evident in Fig. 3. 
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Fig. 2 (a) presents a flat reflection spectrum. (b) shows a wavelength dependent spectrum. 
(c) is a special case where only one point in a wide wavelength range suffers 0 reflection. 

(d) gives the simulated tunability. 

 

Fig. 3 (a) shows the influence of coupling coefficients on the reflectivity at 1550nm, (b) 
presents our active measurement. Less than 6.3mW can generate a 35dB change in 

transmission/reflection 

 

Fig. 4 (a) is a measured flat reflection spectrum. (b) is wavelength dependent. 

In Fig. 4 we present our measurement results. Fig. 4(a) demonstrates a relatively flat 
reflection spectrum while (b) gives a strongly wavelength dependent spectrum. The 
index matching fluid with an index equals 1.54 was used in order to minimize the 
reflection at the fiber/air interface.  The dynamic tuning by thermo-optic heater is given 
in Fig. 3(b). Less than 6mW can generate a 35 dB change in transmission/reflection.   
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Particle	Swarm	Optimization	for	Polarization‐
Independent	and	Low	Loss	Grating	Couplers	

Jorge	PARRA1*,	Pablo	SANCHIS1+	
1Universitat	Politècnica	de	València,	Nanophotonics	Technology	Center	

Camino	de	Vera	s/n,	Valencia,	46022,	Spain	
*jorpargo@ntc.upv.es,	+pabsanki@ntc.upv.es	

Silicon‐on‐insulator	waveguide	 grating	 couplers	 suffers	 from	 some	key	problems	 like	
high	polarization	dependency	due	to	its	high	index	contrast.	In	order	to	overcome	this	
problem	refractive	index	engineering	has	been	demonstrated	as	a	suitable	solution	[1,	
2].	However,	the	design	complexity	is	highly	increased	interfering	with	the	search	of	the	
optimal	design.	This	work	presents	a	particle	swarm	optimization	(PSO)	strategy	applied	
to	a	polarization‐independent	grating	coupler	based	on	subwavelength	structures	for	the	
near‐infrared	band.	Furthermore,	the	achieved	design	is	suitable	to	be	fabricated	with	a	
single‐fully‐etch	step	and	was	constrained	to	have	a	minimum	feature	size	≥	100	nm.	

The	first	step	is	to	define	the	silicon	layer	thickness.	Although,	experimental	sub‐decibel	
efficiencies	 with	 standard	 220nm‐thick‐Si	 has	 been	 demonstrated	 [3],	 this	 layer	
thickness	cannot	fully	exploit	the	basis	of	metamaterial	polarization‐independent	grating	
couplers	due	to	the	small	difference	between	the	effective	indices	of	TE	and	TM	modes	
within	 the	 artificial	material.	We	 choose	 320nm	 as	 the	 Si‐thickness	 since	 it	 provides	
single‐mode	condition	in	a	square	Si/SiO2	strip	waveguide	for	polarization‐independent	
performance	 in	 silicon	photonic	 circuits	 (see	Fig.	1b	 insets).	Then,	 the	non‐optimized	
grating	parameters	 are	 selected	 and	 fixed.	 In	our	 case	we	 fixed	 a	 total	 number	of	20	
grating	periods,	 the	depth	of	 the	 buried‐oxide‐layer	 (2	 μm)	 and	 top‐oxide‐layer	 (750	
nm),	 fibre	 angle	 θ	 (10°),	 fibre‐to‐first‐period	 grating	 (3.85	 μm)	 and	 the	 pitch	 of	 the	
subwavelength	structure	(400	nm).	

Due	to	time	computational	simulation	constraints,	it	was	necessary	to	make	a	trade‐off	
between	population	size	and	the	total	optimized	variable.	We	found	that	a	good	strategy	
was	to	treat	each	grating	period	separately	and	only	put	in	the	swarm	as	independent	
variables	the	filling‐factor	of	the	subwavelength	trenches	and	the	operating	wavelengths.	
Hence,	 the	 longitudinal	 filling‐factor	 and	 pitch	 are	 calculated	 to	 satisfy	 the	 phase	
matching	condition.	By	this	manner,	a	small	population	of	20	particles	can	work	out	the	
problem.	 Additionally,	 position	 boundary	 limits	 were	 taken	 into	 account	 to	 fulfil	 the	
fabrication	constraints.	

Coupling	efficiency	was	calculated	with	2D‐FDTD	simulations	and	the	effective	refractive	
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index	of	the	metamaterial	trenches	were	obtained	from	a	look‐up	table	approximated	by	
finite	 element	method.	To	 implement	 the	algorithm,	we	developed	an	 in‐house	 script	
made	in	C	along	with	RSoft	software.	Nonetheless,	this	algorithm	can	be	implemented	in	
any	photonic	software	that	supports	scripting.	

The	algorithm	took	150	iterations	to	converge	towards	the	minimum	fitness	(see	Fig.	1a).	
It	has	to	be	noted	that	there	is	a	chance	that	the	algorithm	converged	to	a	local	minimum.	
However,	 the	 results	 show	 that	 coupling	 efficiency	 peak	 rises	 previous	 top‐oxide‐
cladding	 PDL	 free	 gratings	 designs	 [1].	 Fig.	 1b	 shows	 the	 spectra	 coupling	 efficiency	
obtained	by	2D‐FDTD	with	the	reported	algorithm	design.	The	peak	coupling	efficiency	
rises	‐3.5	dB	for	both	polarizations	and	a	PDL	bandwidth	of	~80	nm	below	0.5	dB	is	also	
achieved.	3D‐FDTD	simulations	were	carried	out	for	a	waveguide	width	of	12	μm.	It	is	
interesting	 to	 notice	 that	 the	 3D	 spectra	 are	 shifted	 with	 respect	 to	 the	 2D	 results.	
Furthermore,	the	wavelength	shift	is	larger	for	TE	polarization.	Similar	differences	for	
the	3D‐FDTD	simulated	TE	and	TM	spectra	have	also	been	shown	in	previous	works	[2].	

		
Fig.	1.	(a)	Fitness	as	function	of	iterations	(insets	show	optimal	grating	top	view	and	strip	

waveguide	cross	section).	(b)	Coupling	efficiency	calculated	with	2D	and	3D‐FDTD.	

In	 conclusion,	 particle	 swarm	 optimization	 has	 been	 used	 to	 obtain	 low	 loss	 grating	
couplers	 for	 enabling	 a	 polarization‐independent	 performance	 in	 silicon	 photonics.	
Discrepancies	between	2D	and	3D‐FDTD	results	have	been	obtained	and	are	currently	
under	investigation.		

Acknowledgment.	Funding	from	grants	TEC2016‐76849‐C2‐2‐R	(MINECO/FEDER,	UE)	
and	NANOMET	PLUS‐	Conselleria	d'Educació,	Cultura	i	Esport	‐PROMETEOII/2014/034. 

References	

[1] X.	 Chen,	 H.	 K.	 Tsang,	 Polarization‐independent	 grating	 coupler	 for	 silicon‐on‐insulator	
nanophotonic	waveguides,	Optics	Letters,	vol.	36,	no.	6,	pp.	796‐798,	2011	

[2] Z.	 Cheng,	 H.	 K.	 Tsang,	 Experimental	 demonstration	 of	 polarization‐insensitive	 air‐cladding	
grating	couplers	 for	silicon‐on‐insulator	waveguides,	Optics	Letters,	vol.	39,	no.	7,	pp.	2206‐
2209,	2014	

[3] D.	Benedikovic,	P.	Cheben,	J.	Schmid,	D.	Xu,	B.	Lamontagne,	S.	Wang,	J.	Lapointe,	R.	Halir,	A.	
Ortega‐Moñux,	S.	Janz,	and	M.	Dado,	Subwavelength	index	engineered	surface	grating	coupler	
with	sub‐decibel	efficiency	for	220‐nm	silicon‐on‐insulator	waveguides,	Optics	Express,	vol.	23,	
no.	17,	pp.		22628‐22635,	2015	



1 × 2 Wavefront Control Type 

 Wavelength-Selective Switch by Silicon Waveguides 

Fumi NAKAMURA1*, Keijiro SUZUKI2, Ken TANIZAWA2, Minoru OHTSUKA2,  
Nobuyuki YOKOYAMA2, Kazuyuki MATSUMARO2, Miyoshi SEKI2, Keiji KOSHINO2, 

Kazuhiro IKEDA2, Shu NAMIKI2, Hitoshi KAWASHIMA2, Hiroyuki TSUDA1 

1Faculty of Science and Technology, Keio University, 3-14-1, Hiyoshi, Kohoku-ku, Yokohama, 
Kanagawa, 223-0061, Japan  

2National Institute of Advanced Industrial Science and Technology (AIST), 16-1 Onogawa, 
Tsukuba, Ibaraki, 305-8569, Japan 
* f_nakamura@tsud.elec.keio.ac.jp 

 

1. Introduction 
A wavelength-selective switch (WSS) can route each of the input wavelength division 

multiplexed (WDM) signal to any one of the output ports. A WSS is the key device of an 
optical node in the optical network system. We previously proposed a 1 × 2 wavefront 
control type WSS [1], [2]. This WSS has no waveguide crossing; therefore the crosstalk 
between channels and the variation in loss among channels can be reduced. In this 
paper, we demonstrate successful switching operations with this WSS. 
 

2. Design of the 1 × 2 wavefront control type WSS  
The configuration of the 1 × 2 wavefront control type WSS is shown in Fig.1. The WSS 

consists of one arrayed waveguide grating (AWG) for the input, two AWGs for the 
output, one shared slab waveguide, and wavefront control waveguides. The incident 
WDM signal is demultiplexed by the input AWG. Each separated signal is expanded by 
propagation in the large slab waveguide and couple to eight wavefront control 
waveguides, each of which has a phase shifter with heater and a distributed Bragg 
reflector (DBR). The eight wavefront control waveguides of each channel are the same 
length. When the heaters on the wavefront control waveguides are OFF, the signal light 
is reflected by the DBRs and propagated in the slab waveguide toward output AWG #1, 
which is located symmetrically about the optical axis. On the other hand, when they are 
ON, the optical path length is changed due to the thermo-optical effect. The wavefront 
of the signal light is tilted and routed to output AWG #2.  

The layout of the 1 × 2 WSS is shown in Fig. 2. It has 16 channels and the channel 
spacing is 200 GHz. Each channel has eight wavefront control waveguides of the same 

Fig. 1. Configuration of 1 × 2 wavefront 

control type WSS 

Fig. 2. Layout of  

1 × 2 wavefront control type WSS 
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length. As shown in the inset in Fig. 2, the heaters on the eight wavefront control 
waveguides are connected. A rib structure was adopted at the boundary part between 
the slab waveguide and array waveguides, in order to reduce the coupling loss. The 
designs of the input AWG and the output AWGs are the same. The WSS chip was 
fabricated on a 12” SOI wafer by using a CMOS pilot line at AIST. 
 

3. Switching Characteristics  
Fig. 3 shows a photograph of the 1 × 2 wavefront control type WSS chip. The each 

wavelength signal is switched by controlling the injection current to the heaters. The 
switching current required was about 6-11 mA. The switching characteristics are 
shown in Figs 4, 5, and 6. Figures 4 and 5 show transmittance to Output #1 and Output 
#2 respectively, when the heaters on wavefront control waveguides for all 16 channels 
were ON. Fig. 6 shows the transmittance to Output #2 when the heaters on the even 
channels were ON.  The 9th channel could not be switched due to  the bonding wire 
having broken. The transmittances shown in the figures do not include the coupling 
loss to optical fibers. The average insertion loss to Output #1 and Output #2 were 20.1 
dB and 19.5 dB, respectively. 

 

4. Conclusion 
 We fabricated a 16-channel, 1 × 2 wavefront control type WSS using silicon waveguides 
and performed switching experiments. The switching current for each channel was 
about 6-11 mA. The variation in loss among the channels was reduced since this 
wavefront control type WSS has no waveguide crossing. 
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In this paper we report a multimode interference reflector (MIR)-based linear cavity 
mode-locked laser (MLL) operating in the telecom C-band with a repetition rate of 30 
GHz as shown in Fig. 1. A pair of intra-cavity electro-optic phase modulators (EOPM) 
enables spectral tuning of the optical and the photo-detected RF spectrum. As an 
asymmetric bias voltage increases up to 6 V, the RF frequency shift reaches 3 MHz. This 
photonic integrated circuit (PIC) was rapidly prototyped using generic photonic 
integration technology platform via industrial Multi-Project Wafer (MPW) run [1]. 

(a)  

(b)  

Fig. 1. (a) Layout (b) Microscope view of the proposed PIC 

MLLs generating short optical pulse and wide coherent optical frequency comb have 
attracted interest in areas such as telecommunications, sensing systems and microwave 
photonics. The feasibility to on-chip integrate semiconductor optical amplifiers (SOA), 
saturable absorbers (SA), EOPM and passive waveguide devices such as MMI couplers 
and MIR allows for advanced controllable manipulation [2,3]. 

In Fig. 2(a) the core MLL is depicted schematically, corresponding to the area bounded 
by the dashed line in Fig. 1. It is of the symmetric colliding pulse mode-locking 
configuration [4] surrounded by a pair of identical EOPMs. The left EOPM was biased 
(VEOPM) from 0 to 6 V while the right EOPM was always grounded. Two SOAs shared one 
current source (ISOA) of 74.5 mA and the middle SA was fed with a reverse bias voltage 
(VSA) of 2.6 V. As presented in Fig. 2(b), the emitted optical signal was measured with a 
lensed fiber to couple light from the angled waveguide output Out1. By using either an 
optical or an electrical spectrum analyser (OSA, ESA) the spectra were monitored and 
collected. An EDFA was deployed, followed by a photodiode (PD) and the ESA. 

(a) 

 

(b) 

 

Fig. 2. (a) Schematic of PIC (b) Block diagram of experimental setup 
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At VEOPM = 0 and 6 V the optical spectrum was recorded as presented in Fig. 3(a) and (b), 
respectively. In Fig. 3(a) the comb has a signal-to-noise ratio (SNR) of 30 dB and side-
mode-suppression ratio (SMSR) of 15 dB. The mode spacing is 0.24 nm equal to 30 GHz. 
Similarly, in Fig. 3(b) the SNR is still around 30 dB but the SMSR degrades to less than 10 
dB. The shape of comb becomes a sharp triangle, not as same as the flatter plateau in Fig. 
3(a). In Fig. 3(c) a series of beat tones produced by the PD are exhibited where the 
influence of VEOPM is visualized. As VEOPM increases, the peak moves to the left and the shift 
is gradually weaker. The blue (6V) peak is at 29.5198 GHz and the red (0V) is at 29.5224 
GHz, separated by 3 MHz. 

(a)  

(c)

 (b)  
Fig. 3. (a) Optical spectrum when VEOPM = 0 V (b) Optical spectrum when VEOPM = 6 V  

(c) Electrical spectrum of beat tones when VEOPM = 0 - 6 V 

The spectral tuning has been experimentally demonstrated with an asymmetrically 
biased pair of EOPM. Since the symmetric colliding pulse mode-locking is inherently in 
conflict with the asymmetric biasing condition [5], further theoretical investigation on 
the tuning mechanism as well as the limited tuning range should be performed. 
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Abstract: We present for the first time the realization of an integrated dual-mode 

interferometer containing two differential single-mode outputs. The structure realized 

in a 250 nm silicon-on-insulator platform enables the monitoring of total optical output 

power. Hence, the estimation of phase relation becomes tolerant to input power 

fluctuations and can be realized by a single-wavelength operation even when the optical 

input power is unknown.  

Introduction: For lab-on-a-chip approaches a massive on-chip-parallelization of 

interferometric structures is a huge benefit. Besides the established Mach-Zehnder 

interferometer (MZI), the dual-mode or bimodal interferometer (DMI) is utilized in 

modern biosensors [1]. In general, the detection of a substance concentration with a DMI 

is based on the estimation of a phase difference at the sensing region end, which is related 

to the DMI transmission as e.g. explained in [2]. Due to the use of only one waveguide 

arm, a higher robustness to on-chip-fluctuations of temperature compared to MZIs is 

achievable in a DMI. Enabling high sensitivities comparable to state-of-the-art devices 

[3], the development of parallelizable integrated DMIs with a small footprint [4] and low 

excess loss [2] is an important step to establish DMIs in lab-on-a-chip applications. The 

measured output power of a DMI with a single-mode output depends on the optical input 

power and the varying losses in the sensing region. Therefore, the estimation of the 

phase relation with a single-wavelength laser source is susceptible to damping 

fluctuations and requires precise knowledge of the input power. These issues can be 

circumvented by implementing a second differential output as depicted in Fig. 1. 

Harnessing the total output power with the help of a second single-mode output allows 

for a stable estimation of phase relations as basis for robust biosensor applications. 

Design and Fabrication: DMIs with two single-mode output ports are fabricated at IMS 

CHIPS Stuttgart on a 250 nm silicon-on-insulator Soitec wafer. Following the design 

given in Fig. 1, the device contains a mode converter with two curved outputs and tapers 

to single-mode waveguides. Access waveguides are connected to single-mode fibers via 

grating couplers. A microscopic image of a fabricated DMI can be seen in Fig. 1 (right), 

which is structured utilizing electron beam processing. A 1 µm thick SiO2 cladding is 

added to protect the device. The dual-mode waveguide of the DMI has the width W and 

the length L. 

 

Fig. 1. Schematic view (left) and microscopic image (right) of an integrated DMI with two 
single-mode outputs. The shown footprint is around 100 µm x 400 µm.  
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Fig. 2. (a) Transmission spectra of the two differential DMI outputs and corresponding sum 
with L = 200 µm and W ≈ 625 nm, (b) L = 1700 µm and W ≈ 575 nm. (c) Calculated phase 
relation for the DMI in (a) by utilizing transmission spectra or both output powers. (d) Shift 
of the resonance wavelength caused by a top cladding change for the DMI in (a).  

Measurements: Evaluating the measured output power spectra of two fabricated DMIs 

(see Fig. 2(a) and 2(b)), the differential behaviour of the two outputs can be verified. The 

sum of the two output transmissions is almost constant in the depicted wavelength 

range. Further, the phase relation in a range of π can be calculated at a single wavelength 

utilizing both output powers and the phase relation dependent transmission formula. 

The result is shown in Fig. 2(c) for different wavelengths λ0 and is in good accordance to 

the phase relation estimated by evaluating the transmission spectra. Adding an index 

matching oil on top of the passivated DMI results in a phase shift, thus demonstrating the 

application of the DMI as sensor (Fig. 2(d)). 

Conclusion and acknowledgement: We demonstrate the tracking of total optical 

output power with parallelizable dual-mode interferometers by implementing two 

differential single-mode outputs. The fabricated samples provide a robust detection of 

the phase relation with a single-wavelength source for lab-on-a-chip applications, even 

with unknown or varying optical input power and waveguide losses. Measured 

transmission spectra of both interferometer outputs are in good agreement with theory. 

We would like to thank the IMS CHIPS Stuttgart for fabricating the devices and Dr.-Ing. 

W. Sfar Zaoui for providing the design of the implemented grating couplers. 
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Optical Frequency Domain Reflectometry (OFDR) [1-5] allows retrieving amplitude and 
phase features from optical devices in the time and frequency domains. 
Characterization of the propagation features in new photonics platforms and 
waveguide designs is essential in different applications where dispersion tailoring and 
birefringence need to be controlled over a wide wavelength range. In this paper we 
present the full-field Group Velocity Dispersion (GVD) assessment of Si3N4 waveguides 
employing the time resolved features of OFDR techniques. The devices were fabricated 
on a 100mm Si wafer, composed of a SiO2 buffer (2.5μm thick, n=1.464) grown by 
thermal, following a LPCVD Si3N4 layer with thickness 300nm (n= 2.01) and a 2.0μm 
thick SiO2 (n=1.45) deposited by PECVD. A set of test of ring resonators (RRs), Fig. 1(a), 
was deployed for strip waveguides of width 1.0m. The bend radius was set to 150μm 
for which no significant additional loss was expected.  

 

Fig. 1. a) DUT: RRs designed for GVD measurement, b) OFDR set up 

The OFDR set up was composed of set of imbalanced fiber based Mach-Zehnder 
interferometers (MZI) , fed by a scanning Tunable Laser (TL), Fig. 1(b). The first upper 
MZI is used for polarization conditioning for the full-field and polarization assessment 
as described in [5]. The second upper MZI includes the device under test (DUT), in our 
case the Silicon Nitride chip in/out coupled by lensed fibers. Two interferograms are 
recorded after a Polarization Beam Splitter (PBS). Moreover, the lower MZI provides 
the reference (or triggering signal) for the phase error due to imperfect TL tuning. As 
described in [5], the time responses of the DUT can be isolated after a Fast Fourier 
Transform (FFT) of the interferograms, providing the complete Jones Matrix 
description of the DUT on the PBS bases 𝑠̂ and 𝑝̂. The polarization diversity set up 
avoids the environmental and manipulation polarization changes on fiber pigtails and 
lensed fibers on the DUT branch. The TL scanning speed was 40nm/s with a 100nm 
span (1555nm center). After the FFT, the power time response was 

calculated |ℎ|2=|ℎ𝑠|
2 + |ℎ𝑝|

2
, Fig. 2(a). Multiple time recirculating contributions from the 

RR can be easily identified, but also the TE and TM splitting in time is observed 
revealing strong differences in propagation losses and group delay between 
polarizations. Taking the RR dimensions 𝐿𝑠𝑤 = 11𝑚𝑚 (straight waveguide facet to 
facet) and 𝐿𝑙𝑜𝑜𝑝 = 6.63𝑚𝑚, the group indexes are 𝑛𝑔

𝑇𝐸 =1.892 and 𝑛𝑔
𝑇𝑀 =1.717.  

MMI 1.25   

DUT
MZI-DUT

MZI-REF
TL

PC

ΔLDUT

ΔLREF

PBS

MZI-POL

ΔLPOL

PC

a)

b)
𝑠̂

𝑝̂



 
2

 

 

 

 

Fig. 2.  a) RR time response, b) Dispersion broadening of recirculations ,c) GVD measured 
over for each temporal recirculation 1 to 4, d) GVD difference inter pulses. 

Moreover |ℎ(𝑡)|2 shows also clearly a broadening effect due to GVD and this 
information can be extracted from the retrieved signals. So we proceed selecting the 
desired pulse (recirculation) slicing the TE time responses (ℎ𝑠(𝑡), ℎ𝑝(𝑡)) around ±4𝑝𝑠 

from its center. Hence, Fig. 2(b) shows the progressive broadening. Then, each 
truncated response is transformed into frequency domain to calculate the group delay 
𝜏𝑔(𝜔)[4-5] and linearly fitted between 1514nm and 1594nm to obtain the dispersion 

parameters D[ps/(nm*m)], Fig. 2(c). Absolute delay difference between traces was 
reduced for better representation. For D calculations, we employed the physical design 
lengths 𝐿𝑠𝑤 + 𝐿𝑙𝑜𝑜𝑝 ∗ [0, 1, 2, 3]. Notice that D values were not constant as expected, that 

suggests a positive value of dispersion is added to that coming from the chip, originated 
by the measurement set up. Fortunately, RRs multiple samples can be related between 
them to isolate a single round trip pass along the Ring. In this way Fig. 2(d) shows the 
group delay difference between adjacent time samples (𝐷𝑖(𝜆) − 𝐷𝑗(𝜆)), their linear 

fitting and the estimated Dispersion calculated over 𝐿𝑙𝑜𝑜𝑝, leading to an average 

dispersion D=-0.981 ps/(nm*mm) with ±1.5% relative error. From this values it is 
straightforward to obtain the dispersion offset from the set-up as (𝐷𝐿)𝑠𝑒𝑡𝑢𝑝 =

0.00178 𝑝𝑠/𝑛𝑚.  
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Photonic integrated circuits (PICs) offer many advantages in the area of photonics. In 
particular, complex optical systems which were once restricted to large table top setups 
are now finding their way onto integrated devices. Not only does this vastly decrease 
the size of these systems, it allows for lower power consumption and reduced cost [1].  

We are interested in examining the stable regime of mutually injection locked lasers, 
which will be applied to the creation of optical superchannels for high bandwidth 
communications. The monolithic integration of multiple Slotted Fabry-Pérot (SFP) 
lasers [2] onto a single PIC has been investigated [3]. Injection locking of such a system 
is highly complex, due to mutual feedback between the lasers. Yet, stable optical-phase 
locking between two SFP lasers on-chip has been demonstrated for the case where one 
laser, the master, is much higher powered than the other laser, the slave [3]. In this 
paper, we investigate the mutual injection locking of two integrated, identical, equally 
powered SFP lasers while varying the coupling ratio between them.  

The PIC consisted of two identical single facet slotted Fabry-Pérot (SF-SFP) lasers 
coupled together through a 1 mm waveguide interconnect, referred to as the “Variable 
Optical Attenuator” section (VOA). A schematic of the full device, with each variable 
parameter labelled, is shown in Figure 1. The single facet lasers consisted of a 650 μm 
long gain section and a 760 μm long mirror section, comprised of seven etched slots, 
each with a gap of 0.88 μm and 108 μm separation between the slots. The SFPs were 

controlled by independently biasing their respective mirror, IMirror, and gain, IGain, 
sections. Forward or reverse biasing the VOA section controlled the amplification or 
attenuation of the optical signal and hence varied the power coupled between the 
lasers. 

 

Fig. 1. Schematic of the PIC, with each variable parameter labelled.  

Both lasers were biased at a mirror and gain section bias of 40 mA and 65 mA, 
respectively. At these biases both lasers had very similar spectra, see Figure 2, and 
output powers. The bias of the VOA section was varied between -1 V and +1V and the 
behaviour of both lasers was observed on an Optical Spectrum Analyser (OSA), an 
Electrical Spectrum Analyser (ESA) and a High Speed Oscilloscope (HSO).    At a VOA 
section bias below -1 V, the waveguide interconnect between the lasers was absorbing, 
therefore the lasers were isolated from each other and behaved as independent lasers. 
At approximately -0.5 V the VOA section began to become transparent and light could 
pass between the lasers. The VOA section was fully transparent at a bias of 
approximately 0.7 V. Above this bias the device behaved as coupled cavity laser from 
facet to facet. The coupling between the lasers was controlled by sweeping the VOA 
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section bias between -0.5 V and 0.7 V. Various stable locking regions were obtained. 
Regions of multimode behaviour were also observed. An OSA trace was recorded at 
each VOA bias. The resulting traces were concatenated and a two dimensional colour 
intensity plot was generated as a graphical representation of the evolution of the 
output of the lasers during the VOA bias sweep. The colour intensity plot of the OSA 
traces from one of the lasers is shown in Figure 2, where the various behavioural 
regimes can clearly be observed. 

 

Fig. 2. Left: Free-running spectra of both lasers for mirror and gain section biases of 40 mA 
and 65 mA, respectively. Both lasers have very similar spectra at these biases. Right: 

Colour intensity plot of the OSA traces from one of the lasers, recorded while sweeping the 
bias of the VOA section. 

We have successfully demonstrated stable locking between two equally powered SFP 
lasers on an integrated device. Further work will examine the dependence of the 
locking behaviour on the length of the delay between the lasers. It is hoped that this 
work will lead to a better understanding of the injection locking behaviour of lasers in 
next generation PICs. 
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Wavelength meters are central for many applications such as in telecommunication systems 
[1] or laser monitoring [2]. The primary function of a wavelength meter is to provide an 
output signal that changes sensitively with the wavelength of the input light. Of central 
importance is the reproducibility of the output signal even in the presence of external 
perturbations, e.g., temperature changes causing thermal drift. Various different methods are 
usually applied to improve reproducibility, e.g., thermal stabilization or repeated calibration 
with an additional reference light source of well-known and stable wavelength. 

We present an integrated optical wavelength meter that is immune to thermal drift, requiring 
no thermal stabilization or repeated calibration with additional light sources. Our 
experimental approach is depicted in Fig.1. The first central component is an optically 
integrated Si3N4 waveguide micro ring resonator (MRR) whose optical transmission 
spectrum can be changed via applying a heating voltage, V, as a control parameter. The 
second essential component is a neural network-based readout algorithm that is able to 
detect temperature changes and reduce their effect on the displayed output wavelength. The 
wavelength meter is calibrated and characterized with input from a tunable laser and a 
detector that measures the transmitted power. For the initial calibration the laser is tuned to 
a large number (e.g. 1000) of different but known wavelengths, for each wavelength a set of 
different values for the control parameter (e.g. 20 voltages) is sequentially applied, and for 
each wavelength-control parameter combination the output power signal is recorded.  

Thereafter, for measuring a single unknown input wavelength, the transmitted power is 
measured for the same set of control parameters values. This provides a set of output powers 
per unknown wavelength. Minimizing the mean-square deviation as compared to the 
calibration[3] yields the measured (displayed) value for the unknown wavelength. 

Three main results can be reported so far: first, when increasing the number of known input 
wavelengths and heating voltages in the initial calibration the measured wavelengths 
become increasingly more precise; second, we demonstrate for the first time the long-term 
reproducibility of such a wavelength meter (here up to one week); third, we observe that the 
displayed output wavelength does not change when deliberately changing the ambient 
temperature up to several degrees. The latter result shows that the readout provides 
temperature-immune operation of the wavelength meter, which makes a precise 
temperature stabilization or re-calibration after temperature change obsolete.  

mailto:c.taballione@utwente.nl


 

The current wavelength range of operation spans one free spectral range (FSR) of the MRR 
of 4 nm with a high spectral resolution of ~75 pm. An extension of the FSR is possible via 
exploiting waveguide birefringence of the MRR or using sequential resonators, e.g., in a 
Vernier fashion. 
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Fig. 1 Schematic setup for calibrating and characterizing the wavelength meter. 
Current measurements are carried out with resonators having moderate quality 
factors (Q~1000). The shown resonator circuit has been fabricated for higher Q-
values (~ 1 million). The light path through on the resonators is shown in red (other 
waveguides shown in blue). Electric microwires (green) are used for resistive heating 
via a voltage, V, as control parameter.   
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From optical computing to data storage, from bio-sensing to quantum applications, 
integrated photonic nano-structures in waveguides are widely used. However, an ideal 
platform is still to be found to provide, at the same time, an easy fabrication, a low power 
consumption, low losses, and wavelength scalable devices. A promising solution is 
presented here. 

More than forty years ago the concept of strip-loaded waveguides was proposed by 
Furuta et al. [1]. It consists of a slab waveguide and a lower refractive index material 
deposited on top of it. The top layer is patterned in order to create an effective index 
increase providing lateral confinement for the guided light. Such a channel waveguide 
enables low-loss waveguiding with many materials. In 2004, Almeida et al. impacted 
integrated optics by proposing the idea of a waveguide where light is mostly confined in 
a low index sub-wavelength gap: the slot waveguide [2]. Since then, tremendous efforts 
have been put on research in this field to push integration to its limit.   

Both of the above mentioned waveguides have unique properties that researcher are 
seeking in integrated optics: the quasi-independence of the substrate and the low 
propagation losses of the strip-loaded waveguide, and the huge light confinement of the 
slot waveguide. Unfortunately, both have drawbacks that restrain their applications. A 
strip-loaded waveguide has a low refractive index contrast, and the slot waveguide is 
usually highly lossy. 

We present here a novel waveguide type combining the advantages of the two structures, 
while minimizing their negative aspects: the strip-loaded horizontal slot waveguide [3]. 
Two rails of a high refractive index are separated by a few tens of nanometers thin layer 
of a low refractive index medium. This slab structure provides vertical confinement of 
light. All the materials are atomic layer deposited ensuring minimal roughness at the 
media interfaces. On top of the multilayer a strip is created using a polymer electron 
beam resist to provide a lateral confinement. A schematic of the structure is presented in 
Fig. 1a).  
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Such a channel waveguide enables localization of the quasi-TM fundamental mode, see 
Fig. 1b), far enough under the surface to yield a negligible effect of the surface roughness. 
This results in very low scattering losses. The loading strip can be pattern with any 
geometry leading to a possibility for a variety of functions, e.g., filters and cavities. 

A first experimental demonstration has been done in order to show the response of the 
device at λ = 1550 nm. The high index material is titanium dioxide (nTiO2 = 2.23), the low 
index material is silicon dioxide (nSiO2=1.444), and the strip is made of a homemade 
polymer of refractive index (1.547). The rail width is 215 nm, the slot width is 80 nm, 
and the strip has a thickness of 500 nm and a width of 2 µm.  

An SEM picture of the fabricated structure is shown in Fig. 1c). Figure 1d) is a picture of 
the output optical mode observed with a x40 microscope objective. 

 

Fig. 1. a) sketch of a strip-loaded slot waveguide; b) profile along the vertical direction of 
the fundamental quasi-TM mode; c) SEM picture of the fabricated sample; d) picture of the 

output mode. 

In addition to the demonstration of the existence of the waveguide mode by using several 
experimental techniques, we are also showing the response of a multimode 
interferometer, a ring resonator, and a Y-junction fabricated on this platform. The 
preliminary propagation loss measurements revealed losses as low as 2 ± 2 dB/cm, 
which is rather low compared to other slot waveguide-based structures reported in 
literature. 
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The ever-growing increase in global internet traffic imposes significant challenges in 
data centre (DC) operators equipment manufacturers. These modern DCs utilized 
hundreds of thousands of servers in several hierarchy layers, which require an efficient 
interconnection network that have to be both low-cost and energy-efficient. This is 
precisely where silicon photonics can play a key role. Indeed, Silicon-on insulator (SOI) 
technologies is currently considered as one of the most promising platforms to achieve 
high density levels of integration of photonic devices at low cost, owing to its high-index 
contrast and compatibility with mature complementary metal-oxide semi-conductor 
(CMOS) fabrication process. 
In this paper, we present the design of a compact slow-light modulator in a Mach-
Zehnder configuration. The proposed slow light modulator device exploits the silicon 
free-carriers plasma dispersion effects produced by a reverse-biased vertical PN junction 
in a shallow etched configuration (Fig. 1(a)) [1]. In this configuration, the optical mode 
overlaps the carrier depletion region in an optimized fashion (Fig 1(b)). Additionally, the 
vertical pn junction is defined by the implantation energy with one single lithography 
step rather than using two masks that must be accurately positioned in the middle of the 
waveguide [2] as in laterally/horizontally formed pn junction. This makes our optical 
device cost-effective and more tolerant to potential fabrication variations, with a better 
yield across the processed wafer. The combination a highly efficient pn with the use of 
properly apodized slow-light waveguides will dramatically improve the performance of 
the modulator in terms of footprint and power consumption, making it compatible with 
advanced low power CMOS electronics 

 

Fig. 1 – Fundamental schematics of the slow-light modulator and 2D-cut of the PN junction 

The design of the proposed device consists of several steps. First, we model the phase 
shifter, using ATHENA and ATLAS, respectively process and device simulators by 

a) b) 
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SILVACO. For a complete design and analysis of the structures, finely meshed 3D FDTD 
and plane wave expansion (PWE) simulations have been performed. The PWE 
simulations allow studying the dispersion relation of the periodic structure followed by 
3D FDTD in order to obtain the transmission spectra. The studied structure feature the 
following parameters: period (a=230 nm), we=400nm, wi=1000nm, h=70nm and 
H=150nm (Fig.1(a)). The use of slow light will increase the efficiency [5] proportionally 
to the slow down factor which is given by the ratio between the group index of the optical 
mode in the normal “fast-light” regime (ng ~3.64) and the slow-light “Bloch-mode” 
propagating with a moderately high group index (ng~10-20). As a result, we obtain an 
enhancement factor ranging from 2.75 to 5.5. When translated in terms of efficiency, the 
figure of merit drops by the same factor, reaching record values below 0.1V*cm. 

 

Fig. 2 – (a) Pictures of the tapered fast-to-slow-light transitions. (b) Spectral outputs of the three 
different tapers with apodization functions and corrugated waveguide (as reference). 

The main issue linked with slow-light propagation is the coupling between light 
travelling in a standard single mode silicon waveguide and the periodic one. A major 
issue when dealing with slow light propagation is finding a way to achieve a gradual 
transition from the fundamental waveguide mode to the slow light mode of the periodic 
waveguide. To overcome this issue, the use of tapers and/or apodization technique is 
mandatory. Here, we designed and simulated three preliminary different apodization 
schemes to ensure smooth fast-to-slow light transitions (Fig. 2(a)). The resulting spectra 
are shown in Fig. 2(b). We can observe a clear improvement can be seen on the fast-to-
slow transitions for the three apodization schemes when compared with the untapered 
corrugated waveguide. Further designs are under development implementing 
algorithms such as “Particle Swarm Optimization” and “Convex Optimization”. 
In conclusion, we have shown the promising use of slow light a means to enhance 
dramatically the efficiency of carrier depletion modulator with optimized apodization 
schemes to minimize the loss penalty produced by the fast-to-slow light transitions 
making slow light modulators readily compatible with advanced low power CMOS 
electronics.  

Funding: H2020-ICT-2015, n° 688544, "L3MATRIX". Spanish Funding from "Comunitat 
Valenciana" under Grisolia Program. 

References 
[1] A. Brimont, et al, "High speed silicon electro-optical modulators enhanced via slow light 

propagation," Opt. Express  19, 20876-20885 (2011). 
[2] Brimont, A., et al. "Compact and efficient silicon 2×2 switches based on a reverse biased 

vertical pn junction." Group IV Photonics (GFP), 2014 IEEE, vol., no., pp.159-160, 27-29 Aug. 

a) 
  

  

b) 



 

 

1 9 t h  E U R O P E A N  C O N F E R E N C E  O N  I N T E G R A T E D  O P T I C S  1 

High-Q Al2O3 Microring Resonator for Sensing 

Applications 

Michiel DE GOEDE1*, Meindert DIJKSTRA, Sonia GARCÍA BLANCO 

1 Optical Sciences Group, MESA+ Institute for Nanotechnology, University of Twente, 
P.O. Box 217, 7500 AE Enschede, The Netherlands 

* m.degoede@utwente.nl 

Waveguide based microring resonators (MRRs) are particularly suitable for on-chip 
integrated optical sensors. Their spectra contain resonance notches that shift due to the 
probing of the evanescent modal field of local dielectric variations. Sensors based on this 
shift have already been reported in the Si, Si3N4 and SiON technologies [1—3]. The Al2O3 
technology has the prospect of very high quality (Q) factors due to its low propagation 
loss [4]. Furthermore, doping it with rare-earth ions enables the realization of on-chip 
laser based sensors for ease of detection [4].  Here, a high Q Al2O3 waveguide MRR sensor 
is presented as alternative to the traditional MRR technologies with the prospect of 
developing lasing-based Al2O3 MRR sensors.  

 

Fig. 1. (A), Optical microscope image of the MRR. Scale bar is 50 μm. (B), Close up of the 
MRR. Scale bar is 20 μm. (C), Transmission spectrum of the MRR. (D), Resonance with fit. 
(E), Spectral shift of resonance notch due to stage temperature. (F), Slope sensitivity of 

temperature sensing. (G), Slope sensitivity of refractive index sensing. 

Geometrical parameters of the Al2O3 MRR were designed and then transferred to 
fabricated devices. The design was based on finite difference calculations of the modal 
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field profiles of the bus and ring waveguides. For operation at 1550 nm optimized 
geometrical parameters are a radius of 150 μm, a coupling gap of 0.8 μm and a 
waveguide width and height of 2.4 μm and 0.7 μm respectively.  The fabrication starts 
with the sputter deposition of Al2O3 onto a thermally oxidized (8 μm) silicon wafer. The 
waveguides are then defined by UV-lithography and reactive ion etching. A shadow 
mask is then used to locally deposit a PECVD-SiO2 everywhere apart from the MRRs, 
leaving them exposed to the environment. The MRR is shown in Figures 1 A and B.  

The MRR sensor was characterized by transmission measurements with a tunable laser 
in the C-band. Figure 1 C shows a typical spectrum containing the resonance notches. By 
fitting these resonances with a Lorentzian function their resonance wavelength λ0 and Q 
factor can be determined. In the case of TE-polarized light a Q of 2.1e5 is obtained in the 
C-band. This corresponds with a finesse F=204 and a propagation loss α=0.9 dB/cm. By 
varying the temperature of the stage, a shift of the resonance wavelength is induced, as 
shown in Figure 1 E. For the case of variations in the stage temperature, T, a slope 
sensitivity of ST=10.2 pm/K was achieved for TE-polarized light, as shown in Figure 1 F. 
With a standard deviation in the determination of  λ0  of 0.5 pm this corresponds to a limit 
of detection LOD= 0.15 K. 

The transmission experiment was repeated by immersing the MRR in a water droplet. 
Higher propagation losses are now obtained due to the combined effect of absorption of 
light by the H2O cladding together with a higher coupling loss due to the reduced 
refractive index contrast of the MRR and the cladding, both resulting in a reduced Q. For 
TE-polarized light the Q drops down to 51e3, corresponding with a F=50 and α=4.5 
dB/cm. For TM-polarized the effect is even more dramatic due to the mode being less 
confined in the waveguide and results in a Q=33e3, F=32 and α=7.7 dB/cm. By dissolving 
NaCl in water the refractive index of the solution changes by 0.0018 RIU/%wt of NaCl, 
resulting in a resonance wavelength shift. Solutions were prepared with NaCl weight 
variations up to 4%, corresponding with a water refractive index variation of 0.007 RIU. 
The solutions were then placed on top of the MRR while monitoring λ0  for both TE- and 
TM-polarization. Figure 1 G shows the slope sensitivity Sn for a variation of bulk cladding 
refractive index n. For TE-polarized light Sn=70 nm/RIU and for TM-polarized light 
Sn=110 nm/RIU. With a standard deviation in the determination of  λ0  of 0.5 pm this 
corresponds to a LOD of 2.2e-5 RIU and 1.4e-5 for TE and TM-polarized light respectively.  

In conclusion, a high Q Al2O3 MRR bulk refractive index and temperature sensor was 
presented with Sn=110 nm/RIU together with a LOD=1.4e-5 for TM-polarized light.  
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Inertial measurement unit (IMU) is an essential part of modern aircrafts, drones 
spacecrafts, ships, missiles and others. A typical IMU comprises a set of accelerometers 
and gyroscopes providing signals which enable accurate and reliable navigation. The 
application determines detailed requirements, however in any case high speed and 
accuracy, compact and robust design combined with low power consumption are 
strongly demanded. Optical gyroscopes, either interferometric or ring laser based 
devices, seem to be the most suitable for these applications. However, so far an 
integrated optical gyroscope has not been implemented on the market [1]. In our 
previous paper [2] we demonstrated the initial results of our research on multi-mode 
integrated ring lasers for gyro application, while in this work we present a system, based 
on a single-frequency integrated ring laser, which could be used as an optical gyro sensor. 

 

Fig. 1. Schematic diagram of the single-frequency integrated ring laser. 

The scheme of the integrated ring laser is shown in Fig. 1. It comprises two 
semiconductor optical amplifiers (SOA, l = 750 µm) connected with each other by deeply 
etched waveguides forming a ring. A 1×4 arrayed waveguide grating (AWG, λc = 1550 nm, 
Δλ = 1.6 nm, FSR = 12.8 nm) is used as an intra-cavity wavelength filter in order to force 
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the laser to operate on a single frequency. The top-left coupler (an 85:15 MMI) is used to 
tap the signal out of the laser cavity for characterization purposes. The two lower MMI 
couplers and two photodiodes (PD 2A and 2B) are used for detection of the wavelength 
split under rotation of the sensor. Fig. 2. presents the mask layout of the designed 
photonic circuit. The chip was fabricated in the generic process of SMART Photonics [3]. 

 

Fig. 2. The mask layout of the photonic chip (dimensions 4.6 × 0.8 mm). 

The fabricated chip was initially characterized. Fig. 3. presents LI characteristics of the 
ring laser measured with a power meter at the chip output (counter-clockwise, CCW) and 
on-chip by reading the photocurrent on PD 0 (clockwise, CW). The threshold current is 
around 24 mA. The power of the CW and CCW modes is similar up to around 30 mA. For 
higher currents the CCW mode dominates. This phenomenon is similar to the results 
obtained in [4] for an AlGaAs ring laser, where also domination of one mode for higher 
supply currents was reported. 

Fig. 3. presents also the output spectrum of the laser, measured while powering the SOAs 
with 70 mA, with a clearly visible singly frequency. The side mode corresponds to an 
adjacent AWG free spectral range, the side mode suppression ratio is as good as 52 dB. 

  

Fig. 3. Measured LI characteristics of CW and CCW signals and recorded output spectrum of 
the CCW signal. 
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Abstract: Sensitivity analysis method is applied to the Mach-Zehnder interferometer filter to 
assess how the fabrication processes variations of some geometrical parameters can influence 
the performance of the photonics devices. 

1. Introduction: Manufacturing variations are becoming an unavoidable issue in modern 
fabrication processes, because can have a strong effect on the functionality of the fabricated 
circuits, limiting the sustainable complexity and hampering the possibility to achieve high yield 
of the fabrication processes. Therefore, it is crucial to be able to include stochastic uncertainties 
in the design phase [1]. Sensitivity analysis techniques [2] are hence of fundamental 
importance for the identification of the uncertain parameters (e.g. waveguide width, doping 
level, height of the layers) that have the greatest influence on the overall circuit performance. 
Typically, these techniques are adopted to screen the whole range of uncertain parameters, 
with the aim to isolate the subset which has the strongest effect on the outputs, thus reducing 
the number of parameters that should be more carefully investigated to maximize the number 
of fabricated devices fulfilling design specifications [3]. The most common sensitivity 
techniques proposed in literature include the elementary effect test (Morris method) and 
variance based sensitivity analysis (Sobol). In this paper we focus on Morris method to analyse 
the behaviour of complex photonic circuits subject to fabrication uncertainties. In particular, 
we exploit the method of Morris to evaluate the variability of the 3-dB bandwidth of a seventh 
order Mach-Zehnder interferometer filter exposed to random fluctuations of the waveguide 
width and the gap of coupling regions. 

2. Theoretical background:  Morris method [4], is based on the computation of differential 
metrics, called elementary effects, evaluated on a statistical basis on the whole space of 
variation of the input parameters of an assigned model. Being f(x) the model whose sensitivity 
needs to be assessed, for a given vector of uncertain parameters 𝑥 belonging to sample space 

Ω, the elementary effect 𝐸𝐸𝑖  of the input factor 𝑥𝑖  on 𝑓 is defined as the incremental ratio:  

𝐸𝐸𝑖(𝑥) =
𝑓(𝑥1, 𝑥2, … , 𝑥𝑖 + ∆𝑥𝑖 , … , 𝑥𝑘) − 𝑓(𝑥1, 𝑥2, … , 𝑥𝑖 , … , 𝑥𝑘)

∆𝑥𝑖

. (1) 

The statistical parameters (mean and variance) of elementary effects 𝐸𝐸𝑖  provides a direct 
measure of the influence of the factor 𝑥𝑖on the output function 𝑓. In particular, a high value for 
the mean indicates that the considered parameter has an important overall influence on the 
output function 𝑓. 

3. Sensitivity analysis of a seventh-order Mach-Zehnder interferometer filter: The goal is 
to measure the impact of the random variation of the waveguide width and gap of coupling 
regions on the 3- dB bandwidth of a seventh-order MZI filter. The designed MZI filter has  3-dB 
bandwidth of 𝐵𝑊0 = 27.5𝐺𝐻𝑧 and the corresponding coupling coefficients for the eight 
directional couplers are 𝐾1 = 𝐾8 = 0.9914, 𝐾2 = 𝐾7 =  0.0004, 𝐾3 = 𝐾6 = 0.0690 and 𝐾4 =
𝐾5 = 0.3489. This value provided an in-band isolation of 20 dB.  All the seven stages have the 
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same imbalance length of 134.3𝜇𝑚 and the same  effective index 𝑛𝑒𝑓𝑓 = 2.23  (SOI technology) 

with nominal waveguide width of 𝑊𝑖 = 407.7𝑛𝑚. The nominal gap in eight coupling regions of 
coupler is 𝑔𝑖 = 0.3𝜇𝑚 . The free spectral range of the design is 100𝐺𝐻𝑧. Fig. 1a shows the 
transfer function of the filter based on Mach-Zehnder interferometer at bar and cross ports. In 
the described test case, random process variations are represented by noise applied to the 
relevant parameters of the filter, that is to the waveguides width and gap of the coupling 
regions of MZI filter. The vector [ 𝑊̃1 𝑊̃2 𝑊̃3 𝑊̃4 𝑊̃5 𝑊̃6 𝑊̃7 𝑔̃1 𝑔̃2 𝑔̃3 𝑔̃4 𝑔̃5 𝑔̃6 𝑔̃7 𝑔̃8]  of the random 
parameters represents the process variation variables that are assumed to be Gaussian 
distributed with µ𝑤𝑖𝑑𝑡ℎ = 407.7𝑛𝑚, µ𝑔 = 0.3µ𝑚 , 𝜎𝑊 = 30𝑝𝑚 and 𝜎𝑔 = 1𝑛𝑚. The considered 

fabrication process variation can heavily affect the performance of the circuit, as shown in Fig 
1a with thin grey lines. The 3-dB passband have large fluctuation (see Fig. 1b) even under 
relatively small process variations. Hence, our goal is to assess the dependence of 3–dB filter 
bandwidth on waveguides width and gap of coupling regions of coupler and to find the most 
influential random input parameter which is contributing to the output variability. The 
obtained results for Morris sensitivity analysis with 𝑟 × (𝑀 + 1) (where 𝑟 is number of finite 
differences and 𝑀 is number uncertain input parameters) model evaluations (where 𝑟 = 1000 
and 𝑀 = 15)  are presented in Fig. 1c, which shows the mean µ∗ versus the standard deviation 
of the elementary effects for 3-dB bandwidth of filter as a function of the random waveguides 
width and gap of coupling regions. Result obtained for analysis took around 4-5 minutes 
(16000 samples) with computational speed of core i7 (2.4 GHz) with 16 GB ram. The circles in 
the Fig. 1c shows the impact of each waveguide width and the gaps of coupling region in 
defining bandwidth of filter while squares are the 95% confidence bounds of the 
corresponding circles. The more a point is placed on the right of the horizontal axis, the more 
influential is the factor. The higher up a point is along the vertical axis, the larger is its degree 
of interactions with other factors. By observing Fig. 1(c), it is possible to conclude that for 
defining the bandwidth of filter, the waveguide width is more important than the gap of 
coupling region for a given variations of 1 𝑛𝑚 for the gaps and 30 𝑝𝑚 for waveguide width.  

   
Figure 1:(a) Transfer functions of the bar and cross port of nominal design when fabrication variations is applied 
on the waveguide width and gap of coupling regions (grey thin lines). (b) Probability density function of the 3-
dB bandwidth of the filter. Nominal bandwidth is 27.5 GHz. (c) Result of the Morris sensitivity analysis 
performed on the 3-dB bandwidth of the filter. Horizontal axis shows absolute mean (µ∗) of elementary effects. 
Vertical axis shows the standard deviation of elementary effects. 

4. Conclusion: Sensitivity of the filter bandwidth has been analysed and the most influential 
random input parameter (waveguide width) have been identified. The discussed techniques 
can be easily extended to take into account also the influence of other parameters on the 
different responses of the investigated devices. 
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Optical switches base on electrostatic movable micro-mirrors have been developed 
since nineties of the last century for their low power consumption and high optical 
performance [1]. As nano-fabrication technology advances, it is recently possible to 
build optical switches with other optical devices on a single chip. To reach higher level 
of integration, moving waveguides rather than mirrors to steer light is a better option 
since it involves less free-space alignment. Several works have been done in this 
direction in the recent years [2-4]. However, most of these devices require a high 
actuation voltage from 14V to 50V and the switching frequency is below 1MHz, which 
limit their diversity in application.     

