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Alexander Caut
Photonics Laboratory
Department of Microtechnology and Nanoscience - MC2
Chalmers University of Technology

Abstract

To follow the trend of the data traffic and to limit the size of the hy-
perscale data centers, communication solutions offering small footprint,
low cost and low power consumption are needed. Optical interconnects
used in data centers are mostly short reach (approximately 100 m) based
on GaAs-based 850 nm vertical-cavity surface emitting lasers (VCSELs)
and OM4 multimode fibers (MMF). However, with 1 km-long optical
links, the use of VCSEL-MMF at 850 nm becomes challenging at high
data rates (Tb/s) due to large modal dispersion and high propagation
loss. Therefore, other cost-effective methods are needed to compensate
these limits. Single mode GaAs-based VCSELs have been demonstrated
at 1060 nm of wavelength, where the chromatic dispersion is lower, for
optical links ranging between 300 m and 10 km. This solution could be
a better alternative than InP-based distributed feedback laser sources
at 1310 nm in terms of cost and energy dissipation. As the modulation
bandwidth of GaAs-based single mode VCSELs is limited to around
30 GHz, reaching the capacity target then requires a wavelength divi-
sion multiplexing scheme with parallel single-core fibers (SCFs) or even
multi-core fibers (MCFs)

In this thesis we discuss different types of demultiplexers at 1060
nm of wavelength. The proposed designed demultiplexers are arrayed
waveguide gratings (AWGs) and cascaded Mach-Zehnder interferometers
(MZIs). These two technologies are compared in terms of transmission,
bandwidth, crosstalk and footprint with the number of output channels.
Grating couplers at 1060 and 850 nm for on-chip coupling are also stud-
ied. The goal is to couple the light coming from a single mode fiber or a
VCSEL with the lowest possible loss and back reflection.

Keywords: arrayed waveguide gratings, Mach-Zehnder interferometers,
insertion loss, crosstalk, grating couplers, power splitters, polarization,
silicon photonics, silicon nitride.
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CHAPTER 1

Introduction

1.1 Network traffic

Global data traffic has been increasing at an exponential rate in the
past decade. Mobile data traffic alone was 62 exabytes per month in
2020 and is expected to reach 607 exabytes in 2025 and 5016 in 2030
[1, 2]. While 5G technology is being released worldwide, 6G is already
under development to meet the high demand for high-speed internet [2]
and the backbone of the internet infrastructure are optical cables and
data centers. Data centers consist of a vast amount of servers where
most of the world’s data is stored and accessed. These servers require
a substantial amount of power and cooling. According to an European
Commission report, data centers consumed 2.7 % of electricity within the
EU in 2018 and could reach 3.21 % in 2030 [3]. This is due to the growing
size and number of data centers. The number of hyperscale data centers
was 259 in 2015, 448 in 2018 and reached 700 at the end of 2021 [4].
The largest data center measures now 1 000 000 m2 [5]. This means that
to limit the increasing size of the hyperscale datacenters, interconnect
solutions offering small footprint, low cost and low power consumption
will be needed. Today’s optical interconnects used in data centers are
short reach and use standard GaAs-based 850 nm vertical-cavity surface
emitting lasers (VCSELs) and OM4 multimode fibers (MMFs) [6–8]. At
this wavelength, the fiber links typically reach distances of 100 m [9] at
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Chapter 1. Introduction

data rates of 25 Gb/s on-off keying (OOK) and 50 Gb/s pulse amplitude
modulation 4-level (4PAM) [8, 10, 11]. 4PAM modulation is of interest
as the data rate is increased by a factor of 2. However, the 4-PAM
modulation format requires a higher signal-to-noise ratio (SNR) to get
the same level of bit error rate (BER) than with OOK modulation [11].