We propose a nano-opto-electro-mechanical switch based on three-dimensional four-
waveguide directional coupler. Compared to most mechanical actuating optical 
switches, the actuation voltage of this novel device is small (3V). Thanks to the compact 
footprint, the natural mechanical frequency is above 1MHz range, allowing a fast 
switching speed. 

 

Fig. 1. (a) A simplified illustration of the switch. (b) Cross-state. (c) Bus-state. 

The proposed switch is based on a directional coupler composed of four waveguides, 
with two of which are suspended. By inducing voltage bias, the two suspended 
waveguides can be actuated vertically, changing the state of switch between cross-state 
and bus-state, as showed in Fig.1(b) and (c). 

The mechanism of our device can be depicted in the frame of coupled mode theory. 
Considering four identical waveguides arranged in the way described above, neglecting 
the diagonal coupling, the system can be depicted in Eq.1.  

d

dx
[

b1(x)

b2(x)
a1(x)

a2(x)

] = −i [

β κh

κh β
 κv1 0

0 κv2

 κv1 0
0 κv2

β κh

κh β

] [

b1(x)

b2(x)
a1(x)

a2(x)

]                             (1) 

The solution of Eq.1 needs to satisfy |b2(L)|2 = 1 and |a1(L)|2 = |a2(L)|2 = |b1(L)|2 =
0  for the cross-state. By putting the solution into cross-state condition, we get Eq.2, 
which tells us the device length and coupling rates required by the state.  
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2 

{
𝜅𝑣1 = 𝜅𝑣2 = 2𝑙𝜅ℎ            𝑙 = 1,2,3 …

𝐿 = (2𝑚 + 1)
𝜋

2𝜅ℎ
        𝑚 = 0,1,2 …    (2) 

The solution of Eq.1 needs to satisfy |b1(L)|2 = 1 and |a1(L)|2 = |a2(L)|2 = |b2(L)|2 =
0 for the bus-state. By putting the solution into this condition, we get Eq.3, which tells 
us the coupling rates required by the bus-state. 

{
𝜅𝑣1 = (2𝑝 ± √4(2𝑛 − 1)2 − 1) 𝜅ℎ            𝑝 = 2,3,4 … ;  𝑛 = 1,2,3 …

𝜅𝑣2 = (2𝑝 ∓ √4(2𝑛 − 1)2 − 1) 𝜅ℎ            𝑝 = 2,3,4 … ;  𝑛 = 1,2,3 …
  (3) 

The coupling rates can be related to vertical distances between waveguides after 

calibration. To demonstrate the concept, we build a FDTD model with following 

parameters. The length of the device is 25 µm. The width and thickness of the bottom 

waveguides are 370 nm and 220 nm. Initial vertical distance between waveguides is 

220 nm. Suspended waveguides are 15 nm thicker to compensate the substrate effect. 

The material of waveguide is assumed to be silicon and the bottom waveguides sit on 

silica substrate.   

Fig.2(a) shows the transmission evolution during actuating the device from cross-state 

to bus-state, given by FDTD simulations. The bandwidth of the switch is showed in 

Fig.2(b).  

 

Fig. 2. (a) Simulated transmission characteristics as a function of the displacement of right 
suspended waveguide, with the displacement of left one fixed at 5 nm. (b) Simulated 

spectral response of Cross-state (solid line) and Bus-state (dashed line) 

FEM simulations show that the actuation voltage of our design can be as low as 3.25V, 
thanks to the small displacement requirement compared to other designs [2-4]. The 
natural mechanical resonant frequency of the device is 1.29 MHz, which is also the 
highest among reported designs. The energy needed by each swithing operation is 

given by Es =
ε0AVs

2

d−z
, which is only 85 fJ here. 
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Microring resonators (MRRs) find many applications for on-chip integrated optical 
sensors. Their operation is based on the spectral shift of resonance notches due to the 
probing of the evanescent modal field of local dielectric variations. MRR sensors are 
sensitive to any environmental perturbations, including temperature fluctuations and 
bulk refractive index variations, making it difficult to de-embed these from the actual 
analyte signal. By using a double MRR and by recording the differential spectral shift of 
the resonance notches of both a signal and a reference MRR the effect of the environment 
can be minimized [1]. Here, an Al2O3 double MRR with high quality factor Q=1.5e5 is 
demonstrated that is insensitive to both temperature and bulk refractive index changes. 
This system can be used for self-referenced and stable biosensing applications by 
functionalizing one of the two MRRs. Then, a change in differential resonance wavelength 
shift arises only due to the attachment of analytes to the sensing MRR surface, 
eliminating the environmental variations. 

 

Fig. 1. (A), Optical microscope image of the double MRR indicating the MRR radii. Scale bar 
is 100 μm. (B), Close up of a MRR. Scale bar is 20 μm. (C), Transmission spectrum of the 
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double MRR. (D), Double resonance with fit. (E), Spectral shift of the double resonance due 
to stage temperature. (F), Slope sensitivity of double resonance for temperature 

variations. (G), Slope sensitivity of double resonance for refractive index sensing. 

To measure the differential wavelength shift of the resonances of two MRRs in series 
two MRRs with radii of 200 μm and 240 μm were connected to the same bus 
waveguide. The ration between their radii was chosen to ensure that the free spectral 
range of the double MRR device (FSR2MRR) is smaller than the spectral length of the C-
band and that multiple closely spaced resonances will be present. Optimized 
geometrical parameters of the device are a waveguide width and height of 2.4 μm and 
0.7 μm respectively, together with a coupling gap of 0.8 μm. Fabrication was done by 
the method described by [2] and the resulting device is shown in Figures 1 A and B.   

The double MRR device was characterized by transmission measurements with a tunable 
laser for TE-polarized light in the C-band, as shown in Figure 1 C. By fitting a double 
resonance with a double Lorentzian function the location of the resonance wavelengths 
λ0 and the corresponding Q factor can be determined, as shown in Figure 1 D. For an air 
cladding both the MRRs have a Q=1.5e5, corresponding with a finesse F=100 and 
propagation loss α=1.4 dB/cm. Using H2O as cladding gives extra water absorption losses 
and results in Q=40e3, F=26 and α=6 dB/cm.  

Self-referenced sensor operation is demonstrated by varying an external parameter 
while monitoring the difference of the λ0’s of two closely spaced resonances of the double 
MRR device. By varying the temperature of the stage the location of both resonances 
shifts, as shown in Figure 1 E. Figure 1 F shows the positions λ0  of both MRRs together 
with their difference. It was found that the two MRRs have a slope sensitivity of 12 pm/K 
and 11.5 pm/K respectively, yielding in a slope of the differential spectral shift of 
0.5 pm/K. A similar self-referenced experiment was repeated by keeping the 
temperature fixed with a precision of  0.05 K and by adding H2O droplets of varying NaCl 
concentration, and thus bulk cladding refractive index, on top of the double MRR device. 
The shifts in λ0 of both MRRs are shown in Figure 1 G. Slope sensitivities of respectively 
77.4 nm/RIU and 77.0 nm/RIU were found for the two MRRs. Again, the small difference 
between these two slopes effectively cancels the response of the differential resonance 
wavelength of the double MRR device within 0.4 nm/RIU. 

In conclusion, a double MRR was reported that operates self-referenced and stable under 
environmental perturbations, namely, temperature and bulk refractive index. 
Temperature and refractive index variations were effectively eliminated. Using this 
result, next steps involve the functionalization of one of the two MRRs such that analytes 
can only attach to a single MRR. Then, the self-referenced sensor operation can be used 
to demonstrate ultra-stable surface sensing for the detection of biomarkers. 
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We	 report	 the	 simulation	 and	 implementation	 of	 an	 optical	 chirp	modulation	 system	 for	
interferometric	 optical	 waveguides	 operating	 in	 the	 visible	 range	 to	 explore	 the	 sensor	
response	to	different	wavelengths	in	order	to	ensure	the	maximum	sensitivity.		

Optical	 interferometers	 are	 powerful	 and	 sensitive	 tools	 for	 detecting	 small	 changes	 at	
nanometric	 scale.	 When	 working	 as	 biosensor	 devices	 they	 can	 provide	 the	 highest	
sensitivities	 for	 real-time	 and	 label-free	 biomolecular	 detection,	 without	 the	 need	 of	
additional	 amplification	 steps.	 Our	 group	 proposed	 a	 Bimodal	Waveguide	 Interferometer		
(BiMW)	as	a	high	performance	biosensor,	which	is	an	elegant,	robust,	simple	yet	powerful	
and	sensitive	device	[1]–[3].	Nonetheless,	due	to	the	nature	of	the	interferometric	signals,	
sensitivity	 fades	 or	 signal	 ambiguities	 can	 be	 present.	 To	 overcome	 such	 difficulties	 we	
proposed	 an	 all-optical	 phase	 modulation	 [4].	 However,	 this	 technique	 required	 the	
individual	 analysis	 of	 the	 visibility	 (signal	 amplitude)	 inherent	 to	 each	 BiMW	 sensor,	
previously	to	any	experiment,	in	order	to	ensure	that	we	can	get	the	maximum	sensitivity.		
As	a	replacement,	we	propose	a	chirp	modulation	as	an	exploratory	mechanism	previous	to	
the	detection.		

Some	Fabry-Perot	laser	diodes	(LD)	can	exhibit	the	defect	of	wavelength	excursions	of	a	few	
nanometers	as	a	function	of	the	variation	of	the	injected	power	current.	Thus,	while	varying	
(modulating)	 the	 LD	 current	 we	 can	 obtain	 a	 wavelength	 and	 intensity	 sweep.	 Each	
wavelength	will	 have	 a	 different	 propagation	 constant	 and	 effective	 index	 thus,	 some	 of	
them	will	be	in	the	maximum	sensitivity	position.	In	the	case	of	the	bimodal	interferometer,	
the	interferometric	signal	is	obtained	from	the	variation	of	the	phase	difference	of	the	two	
modes.	Since	the	first	order	mode	has	a	larger	evanescent	tail,	 it	will	be	more	affected	by	
changes	occurring	 in	 the	sensing	area.	The	changes	of	 intensity	distribution	at	 the	output	
can	be	related	to	the	variations	occurring	 in	the	sensing	area.	By	placing	a	two	quadrants	
photodiode,	the	output	intensities	can	be	used	to	recreate	the	interferometric	signal:	



Sr	 =	 (Iup	–	 Idown)/(Iup	 +	 Idown),	where	 Iup	 and	 Idown	 are	 the	 light	 intensities	 in	 the	 upper	 and	
lower	 photodiode	 quadrant,	 respectively.	 For	 a	 constant	wavelength,	 the	 interferometric	
signal	is	related	to	the	phase	change	∆𝜑 𝑡 	by	𝑆𝑟 ∝  𝑉𝑐𝑜𝑠 ∆𝜑 𝑡 , where	V	is	the	visibility	
factor	 or	 fringe	 amplitude.	 The	 interferometric	 phase	 change	 as	 a	 function	of	 the	 optical	
wavelength	λ	is	given	by:	

	 ∆𝜑!(𝜆) =
!!"
!

(𝑁! − 𝑁!) 	 (1)	

where	 L	 is	 the	 length	 of	 the	 waveguide	 and	 NS	 and	 NR	 are	 the	 effective	 index	 of	 the	
fundamental	and	first	order	mode	of	the	BiMW.	We	start	simulating	the	intensity	response	
to	wavelengths	variations	of	1	nm	in	steps	of	0.5	nm	using	numerical	and	scientific	python	
libraries.	Figure	1a	shows	the	simulated	intensity	response	of	a	BiMW	device	as	a	function	
of	different	laser	wavelengths	and	optical	path	length.	

a) b)		 	

Fig.	1.	Example	of	a	simulated	(a)	and	experimental	(b)	BiMW	response	for	small	wavelengths	
variations.	

Using	an	experimental	approach,	different	signal	waveforms,	amplitudes	and	offsets	were	
evaluated	modulating	the	LD	current	until	finding	the	suitable	ones	for	the	BiMW	devices.	
Because	 the	 biomolecular	 interactions	 taking	 place	 in	 the	 sensing	 area	 are	 slow	 (in	 the	
order	of	seconds),	we	can	use	slow	modulation	frequencies	(1-100	Hz).	The	algorithm	was	
implemented	in	LabView,	modulating	a	Mitsubishi	ML101J27	LD	and	using	a	Hamamatsu	-	
S4349	Photodiode	with	micrometric	positioning	 to	obtain	 the	 signal.	 Figure	1b	 shows	 the	
response	for	a	 laser	current	sweep	when	having	a	constant	refractive	index	in	the	sensing	
area.	The	micrometric	positioning	can	help	us	to	ensure	a	symmetric	placement	of	the	read-
out	 photodiode	 thus	 obtaining	 an	 interferometric	 signal	 centred	 and	 ensuring	 the	
maximum	sensitivity.	
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InGaAsP lattice-matched to InP is widely used for optoelectronic components such as 
lasers, detectors and modulators. For the design of these devices, knowledge of 
refractive index is critical. While it has been well described up to 1.55 µm1-4, only one 
publication offers its measurement at longer wavelengths5, with limited precision. We 
have performed an accurate characterization of the refractive index up to 3.14 µm, 
lengthening the wavelength range and offering a significant increase in precision. This 
data is exploited to design a tunable source in the mid-IR range, through spontaneous 
downconversion (SPDC) of a laser beam at 1.55 µm.  

 

Figure 1. Determination of refractive index and thickness of an InGaAsP slab on InP at a 
wavelength of 1.55 µm. This figure shows the mean difference between calculated and 

measured effective indices. Area width gives an estimation of the error. 

In the index measurement, we point a laser onto an InGaAsP slab waveguide covered by 
an integrated Bragg grating and mounted on a rotating stage. Light couples in at 
discrete values corresponding to the effective indices of guided modes.  Since these 
effective indices are a function of both refractive index and thickness of the slab, it is 
necessary to measure more than one mode in order to lift the ambiguity. Fig. 1 shows 
the average difference between the measured and expected effective indices for a given 
slab thickness and index. Taking all uncertainties into account, we achieve a precision 
of 10-3 on the material index.  

mailto:*giuseppe.leo@univ-paris-diderot.fr


Index data is used to design a monolithic widely tunable source around 3 µm, by 
internal SPDC in a laser diode. The device consists of an InGaAsP/InP quantum-dash 
laser emitting at 1.55 µm, in which the laser field acts as a pump for intracavity SPDC 
towards a signal and idler around 3.11 µm. To compensate for the material dispersion, 
the index profile is tailored to ensure that the laser will emit on a higher-order mode of 
the waveguide. We show that the ridge width provides a useful parameter to reach 
phase matching despite the fabrication tolerances associated to epitaxy. The effective-
index mismatch that must be set to 0 to achieve an efficient conversion is equal to   

 ∆𝑛 = 𝑛𝑇𝐸2(𝜆𝑝𝑢𝑚𝑝) − [𝑛𝑇𝐸0(𝜆𝑠𝑖𝑔𝑛𝑎𝑙) + 𝑛𝑇𝑀0(𝜆𝑖𝑑𝑙𝑒𝑟)]/2  (1)

 

Figure 2. Effective-index mismatch as a function of ridge width and pump wavelength 

As is apparent in Fig. 2, a shift of the wavelength satisfying phase matching at 
degeneracy can be readily compensated by a choice of a different ridge width, at the 
end of fabrication. Additionally, the signal and idler wavelengths can be widely 
modified outside of degeneracy by modifying the temperature during operation. The 
expected efficiency of this device is 240 % W-1 cm-2. 
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The dynamically developing market of modern fiber-optic access networks calls for high-
speed, multi-channel photonic transmitters and receivers, technologically suitable for 
volume production at low cost. Such devices can be potentially developed using cutting-
edge photonic integration technologies. At present, one of the major obstacles for broad 
implementation of photonic integrated circuits on the market are packaging constraints, 
especially related to providing many electrical RF interfaces. In this work we 
demonstrate and discuss a concept of hybrid integration of a multi-channel photonic 
integrated transmitter driven by an electronic application specific integrated circuit 
(ASIC). The two circuits will be bonded using a standard flip-chip technology. Such a 
hybrid integration scheme can provide an efficient method of driving multi-channel 
photonic integrated devices at high speed. To the best knowledge of the authors, such a 
concept is presented for the first time. 

  

Fig. 1. The scheme of the four-channel photonic integrated transmitter and the mask 
layout of the photonic chip. 

Fig. 1. presents the scheme of the realized photonic transmitter. It comprises four Fabry-
Perot lasers constructed from a semiconductor optical amplifier and two-port multi-
mode interference reflectors [1]. The lasers use filtered-feedback technique that enables 
single-frequency operation [2]. Filtering is provided by a 1×4 arrayed waveguide grating 
(λc = 1550 nm, Δλ = 3.2 nm) and an MMI reflector. The lasers outputs are connected to 
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Mach-Zehnder modulators. The second AWG, with the same spectral properties as the 
filtering component, multiplexes four digital signals to a single chip output. The chip has 
been designed and fabricated in the generic process of SMART Photonics [3] – the mask 
layout (dimensions 4.6 mm × 4.0 mm) is presented in Fig. 1.  

The application specific integrated circuit has been designed as an electronic driver of 
the photonic transmitter – DC supply for Fabry-Perot laser and digital signals for Mach-
Zehnder modulators. The ASIC consists of three different wideband drivers and biasing 
circuits. It has been implemented and prototyped in the AMS 0.35 µm CMOS technology. 

 
 

Fig. 2. Simplified schematics of: CMOS driver (a), pseudo-differential driver (b), current 
mode logic CML driver (c) and the ASIC chip layout. 

The Mach-Zehnder modulators have two electric inputs, whose input impedance is 
capacitive. Measured capacitance of the modulators is around 4 pF. Fig. 2 shows 
simplified schematics of three different capacitance drivers that were implemented: a 
CMOS driver (a), a pseudo-differential driver (b), and a common mode logic CML [1] 
driver (c). The drivers (a) and (b) provide high output amplitude (rail to rail) and require 
small chip area. In the case of a simple CMOS buffer one of the modulator inputs is biased 
by a constant voltage. The driver (c) allows to achieve a higher bandwidth, but with a 
smaller output swing. To further increase the bandwidth of CML driver the inductive 
peaking technique [5] was used. Simulations show that the (a) and (b) drivers achieve 
1.5 GHz bandwidth and CML drivers bandwidth is around 3 GHz, while driving 5 pF load. 

The layout of the designed ASIC is presented in Error! Reference source not found.. 
The total chip dimensions are 2 mm × 2 mm. Big bonding pads (200 µm × 200 µm) visible 
on both the photonic and microelectronic chip will be used for flip-chip bonding of the 
two devices. Flip-chip technique will help to minimize the parasitic inductance and 
capacitance of the interconnection between ASIC and ASPIC. 
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In photonic label routers, various optical signal processing functions are required, which 
include optical label extraction, recognition of the label, optical switching and buffering 
controlled by signals based on the label information and network routing tables, and label 
rewriting. Among these functions, we focus on photonic label recognition. We have proposed 
two kinds of optical waveguide circuits to recognize 16 quadrature amplitude modulation 
(QAM) codes. 

We consider recognition of the 16QAM code by cascaded connection of two circuits for QPSK 
code recognition. Fig.1 shows a waveguide circuit for QPSK phase recognition circuit (QPRC) 
followed by phase adjustment waveguides [1].  The circuit consists of a 3-dB directional 
coupler, two Y-branches, and an asymmetric X-junction coupler.  First, we consider a 
proposed circuit for recognition from the minimum-output port. Using two-stage 

connection of this QPRC, a proposed circuit for recognition of 16QAM codes from the 
minimum-output port is formed as shown in Fig.2 [2]. The 16QAM coded signal is incident in 
the upper port Ein, whereas a reference signal is incident in the lower port Eref. The circuit 
consists of five QPRCs and an attenuator, a 1:2 divider, and a 1:4 divider. Only one output 
port corresponding to the incident QAM code has minimum output intensity. Thus, the 
incident code can be determined from the minimum-output port.  To increase the contrast 
ratio at the ports, thresholders are required as post processing. 

Next, we consider another circuit as shown in Fig.3(a) [3]. The incident 16QAM code is 
recognized from the maximum-output port. This circuit consists of an input signal part and 
a reference signal part. The input signal part consists of three Y-branches and an attenuator. 
The reference signal part consists of three Y-branches, attenuators, and a 3-dB directional 
coupler. By feeding the output fields to the four QPRCs, sixteen outputs are obtained. Three 
kinds of threshold devices are connected at the output ports of QPRCs 1 and 2, QPRC 3, and 
QPRC 4, respectively. After the thresholders, a logic circuit shown in (b) is required as post 
processing. 

We consider a communication system in 16QAM format to evaluate noise tolerance of the 
proposed recognition circuits. To simulate the communication system, we employed a 

 

 

Fig.1 Optical waveguide circuit (QPRC) 

for recognition of a QPSK phase. 
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Fig.2 Recognition circuit for 16 QAM codes by 
detecting minimum output. 
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simulation software, OptiSystem (Optiwave Systems Inc.). An optical 16 QAM pulse sequence 
at bit rate of R0 = 10 Gb/s and 40 Gb/s corresponding to symbol rate of R0/4 = 2.5 GBaud and 
10 GBaud is generated by pseudo-random bit sequence (PRBS) of 215 -1.  

Fig.4 shows the calculated bit error rate (BER) as a function of optical signal to noise ratio 
(OSNR) of the input 16QAM signal by the minimum-output and maximum-output 
configuration of the 16QAM recognition circuits. Resulted OSNRs for required BER at 1.0x10-

3 are around 14.5 dB and 27.0 dB for the minimum-output and maximum-output 
configurations, respectively, at 2.5GBaud. The required OSNR for recognition by the 
maximum-output configuration is larger by 12.5 dB than that for recognition by the 
minimum-output configuration. Thus, it is concluded that the recognition from the minimum 
output port is much practical. 

This work was supported in part by JSPS KAKENHI (15H06443). 
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(a)                                                                                  (b) 
Fig.3. Recognition circuit for 16QAM codes by detecting maximum output. 
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Fig.4. Simulated BER performance as a function of OSNR. 
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Optical coherence tomography (OCT) is a non-invasive, three-dimensional imaging 
technique that offers close-to-histology-level image quality [1]. In conventional time-
domain (TD)-OCT systems depth scanning is achieved by modifying the relative optical 
path length difference of the reference and the sample arms in a sequential way using 
mechanical scanners. Due to the moving reference mirror TD-OCT systems require an 
inherently long acquisition time. To overcome this problem non-moving part solutions 
have been proposed such however, each solution has its own drawbacks [2-4].  

Integrated optics offers unique solutions for OCT systems. Miniaturized OCT 
systems have recently garnered attention for their high potential in overcoming the size 
and cost issue of the bulky OCT systems. One major advantage of integrated optics is 
that the operation of the existing optical components can be reconfigured by controlling 
the material properties using temperature, voltage, or pressure. Despite this unique 
feature, OCT based on integrated optical components has as yet not utilized it properly. 

In this work, by exploiting the unique features of integrated optics, the design of a 
novel high-speed TD-OCT system based on a non-moving scanning approach is 
presented. Figure 1 is the schematic of the integrated-optics-based multiple-reference 
TD-OCT system in which the micro-chip is outlined by the red dashed-rectangle. For 
ease of understanding the first two levels of the light tapping mechanism are 
demonstrated. Here, a central wavelength of 800 nm, an axial resolution of 20 µm, and a 
depth range of 1 mm are aimed at.  Light coming from a broadband light source will be 
divided into two arms with a 3-dB coupler; half towards the sample, half towards the 
reference arm. There will be several electro-optically-controlled directional couplers 
placed on both sample and reference arms at certain distances. Imaging of different 
depths will be controlled by the additional length increment between consecutive 
reference beams (i.e. a in Fig. 1). According to the Nyquist sampling theorem the step 
size of the beam scanning should not be more than half of the axial resolution, i.e. 10 
µm, which defines the length difference between consecutive reference points as a = 14 
μm for this design.  

The material system is 250 nm thick ion-sliced lithium niobate film on oxidized silicon 

wafer. The oxide thickness is 3 μm. The refractive index of the LN is 2.25 at 800 nm, and its 

electro-optic (EO) coefficient is (r33 ~ 30 pm/V) [5]. Single mode rib waveguides with 0.23 

µm of slab height and 1 µm of waveguide width were designed. For defining the waveguides 

ion-implantation-assisted wet etching is a promising technique as it provides lower 

propagation losses compared to other methods.  

Directional couplers used in this system were designed to act as voltage-controlled 

electro-optic switches with nanosecond switch time. A metallic electrode was placed on one 

of the straight waveguides of the coupler [Fig. 2(a)].  With applied voltage, the effective 

refractive index of the straight waveguide section is locally increased due to electro-optic 

effect which induces a phase difference between coupler arms.  When there is no voltage on 

the electrodes, the lights on both arms will be in phase and the incoming light will be cross-

coupled to the other coupler arm. The tapped lights from both sample and reference arms 

interfere at the beam combiner and directed to an on-chip photodetector. At a certain voltage 

value (i.e. V = 15 Volts for this design, Fig. 2 (b)), a π phase difference is generated between 
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coupler arms which avoids cross-coupling of the light and forwards it to the next stage where 

the next depth point will be imaged. This operation will be performed in a sequential order 

by switching the directional couplers on and off until all depth points are scanned (i.e. N in 

Fig. 1).   

 

Fig. 1.  Schematic of the proposed multiple-reference arm TD-OCT system based on 
integrated optics. The micro-chip is outlined by the red dashed-rectangle.  

 
Fig. 2. (a) The schematic of the electro-optically-controlled directional coupler. (b) The 
amount of cross-coupling of input light at different voltage values for different electrode 
lengths. (c, right) Voltage is OFF, the light will be cross-coupled to the other channel, (c, 
left) For V = 15 Volts, the input light will stay in the same arm.  

In summary, the concept and design of an integrated-optics-based multiple-
reference TD-OCT system in LN-on-silicon platform were introduced. The proposed 
design will not only solve the speed limitation of the TD-OCT systems but also make it a 
widely accessible cheap and rugged point-of-care system.  
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Micromachining with femtosecond (fs) laser can be exploited to monolithically 
integrate optical components and microfluidic channels in pure fused silica substrates, 
due to internal modification of the glass properties that are induced by the laser beam. 
In this paper, the optimization of the fabrication of microfluidic channels, was 
conducted by examining etch rate and surface roughness as a function of the irradiation 
conditions, namely scanning speed, scanning depth, pulse energy, beam polarisation 
and scan lines separation. Moreover, careful positioning of an optical layer relative to 
the microchannel was performed by analysing in real-time the channel etching 
reaction. This latter feature enables precise control of the optical interaction between 
the two structures, which can be of use in optofluidic devices for sensing applications. 

When a fs-laser beam is focused in fused silica, several changes can occur within the 
material, which include increase of the refractive index (RI) with high spatial resolution 
and generation of etching selectivity [1]. The former can be employed to form optical 
waveguides among other more complex devices such as first order Bragg gratings, 
while the latter is used to produce hollow structures after etching the sample in 
hydrofluoric acid (HF). This approach has the benefit of monolithic integration of 
optical and fluidic components and three-dimensional (3D) fabrication, which are of 
significant interest in the production of on-chip optofluidic devices [2].  

To enable coupling with minimal optical losses, the channel must present smooth 
sidewalls, as depicted in Fig. 1a. Such characteristics were obtained by 3D stacking 
multiple laser passes with the following optimal exposure conditions: scanning speed of 
500 μm/s, pulse energy between 60 nJ and 80 nJ, scanning depth between 50 μm and 
150 μm, beam polarisation perpendicular to the scanning direction and scan separation 
along Y of 1 μm and along Z of 2 μm (according to the axial system of Fig. 1a).  The 
fabrication of buried structures is possible, as shown in Fig. 1b, where the HF flows 
through laser written vertical holes that connect the buried channel to the silica 
surface. 

 
Figure 1: (a) optical microscopy image of the channel cross-section, (b) top view image of a 

microfluidic channel adjacent to a Bragg grating waveguide. 

Optical sensing can be accomplished by writing a waveguide, containing a Bragg grating 
(BGW), adjacent to the channel. Efficient optical evanescent interaction with the fluids 
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requires a distance to the channel of less than a couple of microns, which is tough to 
accomplish as the etchant may diffuse into the channel, thereby damaging the device. 
Therefore, the etching reaction needs to be closely monitored in order to control the 
distance between both structures. Figure 2 shows the optical reflection spectra 
obtained during the etching reaction of a microfluidic channel placed parallel to a BGW, 
together with a reference grating placed in another region of the waveguide. Analysis of 
the obtained spectra yielded the following conclusions: (i) as the HF acid fills the 
channel and the gap channel-BGW decreases, the resonant wavelength increases, 
indicating a higher interaction; (ii) when the etchant starts carving into the BGW, the 
reflected peak strength decreases and the reaction has to be stopped. It should be 
noticed that the sensing Bragg grating has two functions: during fabrication it serves as 
an etching monitoring sensor and after as a coarse fluid refractometer (high resolution 
RI sensor can be accomplished if the set is fabricated in the arms of a Mach-Zehnder 
interferometer, for example). 

 
Figure 2: spectrum of the two BGWs (sensing at 1550nm and parallel to the channel, and 

reference grating at 1558nm) during etching at 0, 80 and 135 minutes. (left to right) 

The resonant behaviour of the BGW depends on 
the fluid RI inserted on the channel, as 
demonstrated by the calibration results shown in 
Fig. 3, where a maximum sensitivity of 38 nm/RIU 
at 1.456 at 1550 nm was obtained for the device 
shown in Fig. 1b. Improvements on the device 
configuration can still be made, namely by 
fabricating multiple channels surrounding the 
BGW to further increase coupling between the 
evanescent field and the fluid. Nevertheless, the 
presented etching monitoring methodology 
reveals itself as a new opportunity for the precise 
fabrication of optofluidic devices. 
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Figure 3: Bragg wavelength as a 
function of the fluid refractive index. 
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We report on controlling of the group velocity dispersion in silicon (Si) strip waveguides, 
with refractive index engineered sub-wavelength grating (SWG) metamaterials, covered 
by silicon nitride (Si3N4) layer. This waveguide geometry is utilized for breaking the 
centrosymmetric nature of silicon and opening the route for second-order nonlinearities 
in the silicon-on-insulator technology. We show by calculations that attractive 
waveguide dispersion profiles over a broad spectral range can be flexibly tailored by 
proper control of transversal dimensions and appropriate refractive index engineering. 
Both normal and anomalous dispersion regimes can be obtained, being one important 
parameter for various nonlinear applications in photonics. 
   Waveguide dispersion is an essential characteristic of nanophotonic structures and 
careful control of this property is of critical importance, playing significant role in 
development of photonic components using nonlinear processes [1]. Substantial efforts 
have been put forward in the last years, elaborating various approaches to control the 
group velocity dispersion, both theoretically and experimentally [2-7]. This particularly 
includes changing the transversal dimensions [2], utilizing of slot-assisted geometries 
[3], using conformal dielectric overlayers [4], or adding thin material layers [5,6]. 

 

Fig. 1. GVD profiles of strained Si waveguides with different (a) height – H and width of 700 
nm, (b) widths – W and height of 400 nm. 

   Figure 1 shows calculated profiles of the group velocity dispersion in conventional strip 
Si waveguides, covered by straining Si3N4 layer. By changing the cross-sectional 
dimensions (height x width), it becomes apparent that different dispersion profiles can 
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be obtained and thoroughly engineered. The key ingredient for this is the strong optical 
confinement, making the geometrical dispersion dominates against the intrinsic material 
dispersion. In Fig. 1(a) can be seen that the increase of the waveguide height produces a 
large vertical upshift of dispersion profiles, varying from the normal (~-1000 
ps/(km∙nm)) to the anomalous (~500 ps/(km∙nm)) dispersion behaviors, while keeping 
the trends in the curve shape. On the other hand, by increasing the waveguide width, as 
shown in Fig. 1(b), the peak dispersion is shifted towards the longer wavelengths, and 
the dispersion profiles becomes flatter, i.e. yielding a broader spectral range. This is 
useful for nonlinear applications demanding phase-matching over a large bandwidths. 

 

Fig. 2. (a) 2-D schematics of the SWG waveguide. (b) GVD profiles of the strained 
metamaterial waveguides for different waveguide widths and SWG geometries. 

   In general, the dispersion engineering in metamaterial waveguides presents a 
challenge because of the reduced index contrast between the composite waveguide core 
and the respective claddings, which, in turn, relaxes the mode confinement compared to 
conventional waveguide arrangements. Here, the local engineering of Si and Si3N4 
materials, typically used in CMOS foundries, is advantageously exploited to synthesize 
wide range of optically equivalent metamaterials, with variable properties.  
   In Fig. 2(b) are shown calculated dispersion profiles as a function of wavelength, for 
waveguide cross-sections of 500 nm x 1000 nm and 500 nm x 1500 nm, and different 
longitudinal sub-wavelength grating geometries, i.e. different metamaterial refractive 
indexes. It becomes apparent that relatively low (up to 200 ps/(km∙nm)) and broadband 
(up to ~1000 nm) dispersion profiles are possible to be tailored by using nano-
structuration of Si and Si3N4 at sub-wavelength scale. For the same cross-sectional area 
of the waveguide, the dispersion profiles can be tuned, only by varying the longitudinal 
waveguide dimensions. This way, multitude of virtually identical waveguides, but with 
considerable different and variable optical properties (refractive index, mode profiles, 
and dispersion) can be implemented on the same material platform. 
Acknowledgements: This work was supported by the European Research Council (ERC) 
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Optical transceivers for data center interconnects (DCI) are projected to become a multi-
billion dollar market by the end of this decade [1]. Due to the increasing demand for high 
data rates driven by cloud and mobile applications, next-generation DCIs will not only 
require higher capacity but also an improvement in bandwidth density, power efficiency 
and cost. Following the electronics industry’s example, where a high level of integration 
has provided for these goals, the DCI market may also benefit from integration of optical 
functionality in so called photonic integrated circuits (PIC). In this paper we discuss PIC 
based solutions for DCIs and explore the challenges for deployment of PICs in DCIs. 

DCIs can be categorized into two classes: Intra and inter data center interconnects (see 
figure 1 for a typical data center network architecture). Intra data center interconnects 
link individual switches within data centers with data rates up to 100 Gb/s to form a 
distributed fabric, whereas inter DCIs extend data center fabrics over multiple locations 
featuring amplified multi Tb/s dense wavelength-division multiplexing (DWDM) links 
over a single fiber pair. 

 

Figure 1: A typical data center network architecture. 

Due to the large number of intra DCIs employed in each data center, a significant driver 
in the intra DCI market is cost – a combination, which highly favors integration. 
Traditionally, Indium Phosphide (InP) was the material of choice for PICs due to its 
ability to generate light - a property that is completely absent in silicon. However, silicon 
benefits from mature fabrication processes giving rise to larger scale integration and 
high yield. Nonetheless, both technologies suffer from high insertion loss, which is a 
critical parameter in unamplified intra DCI links, and also from higher power 
consumption compared to fiber coupled VCSELs, rendering PICs an inefficient solution 
at low bandwidths (< 10GHz). However, next-generation standards such as 400G 
Ethernet, which is expected to be ratified by the end of 2017 [2], will require higher line 
rates, potentially exceeding the bandwidth and signal integrity limits of VCSELs, and thus 
a need for PIC technology could be seen. Here, InP has the advantage of slightly lower 
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insertion loss compared to silicon since the laser is monolithically integrated on the PIC 
and does not need to be coupled externally. On the other hand, silicon photonics offers 
co-integration of electronic and photonic circuits, enabling higher density, better RF 
performance and lower cost than competing solutions. In addition, a high level of 
integration facilitates the move to smaller form factors allowing for higher face plate 
density, for instance compared to current QSFP28 devices. 

Inter data center interconnects cover distances of up to several hundred kilometers and 
thus require amplification. Data rates are as high as 400 Gb/s per wavelength, employing 
modulation formats with high spectral efficiency such as 16-QAM. Several data signals 
are multiplexed on a dense wavelength grid with channel spacing down to 50 GHz. Due 
to the increased complexity on both transmitter and detector side required for coherent 
data transmission as compared to direct detection, costs are significantly higher for inter 
DCI transceivers. More sophisticated digital signal processing (DSP) coupled with larger 
footprint dual polarization coherent optics are the main contributors to high cost for this 
application. As a recent report shows, despite only a very low percentage of optical 
integrated components entering the communication market, the revenues generated by 
those components constitute approximately one third of the global market [3]. Contrary 
to the claim that PICs are suitable solutions for high quantity low cost applications, this 
indicates that as of today they are rather high-end products. Technical challenges facing 
PICs in the inter DCI environment are similar to those in the intra DCI space - with the 
exception of insertion loss, which plays a less significant role due to the availability of 
amplification on the transmission line. The increased complexity and tighter operation 
boundaries of coherent optics compared to direct detection requires a higher degree of 
control circuitry, e.g. for stabilization of laser emission wavelength or modulator bias 
points. Accommodating this additional functionality necessitates larger packages and 
therefore larger form factors such as CFP or CFP2. Recent standardization activities in 
OIF and the Consortium for On-Board Optics (COBO), however, reflected the industry’s 
desire to move to smaller form factors, necessitating further miniaturization of optical 
components and therefore benefiting the share of PICs in the DCI market. 

An additional challenge PICs are facing irrespective of application is packaging. As no 
standard solutions are available, as there are for electronic integrated circuits, packaging 
of PICs is very costly, contributing up to 80% of total device cost. A high degree of 
automation in assembly and passive alignment of photonic components is required to 
bring down costs significantly and thus facilitate a more rapid market uptake. 

Nevertheless, despite all the challenges PICs are facing, we are seeing an increased 
employment of integrated optics in the DCI market. However, more effort is needed to 
further reduce cost, while at the same time scaling capacity, footprint and energy 
efficiency with market demand. 

This work was partially funded by the EU and BMBF through research projects 
DIMENSION and SpeeD. 
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Photonic integrated circuits (PICs) based on a high-index-contrast waveguide have 
paved a pathway to large-scale integration for photonics in the past ten years. Similar to 
Si photonics, we have investigated III-V CMOS photonics platform based on III-V on 
insulator (III-V-OI) wafer as shown in Fig. 1(a) [1]. We are able to fabricate ultrasmall 
InP PICs owing to the high-index contrast between III-V layers and SiO2 buried oxide 
(BOX).  Like Si-on-insulator (SOI) wafers, III-V-OI wafers can be fabricated by using direct 
wafer bonding [2]. Thus, we have demonstrated various passive components based on 
InGaAsP strip/rib waveguides including micro bends [2], arrayed waveguide gratings [2], 
and grating couplers [3]. Active components including modulators/switches [4], laser 
didoes (LDs) [4, 5], photodetectors [6, 7], and variable optical attenuators [8] have also 
been reported so far. 

While the III-V-OI structure provides significant impact on device miniaturization for InP 
photonics, its low thermal conductivity is one of the drawbacks particularly for LDs. 
When free carriers are injected into an InP-based waveguide on the III-V-OI wafer, heat 
generated by current injection hardly dissipates through the thick SiO2 where the 
thermal conductivity is quite low. Thus, the maximum power emitted from a single LD is 
limited to a few mW when its cavity length is approximately 100 m [4]. Moreover, the 
poor thermal dissipation restricts the density of active devices on a single chip.  

In this paper, we propose to use a SiC BOX instead of SiO2 as shown in Fig. 1(b). Since the 
thermal conductivity of SiC is more than 100 times greater than that of SiO2, we expect 
that the heat dissipation can be improved drastically by introducing a III-V on SiC wafer. 
On the other hand, the medium refractive index contrast between III-Vs and SiC arises 
concern about device miniaturization. Here we numerically analyze an InGaAsP 
waveguide on SiC in terms of bend loss and heat dissipation for feasibility study. 

 

 

Fig. 1. Schematic of InGaAsP rib waveguide on (a) conventional III-V on insulator wafer 
and (b) III-V on SiC wafer proposed in this paper. 
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First, we evaluated the propagation loss of a 90 bend using 3D FD-TD simulation. Figure 
2(a) is a comparison of bend loss of a Si strip waveguide on SiO2 and InGaAsP strip 
waveguide on SiC as a function of the bend radius. While the medium index contrast of 
the InGaAsP on SiC waveguide resulted in the larger bend loss than that of the Si 
waveguide with the small bend radius, the difference in bend loss was negligible when 
the bend radius was greater than 7 m, which is sufficient for large scale integration in 
most of PICs.  Then, we analyzed the heat dissipation in the III-V on SiO2/Si and III-V on 
SiC wafers as shown in Fig. 2(b). It was found that the increase in the device temperature 
of the III-V on SiC was 30 times smaller than that of the III-V on SiO2/Si.  Thus, the III-V 
on SiC platform enables large scale integration and high-power operation simultaneously. 

 

Fig. 2. (a) Bend loss of InGaAsP strip waveguide on SiC and Si strip waveguide on SiO2 and 
(b) device temperature with injected power into III-V rib waveguide on SiO2 and SiC. 
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The oxidation of Al-containing III-V semiconductors is an established technology to 
selectively transform a high-index (2.9) semiconductor layer into an insulating low-
index (n~1.6) aluminium oxide (AlOx) and which, thereby, allows the fabrication of 
buried oxide apertures in either vertical-cavity surface-emitting lasers or waveguide-
based devices [1-4]. Because of the chemical selectivity of the process, the oxidation is 
conventionally carried out as a lateral oxidation from the sides of etched mesas (see Fig. 
1 left), resulting in a loss of wafer planarity which, in turns, renders the subsequent 
fabrication stages of waveguide devices more complex.  

In this paper, we report the first demonstration of an alternative technique to make 
buried optical waveguides where the oxidation is carried out through via-holes (see Fig. 
1 right) leading to a quasi-planar approach.  

 

 
             (a) Conventional approach       (b) Quasi-planar approach 

Fig. 1. The two approaches to make AlOx-based buried waveguide. 

 

The oxide-confined waveguides consists of a 1.6µm-thick Al0.7Ga0.3As bottom cladding 
layer, a 480-nm GaAs core, a 150-nm-thick Al0.3Ga0.7As cladding, a 68 nm-thick 
Al0.98Ga0.02As layer, a 330-nm-thick Al0.3Ga0.7As layer, a second 68 nm-thick Al0.98Ga0.02As 
layer and a final 50nm-thick Al0.3Ga0.7As layer. Both Al0.98Ga0.02As layers were oxidized 
simultaneously to form, under in-situ monitoring [5], ~4µm apertures 16µm away from the 
via-holes/mesa. The structure was post-processed in a single run to create oxide-confined 
waveguides using the conventional and the quasi-planar oxidation techniques. In the latter 
case the holes were 2µm in diameter and their separation was varied between 2.5 to 4.5 µm.  

  



 2

 

 

The transmission characteristics of ~2-mm-long cleaved-facet waveguides were measured 
using a tunable laser at wavelengths around 1.6 µm. Fig. 2 shows the recorded Fabry-Perot 
transmission curves for a set of hole-to-hole spacing. The waveguide losses were estimated 
to be ~1cm-1 and further shown to be independent of the hole-to-hole spacing and even of the 
fabrication method (conventional or quasi-planar).  

 

 
Fig. 2. Transmission characteristics of the waveguide made using the quasi planar process 

 

In conclusion, we have introduced and demonstrated a quasi-planar approach to make 
buried AlOx/AlGaAs waveguides whose performance are equivalent to the one 
obtained using the conventional approach but which facilitates the further processing 
steps required in the fabrication of more complex photonic integrated circuits.   
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Optical  waveguides  based  on  stoichiometric  silicon  nitride  (Si3N4)  grown  via  low-
pressure  chemical  vapor  deposition  (LPCVD)  provide  a  reliable  photonics  platform
characterized by low loss and a spectrally broad transparency ranging from the visible
to the mid-infrared. Engineering the waveguide dispersion is of special interest since it
allows  phase-matching of  third-order  nonlinear optical  processes  such as four-wave
mixing, supercontinuum and frequency comb generation.

Second-order  nonlinear  processes  such  as  second  harmonic  generation  (SHG)  have
been observed already in other types of silicon nitride that cannot offer such low loss,
such as grown via RF-sputtering. As in such amorphous materials there should be no
bulk nonlinear second-order response,  χ(2),  fabrication imperfections such as strained
micro-crystalline silicon or at the free nitrogen dangling bonds were suggested as the
origin [1].  Field enhancement in Si3N4 ring resonators and Bragg gratings have been
used to increase the efficiency for SHG, with a maximum conversion efficiency of 0.14%
[2].

Here,  we  present  for  the  time  SHG  in  stoichiometric  Si3N4 waveguides  grown  with
LPCVD.  Fig.  1  shows  the  modal  dispersion  vs.  waveguide  width  which  implies  that
phase-matching should  only occur at  a certain waveguide width.  However,  SHG was

Fig.1. Effective refractive index of the different guided
modes for IR and its SH in waveguides of 1 µm by width.



observed with various different  waveguide widths.  Secondly,  the output was seen to
grow vs. time as shown in Fig. 2, when injecting the pump pulses from a mode-locked
laser (6 ps pulses at 1064 nm with a 20 MHz repetition rate) with a constant average
pump power.. These results show that the pump radiation induces a temporally growing
nonlinear coefficient in the waveguides with a spatially periodic pattern that provides
quasi-phase  matching.  The  maximum conversion efficiency  achieved  so far  is  0.5%,
corresponding to 50 µW of 532 nm radiation with 10 mW of IR input radiation.
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Fig. 2. Generation of photoinduced χ(2) in four waveguide widths, w, and lengths 60, 74, 74,
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Today with progress of miniaturization, optical microsystems integrate a large number 
of functionalities in a small volume. There are two approaches for developing integrated 
optical devices: hybrid and monolithic integration. The latter one suggest performing all 
components of a device on one substrate. Materials for monolithic integration should 
allow emission, propagation, amplifying, multiplexing/demultiplexing, and detection of 
light. In this work, we present new material for monolithic integration that can be used 
in integrated optics. 

The standard PTR glass is a photosensitive multi-component sodium–zinc–
aluminosilicate one containing fluorine (6 mol.%), bromine (0.5 mol.%), and doped with 
small amounts of additives (cerium, antimony and silver) that are responsible for the 
photo-thermo-induced precipitation of silver nanoparticles and sodium fluoride 
nanocrystals [2]. Currently, Bragg gratings recorded in PTR glasses used as laser line 
narrowing and stabilizing filters, spectral and spatial filters, compressors for fs- and ps-
lasers, spectral beam combiners, high power beam splitters, etc. [3]. For a long time PTR 
glass is considered only as a holographic material. However, application area of PTR 
glasses can be extended dramatically by developing polyfunctional PTR glass that 
combine properties of monofunctional materials.  

For this purpose, Yb-Er co-doped PTR glass based on the Na2O-ZnO-Al2O3-SiO2-F system 
was synthesized. The glass synthesis was conducted in an electric furnace at T = 1500 °C 
in the air atmosphere using platinum crucibles; the melts being homogenized with the 
platinum stirrer.  

Laser action on Yb-Er doped PTR glass is demonstrated for the first time. Dependence of 
output power on pumping is shown in Fig. 1a.The following parameters were obtained: 
laser wavelength 1575 nm, laser threshold ~ 3.3W, maximum output power 240mW, and 
slope efficiency 2.36%. It should be noted that doping PTR glass with rare earth ions had 
not effect on the recording Bragg gratings with high diffractive efficiency (more 95%). 
Thus, combination of laser and holographic properties of the PTR glasses can be used for 
developing solid state distributed feedback and distributed Bragg reflector lasers [4]. 

  



2

Fig.1. a - dependence of output power on pumping with output coupler 1%; b – refractive 
index profiles (λ=632.8 nm) of optical waveguides formed by Na+↔K+ ion exchange for 1 h 

(1), 3h (2), 6h (3), and 9h (4).  

The presence of sodium in the PTR glass composition allows one to focus on the ion 
exchange technology for fabricating the waveguide structures [5]. In order to investigate 
ion exchangeable properties, the PTR glass samples were immersed in a salt melt of KNO3 
at 350 °C for 1-9 hours. Multimode optical waveguides were formed in the PTR glass, 
refractive index profiles for TE polarization are presented in Fig. 1b. Increment of 
refractive index reaches 0.011 and waveguide depth varies from 8 to 18 microns with 
increasing duration of the ion exchange. Moreover, the waveguides reveal birefringence 
caused by stresses formed in ion exchange layer. Such stresses was shown to improve 
microhardness of PTR glasses [6]. 

In this work photo-refractive, laser, and ion exchangeable properties of the PTR glasses 
doped with Yb3+ and Er3+ ions were demonstrated for the first time. Thus, PTR glasses 
doped with rare earth ions allows to integrate waveguides, lasers and amplifiers, and 
Bragg gratings on one substrate with monolithic integration (Fig. 2). The developed PTR 
glass can be used for developing various devices of integrated optics and photonics. 

 

Fig. 2. Schematic image of a hybrid integration (a) of three elements: (i) WDM, (ii) 
amplifier channel and (iii) Bragg grating playing a role of spectral flattening filter that 
made with the use of three materials and monolithic integration (b) of these elements 

made with the use of polyfunctional PTR glass. 

Research was funded by Russian Science Foundation (Agreement #14-23-00136). 
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Monolithic integration of photonic devices such as switches and modulators with lasers 
is a complex process. Often these devices require materials with different band-gaps, 
which makes their co-integration costly and complicated. As an alternative, materials 
exhibiting interesting optical and electronic functionality such as graphene and other 
2D-materials can be hybridly combined with Si and III-V platforms, simplifying the 
fabrication process and providing complex integrated optical systems on a smaller 
footprint.  A big advantage of graphene is its optically broadband operating window and the 

fact that its optoelectronic properties are tunable by electrical gating or chemical doping.  

In this paper we propose a novel approach to integrate a graphene modulator or switch with a 

hybrid III-V on silicon laser device [3,5]. The most straightforward approach would be to 

integrate the graphene device next to but separate from the III-V amplifier, directly on the 

silicon waveguide. However, in most of the investigated graphene-on-Si waveguide 
based devices, the quasi-TM polarization is the dominant mode having the highest 
interaction with the graphene layer [1,2]. The quasi-TE mode, used in the III-V 
amplifiers has considerably less overlap with the graphene layer and results in very 
inefficient devices. This is certainly the case taking into account the 400nm thick silicon 
waveguides used in typical hybrid III-V on silicon lasers [5].  Therefore, a design 
resulting in enhanced interaction of the TE-like mode with the graphene optical device 
is needed.  In addition our approach inherently provides the possibility to gate or 
modulate the Fermi-level in the graphene layer, without the need for any further 
processing steps thereby considerably simplifying the integration process. 

Our approach is sketched in Figure 1.  Most hybrid III-V on silicon lasers contain a taper 
section where the light is adiabatically coupled from the III-V gain section to the silicon 
waveguide (Figure 1, left [3]).  We propose to integrate the graphene layer in this taper 
section.  Figure 1, right shows the cross section of our structure. The InP epitaxial layers 
are chosen similar to that of a standard heterogeneously integrated laser design [5]. A 
single layer of graphene is included on the 400 nm Si rib waveguide. The InP mesa is 
placed above of graphene with an insulating layer of DVS-BCB in between.  The latter 
has now two roles in this design. First, it serves as the adhesive bonding layer between 
the III-V and the Si chips. Second, it acts as a dielectric layer for the switch.  Applying a 
voltage between the metal contact on the graphene and the doped bottom InP cladding 
layer of the laser allows controlling the chemical potential and hence the transparency 
of the graphene layer [1,2]. In Figure 2, the TE mode absorption is plotted as function of 
the InP mesa width and Si waveguide width as they vary along the taper. It shows that 
the absorption level changes drastically along the taper length and can be controlled by 
varying the respective waveguide widths.  The graph also compares the absorption in 
the modulator with that of a layer of graphene directly deposited on the silicon 
waveguide. In the latter design, the Si waveguide has to be doped in order to apply a 
voltage over the graphene layer. This increases the complexity of the process and as the 
graph shows also has considerably lower performance. According to Figure 2, the TE 
mode absorption in the taper design is almost 4 times higher than for the standard 
device. The total absorption for a taper length of 150 µm is about 6dB in the Dirac point 
of graphene, sufficient for datacom applications. The figure also shows the effect of the  



 
2

 

thickness of the bonding layer. A thicker BCB-layer, pushes the mode toward the Si 
waveguide and reduces its interaction with the graphene. Thinner bonding thickness 
not only increases the absorption (and hence the modulation efficiency, see [4] for 
details) but also is beneficial to boost the coupling from the III-V mesa to the Si 
waveguide and enhance the laser performance [5]. Figure 3 shows three cross sections 
along the taper length.   

     

Fig. 1. Left: III-V on Si laser design, top view, Right: Schematic of the graphene device 
integrated with an InP/Si laser. The structure is on the taper section in the left image, 

therefore the width of Si waveguide and P-InP is varied. 

 

Fig. 2. The TE mode absorption as function of the InP taper width and Si waveguide width 
for two designs of graphene modulator next to laser and graphene modulator on the 

tapered Si integrated with laser. 

 

Fig. 3. Three cross section from the taper with a) P-InP width 3000nm, Si width 200 nm b) 
P-InP width 1600nm, Si width 1600 nm c) P-InP width 600nm, Si width 2.6 um. 
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The mid-Infrared (mid-IR) photonic integrated platform is recently drawing attention due to 
its foreseen potential as alternative compact solution to several challenges and limitations 
taking place in current mainstream technologies [1].  Improved performance is expected in a 
wide palette of topics such as sensing, thermal imaging, nonlinear optical devices, astronomy 
or secure datacom, among others [2]. Up to date, different material platforms have been 
considered to develop mid-IR devices with functionalities beyond the state of the art. In that 
framework, Si and Ge have risen as promising alternative raw materials to develop mid-IR 
photonic devices leveraging from the higher refractive index of Ge over Si and their 
compatibility with the standardized CMOS platform. Also, Si and Ge possess a wavelength 
transparency window up to λ = 8 µm and 14 µm respectively, in concordance with the spectral 
range where several substances display their main spectral absorption peaks, hence opening 
the route towards highly-sensitive and selective label-free chemical sensors. Additionally, 
none of these materials experience significant nonlinear losses at those wavelengths, as Two-
Photon Absorption (TPA) and other related second-order effects are strongly reduced in the 
mid-IR. This last point in particular, makes SiGe approaches an interesting choice to explore 
novel nonlinear optical devices operating in the mid-IR range, taking advantage from the 
commercially available high-power and largely tunable mid-IR quantum cascade lasers. 

A large pool of devices using the Ge-on-Si platform have already been reported so far, 
including waveguides and interferometric devices [3], arrayed waveguide grating 
multiplexers [4], thermo-optic phase shifters [5] or supercontinuum light sources [6]. 
Similarly, SiGe alloys with promising nonlinear properties in the mid-IR have been reported 
[7], and other approaches using graded Ge concentration profiles have also been proposed to 
obtain low-defect SiGe layer stacks with variable vertical refractive index profiles [8, 9].   

Recent advances in graded-index Ge-rich SiGe waveguides operating in the mid-IR will be 
presented in this work. Main experimental results from passive structures will be detailed 
first, obtained from an ad-hoc experimental setup that allows precise measurement of the 
guided mode size and its spectral evolution over a wide wavelength range, as depicted in 
figure 1. Then, a comprehensive study of the main design parameters that yields optimum 
nonlinear performance in a broadband mid-IR wavelength range (from 3 µm to 8 µm) will be 
reported and compared with other state of the art mid-IR integrated platforms, showing that 
the Ge-rich SiGe graded waveguides have a huge potential as an innovative and powerful 
platform for the mid IR. 
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Fig. 1. Experimental setup used to characterize the broadband mid-IR Ge-rich SiGe waveguides. 
The SEM image located at the upper-right hand side shows a typical waveguide cross-section, 

with an etching depth of 1.5 µm and a waveguide width of 8 µm. Pictures at the bottom-right hand 
side compare the measured modal area (left image, boxed in orange) with the simulated one 

(right image, boxed in blue) using an FDM mode solver. 
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Introduction: The main conventional method to analyse ionic content in water is ion 
chromatography. Though this method works very well the time required for a sample 
to be collected and analysed is long (>1day). Also this method requires experts and an 
analytical lab. [1] 

Optical techniques could be the solution to these problems: the integration of these 
techniques in optofluidic devices enables analysis on-site and on-line, furthermore, the 
use of these sensors enables remote signal data processing and localisation of a 
contamination. Ideally the implementation is label free and has a long life time. [2] 

Not all optical methods are suitable for identification and quantification of ionic 
content. Fluorescence and chromatography methods require labels. Raman and IR 
absorption methods are hard to integrate and methods based on the real part of the 
refractive index give excellent detection limits, but fail to identify compounds without a 
filter (e.g. a membrane or coating). 

An alternative optical method, yet to be utilized, is based on the difference in 
absorption of demineralized water and a saline solution. Ionic content in water can be 
identified and quantified using the spectral region of 940 – 1040 nm as shown in 
previous work [3]. That study was performed with a commercial photometer, but this 
optical technique could be integrated. [4] The spectral window allows for widely 
available cheap sources and detectors. 

Design of device: The main drawback of the proposed method is the comparatively 
small differential absorption. For this reason we optimized the sensing length on a chip 
considering different on-chip losses and utilized interferometric measurement 
techniques. The expected normalized intensity of the signal for waveguide without 
losses can be calculated using the following equation, which follows from the Lambert-
Beer law: 

 𝐿𝑚 =
625

𝐶
𝑙𝑜𝑔10 (

𝐶

25
+ 1) (1) 

This equation shows the normalized signal intensity to be hardly influence by the 
concentration. Therefore we show in Figure 1 the normalized signal intensity by the 
sensing length for different waveguide losses with a fixed (0.5 M) concentration of an 
electrolyte. 
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Fig. 1 The expected normalized intensity due to a 0.5 M concentration electrolyte is plotted 

against the sensing length. The grey line presents a waveguide without losses, while the 
green, blue and orange lines present waveguides with losses of 0.1, 0.5 and 1.5 dB/cm at 
λ=1 µm, respectively. The wavelength dependent losses are calculated with the scaling 

factor (λ0 / λ1)4. Dotted lines I, II and III are plotted at 2.5 cm, 5.0 cm and 7.5 cm, 
respectively. The shaded areas represent 95% of the signal intensity for a given set of 

parameters. 

We present optimal sensing lengths for differential absorption measurements on a chip. 
We also present calculations (using Phoenix simulation software) to determine the 
optimized cross section of the sensing and guiding waveguides, balancing single mode 
operation over 100 nm bandwidth, maximized sensitivity, minimized losses and 
maximized tolerances for fabrication. The designed optofluidic chips have been 
fabricated and the propagation through one of these devices is shown in figure 2. 

 

Fig. 2 Microscopic topview image of propagation through a fabricated optofluidic device. 
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    Phase-matched three-wave mixing is possible in optically isotropic zinc-blende 
materials, thanks to quasi-phase matching occurring when the interacting fields 
propagate along a curved path about a principal dielectric axis [1]. Following this 
scheme, efficient Second Harmonic Generation (SHG) was recently demonstrated in 
GaAs [2] and AlGaAs microdisks [3], and it was predicted in curved waveguides [4]. 

    We designed and fabricated snake-shaped nanowires for SHG in the optical telecom 
range, both in fully suspended Al0.19Ga0.81As waveguides and in Al0.19Ga0.81As on 
aluminium oxide. These waveguides are composed by a series of quarters of a ring, as 
sketched in Fig. 1. The sign of 𝜒(2) is inverted every two adjacent 90° arcs. By doing so, 
it is possible to perform an “effective” quasi-phase matching, without any technological 
burden associated to (2) domain inversion [1]. 

                                   
 

Fig. 1. Parameters for the design of snake-shaped waveguides 

    The coherence length, 𝐿𝑐 , the maximum distance over which the nonlinear interaction 
is constructive, for SHG, depends on the difference between the effective indices at the 
second harmonic (SH) and the fundamental frequency (FF): 

𝐿𝑐 =
𝜆

4

1

𝑛SH(𝜆SH, 𝑤, ℎ) − 𝑛FF(𝜆FF, 𝑤, ℎ)
, 

    Since these effective indices depend on the geometry of the waveguide (𝑤, ℎ) and 
𝑅𝑐 = 𝐿𝑐/𝜋, Eq. 1 relates all the parameters in the waveguide geometry. To minimize 
propagation losses, one needs 𝑅𝑐 ≫ 𝑤, and thus maximise 𝐿𝑐 . The coherence length as a 
function of the wavelength and the width of the waveguide is shown in Fig. 2a for a 
suspended waveguide and in Fig. 2b for a waveguide on aluminium oxide. 

    Both samples have been fabricated on a (100) GaAs wafer. For the first one, a 123nm 
Al0.19Ga0.81As layer is grown over an Al0.80Ga0.20As sacrificial layer, while for the second 
one, we grow a 100nm Al0.19Ga0.81As layer on an Al0.98Ga0.02As layer to be oxidised after 
lithography and etching. A few electron-microscope images are shown in Fig. 3. 

   Both waveguides are excited by a continuous-wave laser at a FF wavelength of 
1.55µm, and we collect both FF throughput and SH output at 775nm with lock-in 
detection. End-fire input and output light coupling is performed via micro-lensed fibres 
and inverted tapers. The latter, of the type shown in Fig. 3b, are optimized for FF TE-
polarized light at the input and SH TM-polarized light at the output. 

(1) 



 
2

 

 
 
 
 

   
                                             (a)                                                                               (b) 

Fig. 2. Coherence length versus FF and w, for the suspended waveguide (a) and for the 
waveguide on an aluminium-oxide substrate (b). 

    Ideal losses in snake waveguides are of two types: 1) radiation losses at the bent 
interface between the waveguide and the air; and 2) losses due to the non-ideal mode 
overlap at the waveguide sections where the sign of the snake curvature changes. 
Simulations performed with COMSOL on the suspended waveguides predict them to be 
smaller than 1dB/cm for w = 0.75 µm and Rc = 20 µm, as well as for w = 1 µm and         
Rc = 50 µm. In such waveguides, the calculated SHG conversion efficiencies are SHG= 
7x103 W-1cm-2 and SHG= 4.5x103 W-1cm-2, respectively. 

    Although the overall losses also include scattering and residual absorption losses due 
to non-ideal fabrication and materials, their preliminary measurements show the good 
potential of high-index-contrast snake-shaped AlGaAs nanowires for three-wave 
mixing. 
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Fig. 3. Scanning-electron-microscope pictures of a suspended waveguide:  
(a) bent geometry; (b) inverted taper for end-fire light coupling. 
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Silicon photonics is considered as a prime technology for communication and high-speed 
computing applications. Ring resonator modulators are one of the key components, 
especially for next-generation high data-rate and high density interconnects. Indeed 
ring-based transceivers have been proposed to implement energy-efficient optical links 
in order to meet power and bandwidth datacoms standard [1]. The design of such a 
transceiver requires a careful integration between photonic and CMOS chips. The hybrid 
solution employed in [1] consists of a flip-chip integration and is often preferred thanks 
to separated design and process technology optimisation for the best performance of 
each circuit. However the introduction of micro copper-pillars to connect both chips can 
induce thermo-mechanical stresses on silicon waveguides. This issue is not without 
consequence for the optical properties which will be discussed in the following, after the 
quantification of 3D assembly-induced stress. 

a) b)  

Fig. 1. a) 3D model of a photonic IC with a ring resonator connected to two Cu-pillars; b) 
Von Mises stress tensor map (MPa) on silicon plane. 

During chips fabrication and micro-pillars contacting, high temperature processes are 
applied. The cooling leads to strained silicon waveguide since silicon and copper used for 
connections have distinct coefficients of thermal expansions. To evaluate the resulting 
stress, a finite element modelling was set similarly to the study performed in [2]. Figure 
1.a) shows the geometries used to model the flip-chip assembly. The ring resonator has 
an 8-µm radius and is surrounded by two bumps spaced of 60 µm. The top, middle and 
bottom diameters of the Cu-pillars are respectively 25, 30, and 25 µm while their heights 
are 40 µm. The photonic die model includes also the aluminium pads and the ring copper 
contacts to simulate the BEoL stack. Flip-chip processes are simulated thanks to a 
uniform thermo-mechanical cooling with temperature differences of 220°C, 170°C, and 
80°C for respectively the top die, the underfill material (a non-conductive paste was 
used), and the bottom die. Figure 1.b) represents the stress distribution in the silicon 
layer with ring and straight waveguides in green. More precisely, x, y, and z components 
of stress tensor (σx, σy, and σz) along the straight waveguide are reported on figure 2.a). 
It shows that the stress can reach the order of 60 MPa either in “tension” near the ring or 
in “compression” under the Cu-pillars. Waveguide optical properties are modified by 



stress due to the photo-elastic effect. This effect was measured in a Si ring resonator in 
[3] and was demonstrated to be consistent with that of bulk Si. As a consequence, the 
change in refractive index tensor (Δnx, Δny, and Δnz) is modelled by the stress-optic 
constants of Si (C1 and C2) and is expressed as Eq. (1) [4]. The shear stresses are very 
small and, hence, their impact on refractive index is negligible in this paper. Wave 
propagation in photonic devices is dictated by the effective index. The stress-induced 
variations of effective index (Δneff) can be derived as Eq. (2), where coefficients a1 and a2 
are given in [4] for a TE mode. For a TM mode, Eq. (2) is assumed to be also valid with 
𝑎1,𝑇𝑀 = 𝑎2,𝑇𝐸 = 0.219 and 𝑎2,𝑇𝑀 = 𝑎1,𝑇𝐸 = 0.844. Figure 2.b) shows the estimated 

effective index profile along the straight waveguide for both TE and TM modes. 

 ∆𝑛𝑥 =  −𝐶1𝜎𝑥 − 𝐶2(𝜎𝑦 + 𝜎𝑧)  

 ∆𝑛𝑦 =  −𝐶1𝜎𝑦 − 𝐶2(𝜎𝑥 + 𝜎𝑧) (1) 

 ∆𝑛𝑧 =  −𝐶1𝜎𝑧 − 𝐶2(𝜎𝑥 + 𝜎𝑦)  

 ∆𝑛𝑒𝑓𝑓,𝑇𝐸/𝑇𝑀 =  𝑎1,𝑇𝐸/𝑇𝑀 ∆𝑛𝑦 + 𝑎2,𝑇𝐸/𝑇𝑀 ∆𝑛𝑧 (2) 

In the case of a ring, a change in effective index results in a resonance wavelength shift 
which can be critical especially for a WDM (wavelength division multiplexing) system. 
Indeed the previous study indicates a variation of Δneff,TE between 0.0002 and 0.0008 in 
the ring waveguide, corresponding to a resonance shift of approximately 50 to 250 pm. 
By comparison, the channel spacing in a WDM transmission is typically 280 pm (50 GHz) 
or 560 pm (100 GHz) for a communication at 1.3 µm. Therefore the system performance 
can be greatly deviated from the designed devices. Moreover a cross-coupling between 
TE and TM modes can appear in the straight waveguide of a WDM system since the Cu-
pillars introduce a periodic perturbation as shown in figure 2.b). Consequently a 
polarization conversion can be achieved resulting in a power loss in TE mode and a 
possible mode dispersion, degrading thus the global performance. 

In conclusion, the impact of 3D assembly on a Si ring resonator has been theoretically 
investigated for the first time to the authors’ knowledge. Next step would be to 
experimentally quantify the induced stress through the resonance wavelength shift. 

a) b)  

Fig. 2. a) Stress tensor profile and b) Variation of effective index along the straight 
waveguide. 
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Metal-less nanophotonics has recently raised an increasing interest because the optical 

response of high-permittivity dielectric nanoparticles exhibits negligible dissipative 

losses and strong magnetic multipole resonances [1–3] in the visible and near-IR. Here 

we propose all-dielectric Al0.18Ga0.82As-on-AlOx nanodiskrs, on which we measure 

second harmonic generation (SHG) with conversion efficiency up to 10-5 for a 

1.6 GW/cm2 pump in the optical telecom wavelength range [4].  Our samples were 

fabricated from a [100] non-intentionally doped GaAs wafer, with a 400nm layer of 

Al0.18Ga0.82As on top of an aluminum-rich substrate. We first patterned circles with a 

scanning electron microscope (SEM) lithography system, followed by ICP-RIE dry 

etching. Finally the sample was selectively oxidized at 390°C for 30 min. The result is an 

array of nanoantennas on an aluminum-oxide (AlOx) substrate, as shown in Fig. 1(a).  

                

Fig. 1. Monolithic AlGaAs-on-AlOx nanoantennas: a) scanning-electron-microscope picture 
of a part of the array; b) schematics of a single nanoantenna. 

The linear and nonlinear optical response of such nanoantennas are modeled by using 

frequency-domain finite element simulations in COMSOL  [5]. We numerically predict a 

SH conversion efficiency higher than 10-5 for a pump wavelength between 1500 nm and 

1700 nm.  
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To experimentally investigate the nonlinear properties of the fabricated nanopillars, we 

excited them with an ultrafast Erbium-doped fiber laser centered at 1554 nm (150 fs 

pulses, 80 MHz repetition rate). SHG signal was collected from an array of 

nanocylinders with radius varying from 175 to 225 nm, using single-photon avalanche 

photodiodes. The dependence of the detected SHG on the radius of the nanocylinders is 

in excellent agreement with the numerical simulations (see Fig. 2a). The polarization of 

the emitted SHG, reported in Fig. 2b as a function of the nanodisks radius, is also in very 

good agreement with numerical simulation (see Fig. 2c), demonstrating the strong 

dependence of the SHG polarization from the nanocavity modes involved for specific 

nanostructures dimensions [6].  

 

Fig. 2. a) Unpolarized second harmonic emission; b) Experimental polarized emission;       
c) Simulated polarized conversion efficiency. 

Our results allow gaining further insight in the mechanisms underlying the polarized 

nonlinear emission in these systems, showing the potential of AlGaAs-on-insulator all-

dielectric platforms in the nonlinear manipulation of light properties at the nanoscale. 
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Chalcogenide glasses are an important class of amorphous semiconductors that contain 
at least one of the chalcogen elements from group 6a of the periodic table (S, Se and Te 
but excluding oxygen) as major constituent [1]. These elements are covalently bonded to 
network formers such as As, Ge, Sb, Ga, Si or P. The unique optical properties of these 
glasses are motivating intense research towards the development of a wide range of 
photonic applications [2]. In particular, all-optical signal processing in near-infrared (IR) 
telecommunications window is taking advantage of their high optical nonlinearities [3]. 
These glasses also exhibit low maximum phonon energies (values range from 350-425 
cm-1 for sulphide, 250-300 cm-1 for selenide and 150-200 cm-1 for telluride) which yields 
a broad transparency in the mid-IR, independently of the exact glass composition. Mid-
IR trace molecules sensing platforms could therefore also benefit from the development 
of these materials. For both applications (telecommunication and sensing), the current 
trend is directed toward minimizing device footprints and cost by implementing 
integrated optical components. 

In this paper, we will present the technological processing of photonic circuits based on 
selenides ridge waveguides for the implementation of integrated mid-IR sensing 
platform and ultrahigh-bandwidth signal processing. The selenides layers are deposited 
on a silicon substrate by RF magnetron sputtering. Different waveguiding structures 
such as straight ridge waveguides, micro-ring resonators or spiral waveguides are 
subsequently patterned using standard i-line photolithography and fluorine-based 
RIE/ICP dry etching techniques (Fig.1). Optical demonstration of integrated four-wave 
mixing and sensing are respectively presented in the near- and mid-IR. 

 

Fig. 1. Scanning electron microscope image of the processed waveguide after ICP-RIE  a) 
ridge waveguide, b) micro-ring resonator and c) spiral waveguide. 

Third order nonlinear effects such as four wave-mixing can be used for all-optical signal 
processing and frequency comb generation. The efficiency of such process depends on 
the waveguide nonlinear parameter γ = ωn2/cAeff where Aeff is the area of the propagating 
mode, c is the speed of light and ω is its frequency. In chalcogenides ridge waveguides, 
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this parameter can reach more than 100 W-1m-1 and enable the observation of four-wave 
mixing in cm-long waveguides (Fig2a). The use of chalcogenides-based high quality 
factor micro-ring resonators could further enhance the optical field in the cavity and 
therefore lead to an increase efficiency. The enhancement factor of the optical field using 
resonating structures will be presented in relation to the design of the micro-ring 
resonator (waveguide dimensions, coupling coefficient κ between bus waveguide and 
ring resonator, loss α per round trip).  

 

Fig. 2. a) Four-wave mixing spectrum obtained from 1-cm long selenides ridge waveguides, 
b) guided mid-IR photoluminescence spectrum from Pr3+-doped selenides ridge 

waveguides c) Isopropanol detection @ 7.7µm using selenides waveguides. 

The growing need for traces molecules detection is pushing towards the development of 
compact sensing platforms able to monolithically integrate a mid-IR light source, 
waveguides (also acting as transducers) and a detector [4]. Thanks to their broad mid-IR 
transparency, efficient waveguiding properties [5] and ability to be doped with rare 
earth (RE) ions, chalcogenides (ChGs) glasses are a compelling alternative to other mid-
IR transparent materials (silicon, germanium or gallium arsenides…) to sustain this 
demand. Guided mid-IR praseodymium (Pr3+) photoluminescence (PL) recorded 
between 3.5 and 5.5 µm using a continuous wave excitation at 1.55 µm in co-propagative 
configuration is presented in Fig. 2b. The incorporation of these efficient mid-IR emiters 
in micro-disk microcavities could enable the implementation of low-threshold on-chip 
mid-IR lasers with emission wavelength overlapping the strong characteristic 
vibrational transitions displayed by chemical molecules in the mid-IR. Mid-IR chemical 
detection has also been demonstrated by recording the transmitted power at 7.7 µm 
though chalcogenides spiral waveguides with different isopropanol concentrations 
deposited on the surface (Fig. 2c). 

In conclusion, ridge waveguides were fabricated by RF magnetron sputtering and 
subsequent patterning using standard photolithographic steps. Different waveguiding 
structures (straight and spiral waveguides, micro-ring and micro-disk resonators) were 
processed and successfully tested for diverse applications in the near- and mid-IR. 

References 

[1] Chalcogenide Glasses, 1st Edition, Preparation, Properties and Applications, Editors: J.L. Adam 
& X.-H. Zhang, Woodhead Publishing, ISBN: 9780857093455 (2013). 

[2] B. J. Eggleton, B. Luther-Davies, K. Richardson, Chalcogenides photonics, Nat. Photonics, 5, 141 
(2011). 

[3] M. Olivier, J.C. Tchahame, P. Němec, M. Chauvet, V. Besse, C. Cassagne, G. Boudebs, G. 
Renversez, R. Boidin, E. Baudet, V. Nazabal, Structure, nonlinear properties, and 
photosensitivity of (GeSe2)100-x(Sb2Se3)x glasses, Opt. Mater. Express, 4, 525 (2014).  

[4] M. Sieger, B. Mizaikoff, Toward on-chip mid-infrared sensors, Anal. Chem., 88, 5562 (2016). 
[5] A. Gutierrez-Arroyo, E. Baudet, L. Bodiou, J. Lemaitre, I. Hardy, F. Faijan, B. Bureau, V. Nazabal, 

J. Charrier, Optical characterization at 7.7 µm of an integrated platform based on chalcogenide 
waveguides for sensing applications in the mid-InfraRed, Opt. Express, 24, 23109 (2016).  



Development of Inverted p-Substrate InP/AlGaInAs 

Lasers for Vertical Integration with Multiple Passive 

or Active Intrinsic Regions 

Shane P. DUGGAN1,2*, Niall P. KELLY1,2, Ludovic CARO1,2, Mohamad DERNAIKA1,3, 
Maryam SHAYESTEH1, Justin K. ALEXANDER1,2, Hua YANG1, Padraic E. 

MORRISSEY1, Agnieszka GOCALINSKA4, Kevin K. THOMAS4, Emanuele PELUCCHI4  

and Frank H. PETERS1,2 
1Integrated Photonics Group, Tyndall National Institute, Dyke Parade, Cork, T12R5CP, Ireland  

2Physics Department, University College Cork, College Road, Cork, T12YN60, Ireland 
3Electrical and Electronic Engineering Department, University College Cork, College Road, Cork, 

T12YN60, Ireland 
4Epitaxy and Physics of Nanostructures Group, Tyndall National Institute, Dyke Parade, Cork, 

T12R5CP, Ireland  
* shane.duggan@tyndall.ie 

Photonic integrated circuits (PICs) often require separate active and passive 
optoelectronic devices on a single chip. Active devices generate and amplify light while 
passive devices are for lossless guiding and manipulation. Integration of the two types of 
optoelectronic devices is challenging as each requires different material. Monolithic 
vertical integration of passive and active devices allows separate material to be grown 
one above the other, while tapering of the different layers allows transitions between the 
now integrated devices. 

Vertical integration of junctions requires every alternate device to be inverted from the 
traditional n-substrate layout to a p-substrate. For example for two devices vertically 
integrated the lower device may be p-i-n with an n-substrate, requiring the device above 
it to be n-i-p so that they can share the p-doped layer, resulting in an n-i-p-i-n structure.  

Little work has been done on p-substrate semiconductor lasers. N-substrates have been 
preferred due to the instability of dopants in p-substrates. Typical Zn p-doping diffuses 
heavily during further growth at high temperatures with a risk of reducing optical 
efficiency if the intrinsic region is penetrated [4]. Diffusion can be restricted by placing a 
protecting undoped region between the p-doped and the intrinsic region [1]. It is also 
difficult to form a low resistance contact to p-doped InP [2], a fact avoided with n-
substrate devices by using highly doped GaInAs(P) cap layers. However by using a broad 
p-substrate back contact the contact resistance is reduced, eliminating the requirement 
of additional layers, in addition to which the p-substrate should be highly doped and 
thinned to reduce its resistance as much as possible [2,3]. 

The p-substrate InP/AlGaInAs 1.5um lasers grown and tested here have a core of 5 
quantum wells (QWs) and Figure 1 outlines the doping profiles of each revision used to 
increase device performance. While the first iteration included an undoped region 
between the intrinsic and p-doped layers, Figure 2 shows that the material failed to lase 
under CW operation and required high pulsed currents to work. However the peak 
wavelength was correctly centred at 1.5um, therefore a very similar epitaxial design was 
used for two subsequent growths where in one case the doping was pulled back further 
to absorb diffusion of Zn dopants, while the other case included a carbon doped layer as 
a stopping layer to prevent Zn diffusion, due to carbon being a more stable dopant [4]. 
The reason for the first failed growth is believed to have been diffusion into and through 
the QW core, as justified by ECVP measurement and CV measurements which determine 
the intrinsic region thickness, Figure 1. 
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Figure 1 shows that both revised editions had an increased intrinsic region and Figure 2 
shows this allowed the samples to lase with thresholds below 40mA with wavelengths 
centred around 1.55um. These results indicate that either of these p-substrate 
InP/AlGaInAs lasers can be used for further vertical integration, and this work will 
present their development. 

 

Fig. 1. Left: Doping profiles of the different epitaxial designs of the p-substrate material. 
The p-doping was pulled back on redesign to prevent diffusion into the core, while another 

iteration placed a carbon doped layer before the undoped region. Right: Capacitance-
Voltage measurements were performed on circular diode structures on each of the 

different n-i-p wafers, from which the depletion width can be calculated from 𝑪 =
𝝐𝑨

𝑾
. The 

low depletion width W of the first sample was not sufficient to prevent diffusion into the 
core while the revised editions with the doping pulled back further and a carbon layer 

prevent diffusion into the core. 

 

Fig. 2. Optical power vs injected current for Fabry-Perot lasers on each of the epitaxial 
designs: first iteration, with p-doping layers pulled back from the intrinsic region, and 

with a carbon doped blocking layer before the undoped region.  
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 The fs-laser writing technique is an interesting and versatile approach to 
fabricate ridge optical structures in dielectrics, defining the so-called type-IV direct 
written waveguides [1]. The fs-laser ablation is used to remove the selected parts of the 
planar waveguide surface, constructing thus the ridges. This technology does not 
require the use of clean room facilities, and allows rapid prototyping of integrated 
photonic devices because it is a mask-less technology.  
 Among other integrated photonic devices, waveguide lasers in crystalline 
media are attractive to be used as miniaturized laser sources [2]. In particular doubles 
tungstates (KYW) and lithium niobate (LiNbO3) are good candidates for laser hosts 
when doped with active rare earths, such as Yb or Nd, operating around 1 µm 
wavelength [3, 4]. 
 In this work, we demonstrate laser operation is waveguide configuration based 
on Yb:KYW and Nd:LiNbO3 fabricated by fs-laser written technology to create the ridges 
waveguides. The ridge waveguides are defined by structuring active planar waveguides 
with femtosecond laser machining. Here two types of planar waveguides have been 
using to design the waveguide lasers: step-index waveguides (by using liquid phase 
epitaxy on double-tugnstate crystals) and gradient index waveguides (by using metallic 
diffusion on lithium niobate crystals). A mirrorless Yb3+ doped KY1-x-yGdxLuy(WO4)2 
waveguide laser with cw operation at 981.5 and 1001 nm, fabricated by liquid phase 
epitaxy and structured by femtosecond laser microstructuring, is first reported. The 
planar waveguide was fabricated by growing an Yb3+ doped KY1-x-yGdxLuy(WO4)2 
epitaxial layer by liquid phase epitaxy over a KY(WO4)2 substrate. This planar 
waveguide was then microstructured by means of multiplexed beam femtosecond laser 
writing technique to define ridge waveguides. Mirrorless laser action is demonstrated 
in ridge waveguides with different fabrication parameters, obtaining maximum slope 



 
1 9 t h  E U R O P E A N  C O N F E R E N C E  O N  I N T E G R A T E D  O P T I C S   2

efficiency above of 78% versus absorbed power (see figure 1), On the other hand, ridge 
waveguide lasers have been also fabricated on Nd3+ doped LiNbO3 crystals. The fs-laser 
writing technique was used to define ridge structures on a gradient-index planar 
waveguide fabricated by Zn-diffusion. This planar waveguide was formed in a z-cut 
LiNbO3 substrate homogeneously doped with a 0.23% of Nd3+ ions. By butting two 
mirrors at the waveguide end-facets, TM-polarized laser action at 1085 nm was 
achieved, which shows a threshold of 31 mW, with a 7% of slope efficiency, thus 
confirming the feasibility of this technique for the development of integrated laser 
devices. 

  

Fig. 1. Laser performance of a 12 and 15 µm width Yb:KYW ridge waveguide operating at 
1001 nm. 
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We provide unique highly flexible fabrication platforms for integrated photonic circuits 
based on SOI and Si3N4 from design to fabrication and characterization of the 
manufactured devices. The schematic in Fig. 1 depicts different options of our technology 
platforms. The accessibility of both platforms permits applications from telecom 
wavelengths to the NIR and visible range, hence the devices are suitable for 
communication as well as for sensing. AMO has been developing the SOI platform for 
photonic applications for more than one decade. Waveguide losses and grating couplers 
have been optimized for both telecom wavelength ranges around 1310 nm and 1550 nm. 
Critical passive structures such as directional couplers and ring resonators can be 
fabricated with high precision (Fig. 2b), g)). The passive platform is completed with 
efficient grating couplers (Fig. a)) (2.5 dB loss) and edge coupling through spot-size 
converters. In order to maximize the yield of our SOI-based photonic devices fabrication 
tolerances have been intensively studied and device design as well as processes both for 
the lithographic definition and for the pattern transfer via reactive ion etching have been 
optimized accordingly [1].  

Active components in SOI such as modulators (Fig. 2f)-i)) and detectors [2] are enabled 
through ion implantation and optimized annealing steps. Furthermore, the co-
integration of 2D-materials such as graphene into the photonic platform has been 
successfully demonstrated [3,4], enabling the fabrication of high speed photodetectors 
and heaters. The development of active SOI based components resulted in the fabrication 
of a transceiver module for an AOC (Fig. 2h)).  

 

Fig. 1. PIC platforms at AMO. The hatched boxes show the components available for both 
SOI and Si3N4 platform. The green boxes show components only available for SOI. 

To access an even broader wavelength range a second fabrication platform, based on 
silicon nitride on a thermally grown oxide on a Si substrate, has been developed.  
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Waveguides, directional couplers and grating couplers have been mainly designed for 
1550 nm on a substrate with a thick 6 µm oxide layer and 100 nm thick Si3N4 layer. The 
corresponding waveguide losses for this platform do not exceed 0.1 dB/m. Thermal 
optical switches have been realized with Mach Zehnder interferometers with Ti-heaters 
[5]. A dedicated LPCVD silicon nitride process offers low stress layers. With this process 
also thicker waveguides with a height of 360 nm which offer better light confinement are 
feasible. These waveguide structures have a propagation loss of ~0.6dB/cm (@1550nm).  

 

Fig. 2. Examples of fabricated components and devices with AMO’s photonic platform. a) 
shallow-etched grating coupler, b) directional coupler, c) Si3N4 thermo-optical switch, d) 
photonic crystal waveguide, e) double slot ring resonator in Si3N4, f) interleaved phase 
shifter with pn-junction width of 150 nm, g) microring resonator, h) transceiver for active 
optical cable 56 Gbit/s [2], i) SOI wafer with transceiver chips 

A Mix & Match approach of both highest resolution e-beam lithography and fast i-line 
stepper lithography is available for both the SOI- and the Si3N4-based fabrication 
platforms, combining flexibility and high precision with short turnaround times. In this 
way customized chip and wafer runs can be performed. Fabrication highlights of both 
photonic platforms as well as the implementation of new materials such as organics and 
perovskites towards the development of on-chip light sources will be presented. 
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Electronic Photonic Integrated Circuits (EPIC) technology can be used to realize 
integrated photonic devices alongside with conventional electronic technology such as 
CMOS or BiCMOS. There is an alternative approach where photonic and electronic 
components are fabricated separately and then connected to each other using 
technologies such as wire bonding, flip-chip bump bonding or through silicon vias 
(TSV) [1]. The main challenge for the realization of high-speed devices is to realize 
energy-efficient devices [2, 3]. In this paper, the energy consumption of optical 
modulators as one of the main components of optical transceiver systems based on 
both pure photonic technology and EPIC technology are studied and compared. 
Modulator frequency response is simulated using 3D FDTD full wave commercial 
simulators (CST Studio). The characteristic impedance of modulator is later extracted 
using the scattering parameters. Furthermore, in order to avoid large computational 
processing time especially for longer lengths, a circuit model of modulator [3] is used 
and its results are compared with full wave simulations. Modulator transfer function 
and characteristic impedance predicted by circuit models are verified by those of full 
wave simulations as shown in Figs. 1a-1c. The energy consumption of optical 

modulator can be simply estimated as 𝐸𝑐 =
1

4
𝐶𝑉2 where C is modulator equivalent 

capacitance. C corresponds to dissipative capacitive elements of intrinsic and extrinsic 
parts and V is the voltage swing applied to modulator [3]. For pure photonic 
simulations, a 0.5 mm long traveling wave modulator (TWM) with GSG pads to apply 
bias voltage and RF signal as well as 50 Ω termination has been considered. Unlike pure 
photonic technology, the driver is monolithically integrated with modulator in EPIC 
technology. Thus the modulator needs no pads for external terminations and can also 
be connected to driver through metal routes in the first metal layers in order to avoid 
excess parasitic capacitances. Since the modulator parameters in the waveguide layer 
do not change for both technologies, the depletion capacitance and Vπ are similar in 
both cases. Therefore, the difference of energy consumption between two technologies 
will be limited to the extrinsic capacitances. For example, full wave simulations result in 
the estimation of extrinsic capacitances of 61fF and 3fF for pure photonic and EPIC 
technologies for 0.5 mm length modulator, respectively. It represents about 95 %  
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(a)    (b) 

 
         (c)    (d)           (e) 

Fig. 1. Modulator transfer function simulations and comparison for a) pure photonic b) 
EPIC technologies. c) Modulator characteristic impedance. d) Intrinsic capacitance of 

modulator d) Extrinsic over total energy consumption of a standalone modulator. 

enhancement of extrinsic energy consumption in EPIC rather than pure photonic. 
However, the main but constant energy term in both technologies is related to intrinsic 
capacitances. The intrinsic capacitance is obtained through our model which is 
validated by numerical simulations of electrical part (TCAD software) as illustrated in 
Fig. 1d. Total energy consumptions for both pure photonic and EPIC technology versus 
doping are obtained and shown in Fig 1e. As it can be seen, energy consumption 
difference is decreasing in high doping regions, which means common intrinsic energy 
consumption is a dominant term in both technologies. Extrinsic contribution of energy 
consumption will be higher if low doping levels are used. It means the EPIC technology 
would perform much better than pure photonic technology in terms of energy 
consumption if the low doping levels are used. Other important part of consumed 
energy in optical transmitters comes from driver’s energy consumption. The driver’s 
energy consumption mainly depends on, first the Vπ and second the modulator length, 
i.e. how many segments the driver has to feed. By integrating the drivers with the 
modulators in EPIC technology less parasitics and also less energy consumption can be 
expected. It is shown that the energy consumption of a standalone modulator based on 
the EPIC technology (metals routed in bottom metal layer) is less than the similar 
modulator in pure photonic technology (metals routed in top metal layer) at fixed 
doping levels. It is shown that dominant term of modulators energy consumption in low 
and high doping levels corresponds to extrinsic and intrinsic consumed energy for both 
pure photonic and EPIC technologies, respectively.  

This work is supported in part by the German Research Foundation (DFG) in the 
context of the collaborative research center, HAEC project. 
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Wavelength nonlinear conversion is an attractive approach to coherently shift the 
wavelength of an optical beam in regions of the spectrum where sources, optical 
components and detectors are more reliable and practical. Among the different nonlinear 
materials congruent Lithium Niobate (CLN) is one of the most widely used thanks to its 
large nonlinear coefficient. Through quasi-phasematching technique, a wide set of three-
wave mixing process can be addressed. In addition during these years several techniques 
have been developed in order to fabricate optical waveguide inside the substrate. 
However CLN suffers from Photo-Refractive Damage (PRD). The resistance to PRD can 
be improved by doping the lithium-niobate substrates with several dopants and 
Mangnesium-Oxide doped Lithium-Niobate substrates are the most accessible. 
Unfortunately, these substrates are less suitable for waveguide fabrication: the titanium 
indiffused process strongly reduces the benefit of Mg doping, while Annealed Proton 
Exchange (APE) waveguides show a nonlinear conversion less efficient than that of CLN. 
Several studies [1] reported that the crystallographic structure of Mg-doped LN crystals 
is more severely affected by the proton exchange than that of CLN. 

An alternative to APE, Soft-Proton Exchange (SPE) [2] allows the increasing of refractive 
index without degrading the structural properties of the material. Technically SPE 
consists in a proton exchange performed at higher temperatures in a sealed ampoule 
with a diluted proton bath. When the proton concentration is sufficiently low, the 
exchange preserves both the crystal structure and the nonlinear coefficient.  

In this work we report about the fabrication of waveguides starting from 5 mol% MgO-
doped LN substrates using SPE. Through the measurement of the nonlinear coefficient 
by means of a scanning-SHG-microscopy setup [3] for different proton concentrations, 
we identified the threshold below which the original nonlinearity is preserved (see 
Fig.1(a)). We fabricate two photonic chips consisting of straight waveguides of 6 µm 
width. Transmission losses have been estimated respectively at 0.1 dB/cm and 0.8 
dB/cm. The refractive-index profile is comparable to the one obtained for CLN substrates 
(see Fig.1(b)). Finally we qualitatively compare the resistance to the PRD between CLN 
and Mg-doped optical waveguides. Samples have been tested at 30°C by injecting an 
optical beam generated by a 76-MHz mode-locked laser with picosecond pulses at 710 
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nm. The total transmitted power is firstly measured with a power meter. Then the output 
beam is slightly defocalized so that only a portion of the beam is collected in the power 
meter. If the photorefractive effect takes place, the beam profile is distorted inducing a 
fluctuation in the power measured at the power meter. Figure 1 (c) compares the 

normalized optical power, 
𝑃−𝑃𝑎𝑣𝑔

𝑃𝑎𝑣𝑔
, measured by the power meter for the two waveguides. 

The label for each trace indicates the total power outcoming from the waveguide. Already 
at 100 µW we observed a strong fluctuations due to PRD in the CLN chip. On the contrary, 
in the Mg-doped waveguide this effect is still not measurable at 300 µW.  

In conclusion, we fabricated for the first time waveguides starting from Mg-doped 
substrates using the SPE technique. Our results demonstrate that SPE provides clear 
advantages compared to other techniques to produce efficient and power-resistant 
nonlinear waveguide in this material. 

We thank Prof. Liang Wanguo of the Fujian Institute of Research for providing us the 
Mg-doped crystals. This work was supported financially by the FP7 program of the 
European Commission through the Marie Curie ITN Picque project (grant agreement 
No. 608062), the Agence Nationale de la Recherche through the INQCA project (grant 
No. PN-II-ID-JRP-RO-FR-2014-0013). 

 

Fig. 1. (a) Reflected fundamental and Second Harmonic intensities versus depth for a slab 
waveguide based on MgO-doped substrates. (b) Refractive index profile measured at 633 nm for a 

SPE waveguide fabricated either on a MgO doped LN or on a CLN. (c) Normalized optical power 
transmitted trough a waveguide fabricated either on a CLN substrate or an Mg-doped substrate. 

The legend indicates the power outputting from the waveguide. The beam is slighty defocalized to 
collect only a portion on the power meter. The distortions induced by the PRD are directly 

translated in power fluctuations. The Mg-doped waveguide (magenta) is clearly more resistant to 
PRD. 
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Mid-Infrared (2-20 µm) spectroscopic techniques are widely used to identify chemicals 
substances, allowing quantitative real-time measurements in gases, liquids and solids. 
The current trend heads to the miniaturization of optical sensors, replacing bulky 
laboratory instruments (FTIR, monochromators, ATR etc..) by lab-on-chip devices 
providing portability, mechanical stability, immunity to electromagnetic noise and the 
potential for batch production [1].  In recent years, optical integrated devices have been 
fabricated using different technologies such as GaAs, Si, Si3N4 and Ge. Chalcogenide 
glasses have also emerged as good candidates to manufacture Mid-Infrared photonic 
integrated circuits thanks to their ability to be deposited as thin films, their broad 
transparency (up to 20 µm), their potential to be doped with rare earth ions and their 
refractive index tunability obtained by varying glass composition [2].   

In this paper, we present the optical detection of isopropanol solutions by evanescent 
field in the Mid Infrared using a chalcogenide single-mode ridge waveguide as 
integrated transducer. The optical absorption of isopropanol at 7.7 µm (Fig. 1) is 
detected through the variation of the transmitted optical power as a function of analyte 
concentration. 

 

Fig. 1. (a) Molar absorption of isopropanol in the Mid-IR [3]. (b) Cross section of ridge 
waveguide (SEM image) made of two different compositions of chalcogenide glasses: 
Ge12.5Sb25Se62.5 as guiding layer, Ge28.1Sb6.3Se65.6 as confinement layer and the silicon 

substrate. 

Chalcogenide multilayer structures were deposited on a silicon substrate by RF 
magnetron sputtering and processed as ridge waveguides using standard i-line 
photolithography and fluorine-based reactive ion etching (Fig. 1b) [2]. Refractive index 
values of  2.77 and 2.44 have been measured at λ=7.7 µm, respectively, for the guiding 
(Ge12.5Sb25Se62.5) and confinement (Ge28.1Sb6.3Se65.6) layers of the integrated transducer.  
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Optimal dimensions of the single-mode ridge waveguide (width=10 µm and height=1.7 
µm) led to an evanescent power factor η=5%. Intrinsic propagation losses α= 2.5 
dB/cm were measured by a cutback method from S-shape waveguides [2].  
The sensitivity of the device is represented by the variation of output optical power P as 
a function of the solute concentration C [1] according to the expression 1.  

                                     0        exp -     -  prop

dP
S L P C L L

dC
                              (1) 

The evolution of the sensitivity S as a function of the waveguide length L was calculated 
and plotted in Fig. 2a taking into account the following parameters: ε=77 L mol-1cm-1, 
η=5 %, α=2.5 dB/cm, P0= 0.5 mW. From this figure, it can be seen that the maximum 
transducer sensitivity S is obtained for a waveguide length Lopt equal to 0.63 cm. 
Furthermore, the absorption of isopropanol at 7.7 µm is detected by measuring the 
attenuation of the transmitted power as a function of the analyte concentration. The 
performance of the evanescent optical integrated sensor was tested by depositing a 
droplet of 2 µL of the solution (isopropanol dissolved in cyclohexane) on the ridge 
waveguide surface. The intensity of guided mode, observed at the output of the 
waveguide by near-field at λ=7.7 µm, was measured by the Mid-IR camera for several 
concentrations between 2 and 10 v/v%, the results are displayed in Fig. 2b, 2c.  

 

Fig. 2. (a) Evolution of the sensitivity S as a function of the waveguide length L for α=2.5 
dB/cm. (b) Near field intensity of propagated light and  (c) transmitted optical power at 

7.7 µm for different concentrations of isopropanol. 

The optical transmitted power decreases by increasing isopropanol concentration 
following Beer-Lambert law. These experimental results demonstrating on-chip real-
time detection of isopropanol at 7.7 µm could be extended to other substances of 
interest and represent therefore an outstanding progress in lab-on-chip sensing 
schemes. 
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no. 20, pp. 23109-23117, 201 
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Recently a uni-traveling carrier photodetector (UTC-PD) with a 3 dB bandwidth beyond 

67 GHz was presented [1]. The device shows good performance up to 3 mA of 

photocurrent but experiences thermal failure (see Fig. 1a) at higher currents due to the 

poor heat extraction in membrane-type devices. Improvements to the thermal design are 

proposed that promise to double the possible photocurrent before thermal failure, which 

makes the performance comparable with state-of-the-art SOI UTC-PDs [2]. 

Extracting heat from the InP membrane is difficult as it is surrounded by air on top, and 

BCB below (see Fig. 1b). Currently the majority of the generated heat is extracted through 

the p-contacts as they have a large surface area compared to the device. Little heat is 

extracted through the silicon wafer due to the low thermal conductivity of BCB. The heat 

extraction through the p-metal can be improved by reducing �����. This can be done 

without increasing the optical loss significantly if a solution like proposed in [3] is used 

to make low optical loss p-contacts. We can also improve heat extraction through the 

silicon wafer by replacing part of the BCB with metal, leaving a gap of ����� between the 

p-metal and Si-metal. The total thickness is kept the same so that changes to the 

processing are limited and the optical losses in passive waveguides can be kept low. 

 
Fig. 1. SEM image (a) of the UTC-PD, the n-metal has melted due to high photocurrent. 

Schematic cross section (b) of the UTC-PD with the width of the p-metal opening (��	
�) 

and the thickness of the BCB between the p-metal and Si-metal (��	
�) indicated. 
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Commercial multiphysics simulation software is used to first find the fundamental 

optical mode in the device, which is used to determine the electron-hold pair generation 

for the semiconductor simulation. This gives the heat source term in the thermal 

simulation. Setting the photocurrent at 3 mA, the thermal conductivity to the 

surroundings is set so that the temperature at the n-metal alloy reaches its melting point 

of 360 °C. For different adjustments of the device the photocurrent is set again to reach 

the melting point. 

In this way the maximum photocurrent before thermal failure is determined for different 

values of ����� and ����� (Fig. 2). Significant improvement can already be seen when 

����� is reduced by only 500 nm. Introducing metal on top of the silicon also gives 

significant improvements, doubling the maximum current when the BCB gap is reduced 

to 10 nm. Choosing ����� 
 2.5	um, ����� 
 10	nm is expected to yield a maximum 

photocurrent of 7.5 mA. With a responsivity of 0.7 A/W, this leads to an UTC-PD with an 

optical input power of 10.3 dBm, which is comparable to state-of-the-art in SOI [2]. 

Other improvements to obtain higher optical input power are 1) increasing responsivity 

by introducing an electron-block layer at the p-contact, and 2) introducing band-

smoothing layers at the p-InGaAs / i-InP interface to operate the device at lower voltage. 

We investigated improvements to the thermal design of a UTC-PD. Improving thermal 

conduction to the silicon wafer by means of a metal bridge doubles the maximum current 

before thermal failure. These ideas will be usable for other active membrane devices. 
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Fig. 2. The maximum current before reaching the temperature at which the top metal 

contact melts is shown as a function of a) the contact width opening ��	
� and b) the BCB 

height between the p-metal and the metal on top of the silicon. 
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Introduction:	 Lithium	 Tantalate	 (LT)	 has	 a	 shorter	 cut-off	 wavelength	 than	 Lithium	
Niobate	 (LN)	which	makes	 the	material	 attractive	 for	 UV	 generation	 through	 nonlinear	
processes.	While	congruent	LT	(CLT)	suffers	strongly	from	photorefractive	damage,	MgO-
doped	LT	(MgO:LT)	is	an	interesting	alternative	as	it	was	shown	on	LN	that	MgO	reduces	
the	 photorefractive	 effects.	 On	 the	 other	 hand,	 fabricating	 highly	 confining,	 low-loss	
optical	waveguides	on	LT	while	preserving	 its	nonlinear	properties	 is	still	an	 issue,	as	 it	
was	 previously	 shown	 that	 the	 index	 variation	 obtained	 using	 proton	 exchange	 is	 one	
order	of	magnitude	 lower	 than	 that	 on	LN	and	 that	direct	Proton	Exchange	 (PE)	 erases	
both	nonlinear	coefficient	and	periodic	domains	organization	as	on	LN.	

Proton	 Exchanged	 Planar	 Waveguides	 on	 CLT:	 A	 set	 of	 planar	 waveguides	 was	
fabricated	on	z-cut	CLT	samples	from	Crystal	Tech	and	Roditi.	As	proton	sources,	we	used	
benzoic	 acid	 (BA)	 melts	 buffered	 with	 amounts	 of	 lithium	 benzoate	 (LB)	
rLB=m(LB)/(m(LB)+m(BA))	ranging	from	0.5	to	3.5%.	Based	on	our	previous	experience	
on	LT	[1],	all	the	samples	were	processed	at	330°C	following	the	sealed	ampules	process.	
All	samples	are	labelled	CLTx.x,	x.x	referring	to	rLB.	The	effective	indices	of	the	modes	of	
the	different	waveguides	have	been	measured	using	a	 two-prisms	coupling	 technique	 in	
order	 to	evaluate	 their	propagation	 losses	and	 to	reconstruct	 their	 index	profiles.	On	all	
the	 samples	 we	 tested,	 we	 were	 not	 able	 to	 observe	 scattering	 along	 the	 propagation,	
indicating	that	the	propagation	losses	are	low,	typically	lower	than	1dB/cm	according	to	
our	previous	experience.	The	index	reconstruction	consists	in	using	the	IWKB	method	in	
order	to	evaluate	the	shape	of	the	profile	and	the	depth	and	δne	of	the	different	layers.	