1.2 VCSEL-based interconnects

1.2.1 Short-reach interconnects at 850 nm

GaAs-VCSELs at 850 nm are used in 95% of optical interconnects with
typical lengths around 100 m [9, 12]. Data rates close to 100 Gb/s were
achieved on these VCSELs with 4PAM [13]. Typical energy dissipations
close to 100 fJ/bit at 50 Gb/s are reported in Ref [14]. However, the
length of the optical links are limited due to chromatic dispersion in
the fiber and propagation loss. The chromatic dispersion at 850 nm
reaches -85 ps/nm/km in silica MMF and the propagation loss exceeds
2 dB/km [7, 15]. One possibility to reduce the chromatic dispersion
effect consists in using single-mode (SM) VCSELs as the bandwidth is
much narrower than for multimode ones [7]. Moreover, SM-VCSELs
reduce the impact of modal dispersion if launched into carefully selected
mode groups of the MMF [7,16]. Unfortunately, this also requires higher
alignment precision as misalignment between SM-VCSELs and MMFs
can lead to higher order modes excitation [7].

1.2.2 Medium-reach interconnects at 1060 nm

With the increasing size of hyperscale data centers and the limited length
of short links at 850 nm, new solutions are needed to face this challenge.
With the recent development of efficient GaAs SM-VCSELs emitting
at 1060 nm [17] and with the reduced propagation loss and chromatic
dispersion at 1060 nm (about 1 dB/km and -25 ps/nm/km respectively)
[15], optical links at 1060 nm are of interest. After several efforts, with a
pre-emphasis on GaAs-VCSELs at 50 Gb/s an error-free VCSEL-SMF 1-
km long optical link was achieved without forward error correction (FEC)
[18]. The used SMF was a prototype with negative dispersion. Links
using InP distributed feedback lasers at 1310 nm are another alternative
due to low propagation loss and chromatic dispersion but less efficient [8].

2



1.2. VCSEL-based interconnects

1.2.3 Space division multiplexing (SDM)

To enable high data rate transmission, one existing technology based on
multicore fibers (MCFs) consists of transmitting the data from an array
of VCSELs, spatially matching the different cores of the fiber. According
to Ref [19], the record demonstrated in SDM systems in 2020 was 10000
Tb/s. However, the spectral efficiency of this type of fiber is limited by
the core count due to crosstalk coming from adjacent cores [19].

1.2.4 Wavelength division multiplexing (WDM)

WDM is another technology to reach high data rates. The two main
types of WDM are coarse WDM (CWDM) where the channel spacing is
usually 20-25 nm [20, 21] and dense WDM (DWDM) where the channel
spacing is below 1 nm [22]. DWDM is the preferred scheme for long-
haul communications in the C band (1530-1565 nm) due to the limited
bandwidth of erbium doped fiber amplifiers (EDFAs). With the reduced
footprint of VCSELs (250 x 250 µm2) [20], it is possible to combine
signals coming from different VCSELs (emitting at different wavelengths)
into one fiber with the help of a multiplexer (MUX). Schemes using
shortwave WDM that multiplex four wavelengths (850, 880, 910 and
940 nm) in a multimode fiber OM5 have been demonstrated in Ref [23,
24] with 4PAM modulation and enable up to 400 Gb/s [25]. However,
parallel discrete VCSELs increase the footprint of the transmitter where
there is a need for higher bandwidth densities. One solution to reduce
the footprint consists in manufacturing multi-wavelength VCSELs arrays
as proposed in Ref [8].

1.2.5 Role of silicon photonics

The technologies mentioned above allow a significant increase of the data
rate in optical links, but with the substantial lack of space in the optical
interconnects, the need of small device footprint and high bandwidth
density require low cost and integrated solutions for space and wave-
length division multiplexing.

On the one hand, electronic integrated circuits (EICs) are currently
widespread in telecommunication and silicon is one of the dominating
materials in the electronic market due to its properties, abundance and
compatibility with CMOS processes. On the other hand, photonic inte-
grated circuits (PICs) are also of interest for CMOS compatible wafers.
Silicon photonics is also well established in the market due to its low cost
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and its CMOS-compatibility. For example, IBM is developing low-cost
hybrid silicon electronic-photonic chips for high bandwidth transmission
(10 Tb/s) [26]. In addition, according to Ref [27], silicon photonics is
playing a key role in future generations co-packaging technology. To en-
able significant tighter integration between optical links and electronic
integrated circuits, integration of lasers and electronics is essential. How-
ever, due to the indirect bandgap of silicon, electron-hole radiative re-
combination that is necessary to create stimulated emission cannot to
occur. This is why semiconductor lasers are based on direct bandgap
materials, typically in the III-V semiconductor region [28,29].