	

	
	

	

Fig.	1	Extraordinary	refractive	indices	(@	633nm)	and	calculated	index	profiles	using	IWKB	for	
different	rLB.	Waveguides	were	fabricated	at	330°C	and	for	28hrs	(left)	and	72hrs	(right).	

	

	

	

	

Fig.	2	Effect	of	the	exchange	time	duration	on	the	extraordinary	refractive	indices	(@	633nm)	and	
calculated	index	profiles	for	2%	(left)	and	1%	(right)	rLB.	

	



	
	
Figures	1	show	the	effective	indices	measured	@	633nm	and	the	index	profile	for	different	
rLB.	We	note	that	 for	2.5,	3.0	and	3.5%	there	are	only	two	modes.	According	to	[1]	3.5%	
should	be	SPE	while	 those	 from	0.5	 to	3.0%	should	be	 in	 the	PEII	phase.	The	2%	seems	
particular	as	its	surface	index	variation,	while	much	larger	than	those	obtained	on	SPE,	is	
very	different	from	the	other	PEII.	Figure	2	shows	the	effect	of	the	exchange	time	duration	
on	 the	 index	 profile.	While	 for	 CLT1.0,	 which	 exhibits	 a	 clear	 step-like	 profile	 near	 the	
surface,	the	depth	is	increased	with	time,	CLT2.0	more	likely	seems	to	be	annealed	by	the	
longer	 exchange	 duration.	 Focusing	 on	 rLB=2%,	 the	 reproducibility	 was	 tested	 by	
fabricating	 three	 different	 samples	 in	 the	 same	 conditions	 and	 the	 measured	 effective	
indices	were	well	 in	 the	measurements	 error	 bars.	 The	 local	 value	 of	 the	 second-order	
nonlinear	 coefficient	 was	 probed	 by	 SHG	 microscopy	 using	 the	 experimental	 set-up	
described	 in	 our	 previous	 works	 [2].	 Figures	 3	 clearly	 show	 that	 2%	 conserves	 the	
nonlinear	coefficient	 in	contrary	 to	1.7%.	The	2%	PE	CLT	planar	waveguide	more	 likely	
corresponds	to	the	HiSoPE	as	already	obtained	on	LN	and	is	very	attractive	as	it	allows	a	
relative	good	confinement	while	preserving	the	nonlinear	properties	[3].	

	

	

Fig.	3	Surface	SHG	for	1.7%	(left)	and	2%	(right)	rLB.	The	superposition	of	SHG	and	IR	signals	
(right)	indicates	that	the	nonlinear	coefficient	is	preserved	into	the	waveguide.	

Proton	Exchanged	Channel	Waveguides	on	CLT:	Channel	waveguides	were	processed	
using	2%	LB	for	28hrs	at	330°C.	At	1550nm,	the	resulting	single-mode	waveguides	exhibit	
total	insertion	losses	between	two	SMF28	fibres	in	a	consistent	20	to	25%	range.	We	also	
checked	if	hybrid	modes	were	present	or	not	and	as	expected	no	polarization	conversion	
process	 was	 observed	 in	 contrary	 to	 LN	 [3]	 due	 to	 the	 positive	 birefringence	 of	 LT	
compared	 to	 the	negative	birefringence	of	LN.	 It	 thus	 seems	 that	 it	 is	possible	 to	obtain	
channel	waveguides	on	CLT	with	good	quality,	good	confinement	and	preserved	nonlinear	
coefficient.	We	have	now	to	study	the	effect	of	the	PE	process	on	poled	CLT	but	we	already	
started	the	study	of	PE	exchanged	planar	waveguides	on	MgO:LT.	

Proton	Exchanged	Planar	Waveguides	on	8%	MgO:LT:	We	have	started	a	similar	study	
on	8%	MgO:LT	from	Roditi.	Figure	4	shows	the	effective	indices	measured	@	633nm	and	
the	index	profile	for	rLB=2%	after	72hrs	at	330°C.	The	comparison	with	Figure	2	indicates	
that	MgO	tends	to	slightly	decrease	the	index	variation.	Similar	results	have	been	obtained	
for	1.0	and	1.5%	and	work	is	in	progress	to	complete	the	study.	

	

	

	

	

Fig.	4	Extraordinary	refractive	indices	@	633nm	for	rLB=2%	after	72hrs	at	330°C.	
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Electrical	control	and	detection	of	light	and	polaritons	are	at	the	heart	of	nano-
photonics	and	opto-electronics.	Two-dimensional	materials	have	emerged	as	a	toolbox	
for	in-situ	control	of	a	wide	range	of	polaritons:		plasmons,	excitons	and	phonons	[1].	
By	stacking	these	materials	on	top	of	each	other,	heterostructures	of	these	materials	
can	be	controlled	at	atomic	scale,	with	extremely	high	quality	and	clean	interfaces.	In	
this	talk,	we	will	show	several	examples	of	2d	material	heterostructure	devices	with	
novel	ways	of	exciting,	controlling	and	detecting	polaritons	[2,3].			
	

	

We	 also	 show	 various	 types	 of	
ultra-fast	 and	 highly	 efficient	
photodetectors	 [4]	 and	
modulators	 for	 data	
communications	 applications.	
Graphene	 device	 promise	 a	
broadband	 response,	 high	
switching	 rates,	 small	 footprint	
and	CMOS	compatibility.		

Finally,	we	show	for	the	first	time	
the	 monolithic	 integration	 of	 a	
CMOS	 integrated	 circuit	 with	
graphene,	 operating	 as	 a	 high	

mobility	phototransistor.	We	demonstrate	a	high-resolution	image	sensor	and	operate	it	
as	a	digital	camera.	99.8%	of	the	graphene	pixels	in	the	image	sensor	was	successfully	
integrated	 with	 the	 read-out	 circuitry.	 The	 graphene	 was	 sensitized	 with	 colloidal	
quantum	dots	that	make	it	sensitive	to	UV,	visible	and	infrared	light	(300	–	2000	nm)	[5].	
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Si-Photonic transceivers are classified by their operating wavelength, power 

consumption and integration in Si to sustain cost-effectiveness. Applying Ge as optical 

active material in a Zener-Emitter structure, has proven to provide a competitive 

solution for the integrated semiconductor optical amplifier (SOA) on Si [1].  

We further exploit the usage of a Ge Zener tunnel diode for electrical pumping (Fig. 1), to 

achieve population inversion and stimulated emission in an indirect semiconductor 

material at room temperature by direct Zener band-to-band tunneling (BTBT) [2]  

(Fig. 2).  

We conclude to present electrical pumped lasing in a 1 mm waveguide at 90 mA  

(5 kA/cm²) and for the first time mono-mode lasing in a 3.2 mm waveguide at 110 mA 

(60 kA/cm²) with maximum output power of the SOA of 1.65 mW (Fig. 3). 

 

Fig. 1. (left) Two-terminal Zener-Emitter formed by cleaving the rip-waveguide. (middle) 

SEM-image of the Si-Ge-Si heterostructure with strained relaxed Ge by a SiGe virtual 

substrate. (right) MBE-Layer sequence with the Zener p-n tunnel diode for electron 

pumping and p-i-n diode for hole injection. The device provides complete  

state-of-the-art CMOS process integration by 550 nm device layer thickness.  
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Fig. 2. (left) Ge tunnel diode for direct Zener-BTBT injection. The direct onset is visible by 

a small kink under reverse bias. (right) Schematic Ge bandstructure with tunnel injection 

and n-type doping. Stimulated emission is possible with wavelength defined by doping. 

 

Fig. 3. (left) Optical amplification by the Zener-Emitter under electrical pumping. (right) 

Mono-mode lasing at 0.4 mW optical signal input, 110 mA electrical pumping  

(3.2 mm length) and 1.65 mW output power at room temperature.  

The authors gratefully acknowledge the funding by DFG Grants no. OE 520/5-1, KI 561/5 

and FI 1511/2-1. 
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On-chip integration of all photonic components in the silicon platform is an important 

goal to accomplish high efficiency, low energy consumption, low cost and device 

miniaturization. However, silicon does not have efficient light emission or detection in the 

telecommunication wavelength range (close to 1.3µm and 1.55µm). Hence, hybrid 

integration of III-V materials or germanium is commonly adopted for the implementation of 

lasers and photodetectors. Nevertheless, these heterogeneous integration schemes 

compromise the low cost of using silicon [1]. 

Carbon nanotubes (CNTs) have recently been proposed as an attractive one-
dimensional light emitting material [2]. Interestingly, semiconducting single wall 
carbon nanotubes (SWNTs) are a versatile material with room temperature light 
detection and emission in the near-infrared. SWNTs also exhibit intrinsic room 
temperature optical gain [3], which makes them a very interesting candidate for the 
realization of lasers in Si photonics. In addition, SWNTs have shown compatibility with 
Si CMOS process. Furthermore, recent advances in polymer-assisted selection of 
semiconducting SWNT and deposition techniques, poise this solution-processed 
approach to deliver a high quality material produced at large volumes and low cost. 

Here, we report on the development of a new integration scheme to couple the light 
emission from SWNTs into Si photonic resonators. In this scheme, Si structures are 
protected with an HSQ (Hydrogen Silses Quioxane) layer, defining specific interaction 
regions, and polymer-sorted SWNTs are drop casted on top. The SWNT photo-
luminescence (PL) enhancement achievable in a micro-ring resonator is directly 
proportional to the overlap between the SWNTs layer and the evanescent field of the 
waveguide mode and inversely proportional to the propagation loss [4, 5]. By defining 
small interaction windows with the size of the illumination spot of our Ti:Sapphire 
pump, we ensure that all SWNTs in contact with the waveguide are excited. This way 
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we obviate unwanted absorption arising from non-excited SWNTs, thereby improving 
the emission enhancement in our Si micro-ring resonators.  

As an illustrative example, Fig. 1 shows the collected PL spectrum for two Si micro-
resonators, one with the interaction window in the ring-to-bus coupling region (blue 
line and SEM on the left), and another with the interaction region within the ring (green 
line and SEM on the right). The micro-ring with the interaction window in the ring-to-
bus coupling region exhibits two wideband lobes, around 1.2µm and 1.3µm wavelength, 
that correspond with the emission of our polymer-sorted SWNTs solution [6]. On top of 
this emission, we observe a set of remarkably sharp resonance enhancement peaks 
produced in the Si micro-ring. Interestingly, when we place the interaction window 
within the ring is possible to remove the SWNT background emission, substantially 
improving the signal-to-noise ratio.  

These results pave the way for the realization of integrated sources with high spectral 
purity operating within the O Datacom band, based on the combination of SWNTs and 
Si micro-resonators.  

 

Fig. 1. PL intensity as a function of the wavelength for two different scenarios. In blue line 
when the interaction region is in the coupler between ring and bus waveguide. In green 

line when the interaction area is placed within the ring. 

This work has been supported by the European project FET CARTOON. 
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Integration of optical isolators and circulators has remained for many years a crucial 
technological issue which makes difficult the insertion of active components in photonic 
circuits (PICs). More generally, use of non-reciprocal (NR) transmission in photonic 
systems could considerably enrich possible architectures. The design of optical guided 
structure with NR functionality requires simultaneous spatial and time-reversal 
symmetry breakings in the waveguide (WG). Whereas spatial symmetry breaking is easy 
to obtain by suitable geometrical design, time-symmetry breaking requires non-linear 
interaction of the propagative wave with the medium. Magneto-optical materials can 
provide this non-linearity. Especially the transverse magneto-optical Kerr effect 
(TMOKE) is well-adapted to guiding configurations and thus to integration in PICs. The 
main magneto-optical materials exploited for TMOKE induced non-reciprocal 
transmission at telecom wavelengths are garnet oxides like Bi or Ce substituted Ytrium 
iron garnets (Bi:YIG, Ce:YIG), and ferromagnetic metals like FeCo.  

Garnet interferometer lead to the demonstration of 21 dB of isolation at 1550nm in a 
nonreciprocal SOI device made of a directly wafer bonded Ce-YIG bulk layer [1], with a 
large footprint. For miniaturization, MO strength can be enhanced using the light 
confinement and deceleration concepts from garnet photonic crystal [2,3]. A 
fundamentally different approach consists in using metallic MO cladding layers, like 
FeCo, and exploit the imaginary part of the TMOKE effect, i.e. the non-reciprocal dichroic 
loss [4,5]. A TM semiconductor optical amplifier including 50 nm thick FeCo layer 
deposited on WG, reached isolation ratio of 12 dB without insertion losses [6]. However, 
the compromise between metal induced losses and TMOKE strength (related to mode 
confinement in FeCo layer) was never really solved, to reach application compatible 
performance. One aspect of this work was the special role played by the surface plasmon 
polariton (SPP) excitation at the ferromagnetic metal interface which causes a 
concentration of the light near the magneto-optically active interface.  

 
Fig. 1. (a) 1D periodic Au grating on BIG waveguide covered by SiO2. (b) FDTD calculated 

band structure of the magneto-plasmonic. (c) Superposition of band structures for 
ࢀࡹ+

ࢀࡹ- and࢚ࢇ࢙
 .WG transmittance T and isolation ratio parameter  (d) .࢚ࢇ࢙

With the same idea, huge enhancement of TMOKE with a metallic grating on a MO 
substrate [7] was demonstrated, in non-guided structures. One significant improvement 
with respect to the use of FeCo layer comes from the separation here of plasmonic and 
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MO effects in two different materials (plasmonic metal and MO oxide), allowing the mode 
energy concentration in the MO and less lossy one. More recently, sign inversion of the 
non-reciprocal dichroism for a given magnetization direction was also obtained with 
gold grating deposited on MO garnet thick layer [8], by only grating shape modification. 
Sign inversion is induced by resonant modes coupling involving both the Fabry-Perot 
(FP) mode generated in the grating slits, and the SPP mode at the garnet/Au interface, 
and could be suitably used in a push-pull configuration.  

This property is the starting point for a renewal of the integrated isolator design. In this 
paper we propose to extend it to the TM waveguide configuration with a 1D periodic Au 
grating on BIG (Bismuth Iron Garnet) waveguide in TMOKE configuration (Fig. 1(a)).  

The optical response of the waveguide has been calculated using commercial software 
based on finite difference time domain (FDTD) method extended to the instance of 
gyrotropic materials. The magnetic film permittivity tensor has the following non zero 
components: ߝ௫௫ = ௬௬ߝ = ௭௭ߝ = 2.51² and ߝ௫௬ = ௬௫ߝ− =  is the (்ܯ)݃ where ,(்ܯ)݃݅
gyrotropy of the BIG material. BIG dispersion is negligible in the study wavelength range 
and ݃ ்ܯ)

௦௔௧) = 0.1 at the saturation magnetization [9]. The gold permittivity is described 
by a Drude model fitting of ellipsometric data. The non-MO GGG substrate and the SiO2 
superstrate permittivities are equal to 1.97² and 1.45², respectively.                 

Figure 1(b) represents the band diagram of the proposed structure when the height, 
period and slits of the grating respectively are h =130 nm, p = 200 nm and s = 20 nm. The 
grating period is shorter than the 1rst order Bragg condition in order to avoid back 
reflection. Dash-dotted black lines correspond to BIG, GGG and SiO2 lightlines. Full and 
dash-dotted red curves correspond to dispersion curves of the magneto-plasmonic WG. 
The presence of 1D periodic slits of 20 nm in the gold film introduces the formation of a 
bandgap at 1.33 µm. This bandgap is attributed to the coupling between Fabry-Perot like 
slits modes (independent of the waveguide mode k-vector) and the SPP mode 
(interrupted by the grating slits) related to the blue dispersion curve. Fig. 1(c) presents 
the superimposition of the band structures for +்ܯ

௦௔௧ and −்ܯ
௦௔௧ . We clearly observe a 

shift of the SPP dispersion curves, which highlights the existence of a difference between 
the wave vectors for waves propagating in forward and backward directions. The 
corresponding WG transmittances ܶା and ܶିare represented in Fig. 1(d), together with 
the isolation parameter ∆= ାܶ)ݏܾܽ −  ܶି) max (ܶା, ܶି)⁄  . Two maxima can be 
distinguished at 1.38 µm, and 1.27 µm on the  curve. This shows that, for this specific 
grating geometry, the NR transmission is enhanced in the vicinity of the bandgap.  

To conclude, we have numerically shown that when a magneto-optical bismuth iron 
garnet waveguide is coupled to a gold grating on its top, surface plasmon polaritons may 
strongly enhance transverse magnetic-optical Kerr effect especially when guided modes 
interact with grating slit modes. The TMOKE effect can be tuned by optimization of 
grating geometry and opens the prospect of achieving an improved integrated isolator. 

This work was partially funded by Optoelectronic and Photonic chair of Paris-Sud 
University, supported by PSA. 
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Distributed feedback (DFB) semiconductor laser arrays are important components for 
wavelength division multiplexing networks. Recently, the reconstruction-equivalent-
chirp (REC) technique, based on sampled Bragg gratings (SBGs), has been applied to 
DFB laser arrays to give precise wavelength control [1]. Rather than operating at the 
0th-order reflection of the Bragg grating, the lasers make use of either the +1st- or −1st-
order reflections. However, the effective coupling coefficient, κ, of a sampled grating is 
reduced substantially from that of a uniform grating, because of the reduced duty cycle 
of the grating and because the effective index modulation seen by ±1st-order reflections 
is only 1/π times that of the 0th-order reflection. To overcome this, designs of SBGs with 
phase shifted grating sections have been proposed and demonstrated in fibre lasers. In 
these structures, the (not required) 0th-order mode is suppressed while the index 
modulation experienced by reflection orders is enhanced [2]. Here we have designed 
gratings using the REC technique with π-phase shifted gratings for DFB diode lasers. 

The device layout, fabricated devices and a fabricated grating are shown in Fig. 1.  
Three different gratings were studied: a uniform 0th-order grating, a conventional SBG 
(C-SBG), and a π-phase shifted SBG (PPS-SBG) shown in Figures 2(a), (b), (c) 
respectively. The largest κ for a C-SBG is obtained with a duty cycle of 0.5, which 
reduces the effective κ of the ±1st-order reflections by a factor of π relative to that of the 
0th-order refection from a uniform grating [2]. The effective κ of the ±1st-order 
reflections from the PPS-SBG should therefore be 2/π times that of a uniform grating.  

For the uniform 0th-order gratings, the period was 243 nm; for the SBG structures, the 
grating and sampling periods were 260 nm and 3.712 µm respectively. Figure 3(a) 
shows the spectrum just below threshold for the three structures of Fig.2; the stop 
bands can be clearly seen and their widths are listed in Table 1. Also shown in Table 1 
are the stop band widths, calculated using a simple transfer matrix approach, for 
uniform passive waveguides for three different values of κ (Fig. 3(b)). Stop bands of 
active structures are significantly smaller than for passive waveguides because of the 
effect of the laser gain. In order to relate the measurements on active devices with the 
modelling results for passive waveguides, we have calculated the ratio of the stop 
bands for active and passive structures and shown it is almost constant (0.6 ± 0.03). 
Based on this simple approach, we conclude the effective coupling coefficients are 
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approximately in the expected ratios of 1 : 1/π : 2/π for uniform : C-SBG : PPS-SBG.  

We have also fabricated an eight-wavelength laser array using PPS-SBG whose lasing 
spectra are shown in Fig. 3(c). The channel spacing is designed to be 100 GHz. By linear 
fitting, the average wavelength spacing is 0.837 nm with a residual of 0.059 nm.  

Table 1. Properties of modelled and measured gratings 

Grating type C-SBG PPS-SBG Uniform 
Measured stop band / nm 0.405 0.454 0.475 
Uniform grating equivalent κ / cm-1 7.4 14.8 23.2 
Uniform grating passive stop band / nm 0.645 0.719 0.835 
Ratio of {measured/passive stop band} 0.63 0.63 0.57 
 

 

Fig. 1. (a) Device schematic, (b) micrograph of fabricated device, and (c) π-phase shifted 
sampled Bragg grating (PPS-SBG) in DFB section. 

 

Fig. 2. Grating structures of (a) uniform 0th order grating (b) conventional sampled Bragg 
grating (C-SBG) (c) π-phase-shifted SBG (PPS-SBG). P is the sampling period. 

 

Fig. 3. (a) Spectra of lasers just below threshold (50 mA) with uniform 0th order grating, C-
SBG, and PPS-SBG, (b) calculated stop bands of passive laser waveguides, and (c) optical 
spectra of the laser array. 
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Monolithically integrated and tunable semiconductor lasers are of great interest for 
dense wavelength division multiplexing (DWDM) and conventional (WDM) networks. 
Distributed Bragg reflector and Distributed feedback lasers have demonstrated excellent 
performance in terms of supplying a single mode output with high stability. However, 
Bragg based lasers require high resolution lithography and multiple epitaxial growth 
steps, which adds to the fabrication complexity, time and cost.  

Regrowth free, monolithically integrated single mode lasers that use standard UV 
lithography with relatively simple fabrication processes have drawn a lot of interest. One 
such laser is the slotted Fabry Perot (SFP) [1], which exploits mini inter-cavity reflections 
by using index perturbation along the ridge in a form of slots. Also, slots can be used as 
mirrors to create a monolithically integrated facet-less or single-facet lasers [2,3]. A 
single slot etched just above the active region provide a maximum of around 2-3% 
reflection. Therefore, to create sufficient reflection to replace a cleaved facet, 9 slots are 
often used to build an effective mirror [2]. For example, to achieve a facet-less SFP laser 
with a 400 GHz discrete tuning step requires 2 mirrors each, with a length of 
approximately 900 μm. 

A limitation of the slot is that its reflection is highly sensitive to the etch depth [4], and 
this reflection strength governs both the laser performance and the consistency across 
the wafer. Therefore, a wet etch is often used in conjunction with a dry etch to reach the 
intended depth. The effect of crystal orientation on the wet chemical etching [5] limits 
the cavity design flexibility across the chip.  

In this paper, we demonstrate a novel V-notch reflector that uses lithography to control 
reflectance instead of depth. Moreover, by lithographically manipulating the V-notch 
dimensions, flexible control over the reflected power and loss is possible. The deeply 
etched V-notch reflector overcome the depth sensitivity of the slot, allowing various 
reflection options without the need of additional fabrication steps, accurate depth 
control or a wet etch. Fig.1 show an illustration and a SEM image of the V-notch 

 

Fig.1 (a)V-notch illustration showing the active region in red(b) V-notch SEM 
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These lithographically controlled V-notches can be valuable in generic fabrication 
foundries where the depth options are limited or only deep etch ridges are used. Some 
of the V-notch structures have higher reflectivities than the slots, which reduces the 
mirror size compared to the slotted mirrors used in conventional SFP.  By measuring the 
modulation depth and L-I curves of various V notch structures it was possible to estimate 
their reflection and loss.  Simulation results using commercial Eigen mode expansion 
(EEM) software ModePROP from RSOFT agrees well with the experimental data. Finally, 
a V-notch laser cavity that exhibits an SMSR up to 42 dB and tuning range across 55 nm 
using V-notch with various dimensions will be presented (Fig.2) 

. 

Cleaved 

Facet

Cleaved 

Facet

 

  

Fig,2 (a)cavity Design (b) single mode with a SMSR of 42.4 dB (c) Tuning across 55.7 
nm with SMSR>31 dB 
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The need to support the ever-increasing data traffic demands has accelerated the 
development of the underlying network technology. Pluggable transceivers have now 
become a norm and industry has acknowledged that Photonic Integration, regardless of 
the material platform, is vital to the continuous scaling of optical networks. Indium 
phosphide (InP) based photonic integrated circuit (PIC) technology offers high 
performance and cost advantages when applied in Dense Wavelength Division 
Multiplexing (DWDM) long haul communication systems [1] - both in highly parallel 
systems as well as in single wavelength, high bit-rate systems. However, for short and 
medium reach applications, the cost and integration challenges become increasingly 
stringent. In this paper, we review technology aspects and trade-offs for the application 
of InP-based PICs in mid-range (10-100 km) pluggable transceivers. Latest results on 
integrated high-speed modulators will be presented, together with the innovations that 
are required to cost-effectively apply PIC technology into commercial products.  

The fact that the main optical system components (lasers, modulators, (de-)multiplexers, 
and photodetectors) can all be made in different alloys of InP makes this integration 
platform highly attractive. A whole system can be monolithically integrated on a chip, 
including wavelength locking, power monitoring and equalization; we therefore call this 
System-on-Chip (SoC) technology. The SoC technology enables several powerful, cost-
cutting features. First, the whole circuit can be readily tested at the wafer level, helping 
design refinement and to identify defective samples early in the process, well before 
being packaged. And second, the monolithic integration reduces overall complexity at the 
packaging level, as there is no need for complex flip-chip bonding of different materials 
or cumbersome alignment of micro free-space components. This enables the co-
packaging of electronics and optics in a non-hermetic form that eliminates the need for 
the traditional and expensive gold boxes. This way, low-cost, high-performance 
transceivers with increased functionality can be realised in standard form factors. For 
example, based on this technology, a 10x10 Gb/s NRZ DWDM transmitter optical sub-
assembly (TOSA) designed for application into standard form factor transceivers has 
been developed. The multi-channel PIC comprises 10 distributed Bragg reflector (DBR) 
lasers (see spectrum in Fig. 1(a)) each modulated via a Mach-Zehnder modulator (MZM) 
and combined with an arrayed waveguide grating (AWG) for multiplexing, and several 
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monitoring functions all in a chip occupying a small area of 4x6 mm. This is less than the 
amount of InP needed for 10 individual channels, and therefore the AWG and monitors 
come almost for free, on top of the reduced handling complexity in the packaging process. 

In the 10-100 km transmission range the use of MZMs  is appealing because, in contrast 
to electro-absorption modulators, they offer better chirp management and extinction 
ratio control over a wide wavelength range without incurring additional loss [2]. To meet 
the performance requirements within the power budget, high-efficiency MZMs are 
combined with cost-effective off-the-shelf electronics. The inset in Fig. 1(a) shows a 
representative eye diagram of the 10x10 Gb/s TOSA in which the MZMs were negatively 
pre-chirped. Pre-chirping is known to reduce the power penalty induced by fibre 
nonlinearity both in normal and anomalous dispersion fibres, enabling longer 
transmission distances [3].  RF extinction ratio higher than 12 dB with the peak to peak 
modulation voltage (Vpp) of 1.5V is obtained, using low-cost drivers.  

The next generation transceivers will require higher bit rates per channel. In this context, 
up to 5-times channel throughput increase (i.e. 50 Gb/s/) of the 10x10G-class TOSA has 
been demonstrated when paired with simple digital signal processing techniques and 
using PAM-4 signals. Figure 1(b) illustrates how the MZM chirp is exploited to enable the 
PAM-4 WDM dispersion tolerant direct-detection based transmission up to 25 km 
without dispersion compensating fibre (DCF) and 75 km with DCF. Figure 1(c) shows the 
frequency response characteristics of the MZM used in this experiment. The traveling-
wave InP modulator has a 3-dB bandwidth in excess of 25 GHz, with a modulation voltage 
of only 1.6 Vpp.  Overall, this technology is a compelling candidate for the realisation of 
high-speed-high-efficiency pluggable transceivers. 

 

Fig. 1. a) Output spectrum and typical eye diagram of a 10x10 Gb/s NRZ DWDM TOSA 
based on the SoC technology.  b) Chirp impact on PAM-4 WDM transmission at 25 Gb/s/ 

using 10x10G-class TOSA. c)  MZM frequency response. 
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Abstract: We present the characterization of the reflection spectra of distributed Bragg 
reflectors (DBRs) created using DUV scanner lithography in indium-phosphide (InP) 
with the optical frequency domain reflectometry (OFDR) method. 

Introduction: The Distributed Bragg Reflector (DBR) is an important waveguide 
component for achieving wavelength selective filter functions. To enable the DBR as a 
standard building block in the COBRA platform [1], a main challenge is the development 
of a high precision lithography technology on indium-phosphide (InP) wafers. Recently, 
we have successfully used the 193 nm DUV scanner to fabricate DBRs on InP wafers, for 
the first time [2]. Another challenge is to characterize the reflection spectra of fabricated 
buried DBRs. With a direct measurement of reflections from anti-reflection coated chips, 
the coupling loss between the fibre and sample is hard to be estimated. With cleaved 
chips, which enable self-referenced analysis, the coupling loss can be estimated. 
However, the contribution of the Fabry–Pérot cavity introduced by the facets need to be 
de-embedded to separate the pure grating reflection. In the optical frequency domain 
reflectometry (OFDR) method, we can separate the facet reflections from the grating 
response in the spatial domain [3]. 

The OFDR system: The 
schematic diagram of the 
OFDR system used for the 
characterization of DBRs on 
a cleaved chip is shown in 
Fig. 1. The sample has a 
1950 µm long waveguide 
with a DBR positioned at 
1000 µm from the front 
facet. The intensity 
modulation resulting from the interference of reflections from the cleaved facets and the 
DBR (green arrows) are recorded by the power meter when sweeping the wavelength of 
the tunable laser. Taking the Fast Fourier transform (FFT) of the recorded signal, it is 
then possible to spatially map the reflection distribution. 
The reconstruction of the DBR reflection is carried out in the following steps: first, 
remove those reflections in the spatial domain that correspond to a path difference 
longer than the DBR length, in this way we keep only interference between paths 2 and 
3. Second, correct the magnitude of the FFT by eliminating the coupling and propagation 
losses. The coupling loss can be calculated from the average loss in the wavelength range 
outside the grating reflection peak. Third, apply an inverse Fourier Transform to the 
corrected FFT signal. Simulations have been done in our optical extensions implemented 
in Agilent’s Advanced Design System (ADS) to demonstrate the accuracy of the method. 
Fig. 2(a) shows the comparison of the FFT results between the reference DBR (blue) and 
the sample with cleaved facets (red). It shows that the sample with cleaved facets has 
extra reflection peaks and extra losses compared to the reference. The reconstructed FFT 

Fig. 1. The schematic diagram of the OFDR system. 
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signal of the sample, shown as the light blue curve in Fig. 2(b), matches well with the 
reference. By applying an inverse FFT, the extracted grating reflection matches well with 
the reference reflection (Fig. 2(c)). 

Fig. 2. FFT of simulated reflection from the reference and the sample (a) before and (b) 
after filtering. (c) Reference and reconstructed grating reflection spectrum. 

Measurement results and discussions: A set of DBRs fabricated in the COBRA platform 
with periods of 236.3, 237.8, 238.5, 239.9 and 240.1 nm and lengths of 200, 400, 500, and 
600 µm were characterized. Fig. 3(a) and (b) show the measured and extracted reflection 
spectra for DBRs with a fixed period of 240.1 nm. The DBR reflection spectrum is not 
directly visible in the measurements due to the losses induced by coupling, waveguide 
propagation and Fabry–Pérot interference. The extracted results show the reflection 
spectra of the DBRs. It shows that the same grating period results in the same Bragg 
wavelength and that a longer length of grating results in higher peak reflectivity. The 
Bragg wavelength of in total 40 different samples over a wafer has been analyzed. The 
mean values at 5 periods are shown as blue dots in Fig. 3(c). The standard deviation at 
each period is smaller than 0.7 nm, which is sufficient to target the wavelength for 
tunable DBR gratings. The Bragg wavelength increases linearly as the period increases, 
which indicates the reproducibility of the lithography process over a large area.  

Fig. 3. (a) Measured and (b) extracted reflections of DBRs at different length, (c) Measured 
Bragg wavelength (blue spots) as a function of period and its linear fit (red line). 

Conclusion and acknowledgement: We have developed a method based on OFDR with 
a subsequent filtering in the spatial domain to extract the pure power reflectivity of 
DBRs. The fabrication with 193 nm DUV technology is demonstrated to be reproducible 
over a large area. We acknowledge support by the Dutch Technology Foundation STW 
for project 13538. 
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Optical Frequency Domain Reflectometry (OFDR) [1-5] provides valuable complex 
information (modulus and phase) in the time and optical frequency domains for 
characterization of new technologies and integrated devices. The standard approach 
employing fiber based Mach-Zehnder Interferometers (MZI) [1-5] requires dedicated 
bulky set-ups, subject to demanding stabilization conditions, in order to preserve the 
light polarization states and the optical phase variations due to temperature changes 
over long fiber MZIs (>4-5 meters in some cases due to the required fiber pigtails couple 
light to/from the photonic chip). Here we propose for the first time to our knowledge a 
fully Integrated OFDR (IOFDR) approach, where all the required MZI structures are co-
integrated with the Device Under Test (DUT). The device was fabricated on a 100mm Si 
wafer, composed of a SiO2 buffer (2.5μm thick, n=1.464) grown by thermal, following a 
LPCVD Si3N4 layer with thickness 300nm (n= 2.01) and a 2.0μm thick SiO2 (n=1.45) 
deposited by PECVD. 

  
Fig. 1. a) Fully Integrated OFDR layout. b) DUT and Ref interferograms 

The IOFDR set up is composed of two on-chip imbalanced MZIs, fed by a scanning 
Tunable Laser (TL), Fig. 1. The upper MZI embraces the DUT (a 5x5 Array Waveguide 
Grating (AWG) design as a proof of concept). The lower MZI is used to obtain the 
reference (or trigger) for the phase error correction due to imperfections during the TL 
scanning. In both MZIs we employ spirals to adjust the optical path differences 
(∆𝐿𝐿𝐷𝐷𝐷𝐷𝐷𝐷 ,∆𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟) according to the DUT characteristics. The objective is to ensure that the 
triggering interferogram provides sampling points of the DUT interferogram subject to 
the Nyquist criterion, in order to avoid aliasing of the DUT temporal response. We 
employ 50:50 MMIs for all the MZIs and also at the input signal splitting on the left hand 
side of the design. Finally, for the IOFDR assessment the TL signal, swept along 100nm 
(speed 40nm/s), is injected at input port I1 or I2, and the signals from one of the MZI-
DUT outputs (O1 or O2), and one of the reference MZI outputs (R1 or R2) are collected 
and driven to two PIN detectors connected to, Fig.1.  
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Fig. 2. a) DUT time response, b) Spectral amplitude: Dotted line standard measurement, 

Cont. line IOFDR, c) Group Delay response from IOFDR data. 

After detection, the interferograms, Fig. 1(b), are sampled and acquired (5e4 samples/s 
per channel) and the DUT interferogram is re-sampled numerically in the reference zero-
crossings to perform the correction for scanning errors. Finally, the Fast Fourier 
Transform (FFT) is employed to obtain the DUT time response ℎ(𝑡𝑡), Fig. 2(a). Notice that 
we are representing the complete transformed signal in time domain ranging from 0 to 
232 ps, that corresponds with the designed ∆𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟 = 36.9 𝑚𝑚𝑚𝑚 (𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 1.89). Time 
response ℎ(𝑡𝑡) appears symmetrically at ~62 𝑝𝑝𝑝𝑝 and ~(232 − 62) 𝑝𝑝𝑝𝑝 corresponding with 
the ∆𝐿𝐿𝐷𝐷𝐷𝐷𝐷𝐷 = 0.984 𝑚𝑚𝑚𝑚 (calculated for the central AWG waveguide). The AWG was 
designed with 59 waveguides in the array and a Free Spectral Range (FSR) of 32 nm 
(4.0THz), so the expected impulsive response is composed by a train of short pulses 
spaced 0.24 ps, with length 14.5 ps. See Fig. 2(a) and inset showing |ℎ(𝑡𝑡)|2 in dB and 
natural units. We can see on |ℎ(𝑡𝑡)|2 the power distribution in the AWG arms, as well as  
a strong power fluctuation in some waveguides of the array, due to fabrication 
imperfections. Notice that phase propagation errors between waveguides can be 
obtained also [3]. Additionally the spectral response in IOFDR was obtained by slicing 
the ℎ(𝑡𝑡) around the 62 ps band along ±6ps and performing the Inverse FFT. Amplitude 
and the group delay responses are shown in Fig. 2(a) and (b). In order to verify the IOFDR 
results we took a standard spectral amplitude measurement with an ASE source and an 
Optical Spectrum Analyzer. For this, we employed available direct ports on the AWG (D1 
and D2 in Fig. 1(a)). The amplitude responses from the IOFDR setup and the standard 
measure are compared in Fig. 2 (b), with the required manual wavelength shift since we 
are using a different in/out combination. Overall, the IOFRD chip provides a very good 
agreement with the classic measurement, but it provides full-field information of the 
DUT in the time and optical frequency domains.    
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Strong light-matter intercations can be realised in plasmonic nanostructures openning 
up opportunities to control electromagnetic signals on subwavelength scales. In this talk 
we will discuss various plasmonic and metamaterial-based approaches for achieving 
active nanophotonic functionalities. All-optical and electro-optical effects as well 
polarisation and dispersion management with plasmonic nanostructures and their 
sensing applications will be overviewed. 

Plasmonics makes use of coupling between electromagnetic waves and free-electron 
excitations at the interface of good conductors. The electromagnetic field enhancement 
effects associated with surface plasmons and specific to them field confinement result in 
a strong sensitivity of plasmonic modes to dielectric surroundings, thus facilitating all-
optical and electronic control of their propagation [1,2]. These properties are especially 
suitable for development of active integrated componnets which can be used within 
purely plasmonic circuits or incorporated into photonic, e.g., Si-based, circuitry to achive 
desired functionality which is difficult to achive by other means [3]. Going beyond 
conventional plasmonic materials, such as Au and Ag, new material platfoms based on 
CMOC compatible metals such as Al and Cu, highly doped semiconductors, transparent 
conductive oxides and metamaterials have been developed. In particular, by controlling 
arrangements of plasmonic nanostructures withing metamaterials, complete control 
over surface plasmonic dispersion and field enhancement can be achieved [4-6]. 
Combining plasmonic nanostructures with electro-optical materials or using their free-
electron nonlinearities, various types modulators and switches can be demosntrted 
operating at very low powers.  
 
In this paper, we will overview active nanophotonic functionalities based plasmonic and 
metamaterial waveguides and discuss integrated and free standing componets for signal 
modulation, and polarisation and dispersion [7-13]. With a strong refctive index 
sensetivity diue to the field confinement and enhancement, intgrated plasmonic and 
meamaterial circuitry can also be used for high-performance sensing applications. 
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Subwavelength gratings (SWGs) are periodic structures with a pitch (Λ) smaller than 
half the wavelength of the propagating wave (λm), so diffraction effects are suppressed. 
SWGs behave as artificial birefringent metamaterials with optical properties which 
depend on the geometry of the structure [1, 2]. They have found a myriad of 
applications in the field of integrated optics [3], most of them implemented in the 
silicon-on-insulator platform (SOI). Refractive index engineering based on SWGs has 
contributed to significant improvements in the performance of fiber-to-chip couplers, 
which is known as one of the major challenges in integrated optics. The same technique 
has been applied to design low loss waveguide crossings, integrated planar lens and 
evanescent field sensors. A refinement of the design technique enables engineering not 
only the refractive index, but also the dispersion profile of the SWG structure, thus 
paving the way toward ultra-broadband integrated optical components, such as 
directional couplers or multimode interference (MMI) devices. If the designer takes 
advantage of the inherent birefringence of SWGs, these structures can be used to 
implement high performance integrated polarization beam splitters, polarization 
rotators and polarizers. Currently, most of the practical devices based on SWG 
waveguides have been proposed for near-infrared (NIR) telecom wavelengths. For the 
designer, the main limitation is the minimum feature size that can be reliably fabricated 
(~100 nm), which constrains the SWG structures to periods larger than 200 nm. This is 
very close to the Bragg period at telecom wavelengths (ΛB = λm /2 ~ 280 nm for the SOI 
platform), so the degrees of freedom for the design are often quite limited.  
Nevertheless, it is worth to note that the subwavelength condition (Λ < λm /2) is much 
easier to meet for mid-infrared (MIR) wavelengths than for the comparatively shorter 
near-infrared wavelengths, so it can be expected that SWG techniques will have a 
relevant impact in the design of MIR integrated optical devices in the near future. In this 
talk we give an overview of some of our recent advances in the development of high 
performance subwavelength waveguide devices for near and mid-infrared applications 
[4-15] (see Fig. 1). Practical issues of the design process, such as the relevance of 
substrate leakage losses and the effects of the random jitter, inherent to any fabrication 
process, will be also covered [16, 17]. 
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Fig. 1.  Classification of our recent work in subwavelength grating waveguide devices. 
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In integrated optics, multimode interference couplers (MMIs) are used as light-wave 
splitters and combiners in a wide variety of devices ranging from spectrometers to 
sensors and coherent optical receivers. While their design and operation is generally 
well understood [1], the operational bandwidth remains limited. Here we present a 
sub-wavelength structured MMI, shown in Fig. 1(a), that overcomes this limitation and 
experimentally demonstrate a bandwidth exceeding 300nm at telecom wavelength, 
with more than 500nm bandwidth potentially attainable (as per 3D-FDTD simulations). 

Referring to Fig. 1(b), in a MMI a light-wave with mode profile 𝑓𝑖𝑛 is launched into the 
multimode region, exciting several higher order modes 𝜑𝑖 . These modes propagate with 
different phase constants 𝛽𝑖 forming images of the input field 𝑓𝑖𝑛. A two-fold image is 
formed at the position 𝑧 = (3/2) 𝐿𝜋, with 𝐿𝜋 = 𝜋/(𝛽1 − 𝛽2) the beat-length of the two 
lowest order modes. By placing the output waveguides at this position a 3 dB coupler is 
obtained. However, the beat-length 𝐿𝜋 is wavelength dependent, so the position of the 
images moves as wavelength is tuned, limiting the device bandwidth [1]. 

We use a sub-wavelength grating (SWG) metamaterial to overcome this limitation. 
SWGs behave as equivalent homogenous media with controllable refractive index, and 
have found widespread application in silicon photonics [2]-[5]. Broadband 3 dB 
couplers based on SWG directional couplers [6]-[7] and SWG adiabatic couplers [8] 
have been recently demonstrated, with bandwidths between 100 nm and 130 nm. In 
our SWG MMI [Fig. 1(a)], we exploit the anisotropy of the SWG to experimentally 
demonstrate a 3 dB coupler that covers 300nm of bandwidth around a wavelength of 
1.55 μm. 3D FDTD simulations show that more than 500nm can be achieved.  

The anisotropy of the SWG medium is analogous to that of a uniaxial crystal: two waves 
polarized along the 𝑥 axis (electric field parallel to the silicon segments) and 𝑧 axis 
(electric field perpendicular to the silicon segments) experience different equivalent 
indexes, 𝑛𝑥𝑥 and 𝑛𝑧𝑧 [Fig. 1(a)]. The device can thus be modelled as a conventional MMI 
composed of a homogenous anisotropic material [Fig. 1(b)]. The beat length of such an 
anisotropic MMI is given by 𝐿𝜋 ≈ (4W2)/3𝜆 · 𝑛𝑧𝑧

2 /𝑛𝑥𝑥, and is significantly shorter and 
less wavelength dependent compared to a conventional MMI [9].  

  

Fig. 1.  (a) Scanning electron microscope image of a sub-wavelength patterned multimode 
interference coupler engineered for ultra-broadband operation. (b) Schematic top view of 

a 22 multimode interference coupler. 



 

Fig. 2. Measured performance of the device shown in Fig. 1(a), revealing high-performance 
operation over a bandwidth in excess of 300nm, actually limited by the setup wavelength 

scanning range. 

 

Figure 2 shows the performance of the sub-wavelength patterned MMI, measured using 
a broadband source and an optical spectrum analyser. Both imbalance (power 
difference between the two outputs) and excess loss (power lost in the device) are 
below 1 dB over the full measurement range (1380nm – 1700nm). The phase error 
(deviation from the ideal 90 phase shift between the outputs) is smaller than 5. Even 
an ideal (simulated) conventional MMI device only exhibits a comparable performance 
over a limited bandwidth of 200nm.  

We believe that such ultra-broadband MMI devices will pave the way towards 
broadband on-chip systems for diverse applications ranging from optical sensing to 
data communications.   
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A fully suspended slot waveguide (FSSW) racetrack resonator is experimentally 
demonstrated for the first time. The suspended slotted waveguide core is mechanically 
supported by lateral subwavelength grating (SWG) bridges. The measured loaded 
optical Q factor is 1650 at a resonant wavelength of 2326.20 nm, with extinction ratio of 
18.1 dB.  

Optical slot waveguides fabricated on the silicon-on-insulator (SOI) platform enables 
direct light–matter interaction [1]. Its ring resonators are promising for trace-gas 
sensing [2], microparticle trapping [3], and nano-optomechanical mass and 
displacement measurements [4]. To date, slot ring/racetrack structures on buried oxide 
(BOX) have been adopted in the above applications. However, their operation 
wavelength is limited below 4.0 μm in the mid-infrared (MIR) regime due to the strong 
absorption of BOX [1]. 

 

Fig. 1. Top-view SEM images of a FSSW racetrack resonator. (a) Overview of a complete 
racetrack resonator. (b–f) Zoomed-in areas of the waveguide coupler and bends.  

In order to achieve a broad spectral range of transparency in the MIR regime, we 
propose and demonstrate a FSSW racetrack resonator fabricated on a 340-nm SOI 
wafer, where the BOX is removed finally. As shown in Fig. 1(a), a curved slotted 
waveguide core is mechanically supported by lateral subwavelength grating bridges. 
The bus waveguide is a suspended strip waveguide [5] with two strip-to-slot mode 



 
1 9 t h  E U R O P E A N  C O N F E R E N C E  O N  I N T E G R A T E D  O P T I C S   2

converters and a section of slotted waveguide in the middle, as shown in Fig. 1(b). We 
define the bus-to-racetrack coupling length as Lc and the centre-to-centre separation of 
the coupling region as d. The waveguide bends shown in Fig. 1(c), (e), (f) have a same 
radius of R. A zoomed-in slot waveguide structure is shown in Fig. 1(d). Widths of the 
waveguide core and slot are WSi and Wslot, and the period and length in the x direction of 
the periodic anchoring pillars in a SWG cladding are  and LSi.   

 

Fig. 2. (a) Transmission spectrum of a FSSW racetrack resonator. (b–d) Zoomed-in spectra 
of the labeled modes with fitted loaded Q factors. 

Fig. 2(a) shows a measured transmission spectrum with a resolution 0.1 nm for a 
racetrack resonator with (Lc, d, R) = (6.00, 1.80, 47.75) μm and (WSi, Wslot, , LSi) = 
(955.18, 87.48, 299.94, 102.07) nm. Regimes of under, critical, and over coupling can be 
seen from changes in the extinction ratios in the wavelength range from 2305 to 2355 
nm with increased coupling coefficient. Three pronounced transmission dips are 
selected for analyzing the loaded optical Q factors. Their resonant wavelength, loaded Q 
factor, and extinction ratio are (2321.40 nm, 1522, 13.11 dB), (2326.20 nm, 1650, 18.14 
dB), and (2331.10 nm, 1520, 19.62 dB), respectively. The loaded Q factor may be 
improved by optimizing Lc and d, in order to minimize the coupling loss. 

In summary, we have experimentally demonstrated FSSW racetrack resonators with 
their loaded optical Q factors above 1500. They could be used for applications where 
enhancement of direct light–matter interaction is desired, such as spectroscopy, 
sensing, and optical tweezers. 
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Over the last decades, the ubiquitous necessity for high-bandwidth and low-cost has 
instigated the penetration of photonic integrated circuits (PICs) though all the major 
application areas of Photonics, providing the speed, cost and integration density 
credentials required for preventing the imminent capacity crunch. Ranging from the 
high-speed low-cost IM/DD links of datacenter networks to the spectrally-efficient 
flexible coherent systems of the metro and core, the industry is seeking PIC-based 
solutions offering extensive functionalities, low cost and manufacturability. In this 
context, III-V materials present their inherent competence to provide a complete set of 
functionalities, such as light emission, modulation and detection while Silicon Photonics 
(SiPh) bear the promise of capitalizing on the enormous investments and progresses in 
CMOS fabs. In addition, dielectric integration platforms based on Silicon Nitride (SiN) and 
Polymers have made their appearance enabling seamless coupling to optical fibers, 
significantly reduced propagation losses as well as valuable sensing attributes through 
enhanced light-matter interaction. This vast set of technology and material options has 
profoundly extended the capabilities of communication systems, paving the inroad 
towards next generation Datacom, Telecom and Sensing implementations and future 
applications, as signified by the most recent technological breakthroughs and 
developments. In [1] Luxtera presents a 4x26Gb/s transceiver packaged in a QSFP28 
module, while in [2] the 300nm wafer-based Si-photonics platform of STMicroelectonics 
and Luxtera is discussed and in [3] a 3-mode multiplexing and de-multiplexing 
integrated silicon photonic circuit supporting 240 Gb/s data rate is demonstrated by 
Intel. Recent advancements in InP photonic integration platforms targeting beyond-
telecom applications were recently presented by TU/e [4], whereas a comb-based 
programmable radio-frequency photonic filter, utilizing an InP arrayed waveguide 
grating pulse shaper was also demonstrated by Infinera [5]. HP Labs and UC Santa 
Barbara have proposed a compact, low power consumption and high direct modulation 
speed hybrid III/V on silicon microring laser [6] while a novel 3D integrated tunable 
hybrid silicon laser has been experimentally demonstrated in [7]. Hybrid 25Gb/s III-
V/silicon transmitters relying on a co-integration scheme were presented in [8] by CEA-
LETI and STMicroelectronics. A brief technology description of the TriPleX integration 
platform is presented in [9], together with some application examples ranging from 
visible light implementations to photonic (bio-) sensing [10] and microwave photonics, 
while the building blocks of three mid-IR silicon photonics material platforms suitable 
for communications and sensing are discussed in [11]. IBM has recently proposed and 
demonstrated a Polymer-to-SiPh flip-chip adiabatic coupling interface, compatible with 
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the company’s large area capable single-mode polymer waveguide technology [12], 
whereas the photonic components of HHI’s Polyboard platform are summarized in  [13]  
and a 3D integration scheme is proposed enabling 1Tb/s data-center connectivity. 
In the following figure, our recent highlights on the field of photonic integration, carried 
out within the frames of collaborative research projects co-funded by the European 
Commission, are summarized. Figure 1(a) shows a fully re-configurable 16x1 SiPh 
MUX/DEMUX device for flex-grid applications, fabricated and packaged within ICT-
SPIRIT, while figure 1(b) presents a 40Gbps PAM4 transmitter (top) and a 64Gbps PAM4 
linear optical receiver (bottom) developed within ICT-MIRAGE. An assembled and 
packaged 50Gbaud single polarization coherent receiver relying on HHI’s Polyboard, 
realized during the third year of the ICT-PANTHER project, is demonstrated in Fig. 1(c), 
whereas photonic ring resonator bio-sensors based on Triplex integration platform, 
developed within the ICT-BIOFOS project, are depicted in Fig. 1(d). 

 

Fig. 1. (a) 16x1 fully-reconfigurable MUX/DEMUX, (b) 40Gbps PAM4 Tx and  64Gbps PAM4 
linear optical Rx, (c) 50Gbaud single polarization Polyboard coherent receiver and (d) 

photonic ring resonator bio-sensors based on Triplex integration platform 
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Many tele- and datacom applications require single-wavelength tunable lasers with easy 
wavelength control and sufficient tuning range. Such lasers can for instance be used in 
WDM-based optical networks or to replace fixed wavelength distributed feedback (DFB) 
lasers. In recent years there has been a lot of interest in tunable lasers heterogeneously 
integrated on the silicon-on-insulator (SOI) platform. Several heterogeneously 
integrated III-V/SOI tunable distributed Bragg reflector (DBR) and DFB lasers have 
already been demonstrated. DBR-types typically employ a single [1] or double silicon 
ring [2] with heaters as wavelength-selective and tunable element. In recent work we 
demonstrated a discretely tunable sampled grating (SG)-DFB laser with a discontinuous 
tuning range of more than 55 nm [3].  

 

Fig. 1. III-V/SOI tunable DBR laser. (a) Schematic; (b) Microscope image. 

Here we demonstrate over 7 nm continuous wavelength tuning with a novel III-V/SOI 
DBR laser. The laser structure consists of an SOI waveguide circuit on which a III-V 
tunable twin-guide (TTG) membrane is heterogeneously integrated by means of 
adhesive DVS-BCB bonding. The TTG membrane comprises an active layer (with 6 
InGaAsP quantum wells, bandgap wavelength 1550 nm) and a tuning layer (InGaAsP, 
bandgap wavelength 1400 nm) in which carriers can be injected to provide gain and 
phase tuning respectively. The laser cavity is formed by a broadband reflecting facet and 
a DBR mirror. The latter is implemented as a first-order sidewall-corrugated waveguide 
grating [4] defined in the 400 nm silicon device layer. The weak sidewall-corrugation 
provides a narrowband spectral reflection characteristic to ensure single-mode lasing 
operation. It also provides an additional advantage over ring resonator configurations as 
for the latter a large free spectral range (FSR) is more difficult to obtain due to minimum 
bend radii requirements. Fig.1 (a) and (b) show a schematic and microscope image of the 
laser device respectively. Three laser sections can be discerned: a gain, phase and Bragg 
section. In the gain section current is injected into the active layer to provide optical gain. 
The tuning layer is left unbiased. In the phase and Bragg section the active layer is etched 
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away and current is injected into the tuning layer. Upon current injection the effective 
index of the waveguide mode is modified through the free-carrier plasma dispersion 
effect and Joule heating. Simultaneous adjustment of the phase and Bragg current allows 
for continuous tuning of the lasing wavelength.  

Device characterisation is carried out on a temperature-controlled stage at 10°C. Light is 
couped out from the silicon waveguide to a single-mode optical fiber (SMF) through a 
reflectionless SOI grating coupler [5].  Fig.2 (a) shows the LI curve of the laser. The 
threshold current is 60 mA and a maximum waveguide-coupled output power of about 
−4 dBm is obtained. The superimposed lasing spectra at different tuning currents (Bragg 
and phase) are shown in Fig.2 (b). The wavelength tuning range is larger than 7 nm. The 
redshift of the lasing wavelength indicates a dominant heating effect. By improving the 
heat sinking and a modification of the epitaxial layer stack (by e.g. using a thicker tuning 
and surrounding cladding layer) in future designs, we expect to significantly increase the 
optical confinement factor in the tuning layer, resulting in a stronger electronic effect and 
hence faster tuning (~ns). In that case an adiabatic tapered III-V/SOI coupler similar to 
one of the couplers reported in [6] can be used. 

 

Fig. 2. Static characterization results. (a) LI curve; (b) Superimposed lasing spectra. 
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Significant research effort has been directed towards successfully demultiplexing the 
coherent optical combs for use in Coherent Wavelength Division Multiplexing (CoWDM) 
technologies. Photonic Integrated Circuits (PICs) are a low cost and energy efficient solution. 
The selective amplification attainable of a target optical comb line via injection locking has 
already been demonstrated [1]. Here, we investigate the effect device gain has on the 
amplification of the target and neighbouring comb lines, in an attempt to maximize the side 
mode suppression ratio (SMSR) achievable using a MMI and slotted Fabry-Perot device. The 
schematic of the setup consisting of Tunable laser source (TLS), Mach-Zehender Modulator 
(MZM), Polarization controller (PC), Erbium doped fibre amplifier (EDFA), Photonic 
integrated circuit (PIC), and the optical spectrum analyzer (OSA) as well as the device under 
test are presented in Fig. 1. The slave SFP laser was biased to slightly above threshold where 
it was operating as a multimode laser diode. MMI is biased so that it is transparent and not 
absorbing the light.  

 

Fig 1: Schematic of the test setup. The inset shows the actual picture of the device which 
consists of 1x2 MMI, and 2 laser arms. 

Initially the wavelength was swept across the resonance of the slave laser. The signal was 
generated by modulating single wavelength output from TLS. RF frequency was set to 12.5 
GHz, and MZM was biased at the null so that the main carrier was suppressed and a 2 line 
coherent optical comb was generated. This created 12.5 GHz sidebands on each side of the 
carrier (see Fig. 2a), and would make observations relatively easier on the OSA when the 
injection locking happened. This is an ongoing experiment and the following step is 
investigating the de-multiplexing behavior of a comb with 3 lines of equal power. Traces of 
the OSA recorded for each injected wavelength were used to generate a two dimensional 
plot which can be seen in Fig. 2b. In this case the three injection locking regions are observed 
at injection wavelengths of 1551.65, 1551.7, and 1551.85 nm. Interestingly the suppressed 
mode was able to injection lock as well although with the SMSR less than 15 dB. An SMSR 
greater that 25 dB was maintained between either of the side bands while the other comb 
line was injection locked. Also, an SMSR greater than 20 dB is observed for the slave laser 
side modes. 

 In another experiment, the effect of driving current in the gain section was examined in 
order to optimize the SMSR of the slave laser as well as the gain for the filtered subcarriers 
in the comb. The gain current was increased from 55 to 80 mA, resulting in a higher SMSR 
and better filtering of each subcarriers of the comb (> 20 dB). However, increasing the 
current made it more difficult to injection lock the slave laser at some point: e.g. at 80 mA 
drive current injection locking did not happen. Due to page restrictions, the data is not 
presented.  
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Fig 2: a) Example of the comb signal used for injection. B is the carrier, and A, and C are side 
bands generated with 25 GHz spacing. b) Intensity plot presenting the optical spectrum of 
the slave laser as the comb is injected. Each of the subcarriers are injection locked to a laser 
side mode. Here the laser main mode is suppressed with SMSR bigger that 20 dB. The gain 
for any of the filtered subcarriers is in excess of 25 dB. 

A rate equation model is used to model the comb frequency suppression as the internal 
gain of the PIC was varied. The model assumes the MMI introduces coupling losses and a 
phase change to the frequency comb, and the slotted Fabry-Perot device is assumed to 
be single mode. From Ref. [1], the field within the device is assumed to vary as:  
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where sE and cE are the slave and comb electric fields, andG are the optical frequency 

and differential gain of the slotted Fabry-Perot device, and are dependent on N , the 

carrier density in the gain section of the device. NG is assumed to be constant across the 

frequencies in the model. p and in define the photon lifetime and round trip time within 

the device, and  includes the coupling losses and phase change due to the MMI. As in 
[4], the rate equations are modified from Ref. [2,3] to include the multiple comb 
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where j is the detuning between each comb line and the slotted Fabry-Perot laser’s 

frequency. The numerical simulations will be compared with the experimental results, 
as the gain of the slave laser is adjusted. 
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Low-cost tunable lasers are key enablers for next-generation dense wavelength 
division multiplexing (DWDM) based access and metro networks. At present, tunable 
lasers are mostly deployed in long-haul optical transmission systems due to their high 
cost resulting from fabrication and operation complexity for structures such as sampled 
grating distributed Bragg reflector (SGDBR) [1,2]. For wide deployment of the WDM 
technology in metro, access, and data center networks, the cost reduction of tunable 
lasers has become a key issue. Recently, a simple and compact tunable V-cavity laser 
(VCL) has been proposed and demonstrated [3-4]. By using a specially designed half-
wave coupler between two Fabry-Perot lasers, a widely-tunable single-mode laser with 
high side mode suppression ratio (SMSR) is achieved without requiring complex 
gratings. Discrete wavelength tuning up to 50 channels at 100 GHz spacing has been 
demonstrated experimentally with a simple tuning algorithm [5]. Single-electrode 
controlled fast wavelength tuning in the order of ~10ns has also been achieved by 
using a quantum well intermixed tuning section [6]. 

          

Fig. 1. Photograph of the VCL chip        Fig.2. Measured spectra of 93 channels  
             with 50GHz spacing. 

Figure 1 shows the top-view photograph of the V-Cavity laser chip. It consists of two 
Fabry-Perot cavities with slightly different optical path lengths. The length of the fixed 
gain cavity is designed to be 450m to match its resonant wavelengths to the ITU grid 
of 100 GHz spacing. The channel selector cavity is 5% longer so that the Vernier effect 
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can be used to achieve a wide tuning range. The two cavities are coupled through a half-
wave coupler which has a -phase difference between the bar-coupling and cross-
coupling coefficients to achieve high SMSR. In order to control the cavity lengths 
precisely, three deep etched facets are used as cavity mirrors. The output is emitted 
from the etched facet of the channel selector cavity. The back facets on the coupler and 
on the fixed gain cavity are coated with high-reflective Au film after surface passivation. 
Three electrodes are deposited on the top surface while a common ground electrode is 
deposited on the back side. The channel selector electrode on the long cavity is used for 
wavelength tuning through current injection and the other two electrodes provide the 
gain. The coupler electrode is also used for direct modulation. Standard fabrication 
process for ridge waveguide Fabry-Perot lasers is used with an additional step of deep 
etching for making the reflective mirrors. The chip size is only about 500m  350m. 

Figure 2 shows the measured spectra for 93-channels on the ITU grid with 50GHz 
spacing. A dynamic SMSR of about 37dB is achieved when the laser is directly 
modulated at 2.5Gbps. The static SMSRs without the modulation signal are typically 
2~3dB higher. The fiber coupled power is about 6dBm. By adjusting the current of the 
channel selector electrode and the TEC temperature control, we can obtain 47 channels 
from 1529.55nm to 1566.31nm of the ITU grid in 100GHz spacing, covering the full C 
band. To access the 50GHz spacing grid, we change the TEC temperature by about 4-5C 
to tune to 46 channels from 1529.94nm to 1565.9nm, which are shifted by 50GHz from 
the previous grid. By slightly adjusting the current of the coupler electrode, the output 
power of the channels can be balanced.  

Tunable transmitter optical sub-assembly (TOSA) and SFP transceiver modules have 
been developed based on the V-cavity laser. For data rate at 2.5Gbps, error free 
transmission over 50km is achieved with excellent eye diagrams. The receiver 
sensitivity penalty is less than 0.5dB for 25km transmission and less than 1dB for 50km 
transmission. Error free transmissions are also achieved for 25km at 5Gbps and 10km 
at 10Gbps. Thanks to the built-in Fabry-Perot etalons in the laser, excellent wavelength 
stability is achieved even though no wavelength locker is used. The frequency variation 
over a 10-day period is about 0.5GHz under reliability test at 70C ambient 
temperature. Since the VCL is much simpler and more compact compared to other 
widely tunable lasers, the VCL-based tunable TOSA and SFP modules have great 
potential for low-cost mass deployment in metro and access networks. 
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Photonic integrated circuits that exploit nonlinear optics for all-optical signal processing 
have been demonstrated, particularly in silicon, including all-optical logic [1], demultiplexing 
from 160Gb/s [2] to over 1Tb/s [3], to optical performance monitoring using slow light at speeds 
of up to 640Gb/s [4-5], all-optical regeneration [6], and many others. The efficiency of all-

optical devices depends on the waveguide nonlinear parameter, γ =  n2 / c Aeff. Although silicon 
can achieve extremely high values of γ, it suffers from high nonlinear losses due to two-photon 
absorption (TPA) and the resulting free carriers. Even if the free carriers are eliminated by p-i-
n junctions, silicon’s poor intrinsic nonlinear figure of merit (FOM = n2 / (β λ), where β is the 
TPA) of around 0.3 in the telecom band is far too low to achieve high performance. While TPA 
can be turned to advantage for all-optical functions [7-9], for the most part silicon’s low FOM 
in the telecom band is a limitation.    

In 2008-2010, new CMOS compatible platforms for nonlinear optics were introduced, 

including Hydex [8-18] and silicon nitride [19]. These platforms exhibit negligible nonlinear 

absorption in the telecom band, and have revolutionized micro-resonator optical frequency 

combs. The first integrated CMOS compatible integrated optical parametric oscillators were 

reported in 2010 [11,19], showing that Kerr frequency comb sources could be realised in chip 

form by using ring resonators with relatively modest Q-factors. Following this, a stable 

modelocked laser with pulse repetition rates from 200GHz to 800GHz was reported [12]. The 

success of this platform arises from its very low linear loss, its moderate nonlinearity (γ  
233W-1km-1) and negligible nonlinear loss (TPA) [18].  

Here, we review radio-frequency (RF) and microwave photonics applications of micro-

combs. Optical frequency combs, and microcombs in particular, are ideal sources with which 
to base microwave and RF transversal filters on [20]. Many RF applications, including radar 

mapping, measurement, imaging as well as the realization of advanced modulation formats for 

digital communications, require the generation, analysis and processing of analogue RF signals 

where both the amplitude and phase of the signals are important. In-phase and quadrature-

phase components of a signal can be obtained via a photonic based Hilbert transform [21]. 

Figure 1 shows a schematic of our ring resonator, with a Q factor of 1.2 million and FSR of 

200GHz [11]. The comb spectrum has a spacing corresponding to the FSR of the microring, 

and was a “Type II” comb [22] with limited coherence between the comb lines. For the 

photonic Hilbert transformer demonstrated here, however, this was more than adequate.  

Figure 1 shows the output of the Hilbert transformer [21], displaying an RF range of over 5 
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octaves, and a high quality output. We review a wide range of novel RF functions based on 

microcombs. These devices have significant potential for applications in telecommunications 

and on-chip WDM optical interconnects for computing and many other applications. 

 

 

 

 

 

  

 

 

 

 

 

 

 

Fig. 1. Integrated ring resonator (top left), output comb spectrum (top right), Hilbert 
transform output (bottom) for both amplitude and phase.  
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Abstract:	
  We	
  have	
  been	
  able	
  to	
  fabricate	
  low	
  loss	
  GaN	
  planar	
  waveguides	
  designed	
  for	
  
efficient	
  second	
  harmonic	
  generation.	
  By	
  using	
  modal	
  phase	
  matching	
  we	
  reached	
  2%	
  
power	
  conversion	
  between	
  the	
  TM0	
  pump	
  and	
  the	
  TM2	
  harmonic	
  modes.	
  	
  	
  

1.	
  State	
  of	
  the	
  art	
  

Nonlinear	
   interactions	
   in	
   AlGaN	
   semiconductors	
   recently	
   generated	
   considerable	
  
research	
  interest	
  [1-­‐3].	
   Indeed,	
  the	
  combination	
  in	
  these	
  materials	
  of	
  a	
  relatively	
  high	
  
nonlinear	
   coefficient	
  10pm/V,	
  a	
   large	
   transparency	
  window	
  200nm-­‐5µm	
  and	
  a	
  direct	
  
band	
  gap	
  can	
  lead	
  to	
  novel	
  applications	
  in	
  the	
  future.	
  	
  

Although	
   a	
   lot	
   of	
   progress	
   has	
   been	
   done	
   for	
   the	
   sputtered	
   AlN	
   films	
   [3],	
   mono-­‐
crystalline	
   AlGaN	
   layers	
   mainly	
   grown	
   by	
   epitaxy	
   on	
   Si	
   or	
   Sapphire	
   substrates	
   still	
  
show	
  poor	
  photonic	
  quality	
  [1,4].	
   In	
  this	
  paper	
  we	
  present	
  an	
  approach,	
  which	
  allows	
  
us	
  to	
  fabricate	
  low	
  loss	
  GaN	
  waveguides	
  epitaxially	
  grown	
  on	
  Sapphire	
  substrate.	
  Low	
  
propagation	
  losses	
  allow	
  NIR	
  to	
  visible	
  power	
  conversion	
  with	
  2%	
  efficiency,	
  which	
  to	
  
our	
  best	
  knowledge	
  is	
  the	
  highest	
  value	
  reported	
  so	
  far	
  for	
  the	
  GaN	
  waveguides.	
  

2.	
  Fabrication	
  of	
  low	
  loss	
  waveguides	
  for	
  efficient	
  nonlinear	
  interactions	
  	
  	
  	
  

Modal	
   phase	
  matching	
  which	
   is	
   crucial	
   for	
   the	
   efficient	
   nonlinear	
   interactions	
   can	
  be	
  
realized	
  in	
  AlGaN	
  waveguides	
  due	
  to	
  the	
  high	
  refractive	
  index	
  difference	
  between	
  GaN	
  
and	
  AlN.	
  We	
  exploit	
  this	
  difference	
  to	
  compensate	
  the	
  material	
  dispersion	
  by	
  the	
  modal	
  
dispersion	
  in	
  a	
  multi-­‐modal	
  waveguide.	
  	
  

Low	
   propagation	
   losses	
   is	
   a	
   major	
   requirement	
   to	
   obtain	
   efficient	
   SHG.	
   Here	
   we	
  
perform	
   a	
   careful	
   study	
   to	
   identify	
   the	
   main	
   sources	
   of	
   propagation	
   losses.	
   We	
  
demonstrate	
   that	
   about	
   1µm	
   thick	
   AlGaN	
   buffer	
   layer	
   is	
   sufficient	
   to	
   isolate	
   all	
   the	
  
modes	
   confined	
   in	
   the	
   GaN	
   layer	
   from	
   the	
   substrate	
   and	
   the	
   perturbed	
   nucleation	
  
layers.	
   This	
   buffer	
   layer	
   allows	
  us	
   to	
   improve	
  drastically	
   the	
  waveguide	
  performance	
  
although	
  the	
  propagation	
  losses	
  still	
  remain	
  to	
  high	
  for	
  SHG	
  (10dB/cm	
  at	
  630nm).	
  	
  	
  	
  	
  	
  

An	
  important	
  discovery	
  was	
  made	
  during	
  this	
  study	
  when	
  we	
  realised	
  that	
  the	
  so-­‐called	
  
kinetic	
  surface	
  roughness	
  associated	
  with	
   the	
  epitaxial	
  growth	
  has	
  a	
  major	
   impact	
  on	
  
the	
   waveguide	
   losses.	
   The	
   amplitude	
   of	
   the	
   kinetic	
   roughness	
   depends	
   on	
   the	
   layer	
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thickness	
  and	
   the	
  growth	
   temperature	
  determines	
   its	
   spatial	
   frequency.	
   	
  As	
  MBE	
  and	
  
MOVPE	
  growths,	
   take	
  place	
  at	
  different	
   temperatures,	
   respectively	
  800°C	
  and	
  1050°C	
  
the	
  surface	
  aspect	
  of	
   the	
   layer	
  depends	
  very	
  much	
  on	
   the	
  chosen	
  process.	
  Combining	
  
them,	
  we	
  were	
   able	
   to	
   reduce	
   the	
   amplitude	
   and	
   the	
   spatial	
   frequency	
  of	
   the	
   surface	
  
roughness	
  in	
  such	
  a	
  way	
  that	
  the	
  propagation	
  losses	
  drop	
  down	
  from	
  10	
  to	
  1dB/cm.	
  	
  

3.	
  Second	
  harmonic	
  generation	
  	
  

Those	
   low	
  propagation	
   losses	
   allowed	
  us	
   to	
   study	
   second	
  harmonic	
   generation	
  using	
  
modal	
   phase	
   matching	
   with	
   the	
   setup	
   shown	
   on	
   Fig.	
   1.	
   Using	
   the	
   prism-­‐coupling	
  
technique	
  we	
  inject	
  the	
  pump	
  at	
  1260nm	
  in	
  the	
  TM0	
  mode.	
  The	
  pump	
  propagates	
  about	
  
3mm	
  in	
  the	
  waveguide	
  and	
  generates	
   the	
  harmonic	
   in	
   the	
  TM2	
  mode	
  at	
  630nm.	
  Both	
  
are	
  collected	
  and	
  separated	
  by	
  a	
  second	
  prism	
  and	
  send	
  on	
  appropriate	
  detectors.	
  

	
  
Fig.	
  1.	
  Experimental	
  setup.	
  Prism	
  coupling	
  is	
  used	
  for	
  the	
  planar	
  waveguide.	
  	
  

In	
   Fig.	
   2	
   a)	
   we	
   plot	
   the	
   harmonic	
   signal	
   as	
   a	
   function	
   on	
   the	
   pump	
  wavelength	
   and	
  
observe	
  a	
  sharp	
  phase	
  matching	
  curve	
  as	
  predicted	
  by	
  the	
  theory.	
  In	
  Fig.	
  2	
  b)	
  we	
  plots	
  
the	
  SH	
  intensity	
  as	
  a	
  function	
  of	
  pump	
  energy.	
  The	
  conversion	
  efficiency	
  reaches	
  2%	
  for	
  
400nJ	
  pump	
  pulses.	
  

	
  
Fig.	
  2.	
  a)	
  Acceptance	
  curve.	
  b)	
  Harmonic	
  energy	
  as	
  a	
  function	
  of	
  	
  pump	
  energy.	
  

To	
  further	
  improve	
  these	
  state	
  of	
  art	
  results,	
  we	
  plan	
  to	
  fabricate	
  ridge	
  waveguides	
  to	
  
reach	
  higher	
  power	
  densities	
  and	
  to	
  use	
  polarity	
  inversion	
  to	
  increase	
  the	
  TM0/TM2	
  
modal	
  overlap.	
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Abstract: We show the potential of a hybrid technology for realizing highly complex 
circuits for quantum photonic applications. We demonstrate the most advanced chip 
enabling four photon generation and manipulation for heralding tunable two-photon 
states. 

Integrated photonics plays a remarkable role in investigating fundamental quantum 
phenomena as well as a variety of disruptive quantum technologies [1]. More specifically, 
the ability of realizing complex and scalable quantum circuits finds repercussions in 
quantum sensing, secure communication, as well as in quantum computation and 
simulation, that would be otherwise inaccessible using bulk-optic approaches. Despite 
this attractive potential, only a few examples of on-chip multi-photon generation and 
manipulation based on monolithic platforms have been reported to date, due to 
fabrication challenges [2–4]. Currently, more complex devices are being considered 
exploiting hybridization of complementary technologies [5]. Following such a strategy, 
we demonstrate, for the first time, an integrated optical four-photon generator enabling 
the on-chip engineering of heralded two-photon states thanks to real-time manipulation 
capabilities. 

 

Fig. 1. Configurable two-photon state generator based on the hybridization of two 
complementary integrated optical technologies.  

Lithium niobate (LN) stands as a key plateform for integrated quantum photonics mostly 
for its optical nonlinear properties. LN’s optical-optical nonlinearity allows to efficiently 
produce photon pairs in low-loss waveguides, while its electro-optical nonlinearity 
permits to actively route the photons in desired spatial modes [4]. However, the 
fabrication steps are delicate, therefore limiting the complexity of the considered 
devices. On the other hand, the femto-second laser direct-writing (FLDW) technique on 
glass (SiO2) has recently emerged for its fast prototyping of 3D low-loss circuits, despite 
the lack of efficient optical nonlinearities for photon-pair generation. In our realization, 
we combine those two complementary platforms for exploiting the best features of both 
technologies and to demonstrate an advanced photonic device [5]. 

http://univ-cotedazur.fr/
http://pmc.polytechnique.fr/


 

Our demonstration enables on-chip manipulation of four photons for the generation of  
configurable two-photon states, for the first time in a heralded fashion. The heralding 
feature is an important functionality for next generation quantum systems, making it 
possible to implement efficiently series of quantum operations. More specifically, our 
device permits producing a variety of path-coded heralded two-photon states, ranging 
from product to entangled states, thanks to real-time configuration capabilities. 

 

Fig. 2. 4-fold coincidences for single-(red) and two-(blue) photons interference. 

Our realization consists of three photonic chips fabricated on either LN for photon 
generation or on SiO2 substrates for photon manipulation purposes (Figure 1). The input 
chip routes the pump laser pulses in two spatial modes coupled to two identical 
periodically poled lithium niobate waveguides (PPLN/w) allowing the simultaneous 
generation of paired photons spectrally distinguishable (at 1560 nm and 1310 nm) via 
the process of spontaneous parametric down-conversion. Integrated optical functions 
ensure the splitting of the photons of each pair and, thanks to an integrated, thermally 
tunable, Mach-Zehnder interferometer, the manipulation of heralded photon-number 
states is achieved. Coincidence detection of the two 1310 nm photons in the outer modes 
heralds the arrival of the two photons at 1560 nm in the inner modes, encoded in the 
following quantum state: 

 |𝜓⟩~(1 − 𝑒𝑖2𝜑(𝑉))(|20⟩ − |02⟩)/√2 + 2𝑖(1 + 𝑒𝑖2𝜑(𝑉))|11⟩, (1) 

where the phase 𝜑(𝑉) from the interferometer can be tuned by adjusting the 
temperature gradient between the two arms thanks to the 3D capabilities of the FLDW 
waveguides. Therefore, the source can prepare on demand, either a two-photon N00N or 
a product state. By exploiting the capabilities of the time-to-digital converter (TDC) for 
coincidence counting, we can trace simultaneously the single-photon (red) as well as the 
two-photon (blue) interference fringes (Figure 2). Both the double phase sensitivity of 
the two-photon state and the absence of 4-fold coincidences for a given phase 𝜑(𝑉) =
3𝜋/2, confirm the generation of the N00N state and prove that the states are engineered 
with high levels of purity. This elementary device is opening the route towards merging 
several key functionalities on a single chip for achieving more complex circuits dedicated 
to advanced quantum protocols. 
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Abstract 

We report on results in the field of integrated quantum optics using a novel integrated 
photonic device consisting of electrically contacted InGaAs quantum dot-micropillar 
cavities. Whispering gallery modes support single-mode lasing and radiate within the 
plane of the active material towards neighbouring, separately contacted micropillars, 
which are monolithically integrated and can be used for a range of  purposes including 
on-demand single photon generation and investigating opto-electronic feedback.  

Device Layout: The micropillars are fabricated on a GaAs substrate and their 
composition can be seen in Fig. 1 (a). A single micropillar 6-10 microns in diameter is 
surrounded by a group of five smaller micropillars (diameters ~ 2 microns, see Fig. 1 
(b)). The peripheral pillars share one contact with apertures above each pillar for the 
vertical emission of single photons. The larger central micropillar supports single mode 
lasing of laterally emitting whispering gallery modes (WGMs); this laser light excites the 
quantum dots (QDs) in the peripheral pillars, whose spontaneous emission is enhanced 
by cQED effects. The lasers themselves have high β-factors on the order of 10% on 
account of their low mode volumes resulting in threshold currents as low as 8 A [1].  

 

Fig. 1. Sample layout based on pin-doped semiconductor QD-micropillars. a) GaAs/AlAs 
distributed Bragg reflectors form the top and bottom parts of the micropillars.  The central 
micropillar is an electrically pumped single mode WGM laser which excites the neighboring 
QD-micropillars. (b) A CMOS camera image of the sample. Pillar-laser separation is 15 m. 
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Experimental Setup and Results: The sample is analyzed with a micro-
photoluminescence spectroscopy setup at cryogenic temperatures. Purcell factors of 
between 2 and 4 have been observed in the external pillars [2] as well as single-photon 
purities of as low as g(2)(0) = 0.07 during integrated microlaser excitation, as shown in 
Fig. 2(c). The emission of these single photons can be spectrally tuned by up to 1.1 meV 
via the Stark effect as demonstrated in Fig. 2(b). Alternatively, if the bias is negative, the 
micropillars serve as photodetectors, converting laser light into photocurrent which has 
been used to determine the laser threshold using a lock-in technique [3], and this 
photocurrent has been also used in a feedback experiment to generate self-sustained 
pulses in the laser output, opening possible routes to chaos in the laser emission (c.f. Fig. 
2(d)). Further work will focus on on-chip resonant excitation to generate highly 
indistinguishable photons under pulsed electrical excitation. 

 

Fig. 2. Experimental results. (a) Single mode lasing from a central WGM microlaser. (b) 
Electro-optical tuning of a single QD exciton via the Stark effect. (c) Pulsed second order 
autocorrelation function measured on a QD pumped via the integrated microlaser. (d) Opto-
electronic feedback between a microlaser and surrounding micropillars acting as 
photodetectors, with increasing laser bias VWGM. 
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Silicon photonics has become a major technology in the recent years. Its development 
has been driven mainly by datacom and sensing applications. However it can also be 
used for generating and manipulating entangled photon pairs [1]. This paves the way to 
the envisioned monolithic integration of quantum-processing circuits. On-chip photon 
pairs generation has been already demonstrated using spontaneous four wave mixing 
in Si microresonators [1]. Due to huge difference in terms of power between the pump 
signal and the photon pair signal, on-chip pump-rejection filters are required in order 
to use this kind of nonlinear sources. The requirements for these filters comprise not 
only high rejection but also narrow bandwidth (typically around 1nm). Implementing 
on-chip filters with those characteristics is nowadays a real challenge. Architectures 
based on contradirectional couplers [2] and rings and reflectors [3] have been reported 
with sub-nanometer bandwidth, however they lack the appropriate rejection levels. 
Ultra high rejection can be obtained with Mach-Zehnder interferometer based filters 
[4], but they need active tuning and often exhibit broader bandwidth. Bragg filters can 
be used just properly designing the modulation of the waveguide width, but in order to 
meet the bandwidth demands corrugations width below 10nm can be required [5], 
complicating its fabrication. In this work, we present a Bragg filter based on Sub-
Wavelength Grating (SWG) waveguides overcoming these fabrication constraints. Its 
schematic representation is shown in Fig. 1 (a), it is based on dividing the Bragg period 
(ΛB) into two SWG periods (Λ1, Λ2). The widest part of each SWG period are slightly 
different (ΔW), implementing an effective Bragg grating width corrugation. Using this 
approach the minimum width corrugation is no longer limited by the minimum feature 
size (as in conventional Bragg filters), but its limitation arises from the resolution of the 
lithography process. This resolution is normally in the order of just a few nanometers, 
therefore our approach enables the use of very small modulation widths leading to very 
narrow filters. 

In order to evaluate experimentally the proposed filtering structure, the SWG based 
Bragg filters were fabricated. We used a 220 nm thick SOI platform with 2µm thick BOX. 
Since the resolution of our electron-beam lithography process is 5nm, we used that 
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value as modulating width (ΔW=5nm). SEM pictures of the fabricated filter are shown 
in Fig (b) and (d). 

 

Fig. 1. SWG based Bragg filter: schematic view (a) and SEM pictures (b) and (c). 

In order to characterize the device, TE-polarized light was injected and extracted of the 
chip by means of grating couplers. In Fig. 2 the experimental results of the SWG based 
Bragg filter are shown for three different lengths, alongside with the results of a 
straight waveguide. As expected, the longer the filter the higher the rejection. It can be 
seen that the transmission outside the rejection band is comparable to the reference 
waveguide in the three cases and it is within the alignment precision of our setup. From 
Fig. 2, we see that the 1000µm long filter exhibits an outstanding performance with a 
bandwidth as narrow as 1.1nm and a rejection exceeding 40dB. This represents an 
improvement close to 30dB in rejection compared to previously reported Si Bragg 
filters based on SWG engineering [6]. These results are an important step towards the 
realization of Si pump-rejection filters for on-chip photon-pair sources and quantum 
processing applications. 

 

Fig. 2. Experimental results of the fabricated filter for three different lengths. 

This work has been supported by the French National project ANR-SITQOM 
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Silicon photonics is emerging as a promising platform for the integration of high-speed 
optical transceivers and transceiver arrays. The technology allows for the realization of 
compact optical circuits integrating devices with low power consumption and high 
bandwidth. In this paper we elaborate on the realization of a 4-channel silicon photonic 
transceiver array for point-to-point Fiber-To-The-Home (FTTH) optical networks, 
operating at 10 Gbit/s per channel. In point-to-point optical networks every subscriber 
has its own transceiver at the central office side. In order to keep size and power 
consumption of such a central office manageable for a large number of subscribers, the 
realization of integrated, low power consumption transceiver arrays is of paramount 
importance. This is exactly the focus of this paper.  Figure 1a shows the schematic layout 
of the 4-channel central office transceiver, while Figure 1b shows the realized chip. A 
1550 nm CW laser is coupled to the silicon photonic transceiver, where it is split in 4 
channels, each of which has a 10Gbit/s silicon ring modulator to imprint the downstream 
data on the carrier. For the upstream O-band data signal sent through the same fiber, 
polarization independent detection is required. In order to achieve the duplexing of the 
O-band and C-band signal and the polarization independent detection of the O-band 
signal, O-band III-V photodetectors are integrated on top of the output fiber-to-chip 
grating couplers of the different channels, as shown in Fig. 2. While allowing polarization 
independent detection of the upstream O-band signal, the photodetectors are 
transparent for the C-band downstream signal, by selecting the cut-off wavelength of the 
III-V absorbing material to be 1.37um. This enables the realization of transceiver arrays 
for the central office.  

 

Fig. 1: (a) Schematic of the III-V-on-silicon FTTH central office transceiver array; (b) 
microscope image of the realized chip 

 
The integration of the III-V photodetectors was realized using a transfer printing 
approach [1,2], allowing for an efficient use of III-V semiconductor material and enabling 
the low-cost, 200mm or 300mm wafer-scale integration of the O-band photodetectors 
on a silicon photonic wafer.  



 

 

The photodetectors have an aperture of approximately 30 x 40um resulting in a 3dB 
bandwidth (at -3 V bias) of 11 GHz. Of key importance for the operation of the transceiver 
is the transparency of the photodetector for the downstream C-band signal. This was 
verified under CW conditions, as shown in Fig. 2. The responsivity for the O-band signal 
is 0.4-0.5 A/W, while that for the C-band signal was 0.025-0.03 mA/W, resulting in more 
than 40dB suppression of the C-band signal. The dark current of the photodetectors 
varied between 0.6-1.1 uA at -3V bias. 

 

Fig. 2: (a) Photocurrent as a function of optical input power for the O-band signal; (b) 
Photodetector current as a function of optical input power for the C-band signal (-3V bias) 

The ring resonator modulators had a 3dB bandwidth of 15 GHz, easily enabling 10 Gbit/s 
operation. A 2.5 Vpp voltage swing allows 12 dB extinction ratio of the 1550 nm carrier. 
Using this circuit we successfully demonstrated the operation at 10Gbit/s of all 4 
channels, both upstream and downstream. Upstream wavelengths spanning from 1270 
nm to 1350 nm were successfully used. Almost no polarization dependent loss was 
observed. Error-free operation for the upstream signal is obtained at 0dBm optical input 
power (due to the lack of an integrated transimpedance amplifier). The downstream 
signal quality was evaluated using a commercial C-band receiver, showing error free 
operation at a received power of -11 dBm. The overlayed 10G eye diagrams of the 
upstream and downstream signal are shown in Fig. 3.  

 

Fig. 3: Overlaid 10G eye diagrams of the upstream (O-band) data signal and downstream 
(C-band) data signal 

Part of the work was supported by the H2020 project TOPHIT under the ICT2-2014 
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Abstract: We demonstrate a balanced waveguide avalanche photodiode chip with high 
bandwidth, sensitivity, linearity and low polarization dependence over the entire C-band. 
Moreover, we emphasize the integration with a homodyne coherent receiver for coherent 
transmission in data-centers. 

 
1. Introduction 
The worldwide internet traffic is still growing and short-haul transmission in intra- (0.5 to 2km) and inter-
data center (<80 km) traffic covers more than 70% of overall traffic volume [1]. This raises the demand of 
optical-networks and therefore photodetectors which fulfill high sensitivity reducing the power consumption 
and also linearity for operation at higher modulation formats has to be achieved. For these specifications 
balanced avalanche photodetectors in a homodyne setup seem a suitable solution since avalanche 
photodiodes have proved to fulfil the requirements even for 100-Gb/s ethernet applications [2]. 

The presented balanced avalanche photodiode realizes good linearity as well as high output power and 
bandwidth above 20 GHz. This shows the potential for 28 Gbaud transmission systems. A conceptual setup of 
a homodyne receiver using two balanced APD chips is presented. 

2.  Design and Fabrication 

The fabricated balanced APD is designed by using a SACM structure including a partially p-doped absorber 
region. The absorbing region consists of InGaAs while the multiplication and charge layer material is InAlAs 
[3,4]. The layer structure was grown on a waveguide lattice matched to InP using MOVPE on a 3-inch wafer. 
Furthermore, the balanced photodetector chip includes two single mode fibre spot-size converters and an 
integrated electrical bias network consisting of integrated capacitors and resistors.  
 
3.  Measurement Results 

The photodetector chip is characterized by measuring the DC performance including gain and intrinsic 
responsivity but also the RF performance in terms of bias dependent bandwidth and linearity independently 
for each photodiode. In Fig.1 the measured dark current, photocurrent and resulting gain characteristics are 
presented. It shows a gain up to M=14 while the reverse bias voltage is not higher than 16 V. At unity gain 
voltage UM1= 8.5 V the responsivity is higher than R > 0.60 A/W over the entire C-Band with a dark current 
lower than 10 nA (Fig.1). Additionally, the PD shows low polarization dependency where the PDL is 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 UI-characteristics (left) and responsivity (right) of fabricated APD chip 

 
below 0.5 dB. The f3dB bandwidth as well as the linearity was measured separately on chip level applying 
different bias voltages U corresponding to different gains. The bandwidth (Fig.2) is up to f3dB=24 GHz for low 



gain at U=12 V and decreases with increasing bias voltage. For a gain up to M=5.5 at an operation voltage of 
U=15V the resulting bandwidth is still f3dB=20 GHz for both APDs being sufficient for 28 Gb/s. At a higher gain 
up to M=14 a f3dB bandwidth of 17 GHz is obtained. 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2 bias dependent bandwidth (left) and linearity measurement (right) of balanced APD chip 

 
This results in a maximum gain-bandwidth-product of GBP = 238 GHz and responsivity-bandwidth product of 
147 A/W GHz. The linearity of the chip was determined by varying the input power and measuring the RF 
ouput power at 20 GHz of frequency (Fig.2). A good linear behavior for input powers in the range of -10 to 5 
dBm can be observed. As a result, the chip can detect higher modulation formats. A possible setup to use the 
chip for homodyne detection is proposed in Fig.3. Therefore, the same platform as in [5] can be used and the 
local oscillator (LO) is replaced by a delayed input signal. Due to the use of balanced photodiodes the 
difference of photocurrents can be obtained directly. In that way the overall power consumption of the 
receiver circuit is additionally reduced.    
 
 

 

 

 
 
 

 
 

Fig. 3 Conceptual circuit model of homodyne receiver using balanced APD chips 

4.  Conclusion  

A waveguide integrated balanced APD chip with high sensitivity and good linearity was demonstrated 
showing a bandwidth of 20 GHz at an overall responsivity of R=3.2 A/W and a SNR above 100.  The high 
sensitivity, output power and linearity fulfill all demands for coherent receiver at 28Gb/s. With a homodyne 
setup the LO can be eliminated and when biasing the detector below U=16V even power consumption and 
heating can be reduced. First results on for O-band show low polarization dependence and even higher 
responsivity than in the C-band which all in all makes it a good candidate for data center applications.  
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The complexity scaling up of photonic integrated circuits (PICs) enables the 
manipulation of many optical signals on a photonic chip, to perform operation like 
channel (de)multiplexing, routing, and switching. For these applications, it is useful to be 
able to identify each data channel inside the PIC, regardless of the presence of other 
concurrent channels and optical noise. In this work, we report on the optical signal to 
noise (OSNR) tolerance of on-chip channel monitoring performed with a transparent 
detector, namely ContactLess Integrated Photonic Probe (CLIPP) [1], which is integrated 
in a silicon photonics (SiP) waveguide. We show that, regardless of noise, the CLIPP can 
measure the power of optical channels that are suitably labelled through a weak 
modulation tone. An accuracy as high as 0.2 dB is demonstrated for an on-chip OSNR as 
low as 5 dB/0.1nm, with a power sensitivity of about -28 dBm. 

The CLIPP device used in the experiment is shown in Fig. 1a. The CLIPP consists of two 
metal electrodes (20 m × 50 m size, 50 µm spacing) deposited on top of a straight SiP 
channel waveguide, with a  480 nm × 220 nm Si core buried in a SiO2 cladding. The light 
intensity in the waveguide is monitored by measuring the change of the Si resistivity Rwg 
(Fig 1b) induced by surface state absorption at the core-cladding interface [1]. For the 
CLIPP read-out, one electrode of the CLIPP is driven with a voltage Ve = 2 V (at 100 kHz), 
while at the second electrode a current signal ie providing information on the light 
intensity in the waveguide is detected with a low-noise lock-in system [1].  

 

Fig. 1. (a) Top view photograph of a CLIPP integrated on a straight SiP waveguide; (b) Side 
view sketch of the CLIPP device; (c) experimental setup used in the experiment. 
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Fig. 2. (a) CLIPP signal vs on-chip signal power (Psignal) for different levels of noise power. 
(b) Spectra of the noisy signal measured when Psignal = -28 dBm, for different level of noise.   

The experimental setup used in the experiment is shown in Fig. 1c. A pilot tone with a 
low modulation index at 3 kHz is superimposed to a 10 Gbps OOK signal generated by a 
commercial LiNbO3 modulator. An ASE noise source (not labelled with tones) is coupled 
to this signal via a 90/10 fiber coupler, after being filtered by a 2 nm tuneable filter. 
Variable optical attenuators (VOAs) are used to control the off-chip OSNR level between 
2 dB (worst case, on-chip signal power Psignal = -8 dBm) and 32 dB (best case, Psignal = -28 
dBm), evaluated over a 0.1 nm bandwidth. Since the noisy signal is coupled to the SiP 
through polarization selective grating couplers working on TE polarization, the on-chip 
OSNR level is 3dB higher than the off-chip OSNR monitored with the optical spectrum 
analyser (OSA). As the ASE signal is not labelled with a tone, demodulation of the CLIPP 
at the frequency of the pilot tone can provide direct information on the signal power [2].  

Figure 2a shows that, the electrical signal provided by the CLIPP (after demodulation  at 
the tone frequency) is insensitive to the noise level, whose on-chip total power Pnoise is 
increased from -26 dBm (black squares) to -16 dBm (red diamonds). Accurate signal 
monitoring is achieved even when the on-chip signal power drops to -28 dBm, at this 
level the noise power being more than 10 dB higher than the signal power. The spectra 
in Fig. 2b show that when Psignal = -28 dBm, the off-chip OSNR is as low as 2 dB (5 dB on-
chip OSNR). From the horizontal drift of the curves in Fig. 2a, we estimate an accuracy of 
about 0.5 dB in the signal power monitoring, regardless of the noise power level.  

Our results demonstrate the possibility to perform accurate on-chip monitoring of a 
noisy signal through a transparent detector. We demonstrated power measurement of 
signals with on-chip OSNR as low as 5 dB/0.1 nm with an accuracy of 0.5 dB, a sensitivity 
of -28 dBm and a dynamic range of 20 dB. Applications of the proposed technique to the 
on-chip monitoring of the OSNR are also expected. This could be particularly useful in III-
V platforms, where the CLIPP concept has been demonstrated, to monitor the noise level 
of integrated amplifiers.  

This work has been supported in part by the European Commission through the H2020 
project ICT-STREAMS (Contract No. 688172).  
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Radio-Over-Fiber	 transmission	 has	 emerged	 during	 the	 last	 years	 as	 a	 promising	
technology	allowing	the	seamless	integration	of	optical	and	wireless	technologies.	One	
of	 the	 most	 relevant	 applications	 of	 RoF	 systems	 is	 found	 in	 mobile	 networks,	
specifically	 in	 the	 transmission	of	RF	signals	 from	the	base	station	(BS)	 to	 the	central	
office	 (CO),	 as	 shown	 in	 figure	 1	 (a).	 Most	 of	 the	 current	 approaches	 are	 based	 on	
intensity-modulation/direct-detection	 (IM-DD)	 systems	 [1].	 On	 the	 other	 hand,	
schemes	 based	 on	 complex	 modulation	 formats,	 i.e.	 phase	 modulation	 and	 coherent	
detection	(PM-CD),	have	also	been	proposed,	overcoming	the	limited	dynamic	range	of	
the	IM-DD	systems,	and	offering	the	coherent	detection	advantages,	such	as	mitigation	
of	 fiber	 transmission	 impairments	 through	 signal	 processing,	 coherent	 gain,	 etc.	 [2].	
Moreover,	in	coherent	reception	schemes,	by	properly	tuning	the	local	oscillator,	down-
conversion	 of	 the	 RF	 signal	 can	 also	 be	 performed,	 thus	 relaxing	 the	 electronics.	
Furthermore,	taking	advantage	of	the	coherent	gain,	the	RF	amplifier	usually	located	at	
the	 base	 station	 can	 be	 theoretically	 omitted,	 reducing	 the	 operation	 costs.	 In	 this	
contribution,	 a	 Silicon-On-Insulator	 (SOI)	 coherent	 receiver	 with	 low	 power	
consumption	[3]	is	demonstrated,	shown	in	Figure	1(b),	for	the	reception	of	RoF	signals	
in	the	uplink,	from	the	BS	to	the	CO,	for	the	first	time.	In	this	proof	of	concept,	coherent	
gain	and	improved	error	magnitude	(EVM)	compared	to	IM-DD	is	demonstrated.	

	
Fig.		1.	a)	Application	of	RoF	transmission	in	the	mobile	access	network;	b)	Microscope	
picture	of	the	silicon	photonic	coherent	receiver	with	integrated	transimpedance	
amplifier;	c)	Setup	1,	used	for	coherent	reception	of	RoF	signals;	d)	Setup	2,	used	for	

direct-detection	reception	of	RoF	signals.	

Figure	 1	 (c)	 and	 (d)	 show	 the	 two	 different	 setups	 employed	 for	 the	 demonstration.	
Setup	 1,	 shown	 in	 Fig.	 1	 (c),	 has	 been	 used	 for	 the	 demonstration	 of	 RoF	 coherent	
reception.	In	this	setup	light	from	a	laser	source	is	split,	 in	a	1/99	power	divider.	The	
smaller	fraction	is	used	for	the	local	oscillator	signal,	and	the	rest	is	sent	to	a	dual	drive	
Mach-Zehnder	modulator	 (DDMZM).	The	modulated	RF	 signal	 is	 generated	at	3.5GHz	
using	a	vector	signal	generator.	This	RF	signal	is	divided	in	two	branches,	introducing	a	
180º	phase	shift	in	one	of	them.	



	

	

The	bias	point	of	 the	DDMZM	is	set	 to	𝑉"	 so	 that	 the	RF	signal	 linearly	modulates	 the	
optical	field.	Due	to	the	insertion	losses	of	the	grating	couplers	in	the	coherent	receiver	
(𝐼𝐿 ≈ 15	𝑑𝐵)	it	has	been	necessary	to	employ	an	EDFA	amplifier	in	each	of	the	optical	
coherent	receiver	inputs.	Setup	2,	shown	in	Fig.	1	(d),	is	used	to	evaluate	the	operation	
of	an	 IM-DD	scheme,	 in	order	 to	compare	 the	performances	of	both	scenarios.	 In	 this	
case	the	MZM	is	biased	in	its	quadrature	point,	pursuing	intensity	modulation.	

	
Fig.	2.	a)	EVM	as	a	function	of	the	on-chip	LO	power	(PLO).	Representative	received	

constellations	are	shown	(PRF	is	set	to	0	dBm);		b)	EVM	for	coherent	vs.	direct	detection.	At	
low	PRF	coherent	detection,	(on-chip	PLO	of	10	dBm),	exhibits	better	performance.	

In	 a	 first	 experiment,	 the	 performance	 improvement	 due	 to	 the	 coherent	 gain	 is	
demonstrated	in	setup	1,	using	a	160	Mbps	16QAM	as	baseband	signal.	The	error	vector	
magnitude	 (EVM)	 of	 the	 received	 constellation	 was	 measured	 as	 a	 function	 of	 the	
power	of	the	local	oscillator.	Figure	2	a)	shows	the	result	of	this	experiment,	where	the	
on-chip	power	of	the	local	oscillator	is	swept	from	-6	to	10	dBm.	It	can	be	observed	that	
as	 the	 LO	 power	 increases,	 the	 EVM	 becomes	 smaller,	 thus	 demonstrating	 the	
improvement	 in	 the	 performance.	 The	 second	 experiment	 consists	 in	 demonstrating	
that	 in	 similar	 conditions,	 for	 low	 RF	 signal	 power	 (as	 it	 happens	 in	 real	 scenarios),	
coherent	 reception	 presents	 better	 performance	 than	 direct	 detection.	 In	 this	 case,	 a	
160	Mbps	QPSK	baseband	signal	is	employed	in	both	setups.	In	order	to	fairly	compare	
both	schemes,	measurements	are	done	for	the	same	optical	signal	power	at	the	input	of	
the	receivers.	Figure	2	b)	shows	the	measured	EVM	in	both	cases,	as	a	function	of	the	
RF	 signal	 power.	 It	 can	 be	 seen	 how	 for	 lower	 RF	 signal	 power	 the	 direct	 detection	
exhibits	 higher	 EVM	 than	 the	 coherent	 detection,	 demonstrating	 that	 coherent	
reception	 can	be	 a	better	 alternative.	 In	 summary,	 the	 results	presented	 in	 this	work	
demonstrate	 the	 operation	 of	 a	 SOI	 integrated	 coherent	 receiver	 for	 RoF	 signal	
reception.	Coherent	gain	 is	demonstrated,	which	 can	 imply	 the	 substitution	of	 the	RF	
amplifier	 located	 in	 the	 base	 stations.	 Furthermore,	 the	 operation	 of	 the	 coherent	
receiver	 has	 been	 compared	 with	 a	 direct	 detection	 scheme,	 showing	 better	
performance	for	low	power	RF	signals.		
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Abstract: Photonic Integrated Circuits both in the InP and SiP material systems are 
becoming more and more popular as they provide solutions to the challenges of more 
and more miniaturization, optical and rf interconnects and the increasing cost pressure 
for optical components. Optical coherent transmission systems and photonic microwave 
photonics are application areas for highly complex and high speed PICs. Receiver PICs 
and transmitter PICs will be presented and discussed.  

Introduction: The ever-growing demand of communication bandwidth driven by 

increasing use of video in social networks as well as the fast growing number of devices 

communicating with each other (IoT, Internet of Things) requires the highest possible 

aggregation of data transmission on single fibers. Gridless wavelength multiplexing is 

introduced to achieve high spectral density in the available EDFA-spectrum. Polarization 

multiplexing and complex modulation formats such as DQPSK, 16 QAM or even 64 QAM 

are applied to increase the number of bits per symbol for an intended reach. The highest 

possible symbol rates up to 64 GBaud is utilized to achieve the optimum throughput in 

each wavelength channel. At the same time, faceplate density of internet switches drives 

the miniaturization of space and power consumption of the very same components and 

CFP2 and CFP4 pluggable coherent modules are envisaged. 

PICs: Photonic ICs comprising a multitude of functionalities are already used in the 

market and will be further developed. These can range from a parallel array of ultrafast 

photodiodes connected to a multimode interference coupler serving as an optical power 

splitter [1] to increase the power handling capability of photodetectors e.g. for 

millimeter-wave photonic applications, as depicted in Fig.1, to monolithically integrated 

dual polarization coherent receivers [2] with a set of 4 photodiodes per polarization to 

detect the differential encoded I and Q signals of the coherent transmission, see Fig.2. 

Nested Mach-Zehnder-Modulators [3] are used to encode phase and intensity 

information either to generate radio signals or coherent communication signals. On the 

transmit side as well as for local oscillators on the receive side narrow line width lasers 
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[e.g. 4] are required and present an opportunity for further integration on InP or for 

hybrid integration, if Silicon photonics is the chosen PIC  technology.   

The performance of these and related PICs on InP will be presented and opportunities 

for further photonic integration will be discussed. 

  

Fig. 1. Four waveguide integrated photodiodes coupled to a 1x4 MMI power splitter and 
recombined at the electrical rf-output. 