One cost-effective technique used to integrate light sources such as
VCSELs in PICs is to flip-chip bond the laser over the PIC with an
optimized tilt-angle into a surface coupler. Flip-chip integration of VC-
SELs have been demonstrated previously in Ref [30] and is also dis-
cussed in Paper [B]. The flip-chip is realized with deposition of a solder
ball between the VCSEL and the PIC, also allowing electrical contact-
ing. Moreover, integration of laser sources via direct hetero-epitaxial
growth of III-V materials on silicon have been demonstrated [31] and
co-packaging of electronic and PICs led to recent demonstrations of 1.6
Tb/s transceivers [32]. In addition, silicon photonics enables compact
and low cost integration of WDM components while being compatible
with complementary metal-oxide-semiconductor (CMOS) processes [33].
For example, the arrayed waveguide grating (AWG) is a well known com-
ponent for WDM [34–36] and can be integrated in silicon [22], silicon
nitride [20], silica [37] and other materials.

1.3 This thesis

This thesis will first discuss in Chapter 2 the different usable materials for
the integrated optical waveguides, the simulation methods to estimate
the insertion loss and also the different waveguide designs. The focus of
this thesis is on design, characterization and analysis of different types
of fiber-chip couplers at 850 nm and 1060 nm. Chapter 3 of the thesis
will focus on the transmitter side of the WDM optical interconnect at
1060 nm. Paper [A] expands the results of Chapter 3 and proposes two
types of (de-)multiplexers which are (i) the arrayed waveguide gratings
(AWGs) and (ii) the cascaded Mach-Zehnder interferometers (MZIs). A
deep analysis on robustness of these two technologies to fabrication devi-
ations (waveguide dimension, refractive index change), crosstalk, inser-
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1.3. This thesis

tion loss, signal-noise-ratio (SNR), device’s footprint with the number
of channels and sensitivity to temperature compared to the VCSEL’s
temperature shift is presented as well. Chapter 4 will focus on grating
couplers and a photonic integrated circuit including a flip-chipped VC-
SEL and a photodiode at 850 nm is demonstrated on Paper [B]. Chapters
5 will then focus on the receiver of the optical interconnect at 1060 nm.
Papers [C] and [D] expands the results of Chapter 5 on the receiver at
1060 nm and focus on polarization insensitivity. Paper [C] proposes a re-
ceiver based on a square polarization independent waveguide and Paper
[D] a receiver based on a thin waveguide. Chapter 6 proposes a pho-
tonic integrated circuit design based on micro-comb frequency source for
optical interconnects at 1550 nm. The explored demultiplexers in this
chapters are AWGs and a demonstration of a photonic integrated circuit
is shown in Paper [E]. Finally, Chapter 7 presents an outlook for future
work on these optical interconnects and Chapter 8 summarizes the main
results in the papers.
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CHAPTER 2

Waveguide theory and simulation methods

Design of integrated photonic devices requires selection of the appropri-
ate material and the waveguide geometry depending on the wavelength
and the device requirements. Indeed, the waveguide material will have
an impact on the mode confinement, the device’s footprint and the wave-
guide dimensions. The waveguide is either sandwiched between cladding
layers made of silica for good mode confinement or just deposited on
top of a silica cladding layer. For good mode confinement, the core in-
dex must be larger than the cladding index. The most commonly used
waveguide materials in silicon photonics are silicon, silicon nitride and
silica, and these will be discussed below.

2.1 Waveguide materials

2.1.1 Silicon waveguides

Silicon (Si) is a material that is CMOS-compatible, which is important
for semiconductor devices. Due to high refractive index contrast between
silicon and silicon dioxide (SiO2), the mode confinement in the waveg-
uide is excellent, allowing ultra-short bending radius (a few micrometers)
and thus small footprint. However this also leads to strong roughness
of waveguide sidewalls and higher scattering loss [38]. Si-waveguides are
mostly based on a silicon-on-insulator (SOI) platform. In addition, the
Si material has low absorption in the wavelength range 1.1-8.5 µm, which
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means this material cannot be used for optical interconnects with wave-
lengths shorter than 1.1 µm (for example 850 nm or even 1060 nm) [39].
Finally, Si waveguides have an effective index that is very sensitive to
waveguide width variation. Indeed, multiplexers (AWGs, MZIs) made
of Si waveguides show a shift of 1 nm in the transmission spectra for a
waveguide width deviation of 1 nm [39]. As we want to make robust de-
signs to any fabrication deviation, this material is therefore less suitable
for our devices.