 

Fig. 2. Dual polarization coherent receiver chip on InP comprising spot-size converters,  
power splitters and optical mixers and 8 photodiodes. 

 

Fig. 3. I-Q modulator PIC on InP, comprising two nested MZMs, monitor PDs, phase control 
sections and electrical termination. 
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Bandwidth and power consumption are two primary physical and practical obstacles in 
conventional metal interconnect to keep Moore's Law valid in complimentary metal-
oxide semiconductor (CMOS) circuits. Silicon (Si)-based photonics have been heavily 
studied to provide an highly integrated, low-cost and volume photonic interconnect 
solution. We review our effort to develop a new laser control mechanism  and employee 
advanced III-V epitaxial materials in the promising heterogeneous laser platform.  

Fig. 1(a) shows the schematic of a three-terminal heterogeneous microring laser which 
can be cascaded easily to be a CWDM multi-wavelength source. Unlike the typical two-
terminal pin diode lasers, the third terminal P2 here is placed on silicon to control a 
heterogeneous MOS capacitor which is naturally formed by sandwiching a thin layer of 
dielectric at the III-V/Si bonding interface (Fig. 1(b)). When a voltage is applied to the 
terminals N and P2, the electric field can accumulate or deplete a large amount of free 
carriers at the dielectric/semiconductor interface as shown in Fig. 1(c). This results in 
the useful plasma dispersion effect to tune laser threshold, power and wavelength.  

 
Fig. 1. (a) Schematic and (b) SEM image of a heterogeneous microring laser; inset: TEM 
image of a MOS capacitor, and (c) its simulated carrier profile at different bias voltages. 

Fig. 2(a) shows the continuous-wave (cw) light-current-voltage (LIV) characteristic of a 
40 µm-diameter laser at room temperature (RT). When the MOS bias rises from 0 to 4 V, 
a threshold increase from 8 to 10 mA and a reduction of over 50% in output power i.e., 
measured detector current, are observed. The lasing wavelength blue-shifts over 0.3 
nm, indicating a result of the plasma dispersion rather than heating. The extremely low 
capacitor leakage current density down to few µA/cm2 (Fig. 4c inset) translates an 
ultra-high wavelength tuning efficiency up to 6 nm/nW, a factor of ten millions 
improvement over  conventional thermal or carrier injection approach. 
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Fig. 2. (a) LIV, (b) spectrum and (c) wavelength shift vs. capacitor leakage power of a MOS-

type heterogeneous microring laser 

In addition to a new control freedom from the integrated MOS capacitor, we have 
largely improved the robustness of the heterogeneous laser operation by adopting the 
advanced quantum dot (QD) material. Compared with conventional quantum well laser 
active region, QD materials have distinct advantages in better temperature stability, 
lower threshold current density and better immunity to defects, etc. Figs. 3(a) and (b) 
show the schematic and SEM cross-sectional images of a Fabry-Perot (FP) 
heterogeneous with an InAs QD active region.  

 
Fig. 3. (a) Schematic and (b) SEM image of a heterogeneous FP laser with QD active region 

Fig. 4(a) shows the temperature-dependent LIs for a 3 mm-long device. Decent lasing 
up to 12 mW with minimum threshold current density <230 A/cm2 and no thermal roll-
over is seen up to 100 °C stage temperature. In Fig. 4(b), device characteristic 
temperature T0 is 333, 125 and 61K in 20-40, 40-60 and 60-100 oC regions, respectively.  
The typical RT spectra below and above threshold are exhibited by Fig. 4(b), indicating 
multiple lasing peaks due to the broad gain band from QD ground state even at 90 oC 
(data not shown). These data proves it an ideal device structure to build a (mode-lock) 
comb laser for DWDM applications. It is straightforward to integrate the MOS capacitor 
here to fine tune/lock the wavelength grid with nearly zero power consumption.  

 
Fig. 4. (a) LIs and (b) characteristic temperatures at different stage temperature, and (c) 

laser spectra at different injection current levels 

[1] D. Liang, X. Huang, G. Kurczveil, M. Fiorentino, R. G. Beausoleil, Integrated finely tunable 
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Monolithic CMOS silicon photonics technology enables functional system on chip 
integration of complete electro-optic subsystems and single-chip transceivers. A 
complete set of building block components has been designed and integrated within a 
single manufacturing process that targets O-band data communication standards 
including direct-detect and 4x25 Gb/s WDM transceivers [1]; however, the 
nanophotonic building blocks and diverse process features can be utilized for a wide 
variety of applications, including environmental trace gas sensing [2], medical 
diagnostics, and quantum interconnects. Automation, simulation and verification 
support for the optoelectronic elements in industry standard CAD tools enables small 
teams to reliably design complex systems.  
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The widespread deployment of digital coherent optics has been underpinned by the 
development of sophisticated optical components to provide functionality for transmit and 
local oscillator (LO) laser, dual-polarisation (DP) in-phase and quadrature (I&Q) modulator, 
and integrated coherent receiver (ICR). Working together with CMOS digital signal 
processing (DSP), digital optics has transformed long-haul optical transmission over the 
last few years, and is increasingly attractive for metro and data-centre applications.  

A strong trend for recent deployment of digital coherent optics has been the utilisation of 
analog coherent optics (ACO) – optical functionality is implemented in a standardised 
pluggable module, while the DSP and other electronics resides on a host board. InP 
photonic integrated circuits (PICs) are well suited to this application, fulfilling 
requirements for demanding optical performance together with small size and suitability 
for volume manufacturing. Building on the development of an InP platform over several 
decades, Oclaro’s PIC technology has enabled early commercial deployment of ACO-CFP2 
modules capable of operation beyond 200Gb/s. The first generation of coherent PICs 
comprise: 

 A DSDBR laser PIC providing fullband flexible tuning, narrow linewidth suitable for 
16QAM operation, high optical output power and low electrical power dissipation 
[1] 

 A DP I&Q modulator PIC combining an array of 4 Mach-Zehnder modulators 
together with integrated functionality for monitor and control. Additionally, 
semiconductor optical amplifier elements are integrated on the PIC to compensate 
for substantial modulation losses associated with generation of ‘Nyquist shaped’ 
optical formats [2] 

 A pair of receiver PICs, each combining an MMI-based optical hybrid with 4 
integrated waveguide photodetectors, providing high responsivity, close matching 
and wide bandwidth [3] 

 

 

Fig.1. An InP ‘chipset’ of optical PICs enables implementation of high-performance ACO-CFP2 
pluggable modules for 32 GBaud operation 

The next generation of InP PICs will further extend capabilities, allowing operation at 
higher Baud rates, higher constellation density, and with reduced footprint. In conjunction 
with advances in CMOS technology – which provide greater functionality and reduced 
power dissipation – these InP PICs will provide improvements in cost/bit and W/bit for 
optical transmission, and are likely to find ever wider application throughout the optical 
network. 
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Many tele- and datacom applications require single-wavelength tunable lasers with easy 
wavelength control and sufficient tuning range. Such lasers can for instance be used in 
WDM-based optical networks or to replace fixed wavelength distributed feedback (DFB) 
lasers. In recent years there has been a lot of interest in tunable lasers heterogeneously 
integrated on the silicon-on-insulator (SOI) platform. Several heterogeneously 
integrated III-V/SOI tunable distributed Bragg reflector (DBR) and DFB lasers have 
already been demonstrated. DBR-types typically employ a single [1] or double silicon 
ring [2] with heaters as wavelength-selective and tunable element. In recent work we 
demonstrated a discretely tunable sampled grating (SG)-DFB laser with a discontinuous 
tuning range of more than 55 nm [3].  

 

Fig. 1. III-V/SOI tunable DBR laser. (a) Schematic; (b) Microscope image. 

Here we demonstrate over 7 nm continuous wavelength tuning with a novel III-V/SOI 
DBR laser. The laser structure consists of an SOI waveguide circuit on which a III-V 
tunable twin-guide (TTG) membrane is heterogeneously integrated by means of 
adhesive DVS-BCB bonding. The TTG membrane comprises an active layer (with 6 
InGaAsP quantum wells, bandgap wavelength 1550 nm) and a tuning layer (InGaAsP, 
bandgap wavelength 1400 nm) in which carriers can be injected to provide gain and 
phase tuning respectively. The laser cavity is formed by a broadband reflecting facet and 
a DBR mirror. The latter is implemented as a first-order sidewall-corrugated waveguide 
grating [4] defined in the 400 nm silicon device layer. The weak sidewall-corrugation 
provides a narrowband spectral reflection characteristic to ensure single-mode lasing 
operation. It also provides an additional advantage over ring resonator configurations as 
for the latter a large free spectral range (FSR) is more difficult to obtain due to minimum 
bend radii requirements. Fig.1 (a) and (b) show a schematic and microscope image of the 
laser device respectively. Three laser sections can be discerned: a gain, phase and Bragg 
section. In the gain section current is injected into the active layer to provide optical gain. 
The tuning layer is left unbiased. In the phase and Bragg section the active layer is etched 
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away and current is injected into the tuning layer. Upon current injection the effective 
index of the waveguide mode is modified through the free-carrier plasma dispersion 
effect and Joule heating. Simultaneous adjustment of the phase and Bragg current allows 
for continuous tuning of the lasing wavelength.  

Device characterisation is carried out on a temperature-controlled stage at 10°C. Light is 
couped out from the silicon waveguide to a single-mode optical fiber (SMF) through a 
reflectionless SOI grating coupler [5].  Fig.2 (a) shows the LI curve of the laser. The 
threshold current is 60 mA and a maximum waveguide-coupled output power of about 
−4 dBm is obtained. The superimposed lasing spectra at different tuning currents (Bragg 
and phase) are shown in Fig.2 (b). The wavelength tuning range is larger than 7 nm. The 
redshift of the lasing wavelength indicates a dominant heating effect. By improving the 
heat sinking and a modification of the epitaxial layer stack (by e.g. using a thicker tuning 
and surrounding cladding layer) in future designs, we expect to significantly increase the 
optical confinement factor in the tuning layer, resulting in a stronger electronic effect and 
hence faster tuning (~ns). In that case an adiabatic tapered III-V/SOI coupler similar to 
one of the couplers reported in [6] can be used. 

 

Fig. 2. Static characterization results. (a) LI curve; (b) Superimposed lasing spectra. 
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Abstract: In this paper, we present the design, process and 

characterization of an AWG based on a SiGe step index 

waveguide platform, operating at 4.5 µm (2185-2285 cm-1). A 

transmission of -1.6 dB and a crosstalk below -12 dB are 

demonstrated. 

Keywords— AWG, silicon photonics, multiplexer, gas sensing, 

MIR. 

I.  INTRODUCTION  

Many gases present strong absorption lines in the mid IR (2-

10 µm) giving much interest for spectroscopic gas sensing. 

Moreover, the advent of new Mid-IR laser sources such as 

Quantum Cascade Laser (QCL) eases the highly specific 

detection of these gases by a simple absorption measurement. 

Unfortunately, QCL are weakly tunable (typically over 3 cm-

1), thus limiting the use of one laser for one gas. Nevertheless, 

a promising way for broadening the tunability of this 

spectroscopic solution is to use an array of QCL, with 

different emission wavelengths in conjunction with a 

wavelength multiplexer. A particularly promising one is the 

Arrayed Waveguide Grating (AWG). Indeed, AWG have 

been extensively studied in the Telecom wavelength range 

and different technical solutions have been proposed to 

transfer these AWG to the Mid-IR range [1]. For instance, 

AWG based on SOI waveguides have been proposed by 

Muneeb et.al. [2] who demonstrated an AWG working at 

3.8 µm. Nevertheless, this technical solution, due to the 

absorption of the SiO2 buffer layer is limited to wavelength 

below 4 µm. Malik et.al. [3] proposed a solution based on 

Ge-On-Silicon waveguides with a demonstration at 5 µm.  

In a recent paper [4], we proposed a new waveguide platform 

based on SiGe graded index waveguides. This material 

presents an important transparency range from 3 µm to 8 µm 

as well as a full compatibility with CMOS fabrication tools. 

However in order to increase the compactness of this kind of 

multiplexer, a new platform based on step index SiGe has 

been developed. We present, in this paper, the design, process 

and characterization of an AWG working at around 4.5 µm. 

II. AWG DESIGN 

In order to explore the possibilities of the SiGe/Si waveguides 

platform over the whole 3-8µm spectral band, we have 

developed a fast AWG design tool based on Gaussian 

approximation of waveguide fundamental mode and Fourier 

diffraction optics. A precise description of AWG working 

principle can be found in literature [5]. Fig. 1 shows the basic 

principle of an AWG working in the de-multiplexing way.  

 

Fig. 1. Sketch of an AWG. Principle of operation in 
the de-multiplexing way. (1) Single mode 

waveguide. (2) Planar waveguide. (3) Arrayed 

Waveguide. (4, 5) Recombination area. (6) Single 
mode output waveguides. 

In order to improve the spectral response of the AWG, 

especially between two adjacent channels, we introduced a 

MMI coupler. The effect of the MMI [6] is to flatten the 

spectral response of each AWG channel in order to obtain a 

higher intensity output over the entire spectral range. Fig. 2 

shows the influence of the MMI on the spectral response of 

the central channel. 

 

Fig. 2. (a) Influence of the MMI coupler on the 

spectral response of the central channel of the AWG. 

(b) Spectral response of the AWG with and without 
MMI. 

 

III. AWG PROCESS 

To make array waveguide grating devices, SiGe/Si 

waveguides technology have been preferred. This technology 

is developed in the 200 mm fabrication platform at CEA-

LETI with microelectronics equipment. Those low loss and 



large bandwidth waveguides have been specially designed 

for integrated gas sensing applications. The core layer of the 

waveguide is constituted of a step index Si60Ge40 layer grown 

by reduced pressure epitaxy with 2.7 µm thickness. The core 

is structured to define all the passive functions by DUV 

photolithography and SiGe deep reactive ion etching 

processes. To complete the fabrication, the patterns are fully 

embedded in a 4.2 µm thick epitaxial Si layer deposited by 

reduced pressure-CVD. This layer constitutes the cladding 

layer for the waveguides and is thick enough to ensure a 

complete optical isolation of the AWG from ambient 

atmosphere. This is of primary importance as those devices 

are specially developed for gas sensing applications. Fig. 3a 

shows a view of the final 200mm wafer and Fig.3b a SEM 

image of a cleaved output of a waveguide. No void and good 

cleaved surfaces are noticeable. The initial spacing pitch of 

100 µm between adjacent waveguides, i.e. compatible with 

DFB QCL arrays geometry, is progressively decreased down 

to few microns as required by the design at the entrance of 

the first diffractive area of the AWG. From the technology 

point of view, the minimum spacing size is limited by the 

subsequent gap filling with Si epitaxial cladding layer which 

impose a trench not larger than 2 µm. Due to technological 

uncertainties sixteen additional exit waveguides have been 

added to compensate eventual refractive index discrepancies. 

Note that in this AWG type, MMI structures have been added 

at the output waveguide junction.  

 

Fig. 3. (a) 200mm wafer with compact AWG. (b) 
Details of a SiGe input waveguide. 

 

IV. AWG CHARACTERIZATION 

Basic passive devices (lines, bends, and splitters with MMI) 

were first characterized in order to verify the quality of 

fabrication and to calibrate the testing apparatus. The AWG 

were characterized in the de-multiplexing way with a Fabry-

Perot QCL working in pulsed mode. A broadband QCL light 

is injected in one of the 17 outputs and the light coming out 

of the 35 input waveguides is spectrally analyzed with a FTIR 

spectrometer. The AWG presents a low loss normalized 

transmission (-1.6 dB) with a cross talk below -12 dB (see 

Fig. 4). The whole transmission spectrum appeared to be 

spectrally shifted by +7.14 cm-1. This can be explained by the 

SiGe refractive index value not sufficiently accurate at the 

time of the design. Technological discrepancies may also 

introduce phase errors [7]. The maximum shift from channel 

spacing measured for the AWG central output is 

ΔσInput22=0.13 cm-1, which is a 4 % variation from the 

designed 2.94 cm-1 channel spacing. 

 

Fig. 4. Normalized spectra measured for 5 outputs of 
the AWG. 

 

V. CONCLUSION 

So we will present the design, process and characterization of 

a 17x35 AWG working in the 4.5 µm range. The normalized 

transmission of the AWG is around -1.6 dB with a cross talk 

below -12 dB. This technology can be extended to other MIR 

wavelength range till the absorption of the Si cladding reach 

a too high level. 
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Abstract: We present efficient TM fiber-to-chip grating couplers that couple light 
between a single mode InF fiber and Germanium-on-Silicon (Ge-on-Si) waveguides in 
the 5 μm wavelength range. In recent years, Ge-on-Si has emerged as a platform of 
interest for sensing applications beyond 4 μm [1, 2]. Ge has low losses for light in the 4-
12 μm range, which makes it suitable for the realization of mid-infrared (midIR) 
photonic integrated circuit gas and liquid sensors.  
 

Fig 1. Simulated fiber-to-chip coupling efficiency as a function of wavelength (a) and 
the measured couping efficiency of the grating (b) 

 
Grating coupler design: Since for a number of midIR applications QCL sources are 
used, emitting TM polarized light, we have opted to design fiber-chip interfaces for TM 
polarization. The couplers are designed in a 2 μm thick Ge waveguide layer on a silicon 
substrate. The TM grating coupler for the Ge-on-Si platform has a period of 1.42 μm, a 
80% duty cycle (defined as the ratio of the width of the unetched tooth and the grating 
period) and an etch depth of 0.9 μm. The waveguides are partially etched with the same 
etch depth. The simulated coupling efficiency is 40% with a 3dB bandwidth of 180 nm 
at a central wavelength around 5.22 μm (Fig. 1a), for a fiber angle of 𝜃 = 5°. The 
simulated reflectivity of the grating is below 1%, as calculated by 2D FDTD. 

Fabrication and measurement: The grating and the waveguide are both defined with 
e-beam lithography and etched in one step using a chromium mask and a CF4/H2 
plasma. Due to the fabrication imperfections the duty cycle of the fabricated device is 
0.82, while the period and the etch depth is close to the targeted value. The best overlap 
of the fiber mode and the fundamental TM grating mode was achieved for a 27.5 μm 
wide grating. The top view and cross-section of the characterized device is shown in 
Fig. 2.  The measurement system is schematically shown in Fig. 3b. Light from the free-
space external cavity QCL operating in CW is coupled to the InF fiber by a ZnS lens. 
Between the laser and the lens we have a chopper and a Babinet-Soleil polarization 
control element. 

a) b) 

μ μ 



 
2

The chopper turns the CW light into 50% duty cycle pulses and hence allows us to 
detect light on an InSb detector in combination with a pre-amplifier and lock-in system. 
The polarization control element is used to maximize transmission through the device 
at the central wavelength. Since the polarization at the fiber output facet is wavelength 
dependent we have measured the TE/TM ratio as a function of wavelength at the fiber 
facet by placing a wire grid polarizer and a thermal detector directly under the input 
fiber and comparing this power with measurement on the thermal detector without the 
grid polarizer (Fig. 3a). This ratio we took into account when measuring the total laser 
power in CW mode on the InSb detector (dashed line in Fig. 3b). The loss caused by the 
difference in length of the fiber when measuring the chip (full line in Fig. 3b) and when 
measuring the QCL power directly (dashed line in Fig. 3b) is not negligible in the 
wavelength range of interest and is evaluated from [3].  

Fig. 2. Top view (left) and cross-section (right) of the Ge-on-Si grating coupler  

Fig 3. The TM to TE ratio vs. wavelength (a) and the measurement setup (b)  

The experimentally characterized grating coupler shows -5dB (30%) coupling 
efficiency and a 3 dB bandwidth of 150 nm (Fig. 1b). The variations in the coupling 
efficiency are attributed to variations in the laser output power and measurement 
system and not to grating reflections.   
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Mid-­‐infrared	
   (MIR)	
   silicon	
   and	
   germanium	
   photonic	
   devices	
   and	
   systems	
   could	
   be	
  
useful	
  in	
  a	
  range	
  of	
  applications	
  [1].	
  Silicon	
  and	
  germanium	
  are	
  transparent	
  in	
  the	
  MIR,	
  
have	
   large	
   refractive	
   indices	
   and	
   are	
   dominant	
   materials	
   in	
   microelectronics.	
  
Germainum	
   is	
   particularly	
   interesting	
   photonic	
  material	
   that	
   has	
   larger	
   transparency	
  
range,	
   refractive	
   index,	
   optical	
   modulation,	
   non-­‐linear	
   effects	
   and	
   carrier	
   mobility	
  
compared	
  to	
  silicon.	
  As	
  such,	
  both	
  Si	
  and	
  Ge	
  devices	
  can	
  be	
  very	
  compact	
  (Fig.	
  1).	
  	
  

We	
  have	
  demonstrated	
  a	
  range	
  of	
  MIR	
  devices	
  and	
  integrated	
  circuits	
  in	
  Si,	
  such	
  as	
  low	
  
loss	
   passive	
   devices,	
   large	
   bandwidth	
   detectors,	
   on-­‐chip	
   Fourier-­‐transform	
  
spectrometers,	
   and	
   optical	
   modulators	
   [2-­‐7].	
   For	
   waveguides	
   longer	
   than	
   4	
   μm,	
   a	
  
suspended	
  Si	
  platform	
  can	
  be	
  used	
  [8,9].	
  	
  

Recently,	
  we	
  have	
  focused	
  our	
  work	
  on	
  the	
  Ge-­‐on-­‐Si	
  platform	
  and	
  have	
  demonstrated	
  
low	
   loss	
   waveguides	
   and	
   other	
   passive	
   devices	
   [10],	
   couplers	
   [11],	
   cascaded	
   ring	
  
resonators	
   [12]	
   fast	
   all-­‐optical	
  modulation	
   [13,14],	
  modulators	
   and	
   sensors	
   [15].	
  We	
  
have	
  reached	
  wavelengths	
  up	
  to	
  ~9	
  μm	
  and	
  our	
  future	
  work	
  will	
  address	
  the	
  extension	
  
of	
  the	
  spectral	
  range	
  for	
  Ge-­‐based	
  platforms	
  and	
  further	
  reduction	
  of	
  the	
  loss.	
  	
  	
  

	
  
Fig.	
  1.	
  Mid-­‐infrared	
  light	
  coupling	
  from	
  an	
  optical	
  fibre	
  to	
  long	
  spiral	
  waveguides	
  	
  

(up	
  to	
  40cm	
  in	
  length)	
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Integrated microwave photonics (IMWP) deals with the application of integrated 
photonics technologies to microwave photonics (MWP) systems [1,2]. During the last 5 
years, IMWP has become probably the most active area of current research and 
development in the discipline of MWP [3], capitalizing upon the outstanding progress of 
integrated photonics in various material platforms such as indium phosphide (InP), 
Silicon on Insulator (SOI) and silicon nitride (Si3N4). In this paper, we will first 
introduce this topic with special emphasis on its relevant application fields to the 
community briefly outlining the salient characteristics of available material platforms 
that can be employed for the implementation of IMWP chips. We will compare the 
features of more mature material platforms such as InP [4], SOI [5] and Si3N4 [6].  

The core part of the paper will be devoted to describe the two salient approaches that 
are available for the implementation of IMWP chips from a functional point of view. On 
one hand, we will review the recent progress in Application-Specific Photonic 
Integrated Circuits (ASPICs), where a particular circuit and chip configuration is 
designed to optimally perform a particular MWP functionality [2]. Examples on 
different functionalities recently reported will be presented, including tunable filtering, 
optoelectronic oscillation, instantaneous frequency measurement, frequency up and 
down conversion, etc. On another hand, recent progress will be reported on a radically 
different approach, the universal MWP signal processor architecture that can be 
integrated on a chip and is capable of performing all the main functionalities by suitable 
software programming of its control signals [7-9]. This last approach is inspired by the 
flexibility of digital signal processors, where a common hardware is shared by multiple 
functionalities through a software-defined approach (or programmability), leading to 
significant cost reduction in the hardware fabrication. Figure 1 shows a picture of such 
concept, where the central element is a reconfigurable optical core included after 
external modulation (represented as an E/O device) and prior to detection 
(represented as an O/E device). The role of the optical core is to provide the required 
routing/switching functionalities and also the implementation of reconfigurable 
processing elements such as FIR/IIR filtering, delay lines and phase shifting operations 
either in standalone or in cascade configuration. 
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Fig. 1. Reconfigurable Universal MWP signal processor architecture. 

 

The flexible implementation of the optical core requires a design approach based on 
interconnected waveguide meshes. In particular, we shall address the recent theoretical 
and experimental progress achieved in our group in Silicon based reconfigurable 
hexagonal [10] lattices.   
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THz	technologies	are	continuing	to	develop	for	a	wide	set	of	applications	and	photonic	is	
seen	 as	 a	 key	 technology	 for	 their	 development	 	 [1,2].	 This	 is	 mostly	 due	 to	 their	
relatively	 high	 power,	 coherence	 and	 tuneability	 as	 well	 as,	 through	 through	 the	
development	of	optical	communication,	high	speed	modulation.	However,	despite	these	
advantages	it	is	clear	that	for	many	application	and	the	development	of	THz	technology	
a	smaller	footprint	and	lower	power	consumption	will	also	be	essential.	While	photonic	
solutions	 using	 discrete	 components	 have	 shown	 promising	 results	 [3],	 it	 remains	
essential	to	solve	these	remaining	problems.	To	do	so	will	require	integrated	photonic	
solutions	as	 it	will	naturally	offer	 smaller	 footprint	while	 some	of	 the	 losses	within	a	
discrete	 element	 system	 could	 be	 better	 managed	 thus	 enabling	 lower	 power	
consumption.			

In	 this	 presentation	we	will	 discuss	mainly	 integrated	 solutions	 for	 photomixing	 and	
review	the	different	photonic	integration	techniques	and	their	advantages.	In	particular	
we	 will	 show	 details	 of	 an	 integrated	 source	 that	 could	 be	 controlled	 to	 offer	 high	
frequency	stability	in	the	range	up	to	1	THz,	as	well	as	solutions	based	photonic	intgrated	
chips	foundries	[4].	

In	more	details	the	typical	heterodyne	coherent	system	that	we	are	discussing	is	shown	
in	figure	1.	While	dual	laser	source	can	offer	tuneability	of	several	THz	in	order	to	abtain	
high	 frequency	 stabilitiy	 across	 the	 range	 one	 would	 use	 an	 optical	 frequency	 comb	
generator	(OFCG)	used	to	lock	the	heterodyne	source	on	a	microwave	reference.	Finally	
the	 photomixer	 or	 potentially	 photoreceiver	 are	 essential	 part	 of	 the	 system.	 The	
discussion	will	thus	concentrate	on	the	integration	of	these	different	components.	

We	will	then	present	solutions	as	sources	and	receivers	for	frequencies	up	to	1THz	with	
a	source	frequency	linewidth	better	than	10	Hz	in	the	range.		In	particular	we	will	look	
at	a	foundry	based	dual	laser	source	that	could	be	locked	on	a	comb	for	frequency	up	to	
a	 THz	 and	 a	 fully	 integrated	 chip	 including	 two	 lasers	 and	 a	 uni-travelling	 carrier	
photodiode	that	has	been	used	both	as	an	emitter	and	receiver	for	frequencies	up	to	100	
GHz.	As	an	other	essential	part	of	the	system	would	be	an	integrated	comb	generator	we	
will	 also	 discussed	 a	 set	 of	 solution	 and	 in	 particular	 the	 use	 of	 FM	 lasers	 and	
recirculating	loops	to	offer	a	compact	and	efficient	wide	comb	source.	
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We	will	 finally	 discussed	different	 demonstrations	 of	 applications	 of	 these	 integrated	
technologies	in	particular	for	THz	spectroscopy	and	wireless	communication.	

	
Fig.	1:	Schematic	of	a	typical	heterodyne	THz	source.	
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We report a monolithically integrated 42 mm long cavity linear mode-locked laser at 1541 
nm, with a low repetition rate at 1 GHz.  The device uses InP-based active-passive 
integration technology and integrated multimode interference reflectors.  Passive (PML) 
and hybrid mode-locked (HML) regime operation are experimentally demonstrated. The 
device exhibits a very narrow RF linewidth of the beat note of few KHz and Hz for both 
regimes. 

Nowadays, several photonic or electronics techniques for generating of microwave signals 
used for short-range high data rate communication systems, frequency combs generators, 
metrology among other applications, are available to satisfy the needs of the customer. 
However, the use of optic fibre to carry signal long distances with a very low propagation 
loss, is one of the advantages that photonic techniques have over electronic. Moreover, 
photonic techniques have other additional advantages such as the quality of the signal 
generated (low phase noise), the tuning range of the generated frequency and bandwidth 
modulation [1]. Two of the most common photonic signal generation techniques used for 
the microwave carrier signals generation are based on optical heterodyning (Dual 
Wavelength Laser Source), or pulsed lasers (Mode-Locked Laser Source). Each of the 
techniques has its own quality features and tuning range [2]. The main advantage of the 
solution provided by the pulsed lasers is that they offer stable signal generation, directly 
yielding a frequency comb. There are extensive references on integrated mode-locked 
lasers [3].  However, few solutions operating within the frequency range of our interest (10 
MHz to 14 GHz).  One of the easiest ways to decrease the repetition rate is increasing the 
length of the resonator cavity. However, due to the propagation loss in the InP platform, 
they must be performed by hybrid integration.  The most recent reference is an on-chip III-
V-on-silicon mode locked laser with a repetition rate of 1 GHz. The length cavity is 37.4 mm 
[4].One of the characteristics in the use of photonic integration technologies circuits is to 
reduce system size. We aim to develop photonic integrated circuits (PICs) for the 
generation and distribution of frequency standards and calibration signals of very high 
quality by photonic techniques. 

The PIC was designed using standardized building blocks and fabricated within a 
commercial MPW run through an InP active-passive integration foundry service.  The mask 
manufacturing carried shown in figure 1 (a), where we have the linear laser structure. A 
photograph of the extended cavity made in a spiral-shaped structure is shown in figure 1 
(b). 

  

 

Fig. 1.  (a) Layout of the photonic integrated circuit. (b) Microscope photograph of the 
extended cavity made in a spiral-shaped structure   

The linear laser structure has a cavity length of 42 mm, corresponding to a frequency 
spacing of 1 GHz. It has two 750 μm semiconductor optical amplifiers (SOA) with a 50 μm 
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saturable absorber (SA) placed between them. The saturable absorber is located in the 
middle of the whole linear laser structure. At both ends of the SOA, we designed a 
waveguide passive, whose length is generated by a spiral-shaped structure. Both spiral-
shaped structures on each side of the amplifiers are connected to individual multimode 
interference reflector (MIR) mirrors to form the Fabry-Perot cavity. At one of the linear 
laser structure outputs, we placed another SOA (booster) in order to amplify the optical 
signal launched into the photodiode (PD).  Regarding the other output, a 7º angled 
waveguide to carry light out of the chip is used. An antireflective (AR) coating to avoid light 
back-reflections is used on the chip facets. 

The extended cavity linear mode-locked laser was characterized by choosing the bias 
conditions which exhibit both passive and hybrid regime of the mode-locked laser. The 
chosen bias condition to get both regimes is setting a total forward bias current of 110 mA 
and a reverse bias voltage of -2.8 V for the gain sections and saturable absorber, 
respectively. These results are presented in figure 2 and figure 3. Electrical spectrums 
generate an electrical frequency comb, where the fundamental frequency tone appears at 
the repetition frequency (1 GHz) of the device, with higher harmonics. The fundamental 
frequency tone appears in detail being clearly hybrid mode in which the device is more 
stable. The device yields a very narrow RF linewidth of the beat note, 398 KHz and 1.1 Hz 
@-3dB, both for PML and HML, respectively. 

     

(a)                                                    (b)                                                      (c) 

Fig. 2. Mode-locked laser characterization in passive regime. (a) Electrical spectrum response. 
(b) Linewidth measurement of the fundamental frequency tone. The achieved beat note was 

about 398 KHz at -3dB using a Lorentzian shape fitting (blue line). (c) Phase noise 
measurement of the fundamental frequency tone. 

     

(a)                                                    (b)                                                      (c) 

Fig. 2. Mode-locked laser characterization in hybrid regime. (a) Electrical spectrum response. 
(b) Linewidth measurement of the fundamental frequency tone. The achieved beat note was 

about 1.1 Hz at -3dB using a Lorentzian shape fitting (blue line). (c) Phase noise measurement 
of the fundamental frequency tone. 
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Worldwide mobile data traffic is expected to increase an eightfold by 2020 compared to 
2015, reaching 30.6 exabytes per month [1]. To keep up with this increasing demand 
providers will need to use new technologies and network architectures, generally 
referred to as the 5th generation mobile network or 5G. Current mobile networks have 
pushed the link spectrum efficiency close to the Shannon limit by using complex 
modulation formats such as 64-QAM OFDM, leaving little room for improvement. To 
further improve connectivity and increase bandwidth more spectrum will be needed. 
This can be achieved through the use of currently unused bands and shrinking cell size 
to maximize spectrum re-use.  To enable this, Radio-over-Fiber (RoF) links will be an 
important technology. When using higher carrier frequencies, it is beneficial to move 
the signal processing and signal up-conversion from the cell site to a central office. This 
greatly reduces deployment and operations cost, while enabling centralized control [2]. 
This is definitely the case for small cell architectures, where central control and low 
cost are essential. In many RoF links a Mach-Zehnder Modulator (MZM) is used to 
imprint the RF signal on an optical carrier, as the MZM provides good linearity and high 
bandwidth. However, in recent years directly modulated semiconductor lasers (DMLs) 
have shown rivalling performance in digital transmission [3]. Also as transmitter in RoF 
links DMLs have been demonstrated as good transmitters [4]. The great advantage of 
using directly modulated lasers is the lower complexity, cost and insertion loss 
(defining the link gain) compared to using external modulation. Since deployment and 
operation costs are essential in 5G scenarios, DMLs are ideally suited as transmitters. 

In this work we demonstrate a RoF link where the transmitter is a directly modulated 
III-V-on-Silicon DFB laser. The hybrid silicon technology offers many advantages, such 
as the possibility to integrate it with high bandwidth Si-Ge PDs and passive optical 
functions such as wavelength multiplexing. The III-V-on-Silicon DFB laser was 
fabricated by adhesive wafer bonding of an InP epitaxial grown material with a multiple 
quantum well gain section on a SOI photonic integrated circuit as illustrated in Fig. 1(a). 
The photonic integrated circuit was fabricated by imec on a 400 nm thick top Si wafer 
with deep UV lithography. The DFB grating was defined in the Si rib waveguide with a 
180 nm dry-etch and has a period of 245 nm with a 50% duty cycle. The laser is a 
quarter-wave shifted DFB with a length of 340 μm. A detailed description of the 
fabrication process can be found in [5]. The laser has an output of 5 mW in the Si 
waveguide for a driving current of 100 mA at a wavelength of 1571 nm. The bandwidth 
of the laser was determined using a 67 GHz Keysight PNA-X 67, and the result for 
different bias currents can be found in Fig. 1(b). More details about the laser 
characterization and digital transmission demonstration can be found in [3]. The high 
bandwidth characteristics of the device enable its use for high carrier frequency Radio-
over-Fiber transmission. An overview of the measurement set-up is shown in Fig 1(c). 
For the experiment the III-V-on-silicon laser (DUT) was placed on a temperature-
controlled stage and kept at 20°C. The laser was biased at 100 mA corresponding to the 
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maximum small signal bandwidth. The DUT was driven with a Keysight M8195A AWG, 
the output of the AWG was amplified with a 50 GHz SHF RF amplifier. The laser was 
coupled to standard single mode fiber (SMF) using an on-chip grating coupler. The 
output was amplified to 1 dBm with an EDFA to compensate for the chip-to-SMF 
coupling losses. 

 

Figure 1: (a) Side view of the III-V-on-silicon DFB laser (b) S21 of the III-V-on-silicon DFB 
laser for different currents. (c) Overview of the measurement set-up. (d) Constellation of 1 
Gbaud QPSK transmission on a 26 GHz carrier. (e) 2.5 Gbaud 16-QAM on a 26 GHz carrier 

The optical output is then transmitted over 2 km of standard SMF. The receiver is a 32 
GHz Discovery Semiconductor PD with TIA, and the output signal is analysed with a 
Keysight DSOZ634A real-time oscilloscope with 63 GHz bandwidth. We transmitted 
QPSK and 16-QAM signals at 1 and 2.5 Gbaud. This was done on a 26 GHz carrier 
frequency as will be used in 5G wireless networks. Transmission at 1 GBaud symbol 
rate gave an rms error vector magnitude (EVM) of 7-8% rms, independent of the 
modulation format. Such an EVM translates in error-free operation for QPSK 
modulation. Constellation diagrams of 2 Gbit/s QPSK and 10 Gbit/s 16-QAM on a 26 
GHz carrier over 2 km of standard SMF is shown in Fig. 1(d)-(e). These experiments 
demonstrate that the III-V-on-Silicon DML is suited for high bit rate radio-over-fiber 
transmitters using high carrier frequencies to be used in 5G wireless access networks. 
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System embedded photonic interconnect has been a strong area of focus in the 
European funding programmes for collaborative research and technological 
development over the past 15 years. This is particularly evident in projects from the 
Sixth Framework Programme (FP6), which ran from 2002 – 2006 [1], the Seventh 
Framework Programme (FP7), which ran from 2007 – 2013 [2] and the current 
Horizon2020 programme, which started in 2014 and is due to end in 2020 [3]. 

The PhoxTroT project [4] is a four year project, with a large consortium of 18 European 
organisations led by Fraunhofer IZM as project coordinator. PhoxTroT is an acronym of 
the full project title: “Photonics for High-Performance, Low-Cost & Low-Energy Data 
Centers, High Performance Computing Systems: Terabit/s Optical Interconnect 
Technologies for On-Board, Board-to-Board, Rack-to-Rack data links”.  

 

Fig. 1. PhoxTrot vision: On-chip, chip-to-chip, board-to-board and rack-to-rack optical 
interconnect solutions deployed in PhoxTrot demonstration platform 

The vision of this large scale “Integrated Project” is to develop an entire technology 
portfolio of cost‐ and energy‐efficient Tb/s‐scale on-chip, chip‐to‐chip, board‐to‐board 
and rack‐to‐rack level photonic interconnect solutions within data centre and HPC 
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architectures. COSMICC (“CMOS Solutions for Mid-board Integrated transceivers with 
breakthrough Connectivity at ultra-low Cost”) is a three year research project, 
supported by the Horizon2020 Framework Programme and led by CEA-LETI, which 
brings together key industrial and research partners partners including ST-
Microelectronics, Finisar and Seagate [5]. The purpose of the project is to enable mass-
commercialisation of silicon photonics based transceivers by enhancing the existing 
photonic integration platforms ST-Microelectronics and to ultimately deploy in data 
centre systems. The COSMICC transceiver technologies will be mounted in a series of 
optical interconnect test platforms, one of which is shown in Fig. 2. 

 

Fig. 2. COSMICC transceiver test platform 

Seagate is developing a cross-project initiative called “PhoxLab”, which will allow 
advanced technologies and demonstration platforms from different international 
projects to be tested with respect to one another. Phoxlab defines sub-system card form 
factors, which can be disseminated to allow other projects to design test board 
platforms enabling advanced optical transceivers or switches (such as silicon photonics 
devices), optical circuit boards and connectors to be mounted into different systems of 
varying complexity and Technology Readiness Levels (TRLs). 

It is envisaged that COSMICC and other European, as well as international projects 
developing technologies in this sphere will be able to vastly expand their performance 
evaluation by participating in the initiative. This work was supported by the European 
Commission through the Horizon2020 COSMICC project. 
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The&implementation&of&compact,&dense&WDM&transceivers&in&Silicon&Photonics&(SiP),&that&
are& sufficiently& cost& and& power& efficient& for& Data& Centre& applications,& is& a& notably&
challenging& endeavour.& Semiconductor& Mode& Locked& Lasers& (MLL)& [1]& and& Resonant&
Ring&Modulators& (RRM)& [2,& 3]& have& been&proposed& as& key& devices& for& an& elegant& and&
efficient& transceiver& architecture.& In& recent&works,&we&have& shown& that& single& section&
passively&modeMlocked&MLLs&can&generate&adequate&optical&carriers&for&14&Gbps&and&25&
Gbps&serial&communications&with&onMoff&keying&modulation&[4].&A&systematic&analysis&of&
the&optical&power&budget&of&a&solution&comprising&a&MLL,&an&array&of&RRMs&driven&by&
hybridly&integrated&chipMscale&electronics,&and&a&Semiconductor&Optical&Amplifier&(SOA)&
has&also&been&reported&[5].&At&the&2017&European&Conf.&on&Integrated&Optics&we&will&be&
reporting&on&recent&progress&towards&integration&of&this&transceiver&architecture.&

&
Fig.'1.'Micrograph'of'the'system'chip'and'diagram'of'system'architecture.'

Fig.&1&shows&a&micrograph&of&the&system&chip&as&well&as&a&blockMdiagram&of&the&system&
architecture.& A& wideband& optical& filter& implemented& with& coupled& ring& resonators& in&
Coupled& Resonators& Optical& Waveguides& (CROW)& configuration& selects& the& highest&
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power& lines& of& the&MLL& as& optical& carriers& for& downstream&modulation.& Extinction& of&
unused&lines&is&essential&to&limit&SOA&saturation&and&the&ensuing&data&distortion.&

&
Fig.'2.'Photograph'of'the'SiP'chip'wire'bonded'to'chip'scale'driver'and'receiver'electronics.'

The'MLL'is'coupled'in'by'means'of'a'lensed'fibre'edge'coupled'to'the'chip'(not'shown).'The'

SOA'is'an'external'commercial'device'interposed'between'the'Tx'Out'and'Rx'In'ports.'

Fig.&2&shows&the&currently&evaluated&transceiver,&in&which&MLL&and&SOA&remain&external&
devices.&We&are&currently&building&a&demonstrator&packaged&as&a&module&with&flipMchip&
integrated&MLL&and&SOA.&To&this&end,&we&have&developed&a&flipMchip&integration&process&
(Fig.&3)&in&which&the&vertical&alignment&is&guaranteed&by&a&mechanical&contact&between&
pedestals&defined&in&a&recess&etched&into&the&SiP&chip&and&the&laser&or&SOA&[6].&We&have&
introduced& the& extra& refinement& that& the& pedestal& height& is& defined& by& selectively&
removing& the& SiP& waveguide& layer& on& top& of& the& pedestals,& and& that& corresponding&
mechanical&contact&areas&are&defined&on&the&IIIMV&chips&by&a&selective&wet&etch&stopping&
on& top& of& the& IIIMV& waveguide& layer.& This& way,& the& accuracy& of& vertical& alignment& is&
independent&on&the&process&control&exerted&on&layer&thicknesses&during&SiP&or&IIIMV&chip&
fabrication.&Horizontal&alignment&tolerances&can&be&further&relaxed&with&suitable&edge&
couplers&[6,7].&

&
[1]! D.&Yin&et&al.,&Laser&Diode&Comb&Spectrum&Amplification&preserving&low&RIN&for&WDM&application,&

in&Proc.&SPIE,&vol.&7631,&76311R,&2009.&
[2]! Q.&Xu&et&al.,&Micrometre?scale&silicon&electro?optic&modulator,&Nat.,&vol.&435,&pp.&325M327,&2005.&
[3]! J.&Müller&et&al.,&Optical&Peaking&Enhancement&in&High?Speed&Ring&Modulators,&Sci.&Rep.,&vol.&4,&

6310,&2014.&
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Europ.&Conf.&on&Opt.&Comm.&(ECOC),&Valencia,&Spain,&2015.&
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Mode?Locked&Laser,&arXiv:1605.08668.&
[6]! T.&Shimizu&et&al.,&Photon.&Res.,&vol.&2,&no.&3,&pp.&A19MA24,&2014.&
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Increasingly complex and high capacity optical switch fabrics are being proposed and 
demonstrated for high-bandwidth data streams in datacentres [1]. Mach-Zehnder 
interferometer (MZI) and semiconductor optical amplifier (SOA) based switches have 
received much attention owing to their nanosecond response time which is essential 
for packet switching [2]. However, the scalability of MZI switches is inherently limited 
by insertion loss and accumulated crosstalk, whilst the scalability of SOA switches is 
restricted by accumulated noise and distortion. 

We therefore have proposed a hybrid MZI-SOA approach, where MZIs are implemented 
as 1×2 or 2×1 low-loss switching elements, minimising crosstalk by using a single input, 
and where short SOAs are included as gain or absorption units, offering either loss 
compensation or crosstalk suppression though adding only minimal noise and 
distortion [3]. Using this approach, a 2×2 hybrid building block has been built by 
connecting four MZIs and eight SOAs in a dilated Beneš structure. This exhibited a -
40dB extinction/crosstalk ratio and lossless operation [4]. The schematic of a 4×4 
switch based on this approach and consisting of four 2×2 dilated hybrid building blocks 
is shown Fig. 1(a).  For multi-stage networks such as this, it has been shown that active 
power monitoring and bias control can be employed to maintain constant output power 
and extend the input power dynamic range (IPDR) [5]. In this paper, we demonstrate 
the first current controlled operation of this 4×4 hybrid switch and investigate the 
control tolerance. 

 

Fig. 1. (a).Schematic of 4×4 switch (b) Photograph of the fabricated hybrid switch 

The switch was designed and fabricated on a multi-project wafer using a generic 
foundry within the EU FP7 PARADIGM project [6] with a sector size of 4mm×6mm. 
1000/900μm long MZIs are used as 1×2 or 2×1 switching elements and 230/250μm 
long SOAs provide 5/6.3dB gain with 15mA/17mA bias currents to compensate loss 
from passive components. The slightly longer SOAs (250μm) are placed before the 
folded shuffle network to compensate for excess loss.  

Power variation at the input causes fluctuation in the output power which in turn 
requires more demanding receiver performance levels or which leads to signal 
degradation in the following active components. It is therefore highly desirable to 
maintain a constant output power for a range of input powers. The first and second 
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stage SOAs are therefore calibrated to select the optimum bias condition for various 
input powers. The calibration is performed with a 10 Gb/s NRZ signal at a wavelength 
of 1535.9nm. Lensed fibres are used to couple light in and out of the switch chip. The 
switch chip is mounted on a thermo-electric cooler and operated at 20⁰C. The optical 
transfer function is evaluated for a broad range of currents and input powers. Fig. 2(a) 
shows the optical transfer function as the first and second stage SOA currents are 
varied, all other SOAs being biased at 15mA. Also shown is the transfer function for the 
controlled condition whereby the output power is fixed at -6dBm for a 10dB range of 
input power by varying the first and second stage SOA currents. 

The IPDR with constant (15mA/17mA) and controlled current operation is shown in 
Fig. 2(b). At lower input power, it is not possible to achieve the desired constant output 
power owing to the limited gain from SOAs. The optimised bias current for first and 
second stage SOAs is selected here to minimise power penalty. The IPDR for a penalty 
of less than 0.2dB has been extended from 4dB to 8dB by implementing the active bias 
control.  The power penalty improvement is significant at high powers because there is 
less amplifier-induced distortion as the SOA bias currents are lower. The tolerance of 
the bias control depends on the input power. Fig. 2(c) show a detailed penalty map for 
the active bias control as a function of both input power and bias variation. A 5mA bias 
current range is shown to maintain the power penalty below 0.2dB, this being a 
relatively relaxed tolerance in terms of the necessary current control. 

 

Fig. 2. (a) Static transfer function of the switch for varied and controlled current (b) Input 
dynamic range for the switch with fixed and controlled current operation (c)Penalty map 

as a function of input power and bias current. 

In conclusion, this paper presents the active bias control for the 4×4 hybrid MZI-SOA 
switch chip. By controlling the injection current of the first and second stage SOAs, the 
fixed output power is achieved for a 10dB range of input power, and IPDR for a penalty 
less than 0.2 dB is extended from 4dB to 8dB with 5mA control current tolerance. This 
extended IPDR enables the scalability of the hybrid optical switch.  

The authors wish to acknowledge funding from the UK EPSRC SwiTching And 
tRansmission (STAR) project EP/K018116/1 and FP7 PARADIGM project. Additional 
data related to this publication is available at http://www.repository.cam.ac.uk/. 
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Abstract: Flexible multimode polymer waveguides are shown to maintain bandwidth 
length products > 300 GHz×m for bend radii as low as 3 mm under restricted launch, 
with < 0.7 dB excess bend loss. 

Introduction: Recently, multimode polymer waveguides have attracted increased 
interest for use in short-reach optical interconnections and optical backplanes. These 
waveguides can be formed and directly integrated on standard printed circuit boards 
(PCBs) owing to their favourable material properties [1]. Bandwidth studies have 
shown that the waveguides have the potential to support 100 Gb/s data transmission 
despite their highly-multimoded nature [1], and 40 Gb/s data transmission over a 1 m 
long multimode polymer waveguide has been demonstrated recently [2]. These 
waveguides can also be fabricated on flexible substrates enabling additional 
applications. Although studies on flexible multimode polymer waveguides have been 
reported [3, 4], there has been particular concern about the bend loss of waveguides 
required to provide high bandwidth. This work therefore reports the waveguide bend 
loss alongside bandwidth as a function of curvature and bending angle under restricted 
launch. The measured results indicate a bending and twisting loss of less than 0.7 dB 
for a curvature R > 3mm, despite allowing bandwidth-length products (BLP) of at least 
300 GHz×m under restricted excitation. Further studies are underway combining loss 
and bandwidth measurements with near- and far-field measurements to reveal their 
mode loss and coupling behaviour and therefore, enable the design of optimised 
flexible waveguides and related components. 

Bend loss measurement: The polymer waveguide samples are fabricated from 
siloxane materials [Dow Corning® OE-4140 (core) and OE-4141 (cladding) Cured 
Optical Elastomers] with a standard photolithographic method on flexible 125 µm-thick 
polyimide substrates. The waveguide cross section is ~50×50 µm2 and samples of 10 
and 24 cm in length are used for the measurements. An 850 nm vertical-cavity surface-
emitting laser (VCSEL) is employed as the light source, while a cleaved fibre is used to 
couple the light. The waveguide sample is wrapped round a cylindrical mandrel and the 
output light is focused with a microscope objective onto a broad area detector (Fig. 1a). 
Mandrels with different diameters and different wrapping angles (from 0º to 180º) are 
employed. Moreover, the samples are twisted a variable number of turns and their 
insertion loss is recorded (Fig. 1b-d). Two different launch conditions are employed by 
using different types of cleaved fibres: a 4/125 µm single mode fibre (SMF) and a 
standard 50/125 µm multimode fibre (MMF), at the waveguide input in order to assess 
their loss performance under different types of excitation. For each launch condition 
and setup, 12 waveguides are measured and the average insertion loss value is 
obtained. The average insertion loss of the waveguide samples when not bent (R=∞) is 
also measured and used as a reference to obtain the excess bend loss. This is found to 
be 1.4 and 1.5 dB for the 10 cm-long samples under the SMF and 50 μm MMF inputs, 
respectively. Fig. 1e and 1f show the excess loss as a function of bending radius and 
angle (R = 5 mm), respectively, while Fig. 1g shows the excess loss when the sample is 
twisted (1 twist turn = 360º). The samples can be bent down to a radius of 2 mm 
without any cracks and with excess bend losses of below 1.5 and 3.7 dB for the SMF and 
50 μm MMF inputs, respectively. The variation of bend loss with bending angle (Fig. 1f) 
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indicates that the majority of the optical power is lost in the first 90º of the curvature. 
After that, lower order modes, which exhibit lower attenuation along the bend, are left 
to propagate in the waveguide. Twisting the samples more than 1 full turn (360º) 
however results in additional loss, mainly due to the acute twisting nodes (Fig. 1c) 
occurring in the flexible samples. Applying more than 2 turns, does not significantly 
further increase the loss as only the low order modes are left to propagate. Excess 
twisting losses of less than 0.6 and 2 dB are recorded for up to 4 full turns under the 
SMF and 50 μm MMF input, respectively. Similar bend loss performance is observed 
from the longer samples. 
 