2.1.2 Silicon nitride waveguides

Silicon nitride (SiN) waveguides make a good alternative to waveguides
made of silicon. Also being a CMOS-compatible material, the refrac-
tive index of Si3N4 being around 2.00 at 1050 nm of wavelength, the
refractive index contrast between the SiO2 cladding and the waveguide
is thus much smaller. This decreases the sensitivity of scattering loss
due to sidewall roughness. Silicon nitride can be deposited either in
low-pressure chemical vapor deposition (LPCVD) at 700◦C, in plasma
enhanced chemical vapor deposition (PECVD) at less than 400◦C [38,40]
and also with sputtering. The LPCVD deposition method has the ad-
vantage of keeping control of the SiN stoichiometry and is most suited for
the telecom band (1550 nm) [38], and also in the 1 µm band. Moreover,
SiN can be used for wavelengths much shorter than 1.1 µm as opposed
to Silicon, and varying the N/Si ratio can cover wavelengths close to 400
nm [39]. The SiN waveguide is deposited with LPCVD in Paper [A] and
PECVD in Paper [B] (at 850 nm of wavelength). The drawback of SiN
with respect to Si is that its lower refractive index leads to lower mode
confinement, which prevents small bending radius in curved waveguides
and increases the device’s footprint [41]. However, this is largely com-
pensated by the ultra-low propagation loss obtained in SiN waveguides,
which is an important priority for our research. Therefore, SiN was se-
lected for fabrication in the cleanroom and platform development.

2.1.3 Silica waveguides

Silica (SiO2) is another interesting alternative to silicon for wavelengths
shorter than 1.1 µm. Due to low index contrast between the core and
the cladding (also made of silica), the waveguide dimensions can almost
match the fiber’s core, enabling ultra low fiber-chip coupling loss (0.1
dB) [39]. In addition, this material can provide low propagation loss
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2.2. Waveguide geometries

(0.017 dB/cm for a 7 µm x 7 µm waveguide) [39]. Nevertheless, the
extremely low contrast between the core and the cladding will require
ultra-large bending radii (up to tens of millimeters) and thus to large
size devices [39,41].

2.2 Waveguide geometries

2.2.1 Designs

The most common waveguide for telecommunication is the optical fiber
which consists of a circular core made of silica surrounded by a circu-
lar silica cladding. The relative refractive index difference between the
core and the cladding is circa 0.01, the core index being greater than
the cladding index. However, for optical integration, the waveguide ge-
ometry needs to be adapted to the layer deposition which is planar.
Therefore, the preferred geometry in integrated photonics is rectangular
and the main waveguide designs are the strip and the rib waveguides [42]
as illustrated in figure 2.1. The core materials used were discussed in the
previous section (silicon nitride is chosen here) and the cladding is silica.
Thick and wide waveguides surrounded by cladding allow strong confine-
ment of the optical mode in both vertical and horizontal directions.

Figure 2.1: Scheme of (a) strip and (b) rib waveguide.

The strip waveguide requires only one etching step whereas the rib
waveguide requires two steps [43]. Moreover, the strip geometry allows
smaller bending radius, which reduces the device footprint. However,
the main source of propagation losses is the roughness on the waveguide
sidewalls and the rib design has lower sidewalls compared to the strip
design for the same geometry [43]. This makes the rib design interesting
for devices based on thick waveguides (740 nm thick for SiN at 1550 nm
of wavelength). The waveguide confinement factor represents how well
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the electromagnetic field is confined in the core and can be defined as
the ratio of the electromagnetic fields within the core area to the elec-
tromagnetic fields within the full structure (top and bottom claddings
included) [44–46]. Therefore, a thick waveguide will have a larger con-
finement factor than a thin waveguide.