 
 
 
 
 
 

 
Fig. 1. Setup for (a) bending and (b) twisting loss measurements, images of (c) a twisted 

flexible waveguide sample (2 full twists) (d)with light, and excess bend loss as a function 
of (e) radius of curvature, (f) bending angle (R = 5 mm) and (g) number of full twist turns. 

Bandwidth measurement: The bandwidth of the 
24 cm-long waveguides is obtained using pulse 
broadening measurement. A setup similar to the one 
described in [1] is employed, while a 10× 
microscope objective with a numerical aperture 
(NA) of 0.2 is used at the waveguide input to 
emulate a SMF input. A short pulse (~400 fs FWHM) 

is launched into the flexed samples and the pulse 
broadening due to the waveguide dispersion is 
recorded for different bending radii. The waveguide BLP can then be extracted and it is 
found to be >300 GHz×m for all radii ≥ 3 mm under a restricted launch (Fig. 2). The 
results indicate that, under a restricted launch, tighter bends enhance mode coupling 
(rather than mode loss) in the waveguide and result in a slight reduction of bandwidth. 
This view can be confirmed by the increased NA of waveguides as measured (Fig. 2). 
Bandwidth measurements under different launch conditions are underway and the 
results will be presented at the conference.  

Conclusion: The loss and bandwidth of flexible multimode polymer waveguides are 
investigated under different launch conditions, providing an understanding of mode 
propagation in these waveguides. Excess bend and twisting losses as low as 0.7 and 0.6 
dB, respectively, are demonstrated for radii greater than 3 mm while maintaining BLP 
of greater than 300 GHz×m under a restricted launch. 
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The	 down-scaling	 of	 the	 rare-earth-doped	 amplifier	 to	 chip-scale	 device	 length	 is	
beneficial	 for	 signal	 amplification	 within	 short-reach	 interconnects	 such	 as	 optical	
backplanes	 [1,	 2]	 and	 for	 the	 realization	 of	 novel	 active/passive	 integrated	 optical	
chips.	Thus	far,	with	the	demonstration	of	20	dB	net	gain	[3],	high	bit-rate	operation	at	
170	Gb/s	[4],	and	gain	bandwidth	over	80	nm	[5]	in	the	C-band,	as	well	as	14.4	dB	net	
gain	at	1064	nm	wavelength	[6],	rare-earth-doped	amorphous	Al2O3	is	a	very	promising	
material	for	waveguide	amplifiers.	The	corresponding	peak	gain	per	unit	length	of	Er3+-	
and	Nd3+-doped	Al2O3	are	~2.0	dB/cm	[5]	and	6.3	dB/cm	[6],	 respectively.	To	 further	
increase	the	gain	per	unit	 length,	a	host	material	with	higher	transition	cross-sections	
and	 higher	 active-ion	 solubility	 is	 needed.	 In	 this	work,	 it	 is	 shown	 that	 highly	 Yb3+-
doped	 and	Er3+-doped	monoclinic	 potassium	 rare-earth	double	 tungstate,	KRE(WO4)2	
epitaxial	layers	match	these	two	conditions	and	produce	higher	gain	per	unit	length.	

Yb3+-doped	 and	 Er3+-doped	 KRE(WO4)2	 layers	 were	 grown	 on	 undoped	 potassium	
yttrium	double	tungstate,	KY(WO4)2,	substrates	with	the	dimension	of	1	mm	×	10	mm	×	
10	mm	 by	 liquid	 phase	 epitaxy	 [7].	 Optically	 inert	 Lu3+	 and	 Gd3+	 are	 included	 in	 the	
epitaxial	 layer	 for:	 i)	 maintaining	 lattice	 matching	 conditions	 with	 respect	 to	 the	
substrate,	 ii)	 increasing	 the	 refractive	 index	 contrast	 between	 active	 layer	 and	
substrate,	 and	 iii)	maximizing	 the	active	 ion	 concentration.	The	 index	of	 refraction	of	
the	 substrate	 at	 E||nm	 is	 ~2.0	 for	 the	 wavelength	 range	 of	 1000-1550	nm	 and	 the	
refractive	index	contrast	between	the	active	layer	and	the	substrate	is	~0.012.		

Figure	 1(a)	 shows	 the	 absorption	 and	 emission	 cross-sections	 of	 the	
KYb0.57Gd0.43(WO4)2	layer	determined	with	the	procedure	described	in	[8].	The	57	at.%	
Yb3+	 in	the	epitaxial	 layer	corresponds	to	an	active	 ion	density	of	~3.8×1021	cm-3.	The	
peak	 absorption	 and	 emission	 cross-sections	 are	 13.1×10-20	 cm2	 and	 16.2×10-20	 cm2,	
respectively,	 at	~981	nm,	which	 is	 about	 an	order	of	magnitude	higher	 than	 those	of	
Al2O3:Yb3+	 [9].	 The	 transition	 cross-sections	 of	 Er3+-doped	 KRE(WO4)2	 layers	 are	
displayed	 in	 Fig.	1(b).	 The	 luminescence	 spectra	 and	 luminescence	 lifetime	
measurements	were	performed	on	a	layer	with	the	lowest	available	Er3+	concentration	
of	 0.75	 at.%	 (~0.47×1020	cm-3)	 to	 avoid	 reabsorption	 effects,	 while	 the	 reciprocity	
theorem	was	 used	 to	 calculate	 the	 absorption	 cross-section.	 The	 Er3+	 peak	 transition	
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cross-sections	are	~4.3×	higher	in	potassium	double	tungstates	than	in	Al2O3.	
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Fig.	1.	Transition	cross-sections	of	(a)	Yb3+-doped	and	(b)	Er3+-doped	potassium	rare-earth	
double	 tungstate	 epitaxial	 layers.	 The	 insets	 show	 the	 corresponding	 transition	 cross-
sections	for	the	same	active	ion	doped	into	Al2O3	[5,	9]	for	comparison	purpose.	

The	luminescence	lifetime	measured	from	KYb0.57Gd0.43(WO4)2	is	merely	~7%	less	than	
the	 lifetime	 from	 low-doped	 (1.2	at.%	 Yb3+)	 sample	 (245	µs),	 indicating	 a	 very	 weak	
lifetime	 quenching.	 The	 averaged	 lifetime	 of	 the	 first	 excited	 state	 (4I13/2)	 for	 the	
samples	with	0.75-10	at.%	Er3+	is	~3.05	ms.	No	sign	of	lifetime	quenching	was	observed	
for	 the	samples	within	 the	range	of	Er3+	concentrations	 investigated.	However,	 like	 in	
many	 Er3+-doped	 materials,	 excitation-density-dependent	 energy-transfer	
upconversion	significantly	shortens	the	luminescence-decay	time.	

Pump-probe	measurements	are	conducted	to	determine	the	optical	gain.	By	launching	
both	 optical	 beams	 perpendicular	 to	 the	 32	µm-thick	 KYb0.57Gd0.43(WO4)2	 layer,	 a	 net	
gain	 of	 >900	dB/cm	 is	 determined	 at	 the	 981	nm	 signal	 wavelength	 by	 pumping	 at	
932	nm	 wavelength.	 The	 reduction	 of	 transition	 cross-sections	 at	 elevated	
temperatures	 [8]	 due	 to	 pump-induced	 heating	may	 be	 the	 gain-limiting	mechanism.	
The	 6	at.%	 Er3+-doped	 KRE(WO4)2	 channel	 waveguides,	 micro-structured	 using	 ion-
beam	 etching,	 produce	 gain	 >10	 dB/cm	 at	 the	 1534.75	nm	 signal	 wavelength	 by	
pumping	 at	 984.5	nm,	 which	 is	 much	 higher	 than	 most	 of	 the	 singly	 Er3+-doped	
materials.	 The	 gain	 of	 the	 Er3+-doped	 KRE(WO4)2	 waveguides	 is	 limited	 by	 energy-
transfer	upconversion	and	excited-state	absorption	processes.	As	a	 result,	higher	Er3+	
concentration	does	not	lead	to	better	gain.	

In	 summary,	 Yb3+-	 or	 Er3+-doped	 KRE(WO4)2	 epitaxial	 layers	 exhibit	 large	 transition	
cross-sections	 and	 limited	 luminescence	 lifetime	 quenching	 at	 high	 doping	
concentrations.	High	optical	gain	of	>900	dB/cm	for	highly	Yb3+-doped	layers	(57	at.%)	
at	981	nm	wavelength	and	>10	dB/cm	for	the	Er3+-doped	layers	(6	at.%)	at	1534.75	nm	
wavelength	were	demonstrated.	
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Abstract—We present the first demonstration of an optically integrated InP-Si3N4 hybrid 
laser. The feasibility and viability of facet-to-facet, butt-coupled integration is proven by 
single-frequency operation, tunability across a wide range of 43 nm (including the entire 
telecom C-band) with spectral linewidths as narrow as 87 kHz. 

I. Introduction 
Narrow linewidth semiconductor lasers are of interest for a wide range of applications [1], 
[2]. Specifically when looking for narrow spectral linewidths, monolithic semiconductor 
lasers in which all the components are made of the same material approach their limits. 
This is the reason why so-called hybrid lasers are currently receiving considerable interest. 
In such lasers, the semiconductor amplifier is optically coupled to a low-loss waveguide 
circuit made from another material, and this is known to decrease the Schawlow-Townes 
linewidth of a laser [3]. In this paper, we demonstrate an optically integrated InP-Si3N4 
laser for the first time. For providing a strong margin of tolerable losses and cavity designs, 
we utilize a high-gain reflective semiconductor optical amplifier (RSOA). 

2. Integration processes 

 

Fig. 1.  Photograph of the integrated hybrid laser  

A picture of the integrated laser is shown in Fig. 1. The RSOA and the feedback circuit were 
fixed on separate submounts and all the electric contact pads were wire-bonded to a fan-
out printed circuit board (PCB) which was connected to a dedicated designed controlling 
board. The output waveguide facet was first aligned and assembled with a high numerical 
aperture (NA) polarization maintaining (PM) fiber that has a specified 1/e field strength 
mode field diameter (MFD) of 6 μm in both directions to minimize the output coupling loss. 
Optically transparent UV curable adhesive was applied to the InP-Si3N4 interface. After 
fiber-chip assembly, the InP section and Si3N4 circuit were aligned using translational 
stages under monitoring of the output power and optical spectrum until the glue was cured 
by UV light. Afterwards, the whole laser was mounted on top of a copper heat sink using 
thermally conductive silver-filled epoxy. 



 
 
 
3. Characteristics of the integrated hybrid laser and discussion 

 
 

Fig. 2. (a) Laser linewidth measured at various wavelength within the tuning range; 
 (b) Recorded beat signal (black) at a driving current of 196 mA and a laser output wavelength 

of 1578.12 nm 

The fiber-coupled output power of the laser is about 1.7 mW at a 200 mA pump current at a 
threshold current of 35 mA. A first step of spectral characterization was thermo-optic 
wavelength tuning of the single-frequency laser output. A wide tuning range of 43 nm was 
achieved by thermally tuning the MRRs. The typical side mode suppression ratio (SMSR) 
ranges from 35 dB to 40 dB over the 43 nm tuning range and the relative intensity noise 
(RIN) is measured to be -135 dBc/Hz. Next we systematically measured the linewidths at 
various laser wavelengths as is shown in Fig. 2, while the output power was kept to around 
1 mW,. The measurements clearly indicate that the laser exhibits linewidths smaller than 
150 kHz over the entire tuning range, and exhibit a narrowest linewidth of 87 kHz.  

Bearing in mind that the linewidth is inversely proportional to the output power [6] and 
also drops with the optical length of the external waveguide feedback circuit and its 
frequency selectivity, we expect that the laser linewidth can be reduced by a factor of 10 
straightforwardly. 

4. Conclusion 
In this paper, an optically integrated InP-Si3N4 hybrid laser is presented for the first time. A 
wide range operation of more than 43 nm is achieved with a typical side mode suppression 
ratio (SMSR) of 35 dB. The laser shows good noise performance with relative intensity 
noise less than -135 dBc/Hz and a very narrow linewidth as low as 87 kHz. Such properties 
make InP-Si3N4 hybrid lasers promising for advanced quadrature amplitude modulation 
(QAM) [1]. 

References 
 [1] S. Zhang, P. Y. Kam, C. Yu, and J. Chen, Laser linewidth tolerance of decision-aided maximum 
likelihood phase estimation in coherent optical M-ary PSK and QAM systems, IEEE Photon. Technol. Lett., 
vol. 21, no. 15, pp. 1075–1077, 2009. 
[2] J. E. Koroshetz, Fiber lasers for lidar, in Optical Fiber Communication Conference and Exposition 
and The National Fiber Optic Engineers Conference. Optical Society of America, 2005, p. OFJ4. 
[3] C. Henry, Theory of the linewidth of semiconductor lasers, IEEE J. Quant. Electron., vol. 18, no. 2, pp. 
259–264, 1982. 
[4] R. M. Oldenbeuving, E. J. Klein, H. L. Offerhaus, C. J. Lee, H. Song, and K.-J. Boller, 25 kHz narrow 
spectral bandwidth of a wavelength tunable diode laser with a short waveguide-based external cavity, 
Laser. Phys. Lett., vol. 10, no. 1, p. 015804, 2013. 
[5] A. J. Zilkie, P. Seddighian, B. J. Bijlani, W. Qian, D. C. Lee, S. Fathololoumi, J. Fong, R. Shafiiha, D. Feng, 
B. J. Luff, X. Zheng, J. E. Cunningham, A. V. Krishnamoorthy, and M. Asghari, Power-efficient III-
V/Silicon external cavity DBR lasers, Opt. Express, vol. 20, no. 21, pp. 23 456–23 462, 2012. 
[6] K. Dridi, A. Benhsaien, J. Zhang, and T. J. Hall, Narrow linewidth 1550 nm corrugated ridge 
waveguide DFB lasers, IEEE Photon. Technol. Lett., vol. 26, no. 12, pp. 1192–1195, 2014. 



 

 
1 9 t h  E U R O P E A N  C O N F E R E N C E  O N  I N T E G R A T E D  O P T I C S  1 

Electro-Optic Modulation in Silicon Nitride Photonic 

Integrated Circuits by means of ALD ZnO Overlays 

Artur HERMANS1,2,*, Michiel VAN DAELE3, Jolien DENDOOVEN3,  
Stéphane CLEMMEN1,2, Christophe DETAVERNIER3, Roel BAETS1,2 

1Photonics Research Group, Ghent University - imec, 9052 Ghent, Belgium  
2Center for Nano- and Biophotonics (NB-Photonics), Ghent University, 9052 Ghent, Belgium 

3Department of Solid State Sciences, Faculty of Sciences, Ghent University, 9000 Ghent, Belgium 
* artur.hermans@ugent.be 

Second-order nonlinear optical (χ(2)) effects are at the basis of many applications such 
as fast electro-optic modulators (EOMs) and optical parametric oscillators. But most of 
these χ(2) devices make use of bulk materials or low-contrast waveguides. By 
integrating χ(2) effects on a chip and exploiting the advancements in nanophotonic 
circuit design, cheaper, smaller and more efficient χ(2) devices could be realized. The 
CMOS-compatible Si and SiN platform have proven to be well-suited for photonic 
integration, however, they lack significant χ(2) nonlinearity. We propose using atomic 
layer deposited (ALD) zinc oxide to fill this need. ALD lends itself well to photonic 
integration as it is a low-temperature, conformal deposition technique that provides 
thickness precision at the monolayer level. ZnO is a wide band gap material (~3.3 eV) 
that crystallizes preferably in the hexagonal wurtzite structure, point group 6mm [1]. 
We report on strong second-harmonic generation (SHG) in polycrystalline plasma-
enhanced ALD (PE-ALD) ZnO thin films deposited on glass substrates. Furthermore, we 
have observed the linear electro-optic (EO) effect in SiN waveguides coated with PE-
ALD ZnO. To the best of our knowledge, this is the first demonstration of the linear EO 
effect in a waveguide with a χ(2) active ALD overlay. 

For thin film deposition a homebuilt ALD reactor with a base pressure of 10-6 mbar is 
used. In the SHG experiments we have studied two samples: (I) 39.1 nm ZnO on glass, 
and (II) 36.7 nm ZnO on 6 nm Al2O3 on glass. An Al2O3 seed layer is used in sample (II) 
because it has been shown to promote (002) orientation of the ZnO crystallites and 
therefore improve χ(2) nonlinearity [2]. The Al2O3 layer is deposited via thermal ALD at 
a substrate temperature of 120°C (from trimethylaluminium and H2O, both for 5 s at 
5×10-3 mbar). ZnO deposition is done at 300°C by PE-ALD (5 s diethyl zinc at  
5×10-3 mbar and 10 s O2 plasma at 10-2 mbar). For the EOM, we started from air-
cladded SiN waveguides fabricated in a CMOS-fab on which we deposited 87 nm ZnO 
(there is no Al2O3 seed layer in this first sample). This was followed by spin coating of a 
3 μm SU-8 cladding and electrode fabrication. A cross-section of the structure is 
depicted in Fig. 1a. The electric field is applied vertically. This allows to access χzzz and 
χxxz (or r333 and r113) in the ZnO layer on top using the TM00 and TE00 mode respectively. 
The chip is cleaved at both waveguide ends for edge coupling.  
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(a)                                    (b)                                                                   (c) 

  

 

χ(2) values obtained from fitting 
SHG data 

 (I) ZnO (II) ZnO 
on Al2O3 

χzzz 
(pm/V) 

-4 ± 2 -14 ± 5 

2χxxz+χzxx 
(pm/V) 

5.9 ± 0.5 13.1 ± 0.9 

 

Fig. 1. (a) Schematic device cross-section of EOM (d = 300 nm, h = 270 nm, w = 650 nm).  
(b) SHG measurements (circles) and fitted curves (full lines). (c) χ(2) fitting results. 

For the SHG experiments we use a femtosecond laser at a wavelength of 980 nm. The 
laser light (p-polarized) is focused onto the samples and the transmitted SH power is 
measured as a function of the angle of incidence. More details about the setup and 
modelling can be found in [3]. The results for both samples are shown in Fig. 1b/c. 
Using an Al2O3 seed layer increases the main tensor element |χzzz| from 4 pm/V to 
14 pm/V. 

The EOM measurements are done with a fiber-coupled tunable CW laser (890-910 nm). 
A fiber polarization controller is used to select TE or TM polarization. As the waveguide 
with cleaved facets forms a Fabry-Pérot cavity, the phase modulation will be converted 
into amplitude modulation. This makes the EO effect observable by measuring the 
transmitted power while applying a voltage. Fig. 2a shows the Fabry-Pérot fringes in a 
transmission measurement (for a waveguide length of 7.5 mm). For the EOM 
measurement we set the wavelength to a slope of the fringes to maximize modulation. 
Then, an AC voltage is applied and the RF output of the photodetector is connected to 
an electrical spectrum analyzer. In the RF spectrum a peak appears at the frequency of 
the applied voltage indicating a linear EO effect (not Kerr or thermal). As expected the 
peak height varies linearly with the amplitude of the applied voltage (Fig. 2b). From 
these measurements, we estimate χzzz and χxxz of ZnO to be of the order of a pm/V.  

   

Fig. 2. (a) Transmission measurement. (b) EOM measurement (frequency 100 kHz). 

In conclusion, by SHG measurements in PE-ALD ZnO thin films we find χ(2) values up to 
14 pm/V in line with bulk ZnO crystals (χzzz = -14.31 pm/V) [1] and larger than what 
has been reported before in ALD ZnO (χzzz = -4.0 pm/V) [2]. Furthermore, we have 
observed the linear EO effect in SiN waveguides with a PE-ALD ZnO overlay. Using an 
Al2O3 seed layer can improve χ(2) in future EOMs. Considering the SHG results, we 
expect high-speed modulation to be possible with an appropriate electrode design.  

[1] M. C. Larciprete, M. Centini, Second harmonic generation from ZnO films and nanostructures, 
Appl. Phys. Rev. 2, 031302, 2015 

[2] A. Wickberg et al., Second-harmonic generation from ZnO/Al2O3 nanolaminate optical 
metamaterials grown by atomic-layer deposition, Adv. Opt. Mater. 4 (8), 1203-1208, 2016 

[3] S. Clemmen et al., Atomic layer deposited second-order nonlinear optical metamaterial for 
back-end integration with CMOS-compatible nanophotonic circuitry, Opt. Lett. 40 (22), 5371-
5374, 2015 
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Abstract: 

In the domain of Silicon photonic integrated devices, the ability to electrically 

operate the hybrid III-V on Si or SOI interface constitutes the last integration milestone 

yet to be achieved.  This final milestone will open the full 3D field for completely new 

design of hybrid devices, and will bring immense gains in terms of thermal-budget 

improvement, chip power consumption, footprint and the integration of driving 

electronics to boost data transfer rates. 

We demonstrate here that Ozone-activated bonding of III-V on Si, operated at 

300°C to be CMOS-processing compatible, provides the thinnest -1nm thick-  oxide-

intermediate layer already achieved, and provides a high optical quality of the interface. 

Such a hybrid interface is very promising for electrical injection through the interface. 

 

Oxide-free III-V on Si hybrid interface, obtained by bonding at a temperature above 

400°C, has already demonstrated a high structural [1] and a high optical quality [2-3], 

and also electrical operation through the interface [4], but the annealing temperature 

necessary for such a bonding, which has to be larger than the congruence temperature 

of InP, prevents the oxide-free bonding approach to be introduced in the CMOS 

technology chart flow. 

Reducing the bonding temperature in order to be compatible with CMOS processing 

requires an intermediate layer, which should be as thin as possible for electrical 

operation.  Electrical operation through a GaAs on Si hybrid interface including a 2nm 

thick oxide layer has been demonstrated [5], but due to the relatively thick oxide layer, 

semiconductors materials had to be heavily doped in order to allow tunnelling 

operation.  

We present here structural and optical characterization of an III-V on Si hybrid 

interface obtained by Ozone activation of both surfaces and annealing at 300°C.   

Activation consists of hydroxyl dangling bonds that polymerize under annealing to 

generate covalent oxygen bridges.  Both InP and Si surfaces are prepared oxide-free, 

and then activated by ozone during 30s. XPS measurements performed on the Si 

surfaces have evidenced –OH dangling bonds in the case of O3 exposure during 30s. 

Immediately after O3-activation, surfaces are put in contact and introduced in the oven. 

After annealing at 300°C during 3 hours under vacuum, bonding is ensured by covalent 

oxygen bridges formed following the reaction  

InP-OH + Si-OH ->  InP-O-Si + H2O      [6-7] 

For structural characterization, a 400nm-thick InP membrane has been bonded on an Si 

substrate. TEM characterization (Fig.1) shows a 1nm-thick, very homogeneous oxide 

layer at the interface. Such a thin layer is the thinnest reported for oxide-mediated 

bonding of III-V on Si.   

For optical characterization, a 400nm thick InP membrane is bonded on an SOI wafer 

including a 300nm-thick Si guiding layer on top, kindly provided by SOITEC. Shallow 
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ridges are patterned by e-beam lithography using an HSQ resist and etched by an ICP 

Cl2-H2 process, through all the InP membrane and 30 nm down in the Si guiding layer. 

Waveguides with two cleaved facets have been measured on an end-fire set-up 

including polarization-maintaining tuneable sources and injection fibre for TE 

polarization. Propagation losses are calculated based on the fringe contrast. A 0.30 µm-

wide, 470µm-long O3-activated hybrid waveguide transmission shows a 4 dB contrast 

(Fig.2). This 4 dB fringe contrast, assuming a facet reflectivity r=0.56, corresponds to 

propagation losses α=5.0 cm-1, a value that can be favourably compared to monolithic 

waveguides. 

 

        

Fig. 1. Bright field STEM micrograph of the 

hybrid interface evidencing a 1nm oxide 

layer at the interface 

Fig. 2. Transmission measurements showing 

a 4 dB fringe contrast for O3 activation 

bonded hybrid waveguide 

 

Conclusion: The high structural and optical quality of III-V on Si Ozone-activated 

bonding interface evidenced by the low propagation losses for the hybrid mode shows 

that the ozone-activation procedure proposed here is an efficient approach for bonding 

on silicon at T=300°C, a temperature which is  CMOS-processing compatible. 

Its relevance for electrical injection is under investigation.  
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In order to meet the requirement for applications such as inter-datacenter 
interconnection and PON systems, a high speed data transmission over at least 20 km 
of standard single mode fiber is desired [1]. Transmission over such long distances has 
been done traditionally using externally modulated light sources in the C band, because 
fiber losses are minimal in this wavelength band and the inherent chirp of directly 
modulated laser diodes decreases the dispersion tolerance of the link. This limits the 
transmission link distance for the directly modulated optical signal to about 5 km at 10 
Gb/s.  

Recently it has been shown that by an interesting technique called chirp management 
an optical signal from a directly modulated laser can be transmitted in standard single 
mode fiber over distances much longer than the dispersion limit [2]. This, together with 
the other advantages of direct modulation such as a better power budget, a smaller 
footprint and a lower cost makes this technology a promising solution for the medium 
distance optical link. In this approach, the transient chirp of the directly modulated 
laser diode is kept small by modulating the laser diode at high bias current with a small 
extinction ratio. Biasing the laser at high current supplies extra benefits such as high-
output power, wide modulation bandwidth (BW), stable single-mode operation, and 
low timing jitter. The adiabatic chirp in this case (resulting in a ‘1’ bit having a different 
optical frequency then a ‘0’ bit) is then used to our advantage: using an optical filter at 
the output of the laser to suppress the logical ‘0’ frequency then gives a higher 
extinction ratio.  

In the past years, there has been interest in using silicon photonics for interconnects 
and PON applications and work on InP-on-Si lasers has caught quite some attention. 
Heterogeneously integrated laser diodes have been shown capable of high-speed direct 
modulation [3]. Here we present 10 Gb/s on-off-keying data transmission using a 
directly modulated InP-on-Si laser over 20 km of SSMF, together with an external 
tunable optical filter for chirp management. Our previous lasers were suffering from 
low frequency roll-off and because of this roll-off the performance of the link was PRBS 
pattern dependent [4]. As one can see in Figure 1-a, the heterogeneously integrated 
DFB laser consists of a central DFB section with two adiabatic tapers on both sides. 
These tapers act as semiconductor optical amplifiers which have a very low modulation 
bandwidth (a few GHz). In order to eliminate the cut-off effect of these taper sections, 
they were electrically isolated from the laser body by an ICP dry etching of the top 
InGaAs-P type contact layer.  A small signal measurement was done with a KEYSIGHT 
PNA-X 67 GHz network analyzer after isolation. A 3dB modulation bandwidth of 15 GHz 
is obtained at a bias current of 100 mA (Figure 1-b). The active layer consists of 8 
InAlGaAs quantum wells. Threshold currents at room temperature of 20 mA, output 
powers in the silicon waveguide above 3 mW at 100 mA, and a series resistance of 7 Ω 
were measured for these lasers.  
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Fig. 1. Schematic of the DFB laser with isolated tapers (left), small signal response of the 
laser (right). 

For the large signal measurement, a Santec-350 optical filter that is tunable in 
wavelength and bandwidth is inserted after the laser diode for the chirp management. 
The laser was biased at 50 mA. The large signal measurement has been done in two 
configurations: for back-to-back and after transmission over a 20 km SSMF. An RF 
signal of 0.6V from an SHF-PPG was applied for the modulation, but because of strong 
impedance mismatch between the laser and the 50 Ω transmission line, around 0.2 V 
was actually applied to the laser. Figure 2-b shows the effect of eye opening at 10 Gb/s 
when the optical filter is used. The extinction ratio of the signal was increased from 5.9 
to 16.3 dB by the application of the optical filter. Two different PRBS pattern lengths of 
27-1 and 231-1 were used in order to check the link pattern dependency. We did not 
observe any noticeable power penalty for two different patterns. However we 
measured 1.5 dB power penalty for transmission over 20 km SSMF.   

 

Fig. 2. Extinction ratio of the eye diagram at 50 mA bias without the filter (a), with the 
filter (b), BER vs received power at 10 Gb/s for two different PRBS patterns lengths (c). 
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Optical add-drop multiplexers (OADMs) [1] can be used in telecommunication networks 
for wavelength-division multiplexing (WDM). Fig. 1 (a) shows a schematic of a possible 
OADM configuration, which is based on a Mach-Zehnder interferometer and that has 
been investigated in this work. 

 

Fig. 1. (a) Schematic of the optical add-drop multiplexer configuration. (b) Measured 
reflection and transmission spectra of the input, drop, add, and through-port. 

The input signal that is composed of several wavelength channels is split equally by the 
first directional coupler and then guided to two identical Bragg gratings where the 
resonant wavelength is reflected to the drop port to be read, while the remaining 
transmitted signals emerges at the through port. Similarly, new information at the 
resonant wavelength can be sent via the add port. In this configuration the Mach-Zehnder 
interferometer is responsible for the routing of the signals. In order to perform this 
routing correctly both arms must have an almost identical optical path length, within 
nanometer range differences. 

Integrated OADMs based on this configuration can be fabricated using photolithographic 
techniques together with UV photoinscription of Bragg gratings and phase trimming 
because these allow the fabrication of devices with low insertion losses as well as low 
intra and inter-channel crosstalk. However, in this work, the more recent femtosecond 
(fs) laser direct writing technique [2] was used to fabricate, for the first time to our 
knowledge, this kind of device. For that a Satsuma HP fiber amplified fs-laser system, 
emitting a second harmonic beam at 515 nm with a pulse duration of 250 fs at 500 kHz, 
was used to induce the refractive index modification in homogeneous pure silica 
substrates. The laser beam was focused at a depth of 50 µm below the substrate surface 
using a 0.55 numerical aperture aspherical lens. The substrate was mounted on X-Y 
Aerotech stages (ABL10100-LN) and translated orthogonally to the incident laser beam. 
This technique enables 3D modification of the refractive index of the substrate with very 
high spatial resolution, allowing, for example, the fabrication of first order gratings. 
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To fabricate a complete monolithic OADM waveguides, first order Bragg grating 
waveguides (BGWs), and directional couplers were optimized and integrated in the 
Mach-Zehnder configuration represented in Fig. 1 (a). Optimal writing conditions were 
achieved for a 250 nJ pulse energy and 400 µm/s translation velocity at a depth of 50 µm, 
with a propagation loss of approximately 0.14 dB/cm and a coupling loss of 0.37 dB per 
facet being obtained for the implemented waveguides at 1550 nm. For the BGWs a 
propagation loss of 0.8 dB/cm was measured at 40 % modulation duty cycle in order to 
achieve a grating strength around 30 dB in a 20 mm long grating. The directional 
couplers showed a splitting ratio of 51/49 %, at wavelengths around 1550 nm, for a 
separation distance of 15 µm and an interaction length of 1.77 mm. 

The results presented here show a device that had a good phase balance as written; real 
time phase trimming was not tested yet. The input, drop, add, and through-port spectra 
around the Bragg wavelength are shown in Fig. 1 (b) for horizontally polarized testing 
light. As can be seen, the reflected signal is emerging from the input and drop-port 
correctly, with an isolation of approximately 14 dB between ports, showing that the 
optical path difference between both arms is either very close to zero or a multiple of   
𝜆 ⁄ (2𝑛𝑒𝑓𝑓) to allow constructive interference at the drop-port. It is also observable that 

the signal transmitted by the add and through-ports correspond roughly to the ideal 
behavior, with a deviation of approximately 14 dB. The transmission spectra exhibit, at 
the Bragg wavelength, an isolation better than -30 dB, enabling low intra-channel 
crosstalk. Regarding the reflection spectrum on the drop-port, it corresponds to the usual 
uniform Bragg grating spectrum with the undesired side lobes. The 3 dB bandwidth is 
0.19 nm and a side lobe suppression of 20 dB is achieved for ∆λ=±0.75 nm. A total 
insertion loss of 4.9 dB and 3.7 dB was measured for the through port and the drop port 
respectively. 

Future improvement of this device is related to the fine tuning of the ports output by 
compensating phase errors with resourse to real time laser trimming. The same laser 
used to write the waveguides should be used to adjust the optical paths, first optimizing 
the drop port and after the through port. Also, the grating profile should be optimized in 
order to enhance, for example, channel crosstalk. This can be done through 
apodization [3]. 
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Introduction 
InP based photonic components have been around for some time and have proven to be 
a reliable source for communication systems. InP is the material of choice for monolithic 
integration of active and passive components, and with the introduction of generic 
integration platforms the technology has received a large boost. Researchers at TU 
Eindhoven have been pioneering generic photonic integration technology since the 
beginning of the century. In cooperation with a number of partners the generic 
integration technology has reached maturity [1]. The model has proven successful and 
InP based integration technology is currently commercially offered by two foundries [2]. 

Figure 1 displays a schematic representation of the technology. The integration platform 
makes use of butt-joint technology, this allows the integration of different material 
properties without compromising the performance. In this way Multi Quantum Well 
(MQW) gain material, optimized e.g. for high gain, can be integrated with bulk InGaAsP 
passive waveguides for low low losses. 

Figure 1 Schematic overview of the generic integration platform (left) and a Multi Project 
Wafer (right). 

With this set of materials a number of Basic Building Blocks are designed and offered. 
These Building Blocks are offered through a Process Design Kit, implemented in 
software. This allows users to design on a functional level and speed up the development 
cycle. Most building blocks are parameterized and have their own characteristic 
parameters. The designer only needs to build the circuit by connecting the building 
blocks (with the desired parameters). This circuit can be used to run simulations to 
achieve the design objectives. 
 

The standardization of the process has another big advantage. Because the process is the 
same for every design, for prototyping and small series, their process can be combined 
in a Multi Project Wafer (MPW).  These MPWs offer a large cost advantage for the users, 
as they all share the cost of a single run.  
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The scale-up to larger volumes is facilitated much easier than in the case of a dedicated 
process. The standard process is at an industrial level already with process specifications 
and yield data available to allow a smooth transition from prototyping to production. 
 
Applications 
The generic model brings the technology within reach not only for large companies but 
also for SMEs and universities. And more importantly it opens up the technology for a 
number of different markets. This has been proven in the commercial MPW runs. At 
SMART Photonics only, approximately 200 different designs have been fabricated over 
the last 3 years.  

 
As shown in Figure 2, the MPW were populated mainly by universities at the start, but 
now the share of industry is becoming larger. Overall the MPW are a good mix of  product 
development and forward looking research with a fair share for both industry and 
academia. The rightmost graph shows the application fields of the users of the MPW runs 
for as far as this data is available. This also demonstrates the variety of markets and 
applications that can profit from this technology. 
 
Conclusion 
InP offers the possibility to monolithically integrate high performance active and passive 
components. These aspects, and the introduction of generic platforms: highly 
standardized industrial photonic integration processes that enable realization of a broad 
range of applications, will lead to a dramatic reduction of the development costs of PICs 
which will bring them within reach for many. 
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Multimode interference (MMI) couplers are basic building blocks in most photonic 

integration circuit platforms. Such devices are used as splitters and combiners. However, 

they are heavily affected by parasitic reflections, mainly because of the resonances due 

to the self-imaging properties of the structures and the abrupt transitions they comprise 

[1].  These reflections can compromise the expected performance of the integrated 

circuits.  

In a splitter mode, the main source of the reflection is the 

limited imaging resolution of the device. This constrain 

allows some light to be imaged on the back edge of the 

structure, which will be reflected to the input. On the 

other hand, when the MMI is in combiner mode the 

reflections will be low when the two inputs are in phase. 

Nevertheless, when the inputs are out of phase, the optical 

field will be imaged on the black plane next to the output 

waveguide and then the reflection will be strong due to 

the imaging properties of the structure. 

In membrane platforms this problem is magnified due to 

the high contrast index regime. In order to alleviate this 

problem, we propose a butterfly geometry based on the 

design of E. Kleijn [2]. In this design, the areas next to the 

waveguides, where the parasitic reflections are 

originating but which do not play an important role in the 

MMI function, are removed. In the remaining structure angles are added so that light 

being reflected there is directed out of the main propagation path. In our case, we 

optimize the device for an InP membrane on Silicon (IMOS) platform of 300nm thick [4]. 

Figure 1 shows a SEM picture of the SiNx mask for the realization of the optimized device 

with all the parameters highlighted and a cross section of the IMOS chip included. 

We design a 2 µm wide MMI. The length for a 1x2 MMI was calculated to be ���� �

Fig. 1. SEM picture of the 

device on SiNx and the cross 

section of the chip. 
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3�� 8⁄ � 4
�, with �� � 4�
���
� 3�⁄  [1]. We optimize the geometry in a combiner 

mode, since this gives the worst case situation. An evaluation function is chosen to 

maximize the output power and reduce the reflections. We define this function as ����� �
0.2��10���� !"#����$%&'(	%'	� * "#����$%&'(	%'	�+, � 3"	'-% ."	'-% � 0.8/⁄ . The first term 

increases the value when the back reflected power reduces. The second term increases 

����� when more light is coupled to the output waveguide, but it penalizes drastically if 

the power is lower than 90%. We run a particle swarm optimization method for 16 

generations with 20 elements each. We use as initial values similar parameters as in [2]. 

The optimized parameters are 0� � 22.2°, 0� � 10°, 02 � 20°, 03 � 10°, 
� � 183��, 


% � 2
� and �'4�( � 940��. With these parameters, a transmission of 

�0.225578	.94.94%/ and reflections of �49.978 are obtained. In figure 2 (right) we 

compare this structure with standard square (left) and angled (centre) MMIs [3].  In the 

upper part, there is the electric field on the structure for the out of phase situation. It is 

clear that the reflections are minimized in the new structure as compared to the other 

geometries by allowing the field to escape from the structure. In the lower part, the 

transmitted power and the reflections to the input waveguides are plotted against the 

phase difference. It shows at the out of phase condition an improvement of 28 dB and 8 

dB, respectively, with respect to the square and angled geometries.  

 

 

 

 

 

 

 

 

 

 

We have presented a new geometry for a MMI in membrane photonics. The predicted 

reflections are -38dB in a combiner mode with out of phase inputs (-50dB for in phase), 

8 dB lower than the optimized angled corners MMI. The geometry is optimized for the 

IMOS platform, but can easily be implemented for SOI chips.  
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Fig. 2. Top: the electric field distribution of the different MMI geometries. Down: The 
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With the advent of stokes space modulation [1], polarization multiplexing no longer is 
only relevant for coherent long haul communications. In this work, we propose and 
demonstrate a novel serial configuration to generate true dual-polarization (DP) 
electro-absorption modulated data from a single chip. 

The fundamental idea of the proposed PIC relies on the fact that ordinary multi 
quantum-well (MQW) based electro absorption modulators (EAM) only operate on TE-
polarized light, which is a consequence  of  the heavy- and light hole splitting in the 
normally compressively strained MQWs. 

A schematic of our DP-EAM PIC is shown in fig. 1(a). For incident light, only the TE 
component will be modulated by the signal applied to the first EAM. The entire 
polarization state is then turned by 90°, effectively swapping the TE and TM 
components. The second EAM will only modulate the previously unmodulated 
component and leave the already modulated component unaffected. The serial nature 
of this design brings two advantages: no splitters or combiners are needed, and there is 
no routing which requires bends. All this makes the design more compact and reliable. 
Most critical in this concept is a polarization converter (PC) with a high polarization-
conversion efficiency. We reported on PCs in [2] recently. With respect to [2], here we 
introduced tapers to the design to lower the PC insertion loss. The PC is oriented 
perpendicular to the large flat of the wafer (as opposed to parallel to the large flat in 
[2]), resulting in a circular sidewall instead of a slanted one, see fig. 1(c). This enables 
an identical orientation of the PCs and the EAMs. 

EAM EAMλ/2

a) b)

d)

c)

2 mm

 

Fig. 1. a): Schemtic of the proposed configuration. b): 3D view of the polarization converter 
(PC). c): SEM picture of the PC’s cross section. d): colorized SEM photo of the fabricated 
device as in a), comprising two EAMs and the PC of b). 

We fabricated the proposed PIC using our generic InP foundry technology. After 
introducing the PC into the integration platform as described in [2], we now added an 
EAM structure into the platform. No modifications were done to our standard 
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fabrication process. The PC is around 900 µm in length, and the EAMs feature an active 
length of 200 µm each. A SEM picture of the fabricated device is shown in fig. 1. 

At first, we carried out measurements of the individual EAM and PC structures. The 
results are shown in fig. 2. The PC shows ~1 dB of loss for TM polarized light, but 1 dB 
more in TE mode. We attribute this to a yet non-optimal design of the tapers in the 
different sections of the component. Due to a higher series resistance on this particular 
wafer run, the bandwidth is limited to around 11 GHz. We also measured the voltage-
dependant birefringence of the EAM to gain a deeper understanding of the overall 
device.  

a) b)  

Fig. 2. Experimental characteristics of the EAM at 1575 nm (a) and the polarization 
converter (b). The insertion loss of the EAM at 1575 nm and 0 V is 7 dB for TE and 3 dB for 
TM. The TM insertion loss is independant of the bias voltage. 

Experimental results are shown in fig. 3. We measured the Müller matrices of the 

integrated device at different bias voltages of the two EAMs. To visualize this, we plot 
the trajectory of the total device’s exiting Stokes vector when sweeping the biases of the 
two EAMs (for a given incident Stokes vector). The resulting trajectory spans a half-
circle on the Poincaré sphere, so a full transition from TE-polarized light to TM-
polarized light. To further verify the PIC performance, we performed a data 
transmission experiment with 12.5Gbit/s per polarization. Clean eye diagrams were 
achieved. 

a) b)   

Fig. 3. a): Trajectory on the Poincaré sphere of the DP-EAM when sweeping the two bias 

voltages. The Stokes vector of the incident light is the big green dot around (0,-1,0), 
corresponding to a 50/50 mix of TE and TM. The output Stokes vectors are the smaller 
dots. b): Eye diagrams at 12.5Gbit/s for the TE (top) and TM (bottom) polarization. 

In conclusion, we proposed a novel DP-EAM structure featuring a serial design. We 
have successfully implemented the device on our generic photonic integration platform 
and demonstrated data transmission in both polarization states. 
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Introduction Electro-absorption modulators (EAMs) are an attractive solution in 
applications where high speed modulation is required with high extinction ratio, low 
drive voltage and integration with lasers. They are particularly promising for high-
bandwidth optical communication systems. The possibility of using InGaAlAs 
compounds, instead of InGaAsP, has shown improved performance at high operating 
temperatures due to the favourably high band offset for electrons [1]. 

We have previously fabricated InGaAsP/InP (P quaternary or P-Q) multi-quantum well 
(MQW) EAMs with a bandwidth of 12.5 GHz [2]. This device is used in here as a reference 
for comparison with a recently fabricated InGaAlAs/InP (Al-Q) MQW wafer containing 
EAM structure. The devices on the second wafer are processed to match the COBRA 
generic integration platform requirements [3]. 

Device structure The operation principle of an EAM is based on changing the absorption 
coefficient with the applied electric field. In a MQW structure the effect responsible for 
this change is the quantum confined Stark effect (QCSE). In response to a DC voltage 
applied to the device, there is an induced electric field in the undoped MQWs. As the 
applied electric field increases, the bandgap of the modulator experiences red shift. This 
also decreases the detuning between the modulator’s bandgap and lasing wavelength. 
For a given detuning we measure the extinction ratio, and its slope determines the 
optimum operating voltage. Our device is 200 µm long with a 2µm wide shallow ridge 
structure grown epitaxially on n-InP substrate. The optical confinement factor in MQW 
is Γ = 0.04. While a higher optical confinement would be used for lower voltage operation, 
we have used the same structure as previously fabricated P-Q to enable a direct 
comparison. 

Experimental results The optical transmission of the modulator is measured as a 
function of the wavelength and of the applied reverse bias. For measurements we have 
used an amplified spontaneous emission (ASE) source, polarization controller and an 
optical spectrum analyser (OSA). The operating temperature is 25oC and the results 
presented here are performed for an input TE polarization. The measured transmission 
characteristics are shown in Figure 1 (left) as a function of wavelength at zero bias. The 
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coupling with fibre introduces 3dB loss on each side, and we keep the reflectance low by 
antireflection coating. In our case the optical loss is higher, as the lensed fibres used are 
not optimal for these structures. Therefore we obtain a zero-bias −14dB insertion loss 
for all of the measured structures. This loss takes into account coupling loss, passive 
waveguide loss and the device internal loss. The latter two are negligible compared to 
the first one and the loss within the EAM is estimated to be 3-4dB. 

      

Fig. 1. (a) Transmission spectrum of P-Q and Al-Q at zero bias. Normalized extinction ratio 
of the InGaAsP (b) and InGaAlAs (c) structure for different detuning wavelengths. 

The bandgap of the EAM in the case of P-Q is at 1555 nm, whereas in the case of Al-Q is 
at 1525 nm. According to this, we have recorded the extinction ratio at corresponding 
detuning wavelength for each wafer (Figure 1 – middle and right). Both Al and P-Q EAMs 
show similar extinction ratio for the same detuning. For highest extinction ratio the 
optimum operating point is at 40nm detuning, where we obtain 11dB extinction for a 
voltage change of 5V. The Al-containing structures show slightly better extinction ratio 
for higher detuning wavelengths. At high temperature operation of the EAM integrated 
with a laser, the detuning would be lower due to lasing wavelength drift and the required 
voltage for the same extinction ratio becomes lower. 

Conclusion We have fabricated and measured the InGaAsP and InGaAlAs electro-
absorption modulators in the COBRA generic integration platform. EAMs are integrated 
with passive waveguides enabling the first like-for-like comparison of P-Q and Al-Q EAM 
performance in an integration platform. Comparable performance is observed at room 
temperature for the same number of quantum wells and device length. The successful 
inclusion of Al-Q devices is expected to enable high performance at high temperature, 
ultimately enabling semi-cooled and cooler-free operation. 
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With the increasing demand of data current chip-scale communication systems based 
on metallic interconnects suffer from rate limitations and power consumptions. In this 
context, Silicon Photonics has emerged as an alternative solution replacing the classical 
copper interconnects by silicon waveguides while taking advantage of the well-
established CMOS foundries techniques to reduce fabrication costs. Silicon is now 
considered as an excellent candidate for the development of integrated optical 
functionalities. 

Among all photonic devices required for an optical link, optical modulator is one of the 
main building blocks. One of the main challenges of Silicon Photonics is the reduction of 
both power consumption and swing voltage of optical silicon modulators while 
increasing the data transfer rate speed. However silicon is a centrosymmetric crystal, 
vanishing the second order nonlinear effect i.e. Pockels effect which is intrinsically high 
speed. 

Nevertheless it has been showed [1] that mechanical stresses, provided by depositing a 
strained overlayer, can break the crystal symmetry and eventually unlock Pockels effect 
in silicon. Since then several studies have been performed [2-4] in order to improve the 
later. But a recent investigation [5] demonstrated that carrier effects have a drastic 
influence on the measured electro-optic effect. Indeed both plasma dispersion effect 
and Pockels effect act together under an electric field in strained silicon which have led 
to an overestimation of the second order nonlinear susceptibility. One way to separate 
these effects consists in the increasing of the modulation speed [6] in order to minimize 
the impact of free carriers. 

In this work, we have studied the effect of the stress layer in the modulation 
characteristics based on Mach-Zehnder interferometers (Fig. 1) in the microwave 
range. DC and high speed characteristics (Fig. 2) will be presented and discussed. 
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Fig. 1. Top view (on the left) of one Mach-Zehnder modulator. Cross-section view (on the 
right) of one arm of our Mach-Zehnder interferometer. 

 

Fig. 2. DC characteristics (on the left) and high speed characteristic (on the right) of our 
Mach-Zehnder interferometer.  
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Optomechanical systems, in which the vibrations of a mechanical resonator are coupled 
to an electromagnetic radiation, have permitted the investigation of a wealth of novel 
physical effects. Typically for the most of these systems, optomechanical coupling 
originates from a dispersive dependence of the nanocavity resonance frequency on its 
geometry, which is modulated by mechanical motion. Dissipative optomechanical 
coupling consists in the modulation of the lifetime of the cavity photons through the 
motion of a mechanical oscillator. Very recently, it has been demonstrated that this 
effect is observed in a wide variety of devices [1-2]. Dissipative couplings may 
significantly enhance the detection sensitivity in optomechanically-based sensing 
schemes [3] and open new possibilities in optomechanical control with systems 
featuring both types of coupling mechanisms [4], where a tailored coupling strength is 
highly desired. 
To fully exploit these phenomena in realistic devices or circuits, the integration of 
optomechanical resonators on a standard semiconductor platform is required. Here, we 
propose a novel approach to heterogeneously integrate arrays of two-dimensional 
photonic crystal defect cavities on top of silicon-on-insulator waveguides (Fig 1a). 
Added to that, quantum dots (QD) are incorporated in the middle of the III-V photonic 
crystal membrane with an emission spectrum around 1.55 µm (Fig 1b-d). 

 
Fig. 1. (a) S.E.M. picture of the photonic crystal membrane with an L3 cavity in the center 
above a Silicon waveguide. Inside the membrane, InAs(P) Stranski-Krastanov Quantum 

Dots (SK-QD) have been incorporated (b) in the InP membrane. A T.E.M. image is shown in 
(c). The emission spectrum of these QD  is represented in blue (Fig. 1d) and the spectrum 

of the L3 cavity is in purple. 

We are abled to extract the dissipative and dispersive contributions of the 
optomechanical coupling of these devices.  Tailoring of different contributions was 
demonstrated using external mean or integrated controls on the geometry of the 
optical access channel to the nanocavity 
 
Control with the geometry 
By performing systematic measurements of the optomechanical response of the 
fabricated optomechanical resonators as a function of the probe laser wavelength, we 
showed consistently that the most significant contribution to the optomechanical 
transduction was of dissipative nature. We observed a different relative sign of the 
dispersive and external dissipative coupling coefficients by varying the waveguide 
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width (Fig. 2 a-b), which can be regarded as a way to finely tailor the optomechanical 
coupling strength [5]. Simulations also demonstrate that our system has an additional 
‘knob’ to coarsely tune the optomechanical coupling, represented by suspension height 
of the membrane. 

  

Fig. 2. (a) Dispersive coupling coefficient gω and (b) external dissipative coupling 
coefficient gκ,e plotted against waveguide width wwg. Blue, up-pointing triangles: fit of 

experimental points for the first mechanical mode (M1). Blue, down-pointing triangles: fit 
of experimental points for the second mechanical mode (M2). Red squares: simulated 
values, air gap of 230 nm. Orange diamonds: computed values, air gap of 150 nm. (c). 

Experimental evolution of the different optomechanical coupling strengths with the power 
of the external non-resonant pump. 

External control with QD 
We propose the possibility of exerting an external optical control exclusively on the 
intrinsic dissipative component of the optomechanical coupling within a hybrid 
optomechanical system by making use of a layer of semiconductor quantum dots. By 
introducing a non-resonant pump source, we achieve a deterministic modulation of the 
optical losses of the cavity induced by the quantum dot absorption at the frequency 
close to the cavity resonance. We show that such an optical modulation is sensitive to 
the mechanical motion of the device, coupled to the optical cavity resonance via an 
optomechanical interaction. Non-resonant external pumping of the quantum dots layer 
can saturate their absorption at wavelengths close to the cavity resonance, thus 
lowering or eliminating one of the intrinsic loss mechanisms of the cavity. The intrinsic 
dissipative coupling can be therefore controlled externally (Fig. 2(c)), deterministically 
and independently of the other coupling mechanisms [6], which in turn can lead to a 
straightforward implementation of optomechanical resonator capable of reaching the 
optimal mixed coupling ratio in view of achieving an optimal optical cooling of the 
mechanical mode [4]. 
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Integrated-optical chemical sensors are attractive candidates for low sample volume 
applications as they can be miniaturized rather easily and offer a high intrinsic sensitivity 
[1]. Part of the transduction mechanism is the very local probing of the relevant optical 
parameters of the sample by the evanescent field component of the propagating light at the 
boundary between waveguide core and sample in the region of the so-called sensing window. 
In this very region, the waveguide core directly contacts the applied sample. The modified 
Lambert-Beer formula states the relation between the evanescent wave absorbance A 
(=logP0/P, with P0 and P the optical power output measured for the reference and the sample, 
respectively) and the concentration of the light absorbing species c by considering the 
evanescent wave modal fraction σ (present within the sample domain), the molar absorption 
coefficient ε and the path length l (Eq. 1, left part). From this it can be derived easily that the 
sensitivity of the measurement A/c is determined by l as well as σ (Eq. 1, right part).  

𝐴 = 𝜎𝜀𝑙𝑐  →   
𝐴

𝑐
  ~ 𝜎𝑙                                                                  (1) 

The current work shortly describes the design of SiO2/Si3N4 waveguide based sensors, 
fabricated by means of the TriPleX™ technology, and their absorption sensing performance. 
These optical waveguides show good transparency for light of the near-infrared and the 
visible spectrum and, in addition, are known to have low propagation losses (<0.1 dB/cm)[2]. 
A new design was developed that allows for an optimal coupling to input- and output fibers 
(single stripe layout) and an effective sensing window definition (ridge layout) while keeping 
the propagation losses minimal. Furthermore, a design was used that allows for the 
incorporation of long waveguide lengths (50 cm and longer) inside a rather small sensing 
window (dimensions: 2.2x0.11 cm (lxw)) as the waveguide may loop multiple times in a form 
of a spiral before leaving the sensing window. This way, the path length is configurable by 
design over a wide range (Fig. 1). 

 

Fig. 1. Layout of the newly developed absorption sensor employing increased path length 

within the sensing window. Two design examples are shown corresponding to a path length of 

9 cm (a) and 53 cm(b). 

This generic approach helps to improve the sensitivity, as may be needed for the more 
demanding applications, while maintaining the chip compact. Several path lengths were 



realized, ranging from 2 up to 53 cm. In Fig. 2A, a chip with the path length of 9 cm is shown 
during in-coupling of light at different wavelengths in order to illustrate the propagation 
performance in the visible light spectrum. It can be observed that the propagation losses of 
light in the current chips increases with decreasing wavelength, which is caused by Rayleigh 
scattering. Currently, the maximum path lengths for light of 638, 532 and 488 nm are ~15, 
~10 and ~5 cm, respectively. 

In order to verify the model and to assess the value of the evanescent wave modal fraction σ, 
experimental testing of the sensitivity was done using the chromophore bromothymol blue 
(BTB). BTB is useful as a model analyte as it absorbs red light (strong absorption peak at 617 
nm) as well as green light (moderate absorption peak at 532 nm). Absorbance of red light 
and green light was measured as a function of BTB concentration in order to determine the 
sensitivity. Testing was done as a function of path length in the range from 0.5-13 cm. In Fig. 
2B the results are shown as were obtained on a chip with a path length of 9 cm.  

  

Fig. 2. Left: Photographs of one of the absorption sensor chips (path length 9 cm) with in-
coupling of light at the indicated wavelength Right: Absorbance of red light and green light by 

bromothymol blue solutions in water (20 mM NaOH) as a function of dye concentration at a 
path length of 9 cm. For calculation of absorbance, background correction was applied. 

Testing of a series of chips revealed a good linear correlation between the sensitivity and the 
path length as predicted by the modified Lambert-Beer formula (Eq. 1, right part). 
Furthermore, values of ~0.2 were derived for the evanescent wave modal fraction σ, which 
compared well with simulation results. Detection limit for BTB is well below 0.5 μM when 
using sensor chips with 9 cm path length. 
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With the technology of silicon photonics gaining maturity there is a tendency to consider 
it as a generic technology that can serve a diverse range of markets, not only in datacom 
and telecom, but also in sensors, biosensors and biomedical instruments. The driver is 
always the same: create compact and low-cost integrated circuits with a functionality 
and performance at par with otherwise bulky and costly implementations. Examples of 
this trend include PIC’s for sensing bioparticles such as proteins and DNA, PIC’s for 
spectroscopic detection of various molecules (glucose, ammonia, markers for food 
spoilage etc), PIC’s for optical coherence tomography or for laser Doppler vibrometry.  

In those new applications the “traditional” wavelengths of silicon photonics (1.3 and 1.55 
m) are not necessarily optimal from the application’s point of view. This has led to the 
recent trend to “translate” silicon photonics to other wavelength domains, as much as 
possible without shying away from its major asset which is to fabricate the chip in a 
CMOS fab. Many groups are pushing the frontiers of silicon photonics towards longer 
wavelengths (mid-infrared), mainly driven by the promise of using the technology for 
vibrational spectroscopy. In parallel other groups are pushing towards shorter 
wavelengths, so as to be more compatible with biological media, fluorescent markers and 
Raman spectroscopy. In this case the silicon core needs to be replaced by a material that 
is transparent in the visible, silicon nitride being a good candidate. In those applications 
silicon itself changes hat and becomes the near-perfect material for detection. 

Below a bibliography is given of work the author has been involved in on the use of 
silicon and silicon nitride PICs in a life science context. 
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Surface enhanced Raman scattering (SERs) is a technique that facilitates Raman 
spectroscopy of challenging samples such as thin layers, dilute solutions, or 
nanoparticles in a low concentration. SERS relies on localized plasmonic resonances that 
arise at ultra-small metallic gaps, tips or edges from a rough metallic surface, or an 
engineered nanostructure (antenna).  Those plasmons lead to orders of magnitude of 
field enhancement but in a volume limited to a radius of 10-50 nm. However, plasmonic 
enhancement doesn't require a resonance. Propagating surface plasmon polaritons are 
electronic excitations that propagate in the metal over relatively long distances (several 
microns) while still enabling a large field enhancement. Here, we use it to increase the 
Raman scattering in a hybrid photonic-plasmonic structure whose centrepiece is a 
metallic slot waveguide. 

The structure is depicted in figure 1a. It behaves as a perfect slot waveguide (fig.  1b) as 
the field is strictly confined to the void of the structure. Dielectric slot waveguides have 
been recently used for Raman spectroscopy as they increase the interaction length [1,2] 
with an analyte (liquid or monolayer). However, these dielectric waveguides have a 
moderate refractive index so that the confinement in the void of the structure is 
imperfect (see figure 1b) which results in lesser Raman scattering from the analyte and 
stronger photoluminescence from the dielectric core, hence limiting the signal to noise 
ratio. Having a perfect slot waveguide is therefore very appealing. A metallic slot 
waveguide relies on the actual excitation of a plasmon-polariton, thus limiting the 
interaction length due the exponential decay over a propagation distance of only a few 
microns. Furthermore, the mode profile in the metallic slot is significantly smaller than 
that of a regular dielectric (SiN) waveguide used to manipulate/analyze light on a 
photonic chip so that a dedicated tapering section is required to couple efficiently light 
between such a waveguide and the metallic slot-waveguide (fig. 1a). The taper efficiency 
and the field enhancement in the metallic slot-waveguide are strongly dependant on the 
void width. For optimization, a figure of merit (FOM) for this photonic-plasmonic device 
is formulated [3] that depicts the back-scattered Raman power Ps normalized with total 
pump power P0 at input facet can be estimated:  
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Fig. 1(a) Schematic of photonic-plasmonic structure (b) Optimized figure of merit (FOM) vs gap of metal slot 
waveguide. (c) Raman spectra measured from NTP-coated metallic-slot waveguide (red) and from bare SiN 

waveguide (blue) on same chip (laser power of 10mW and acquisition time of 1s) (d) Mode profile 
(Normalized E-field ) of a metallic slot waveguide (left), a SiN slot waveguide of identical structure (center) 

and optimal dimension (right). 

 

gap 

𝐹𝑂𝑀 =
𝑃𝑠

𝑃𝑜
=
(𝜂𝑁𝑇𝑃𝜎𝑁𝑇𝑃𝜌𝑁𝑇𝑃) × (ɣ)2 × (𝛤)2 × exp⁡(−2𝛼𝑆𝑖𝑁𝐿𝑆𝑖𝑁) × (1 − exp⁡(−2𝛼𝑔𝐿𝑔))

2𝛼𝑔
 

where 𝜂𝑁𝑇𝑃 is the Raman conversion efficiency, the Raman crossection of NTP 
𝜎𝑁𝑇𝑃=0.358× 10-30 cm2/Sr, its surface density 𝜌𝑁𝑇𝑃⁡= 5.56× 1018  molecules/m2, the 
coupling efficiency at the SiN waveguide facet⁡ɣ = 5𝑑𝐵 and 𝛤 is the photonics-plasmonic 
mode transition efficiency. We have optimized 𝛤 and the FOM using FTDT LUMERICAL 
software as a function of the gap in the void. The results of this simulation (fig. 1b) show 
that the FOM varies over 2 orders of magnitude for width between 10 and 80 nm.  

The silicon nitride waveguide and the gold slot are made using 2 subsequent e-beam 
lithography steps. The actual width of the void in the metallic slot is 31 nm, its length is 
6 µm and the taper length is 1µm. To perform a proper characterization of the metallic 
slot-waveguide, we have coated it with a single layer of 4-nitrothiophenol (NTP) that 
selectively binds to gold but not to silicon nitride. A confocal Raman microscope is used 
to excite the TE mode of the silicon nitride rib waveguide from its facet. The guided light 
then excites the NTP-coated metallic slot-waveguide thus generating a Stokes field both 
in forward and backward directions. The microscope collects the backward scattered 
light resulting in a Raman spectrum displayed in fig. 2b showing clearly the expected NTP 
Raman resonances highlighted by dotted lines. An additional spectrum is measured from 
a SiN waveguide that is not coupled to any metallic slot-waveguide. The comparison 
shows that NTP spectrum is linked to the presence of the metallic slot-waveguide while 
the broad background and sharp peak at 2330 cm-1 are due to the photoluminescence of 
the 2.5 mm long SiN waveguide.  

This first demonstration of Raman spectroscopy using a metallic slot-waveguide is a 
promising approach for enhancing Raman signal from analyte present in limited quantity 
or concentration such as a monolayer. A first measurement indicates negligible 
background associated to the plasmonic structure and further measurements are 
expected to quantify more accurately the enhancement in term of signal to noise ratio as 
compared to previously reported on-chip Raman sensors. 
The authors acknowledge FWO and ERC-InSpectra for their financial support.  
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Mid-infrared (mid-IR) absorption spectroscopic techniques can provide inherent 
molecular selectivity and reach very low detection limits. They have therefore found 
applications in environmental, health or security domains. In parallel to the growing 
demand for the detection of traces molecules, the development of compact sensors is also 
urged to extend the operational range of these sensors to on-site measurements. 
Sophisticated on-chip mid-IR transducers [1] have been implemented using different 
integrated optical platforms (Si, Ge, SiNx, arsenides, chalcogenides…). However, despite 
the versatility of light sources spanning the whole mid-IR (synchrotron, globar, optical 
parametric oscillator, quantum/interband cascade laser (QCL/ICL) or supercontinuum 
sources), on-chip integration of mid-IR broadband light sources still remains a challenge. 
In particular, integrated broadband light sources and amplifiers operating in the 3-5 µm 
window would be of great interest as this spectral range overlaps an Earth’s atmosphere 
transmission window and strong characteristic vibrational transitions displayed by 
chemical molecules such as hydrocarbons, carbon dioxide and carbon monoxide (Fig.1a).  

 

Fig. 1. a) Absorption bands of selected molecular species in the mid-IR range, b) Simplified 
low energy part of the energy level diagram of Pr3+ ions and c) Scanning electron 

microscope image of the processed waveguide after ICP-RIE. 

Mid-IR lasers based on rare earth (RE) ions have already been demonstrated in fibers 
[2]. The transfer of these results in integrated technology is expected to have a 
tremendous impact on the development of mid-IR-lab-on-a-chip sensing applications. 
The transmission range of chalcogenides spans a large part of the mid-IR thanks to their 
low phonon energies. Efficient mid-IR waveguiding properties have also been 
demonstrated [3]. Praseodymium (Pr3+) ions feature characteristic radiative transitions 
in the mid-IR under convenient pumping around 1.5 and 2 µm (Fig.1b). 

In this paper, we report the optical design, fabrication and mid-IR optical 
characterizations of integrated active ridge waveguides based on praseodymium (Pr3+)-
doped selenides.  



 

2

RF magnetron sputtering was used to deposit a 1.7-µm thick Pr3+-doped chalcogenides 
guiding layer based on the quaternary system composed of Ga, Ge, Sb and Se atoms on 
different cladding layers (thermally oxidized silicon and selenide-based materials). 
Refractive indices of doped films were measured by ellipsometry and values of 2.607 and 
2.565 were, respectively, obtained at 1.55 µm and 4.70 µm. Ridge waveguides patterning 
was subsequently performed using i-line photolithography and fluorine-based RIE/ICP 
dry etching techniques.  

Optical field distribution of the propagating modes and the corresponding effective 
indices were simulated, as a function of waveguide width and wavelength, using a 
commercial mode solver. At 1.55 µm, the waveguides were found multimode for widths 
larger than 0.3 µm. Single-mode operation at the propagating wavelength of 4.70 µm can 
be obtained for waveguide widths smaller than w=1.9 µm (h=1.7 µm). Fig. 2a shows the 
simulated intensity profile of the fundamental transverse electric (TE) mode propagating 
at the wavelength of 4.70 µm in a 1.7 × 1.5 µm2 (height × width) ridge waveguide. 

 

Fig. 2. a) Simulated TE fundamental mode at λ=4.70 µm for a 1.7 × 1.5 µm2 ridge 
waveguide, b) Mid-IR PL spectra for different waveguide widths (h=1.7 µm). 

Guided photoluminescence (PL) experiments were performed between 3.5 and 5.5 µm 
using a continuous wave excitation at 1.55 µm in co-propagative configuration. PL was 
investigated as a function of waveguide width (from 10 µm down to 1.5-µm wide) and 
pumping power (4-30 mW). Fig. 2b displays typical mid-IR PL spectrum recorded at 
room temperature in the 3.6-5.4 µm wavelength range. The dip in PL intensity located 
around 4.3 µm originates from the vibrational absorption of CO2 from atmosphere and 
emphasizes the potential of these active waveguides for mid-IR spectroscopic sensing 
(Fig. 1a). 

In conclusion, ridge waveguides were fabricated by RF magnetron sputtering and 
subsequent patterning using standard photolithographic steps. Geometrical dimensions 
(width and height) of the waveguides were adjusted to obtain single-mode propagation 
at mid-IR wavelengths. Under 1.55 µm optical excitation, guided broadband mid-IR 
emission above 4 µm is demonstrated from Pr3+-doped selenides ridge waveguides. 
These results correspond to the longest wavelength emission ever recorded from RE-
doped integrated waveguides and underscore the potential of RE-doped chalcogenides 
for the development of low-cost on-chip mid-IR amplifiers or lasers that could be used, 
in particular, for sensing applications.  
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Portable point-of care (POC) devices for in-vitro diagnostics will be a milestone for the 
achievement of universal healthcare and environmental protection. Motivated by 
potential benefits such as sensor miniaturisation, multiplexing capabilities and relevant 
sensitivities in a label-free scheme, Silicon photonics based-biosensors are the most 
suitable candidates to achieve such ambitious POC devices [1]. These photonic 
biosensors consist of compact waveguides contained on chips which can be easily 
miniaturized and fabricated in arrays of identical sensors for multiplexed analysis.  

Several years ago we introduced in this area an innovative photonic sensor design based 
on a bimodal waveguide (BiMW) interferometer [1], a single channel Si3N4 waveguide 
which mechanism is based on the interference of two waveguide modes of the same 
polarization, operating at visible wavelengths with monochromatic and polarized (TE or 
TM) light. Light is first coupled into a rib waveguide supporting a single transversal 
mode. After some distance, this mode is coupled into a thicker waveguide which contains 
the sensing window and supports two transversal modes. As the fundamental and the 
first order modes have different evanescent field profiles at the core-cladding interface, 
the interference pattern is a function of the refractive index in the sensing area. The final 
layout design included dozens of chip-integrated waveguides into a single wafer 
substrate using silicon technology (Si/SiO2/Si3N4/SiO2). The single mode waveguide has 
a thickness of 150 nm of Si3N4 (n=2.00) and the bimodal part is 350 nm thick, while the 
width of the waveguide is of 3 µm. The rib height is below 3 nm. The simplicity of our 
BiMW design is quite attractive while its sensitivity of around 1x10-7 RIU in bulk [1] is 
comparable to more complex interferometric schemes.  
 
We have been working in the full integration of the BiMW technology in a photonic POC 
platform. For the achievement of  the complete platform, several units need to be 
incorporated, including the BiMW sensors, the microfluidics and the flow delivery 
system, the multiplexed in and out-coupling of the light and the light read-out. Moreover, 
a specific and custom-designed biofunctionalization protocol must be developed for each 
sensor depending of the targeted application. Even if all these individual components are 
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well known, the subsystem interfaces between them are difficult to optimize and these 
are still the major barriers to be overcome.  
 
One of the main drawbacks of BiMW sensors is the complex interferometric nature of the 
output signal which require a modulation system to translate the standard 
interferometric signal into an unambiguous linear phase response. In order to improve 
the integration and cost of the final device, we have introduced a new all-optical 
wavelength modulation system where the emission wavelength of a low-cost 
commercial laser diode was modulated ±2 nm by controlling its output power. After a 
Fast Fourier Transform deconvolution, the linear response of the BiMW sensor is 
obtained [2].  
 
For microfluidics integration, one major constrain is the minimum separation between 
waveguides (only few hundred of microns). For the fabrication of the microfluidics 
channels we employ several routes, including polydimethylsiloxane (PDMS) channels 
fabricated by soft lithography or SU-8 microfluidics delivery channels fabricated at wafer 
level by standard lithography. We recently have proposed the integration of a fully 
automated and active PDMS optofluidic system with the BiMW technology [3]. 
 
One main challenge for the BiMW POC sensing technology is the demonstration of its 
utility in the clinical practise being able to handle and directly analyse minimum amounts 
of body fluids without previous labeling, detecting biomarkers in their natural form. 
After the development of the appropriate biofunctionalization protocols [4], we have 
demonstrated the suitability of our BiMW nanophotonic platform for the real clinical 
diagnostics, as for example: (i) quantitative detection of Escherichia coli in undiluted 
human ascitic fluid from cirrhotic patients at very low concentration (40 cfu∙mL-1) [5] (ii) 
detection of specific tumor-related autoantibodies in serum, which indicates the onset of 
a colorectal cancer in its preliminary stage (iii) detection and quantification of miR-181a 
at attomolar concentrations (LOD = 23 aM) directly, and for the first time, in human urine 
samples of bladder cancer patients with no need for prior sample purification or 
amplification steps [6]. In all cases, the BiMW nanosensor has shown excellent 
robustness with high reproducibility and sensitivity, rendering in a valuable tool for fast 
diagnostics of bodily fluids samples.  
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GaSb-based tunable single-mode diode lasers can enable rapid, highly-selective and 
highly-sensitive absorption spectroscopy systems for gas sensing.  In this work, single-
mode distributed feedback (DFB) laser diodes were developed for the detection of 
various trace gases in the 2-3.3um range, including CO2, CO, HF, H2S, H2O and CH4.  
The lasers were fabricated using an index-coupled grating process without epitaxial 
regrowth, making the process significantly less expensive than conventional DFB 
fabrication.  

The devices are based on InGaAsSb/AlGaAsSb separate confinement heterostructures 
grown on GaSb by molecular beam epitaxy.  DFB lasers were produced using a two step 
etch process.  Narrow ridge waveguides were first defined by optical lithography and 
etched into the semiconductor. Lateral gratings were then defined on both sides of the 
ridge using electron-beam lithography and etched to produce the index-grating.  

Effective index modeling was used to optimize the ridge width, etch depths and the 
grating pitch to ensure single-lateral-mode operation and adequate coupling strength.  
The effective index method was further used to simulate the DFB laser emission 
spectrum, based on a transfer matrix model for light transmission through the periodic 
structure. 

The fabricated lasers exhibit single-mode operation which is tunable through the 
absorption features of the various target gases by adjustment of the drive current.  In 
addition to the established open-path sensing applications, these devices have great 
potential for optoelectronic integrated gas sensors, making use of integrated 
photodetectors and possibly on-chip Si photonics waveguide structures.    
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The ultra low-loss Si3N4 waveguide platform has yielded a wide range of passive and 
active components that open up new PIC applications. Devices and applications 
including long delays, 3D stacking, gratings, filters, erbium amplifiers switches, vertical 
couplers and optical gyros, lasers and adaptive dispersion compensators. 

I. Ultra-Low Loss (ULLW) Passive and Active Devices 

The ULLW design employs a silica-based planar waveguide with high aspect ratio Si3N4 
core to achieve a record low loss (0.045 ± 0.04) dB/m [1]. The waveguides support 
dilute modes using a high aspect-ratio stoichiometric Si3N4 core that minimizes 
scattering at the core-cladding sidewalls (Fig. 1a). Ultra low-loss optical delay-lines 
have been fabricated including single-layer small-area coils [1], single layer coils with 
90 degrees low-loss crossings [2], and large area coils with low loss stitching [3] (Fig. 
1b). Longer delay and multi-layer function is achieved by moving these designs into a 
3D stacked delay lines with 0.5dB layer to layer coupling loss[4][5] (Fig. 1c). Other 
ULLW devices include grating filters and wavelength dependent mirrors using periodic 
Si3N4 sidewall gratings [6] (Fig. 1d) that can be designed as extremely long gratings on-
chip with low kappa. By incorporating a reactive co-sputtered Al2O3-Er3+ layer with 
the ULLW, active waveguides can be realized [7] (Fig. 1e).  

II. Integrated Optical Gyros 

Chip-scale integration of interferometric optical gyros where the optical delays are 
integrated on-chip instead of using a fiber coil are designed to reach a detection limit of 
19°/hr/√Hz (Fig. 1f). The operating principle is identical to the FOG where two 
counter-propagating light signals experience different phase shifts proportional to the 
rotation rate and the desired signal is measured by interfering these signals on a 
photodetector. Preliminary results for an integrated 3-meter long Si3N4 waveguide coil 
are reported in [2] with minimized scattering and reflection impairments can reach 
down to 19°/hr/√ Hz for a loss of 1dB/m and 4.2°/hr/√ Hz for a loss of 0.1dB/m. 

III. Communications Applications 

ULLW PICs enable a wide range of communications applications at the chip-level and 
offer solutions to handle functions normally done with electronics into the optical 
domain in order to save power and space. WDM DFB and DBR lasers have been 
demonstrated with record threshold powers and slope efficiency by combining active 
waveguides and sidewall gratings [7]. Due to the low thermal characteristics of glass 
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laser performance with small threshold and wavelength shifts have been reported t0 
400C [8]. True time delay (TTD) circuits have been fabricated by combining ULLW 
delays with thermally controlled 2x2 MMI switches [9].  10-stage programmable 
matched optical filters can be used to replace power hungry DSPs for optical dispersion 
compensation [10] (Fig. 1g). 

                

(a)             (b)    (c) 

 

(d)             (e) 

 

                (f)               (g) 
Fig. 1. (a-c) ULLW passive waveguide design, large area coils and  3D stacking. (d-e) 
Sidewall gratings, active erbium design and lasers. (f-g) Integrated optical gyro and 

dispersion compensator applications. 
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A	 new	 generation	 of	 photonic	 integrated	 circuits	 (PICs)	 is	 being	 developed	 for	
application	 in	quantum	communications	 and	quantum	simulations.	While	 the	passive	
functionalities	needed	in	these	quantum	PICs	are	very	similar	to	those	of	their	classical	
counterparts,	 light	 generation	 and	 detection	must	 be	 controlled	 at	 the	 single‐photon	
level.	III‐V	semiconductors	are	very	well	suited	for	quantum	PICs	in	view	of	their	direct	
bandgap	 and	 corresponding	 ability	 to	 produce	 single	 photons	 by	 radiative	
recombination	 of	 excitonic	 states	 in	 nanostructures	 [1].	 In	 this	 talk	 I	will	 review	our	
recent	 progress	 in	 the	 development	 of	 multifunctional	 quantum	 PICs,	 including	 the	
demonstration	 of	 fully‐tuneable	 waveguide‐coupled	 single‐photon	 sources	 and	 of	
efficient	waveguide	single‐photon	detectors	on	nanobeams.		
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In a large number of experiments or devices, noise is usually viewed as an undesirable 
disturbance, hindering the measurement sensitivity or device performances. In some 
circumstances however, noise-induced phenomena can help, as in the case of stochastic 
resonance whereby a weak coherent signal, compared to the barrier height of a double-
well potential, gets amplified resonantly by application of external noise. Stochastic 
resonance occurs in a wide class of nonlinear systems, in neurobiology [1], mesoscopic 
physics [2], photonics [3], atomic physics [4], mechanics [5, 6]...  
If a weak periodic forcing is applied to the oscillator, the initially symmetrical double-
well potential gets tilted asymmetrically up and down, periodically raising and 
lowering the potential barrier. Although the periodic forcing is too weak to let the 
membrane switch periodically from one potential well into the other one, noise-
induced hopping between the potential wells can become synchronized with the weak 
period forcing. This time coincidence takes place when the average waiting time 
between noise-induced interwell transitions is comparable with half the period of the 
periodic forcing. Thus stochastic resonance corresponds to the noise-assisted 
amplification of a weak coherent input that is too feeble to induce hopping between the 
two stable states. 
It has been mainly reported in non-linear systems driven by a coherent signal together 
with an additive noise, more scarcely a multiplicative noise. We report here on 
stochastic resonance in a bistable device with the assistance of such a non-linear noise. 
 

 

Fig. 1. (a) S.E.M. image of the suspended photonic crystal membrane (in blue) above the 
interdigitated electrodes (in yellow). By applying an AC voltage V(t), the amplitude (b) and 
the phase (c) are recorded across the fundamental mechanical resonance of the photonic 

crystal oscillator by sweeping the driving frequency Ω up and down. Thus a bistable region 
is observable. 

Our mechanical resonator consists of an InP suspended membrane with a thickness of 
about 260 nm and a 10×20μm2 surface (Fig. 1a). Holes are drilled on in the membrane 
to perform a perfect photonic crystal used as a reflector at normal incidence for the 
probe laser. A coherent weak signal is introduced by applying a modulated electrostatic 
force on the membrane and driving its out-of-plane motion. This force is generated by 
applying an AC-bias at the frequency inside the hysteresis region (Fig. 1b-c), on 
integrated interdigitated electrodes placed underneath the membrane at a distance of 
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about 400 nm (Fig. 1a). In the same manner, phase noise is added on the AC applied 
voltage, which is proportional to the actuation force. Last, the mechanical response of 
the membrane is probed optically in an interferometric testbed, in which the 
membrane is used as one of the end mirrors. With an actuation strong enough, the 
oscillator can enter in a non-linear regime and exhibits bistability (Fig. 1b-c).  
In order to match the time coincidence conditions, an in-depth characterization of these 
time-scales is performed on the device. 
 

 

Fig. 2: Signal to Noise Ration (SNR) normalized with respect to no noise intentionally 
induced either in amplitude (a) or in phase (b)  

Thus, we were able to demonstrate stochastic resonance with phase noise in a non-
linear oscillator, consisting of a nano-electromechanical device with an amplification of 
a factor 1.75. In addition to that and thanks to numerical simulations, we show that 
phase noise has to be taken into account as a multiplicative noise to reproduce 
experimental results. At the same time, pure amplitude noise stochastic resonance has 
also been investigated and could simply be understood with additive noise. To enhance 
amplification with phase, alignment of the modulation along the preferential path 
between the two states in the potential could be a solution.  
Such stochastic resonance obtained by assistance of phase noise may enable various 
noise-aided applications, including signal transmission telecommunication with 
intensively used Phase Key Shifting protocol, or metrology with improved detection in 
noise-floor limited systems. 
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Abstract - A long standing problem in integrated photonics is the attachment of optical 

fibers to an integrated photonic IC. The EU-funded project PHASTFlex takes an 

innovative approach to this and uses micro-electro-mechanical systems that actuate the 

silicon oxide-nitride optical waveguides to provide the required sub-micron alignment 

accuracy. Here we report on the measured movement range and coupling efficiency.  

Introduction 
Optical mode dimensions in single-mode waveguides are typically in the order of a few 

micrometer. For a low-loss connection to an optical fiber an alignment of sub-micron is 

required, which is beyond the capability of state-of-the-art pick-and-place assembly 

equipment.  

The PHASTFlex project[1] tries to solve this problem with an intermediate TriPleX[2] 

interposer that has waveguides which match the size of the waveguide mode of the PIC 

on one side and that of a standard single-mode fiber (SMF) at the other side. To achieve 

the sub-micron alignment accuracy between the PIC and the interposer, we exploit micro 

electro-mechanical systems (MEMS) that are integrated in the TriPleX interposer, and 

which can move flexible ends of the optical waveguides. The alignment between TriPleX 

and SMF is not so critical because the mode dimensions are in the order of 10 μm. 

Alignment is now a two-step procedure: firstly, the assembly machine positions the PIC 

and the interposer with an alignment accuracy between one and two microns; secondly, 

the MEMS move the flexible waveguide ends to provide the sub-micron alignment; 

thirdly. The concept is shown in figure 1. 

 
Fig. 1. Concept of alignment. 

Experiments 
We have conducted a number of experiments on the MEMS movement. For this we have 

used a TriPleX sample with out-of-plane thermal actuators. These are heaters on top of 

flexible SiO2 beams. Figure 2 shows a microscope image of one set of short actuators with 

optical waveguides in between. We also characterized a set of long actuators, where the 

heaters extend over the full length of the flexible beams. 

 

 



 

 

 

 
 

Fig. 2. MEMS inTriPleX with actuators for 

out-of-plane movement and optical 

waveguides in between. 

Fig. 3. Movement versus left and right 

actuator voltage. 

 

The difference in thermal expansion between the poly-silicon, the metal and the SiO2 

causes the beams to deflect. By providing different powers to the left and right actuators, 

the end of the beams, and hence the waveguide ends, can be tilted, to compensate for an 

initial angular misalignment. Microheaters with an electrical resistance of approximately 

1 kΩ are part of two actuators that are mechanically connected with a T-bar to displace 

the waveguides. Figure 3 depicts the achievable waveguide deflection in the out-of-plane 

direction as a function of applied voltage, showing a movement range up to 8 µm, which 

is more than sufficient to overcome the positional misalignment due to the accuracy of 

the assembly machine. The alignment requirements depend on the size of the optical 

mode in the waveguides. We have used an InP PIC for testing which has waveguides with 

a mode size which is expanded at the facet to approximately a 1/e2 diameter of 2.8 µm. 

The TriPleX mode size is similar. A requirement of a maximum excess coupling loss of 

1 dB translates to a maximum out-of-plane misalignment of 1 µm. From the 

measurements shown in Figure 3, a voltage change of 0.1 V results in a displacement of 

less than 100 nm, which is already adequate for an optimized coupling. 

The coupling concept was tested in a lab bench where the PICs were mounted in two 

alignment stages. The two chips were aligned coarsely and the final alignment was 

achieved using the MEMS structures. This allowed for precise alignment and an 80% 

coupling efficiency was achieved. The remaining loss is attributed to a residual mode-

size mismatch and reflection loss in the non-coated TriPleX waveguides. 

Conclusions 
In this work a novel concept for attaching an optical fiber to a InP PIC has been exploited.  

The MEMS structure showed movement range of more than 8 μm. This movement range 

is much larger than the position accuracy of the automated assembly tools enabling 

optimization of the coupling between the two chips. We acknowledge the support from 

the EU through the FP7 Programme FP7-ICT-2013-11 Project 619267-PHASTFlex. 
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Photonic biosensors have in recent years progressed rapidly towards the goal of mobile 
biochemical analysis, which will enable new applications such as field-deployable 
medical diagnostics, mobile environmental monitoring, and distributed health-care. 
This progress has been achieved by leveraging the capability of photonics for precise 
optical metrology, and by using wafer-scale micro- and nanofabrication for mass-
producing sensors, in particular from silicon and related materials. However, to deliver 
on the full promise of photonic biosensors, remaining challenges include the handling 
of liquids on the microscale and the on-chip integration of light sources and detectors. 
Here, we discuss our recent work on these two fronts. 

Biosensors, by definition, employ a biological recognition element to bind a target 
analyte of interest. In this way, the sensor can exploit the work already done by 
biological evolution to create highly specific molecular bindings. This approach 
elegantly solves one of the main challenges of sensing: specificity. However, biological 
reactions only work in water based solutions, and thus biosensors must handle liquid. 

While the planar wafer-scale micro- and nanofabrication technology developed by the 
microelectronics and photonics industries has been deployed to mass-produce 
photonic sensors, the liquid handling structures have, so far, been produced by post 
processing at chip-level [1]. To address this limitation, we developed a new family of  
off-stoichiometric thiol-ene (OSTE) polymers that can be processed using the familiar 
wafer-scale lithography techniques [2], [3]. Using these polymers and processes, the 
photonic sensors can be biofunctionalized at wafer-scale, followed by integration of a 
complete microfluidic system through transfer-bonding [4].  

The second challenge of light-source and detector integration is not unique to photonic 
biosensors, but shared with most other low-cost photonic systems. Silicon photonics 
has the mass-production capability required for economical deployment of photonic 
biosensors, but for robust mobile application, the light-source and detector must be 
integrated in the sensor chip. Without such integration, the requirement for precise 
optical alignment between the passive sensor chip and the light-source makes robust 
mobile sensing with user-replaceable sensor cartridges extremely challenging.   
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For sensors operating in the mid-IR region, nanoscale thermal sources and detectors 
are an interesting option, due the efficient coupling that can be achieved between these 
sub-wavelength structures and single-mode waveguides. We have recently 
demonstrated platinum-nanowire-based light- sources [5] and bolometric detectors [6] 
that are easily integrated onto a standard silicon photonics wafer using the 
manufacturing techniques of microelectromechanical systems (MEMS). Due to their 
small thermal mass, these devices have a very fast response (up to a few MHz). 
Furthermore, their sub-wavelength optical dimensions lead to partially coherent 
operation, enabling the shaping of radiation patterns and of spectral properties. 

For the interrogation of high-Q resonant photonic biosensors, such as ring resonators 
and photonic crystal cavities, however, tunable narrow-linewidth coherent light-
sources are preferred. Although significant progress has recently been made, both on 
monolithically integrated germanium lasers and on heterogeneously integrated III-V 
lasers on silicon, an economical solution for light in silicon remains elusive. On this 
front, we have developed MEMS tunable ring resonators that could serve as tunable 
laser cavities in either type of integrated laser [7]. Finally, if external sources must be 
employed, the coupling problem can be mitigated using our MEMS tunable grating 
couplers to relax alignment tolerances of fiber-to-chip coupling [8]. 

In conclusion, we have developed solutions towards mobile photonic biosensors with 
integrated liquid sample handling, light-sources, and detectors, with the aim to bring 
photonic biosensors out of the lab and into the field, e.g. into challenging situations such 
as infectious disease epidemics. Furthermore, the reduced cost of these sensors will 
enable many new industrial and consumer applications within such diverse fields as 
agriculture, environmental monitoring, and personal health care.   
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Silicon photonics gathered a great amount of investments during the last decade. Both research centres and 

major industries directed their resources towards this promising technology. As a result, different technological 

platforms have been proposed [1- 7] and some of them are now accessible through multi-project wafer services. 

This interest was fuelled by the idea of exploiting CMOS fabs capability to implement a large scale 

industrialization of low cost and highly integrated electro-optic chips.  The amount of digital data exchanged is 

in fact constantly increasing: by the end of 2020 global IP traffic will reach 2.3 ZB per year, growing at a 

compound annual growth rate (CAGR) of 22% [8]. This trend is pushing the need for high data-rate optical 

communication systems toward shorter and shorter distances, from intra-data centers to on-board and on-chip 

communications [9]. Silicon photonics is seen as the most promising technology to reach the required cost per 

bit and level of integration and nowadays its evolution is mainly driven by the data centers market. 

In this scenario, STMicroelectronics has developed an industrial silicon photonics platform in a 300 mm 

manufacturing facility [1]. The photonic technology, named PIC25G, employs 193 nm lithography and has been 

optimized to maximize the performance of passive and active photonic components of the Photonic Integrated 

Circuit (PIC). Particular attention has been posed to 1310nm and 1490nm wavelength ranges but also the 

transmission around 1550 nm is supported.  The Electronic Integrated Circuit (EIC) is fabricated with a separate 

process and then flip-chip assembled to the wafer through copper pillars (see Fig. 1a). This choice allows to 

optimize both technologies separately, giving maximum design flexibility and minimal degradation with respect 

to fully integrated solutions. 

Both PIC and EIC are tested separately at wafer level before assembly, using for both a fully automatic 300 mm 

compatible electro-optical probing station. This feature, fundamental for large scale industrial production, is 

enabled for the PIC by grating couplers. After the assembly of EICs on the PICs wafer, an Electro-Optical Wafer 

Sorting (EOWS) is finally performed with the same tool.  

To ensure performance repeatability and uniformity of the devices at wafer level, a fine control of all the process 

steps is fundamental. For instance, focusing on grating couplers definition, silicon etching is the most critical 

step. PIC25G process control gives a within-wafer remaining Si thickness variability range of 6 nm (see Fig. 1b) 

while the wafer-to-wafer standard deviation is about 2 nm (see Fig. 1c). This process control allows a peak 

wavelength dispersion of grating coupler with a σ∼2.4 nm, able to guarantee strict specifications required by 

field applications. The SEM and TEM images of some of the active and passive devices developed in PIC25G are 

reported in Fig. 2. This set of devices, together with fundamental passive building blocks such as bends, multi-

mode waveguides, tapers, directional couplers, and Y-junctions, forms a complete photonic technological 

platform, allowing to realize complex photonic integrated circuits. STMicroelectronics silicon photonics 

platform enables the fabrication of multi-channel transceivers with aggregate data-rate of 100 Gbps and beyond 

[1]. Transmission of non-return to zero (NRZ) modulated signals at 25 Gbps and 56 Gbps per-lane has been 

recently demonstrated with lower power consumption with respect to the state-of-the art [10]. 

Fig. 1. (a) EIC die to 300 mm silicon photonics wafer assembly; (b) within-wafer remaining silicon thickness; (c) wafer-

to-wafer remaining silicon thickness statistic. 



In order to enable a fast, safe and product-oriented design, all the devices developed are included as building 

blocks in process-dedicated libraries within a Product Design Kit (PDK). The PDK provides an integrated 

environment for schematic-level photonic circuit design, circuit mask layout generation and performances 

simulations based on devices accurate modelling. The PDK also provides automatic check decks as Layout 

Versus Schematic (LVS) and Design Rules Checker (DRC), assuring compliancy with process design rules, a key 

point to guarantee manufacturability. Finally, the possibility of a full co-simulation of electrical and optical 

devices and circuits in 3D configuration is also included. 

The next step for Silicon Photonic transceivers is addressing Wavelength Division Multiplexing (WDM) 

transmission systems. In order to move towards this kind of applications, a key element is the introduction of 

devices enabling for multi-wavelength management (Mux/DeMux). When the number of channels to be handled 

is low (i.e. 2, 4), Mach-Zehnder-based lattice filters [11, 12] represent the best solution to obtain low-loss and 

flat-band filters. However, in order to allow performance control and repeatability to maintain a high-yield, the 

design needs to be optimized minimizing sensitivity to process tolerances. The device has been fully engineered 

to achieve this task. Waveguide cross section has been optimized by using multi-mode waveguides for filter 

delay lines [11] and geometry of the single stage is engineered in order to minimize optical path lengths. Fig. 3a 

shows the measured response of a ninth-order filter designed to separate two channels compliant with the 

Coarse WDM grid requirements.  

The measurements of 65 replicas of the same device (over different 300 mm wafers) are superimposed in the 

picture to highlight the good performance and the high repeatability obtained. Considering a channel 

bandwidth of 13 nm, the maximum Insertion Loss (IL) varies from 0.6 dB to 1.5 dB, with a median value of 1 

dB, while the minimum Cross Talk (XT) varies from 8.4 dB to 16 dB, with a median value of 11.8 dB. A 

straightforward technique to achieve XT values usually required to fulfil system-level specifications, is to 

cascade the same filter as in [12]. This allows in fact to double the XT at the price of doubling the IL.  When a 

larger number of channels has to be handled and a smaller footprint is required, Arrayed Waveguide Gratings 

(AWGs) are usually the preferred solution. Employing again multi-mode waveguides to reduce fabrication 

tolerance sensitivity, we designed and fabricated an AWG working on the CWDM grid with flattened band as in 

[13]. In Fig. 3b the measured spectra of the same AWG over 20 chips on different 300 mm wafers are reported. 

As for the lattice filter case, good performance repeatability is obtained. We demonstrated band flattening, 4.0 

Fig. 3. (a) Measured transmission of 65 replicas (over different wafers) of a ninth order lattice filter. (b) Measured 

transmission of 20 replicas (over different wafers) of an AWG. Note that all spectra have been normalized by the means of 

reference grating couplers. 

Fig. 2.  (a) SEM top view of single polarization and polarization splitting grating couplers. TEM cross section of (b) single 

mode waveguide (c) photodiode and (d) PN junction based phase modulator. 



dB IL, 10nm -1dB bandwidth and 20 dB Crosstalk. 

The reported results demonstrate that silicon photonics technology can play a role also for WDM applications 

in the near future. A future where, in order to keep up with the needs for larger aggregate bandwidths, also 

transmissions at higher bit-rates per lane (e.g. 56 Gbps) and with advanced modulation formats (e.g. PAM and 

QAM) will have to be provided. In order to implement novel functionalities, the development of new basic 

components and the improvement of the platform technology are required. The potential of silicon photonics 

can be enhanced by adding different active and passive optical materials through hybrid or monolithic 

integration [14]. Promising results have been recently shown in literature [15, 16]. Once the solutions most 

suitable for the chosen applications will be identified and selected, the main challenge will be reaching the 

requirements of the large volume production: high yield, efficient testing and sustainable supply chain. 
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Future microprocessors will need an unprecedented many-core architecture providing 

chip-scale optical communication, and for on-chip-com networks in particular, this 

architecture should be fully integrated with transmitters, photoreceivers, and other 

functional nanophotonic devices with low energy consumption. One of the challenges 

with these opto-electronic devices is to realize a device capacitance (C) as small as the 

fF level or less. Such devices are able to operate in the femtojoule/bit energy regime, 

which is required for future chip-scale photonic technology [1].  

 For a photodetector (PD), a low C would allow connection to a high impedance load 

while retaining the RC bandwidth, and this would eliminate the need for power-

consuming electrical amplifiers. Such a device is called a receiver-less PD and it 

provides ultralow-energy operation [2, 3]. Photonic crystals (PhCs) are promising as 

such small PDs because of their strong light confinement in an ultrasmall dimension. In 

this work, we use PhC-PDs with an embedded InGaAs absorption layer in an InP-based 

PhC waveguide, which we obtained using a compact buried-heterostructure (BH) (Fig. 

1a and 1b). This structure can confine both photons and carriers in an ultrasmall space, 

and hence the length was reduced to just 1.7 µm and the capacitance was less than 1 fF 

(Fig. 1c). Even with such a small size, the optical responsivity remains high at 1 A/W 

and there is clear eye opening for a 40-Gbit/s signal (Fig. 1d). These features meet the 

demand for an amplifier-free PD terminated with a high impedance load. We 

investigate the integration of the PD with a several-kΩ load resistor to demonstrate on-

chip light-to-voltage conversion. A conversion efficiency as high as 4 kV/W was 

observed, and the expected bandwidth exceeds 10 GHz. This suggests that the optical 

energy required for generating a CMOS voltage level (assumed to be 0.2 V) is less than 1 

fJ/bit, which can be obtained without electrical amplifiers [3]. These results reveal a 

successful way of realizing an ultrasmall/ultralow-energy photoreceiver. 

 

Fig. 1 PhC-PD. (a) Schematic of PD structure. (b) Cross-sectional view SEM images of 

fabricated device. (c) Calculated capacitance of PhC-PD. The blue curve is calculated 

from the parallel-plate model. The red plots are results simulated by the finite-element 

method with a 3-D model. (d) Photocurrent versus optical power characteristic and eye 

diagram for 40-Gbit/s NRZ optical signals. 
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We also studied an electro-absorption modulator (EAM) based on a PhC waveguide 

with the aim of realizing an ultralow-energy transmitter. An EAM has great potential for 

reducing the size, C, and driving voltage Vpp, compared with those of an electro-optic 

modulator involving the phase shift of light. However, the additional energy associated 

with the photocurrent flow under reverse voltage will increase the total electrical 

energy consumption. In this work, we demonstrated an EAM based on an InGaAsP-

embedded PhC waveguide (Fig. 2a) [4]. This revealed a broadband optical modulation 

(Fig. 2b) and a dynamic modulation bit rate of up to 56 Gbit/s (Fig. 2c). The air-bridge 

structure and a device length of 100 µm or less result in a small C of ≤ 13 fF while 

operating with a Vpp of < 1 V, and this results in a charging energy of 1.6 fJ/bit. In 

particular, operation at a low reverse voltage of −0.2 V for a 3-dB extinction ratio 

effectively reduces the photocurrent energy. As a result, the total electrical energy 

needed for our EAM remains < 2 fJ/bit. This energy is lower than that of any waveguide 

EAM. These results show that our EAM overcomes the significant energy bottleneck 

exhibited by previous EAMs. 

 Our results suggest the potential for using our EAM and PD as a small-footprint 

low-energy transmitter and receiver, respectively. Monolithic integration with PhC 

nanolasers [5] that have a similar BH structure should be possible on the same InP-PhC 

platform, and even integration on silicon would be possible with a heterogeneous 

fabrication technique. This is an attractive way of constructing a dense nanophotonic 

functional architecture on a CMOS chip. 

Acknowledgement 

This work was supported by CREST, Japan Science and Technology Agency. 

References 

[1] D. A. B. Miller, Device requirements for optical interconnects to silicon chips, Proceedings of 

the IEEE, vol. 97, pp. 1166-1185, 2009 

[2] C. Debaes, A. Bhatnagar, D. Agarwal, R. Chen, G. A. Keeler, N. C. Helman, H. Thienpont, and D. 

A. B. Miller, Receiver-less optical clock injection for clock distribution networks, IEEE Journal 

of Selected Topics in Quantum Electronics, vol. 9, pp. 400-409, 2003 

[3] K. Nozaki, S. Matsuo, T. Fujii, K. Takeda, M. Ono, A. Shakoor, E. Kuramochi, and M. Notomi, 

Photonic-crystal nano-photodetector with ultrasmall capacitance for on-chip light-to-voltage 

conversion without an amplifier, Optica, vol. 3, pp. 483-492, 2016 

[4] K. Nozaki, S. Matsuo, T. Fujii, K. Takeda, M. Ono, A. Shakoor, E. Kuramochi, and M. Notomi, 

Ultralow-energy InGaAsP modulators based on a photonic crystal waveguide/nanocavity 

involving the Franz-Keldysh effect" in CLEO Pacific Rim, Busan, 27P2-69, 2015 

[5] K. Takeda, T. Sato, A. Shinya, K. Nozaki, W. Kobayashi, H. Taniyama, M. Notomi, K. Hasebe, T. 

Kakitsuka, and S. Matsuo, Few-fJ/bit data transmissions using directly modulated lambda-

scale embedded active region photonic-crystal lasers, Nature Photonics, vol. 7, pp. 569-575, 

2013 

 

Fig. 2 PhC-EAM. (a) Schematic of EAM structure. (b) Relative transmission spectra for 

different VDC in LEAM = 105 µµµµm device. All the spectra are normalized with the spectrum 

of VDC = +0.5 V. (c) Eye diagrams at bit rates of 40 and 56 Gbit/s. The Vpp was 2.0 V 

(swing from − − − −1.5V to ++++0.5 V). 
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Ge epitaxial layers on Si have been studied for near-infrared (NIR) photodiodes (PDs) in 
Si photonics as well as for optical modulators and lasers. In this presentation, our 
recent progresses [1-5] are presented on waveguide-integrated vertical pin PDs using 
Ge epitaxial layers grown on Si-on-insulator (SOI) layers as well as Ge/SiGe 
heterostructure technologies for higher-performance photonic devices.  

For practical telecommunication applications, there exist severe requirements in the 
device performance for Ge PDs, (1) high photodetection efficiency at 1.3 - 1.6 µm, (2) 
high operation frequency more than 10 GHz, (3) low dark leakage current as small as 1 
µA or below, etc. These requirements should be satisfied even at temperatures as high 
as 80˚C. High-quality Ge layers on Si are necessary, and the device structures and 
processes should be optimized. A typical optical microscope image for a fabricated Ge 
pin PD and the schematic cross-section are shown in Fig. 1. Waveguide-integrated Ge 
PDs were successfully fabricated using Ge epitaxial layers selectively grown on SOI 
layers by chemical vapor deposition (CVD).  

 

Fig. 1. (a) Typical optical microscope image and (b) schematic cross-section for Ge PD 
integrated with Si optical waveguide. 

Figure 2(a) shows typical current-voltage (I-V) characteristics under dark and under 
the illumination of 1.55-µm light through the Si waveguide. The dark leakage current 
showed a small value of 0.02 µA at the 1-V reverse bias. The current was increased with 
the illumination, revealing a successful PD operation. A high responsivity was obtained 
to be 1.0 A/W.  

 

Fig. 2. (a) I-V characteristics with and without illumination of 1.55-µm light, (b) I-V 
characteristics under dark at different temperatures, and (c) frequency response.  
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Temperature dependence of I-V characteristics was measured under dark, as in Fig. 
2(b). The dark current was less than 1 µA even at the increased temperature of 100˚C, 
which is typically required for the practical applications. Figure 2(c) shows a typical 
frequency response. The 3-dB cutoff frequency was as large as 12 GHz, which was 
limited by the RC delay due to the high series resistance. The reduction of series 
resistance should lead to the 3-dB cutoff frequency more than 30 GHz.  

SiGe/Ge heterostructures have potential applications to higher-performance devices. 
An example is low-noise and low-voltage avalanche photodiode (APD), where a SiGe 
layer is inserted at the interface between the optical absorption layer of Ge and the 
carrier-multiplication layer of Si or Ge, as in Figs. 3(a) and 3(b). The band discontinuity 
at the interface can realize low-noise and low-voltage APDs, resulting from an enhanced 
impact ionization for photo-generated carriers injected from the Ge optical absorption 
layer via SiGe. As in Fig. 3(c), the measured multiplication gain for hole-injection 
Ge/SiGe/Ge APDs was reduced in comparison with APDs without SiGe. This indicates 
that the SiGe/Ge heterojunction is effective for the low-voltage APD operation, although 
the excess noise characteristics are under investigations. Band engineering is also 
discussed using strained SiGe, which serves as a stressor to externally apply a stress to 
Ge mesa stripes selectively grown on Si. 

 

Fig. 3. Schematic band diagrams for Ge/SiGe heterostructure APDs. 
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