2.2.2 Mode propagation and polarizations

The guided mode in the waveguide has a parameter called effective index
denoted neff, given by

neff =
β

k0
, (2.1)

where β is the waveguide propagation constant and k0 = 2π
λ0

the wavenum-
ber with λ0 being the wavelength of light in vacuum. The condition on
the effective index for the optical mode to be guided in the waveguide
is ncl < neff < nc, ncl being the cladding index and nc the core index.
Fig. 2.2 shows an example of the simulated mode field profiles in the two
polarization states (in the case of a single mode waveguide at 1550 nm
of wavelength). The waveguide in the simulation is SiN and the cladding
is SiO2. There are two polarization states possible for the mode field:
the TE polarization state in which the electric field is in the y-direction
(fig. 2.2.a) and the TM polarization state in which the electric field is in
z-direction (fig. 2.2.b).

Figure 2.2: Mode field profiles of (a) TE00 and (b) TM00 modes (h = 740
nm, w = 740 nm) at 1550 nm of wavelength.
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2.2. Waveguide geometries

The waveguide is square-shaped and is 740 nm thick and 740 nm
wide. Therefore the fundamental TE and TM modes have almost the
same effective indices (neff, TE00 = 1.6937 and neff, TM00 = 1.6936). The
simulations are carried out in lumerical FDE (Finite Difference Eigen-
mode). Even though the waveguide is square-shaped, the effective indices
of the TE00 and TM00 slightly differ due to the anti-symmetry of the sim-
ulation region. Indeed, the different layers of SiO2 (thermal, LPCVD and
PECVD) are also taken in account, each one having slightly different re-
fractive indices. As the modes are well confined in thick waveguides, low
bending radius can be achieved with low loss. In addition, thick waveg-
uides can achieve low polarization sensitivity as shown in the simulations.
However, thick waveguides need to have a reduced width in order to be
single mode. As a result, the modes shown in Figure 2.2 have a strong
interaction with the sidewalls, leading to higher radiation loss due to
roughness [47]. One possibility to reduce the mode interaction with the
sidewalls consists in increasing the waveguide’s width. Unfortunately,
the waveguide would become multimode as higher-order modes can be
excited [48] and propagate through the cascaded devices in a photonic
integrated circuit, thus spoiling the signal. Therefore, there is a tradeoff
between good mode confinement and single mode behaviour. Fig. 2.3
shows the simulation of the mode field profiles for a 200 nm thick and
1500 nm wide waveguide, at the same wavelength.

Figure 2.3: Mode field profiles of (a) TE00 and (b) TM00 modes (h = 200
nm, w = 1500 nm) at 1550 nm of wavelength.

The simulations show that mode confinement is more moderate when
looking at the effective index values. The fundamental TE00 mode is
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more confined than the TM00 mode (neff, TE00 = 1.5384 > neff, TM00 =
1.4548). As the waveguide is thin and rectangular-shaped, the modes
are much less confined than in the square-shaped waveguide in fig. 2.2.
This generally results in higher radiation losses in bent waveguide sec-
tions which have to be compensated with larger bending radius (thus
increasing the size of the device). As the TE mode is more confined than
the TM mode and thus less lossy, this is why the TE polarization state
is preferred in integrated optics.

In the next chapters, the fabricated devices we are going to explore
will be based on thin waveguides (around 160-170 nm thick and 900 nm
wide) and a center wavelength around 1035 nm.

2.3 Simulation methods

This section introduces the different simulation methods (FDTD, varFDTD
and EME) and explains which method is the most suitable depending
on the optical device.

2.3.1 FDTD solver

The FDTD solver simulates the whole device by solving the Maxwell
equations on a discrete spatial and temporal grid. The entire structure
is divided into multiple cells and the different field components (Ex,
Ey, Ez, Hx, Hy and Hz) are solved for each cell. It can simulate 3D
photonic structures such as grating tapers, tapers, Y-splitters and mul-
timode interferometers (MMIs). However, the computing time increases
exponentially with the size of the device. Therefore this solver is used to
simulate small devices in 3 dimensions (typical size: 20 µm x 40 µm x
1.5 µm) such as grating couplers, or other devices with bent structures
(Y-splitters, directional couplers). Finally, the simulation accuracy and
computation time are increased when reducing the size of the cells.

2.3.2 varFDTD solver

The varFDTD solver basically collapses a 3D-FDTD simulation into
an efficient 2D-FDTD simulation (often referred as 2.5D-FDTD), thus
significantly reducing memory requirements and computing time com-
pared to pure FDTD. This solver can thus simulate much bigger devices
than a conventional 3D-FDTD simulation (size: 1000 µm x 400 µm).
However, this method assumes that there is no coupling between the
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2.3. Simulation methods

slab modes guided in the vertical waveguide structure, or no polariza-
tion conversion [49]. Thus this method is efficient for planar and wide
structures. Typical devices that can be simulated with varFDTD are as
ring resonators, multi-mode interferometers (MMIs), directional couplers
(DCs) or Mach-Zehnder interferometers (MZIs). Nevertheless, conver-
gence testings are necessary to increase the simulation accuracy and,
depending on the size of the device, careful checks can be made with
either 3D-FDTD or EME simulations for result verifications.

2.3.3 EigenMode Expansion (EME) solver

EME is a frequency domain method that consists in bi-directionally
propagating the device to calculate the final S matrix. This simula-
tion method is adapted for straight continuously varying structures such
as tapers or MMIs. The first step of the EME solver consists in divid-
ing the device structure in a set of cells. Then the solver requires the
selection of the number of propagating modes for each defined section of
the device. Finally, the propagating mode for each input/output port of
the device are bi-directionally propagated through the device. The first
advantage of the EME solver over FDTD is that it only needs one cell to
simulate a rectangular region (for example the rectangular region of the
MMI). The second advantage is when in analysis mode, the solver can
scan the length of a tapered structure with hundreds of simulations in a
few minutes. For comparison, this step with FDTD would take several
hours to realize only a few simulations. In analysis mode, the solutions
to each section is bi-directionally propagated to calculate the S matrix of
the entire device. This method is extremely efficient as it allows the cal-
culation of the optimal length of the device. To increase the simulation
accuracy, the number of propagating modes needs to be increased.

Grating coupler MMI Directional coupler MZI
FDTD 4 min(2D), 2 h(3D) 1 h 1 h 60 h

varFDTD N.A. 4 min 4 min 30 min
EME N.A. < 4 min N.A. N.A.

Table 2.1: Solvers running times for different kind of devices
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Chapter 2. Waveguide theory and simulation methods

2.3.4 Summary

The running time of the different solvers and a few example devices are
summarized in table 2.1. The grating coupler, MMI, directional coupler
and the MZI have a size of respectively: 16 µm x 35 µm, 8 µm x 110
µm, 80 µm x 200 µm (bent waveguides included) and 700 µm x 200 µm.
Concerning the MMI, the EME solver will find the optimal length of the
rectangular region much faster than the other methods.
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CHAPTER 3

Demultiplexing technologies for coarse wavelength-division
multiplexing (CWDM)

In this chapter is proposed an integrated solution for future optical in-
terconnects at 1060 nm. Different demultiplexing technologies are re-
viewed and based on manufacturing tolerance and performance, two are
selected for the study in Paper [A]: the arrayed waveguide grating (AWG)
and the cascaded Mach-Zehnder interferometer (MZI). This chapter then
presents the design steps of the chosen technologies.

3.1 An integrated solution based on space and
wavelength division multiplexing

To face the increasing demand for high interconnect capacity, the key
challenge is reaching a capacity of several Tb/s [50]. In Paper [A] we
propose an integrated solution based on short reach coarse wavelength-
division multiplexing (CWDM) at 1060 nm. Parallel single-core fibers
(SCFs) or even multi-core fibers (MCFs) [51, 52] are used to reach the
target capacity as illustrated in Figure 3.1.

Figure 3.1 shows multi-wavelength GaAs-based VCSEL arrays flip-
chipped over grating couplers on a photonic integrated circuit (PIC).
The VCSELs are single-mode and their polarization needs to be stably
aligned with the grating coupler [17, 53]. Moreover, the flip-chipped
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Figure 3.1: Short reach CWDM at 1060 nm. The light from the VCSEL array
is coupled through grating couplers and guided to a multiplexer
(MUX), a demultiplexer (DEMUX) and to an array of photodi-
odes (PD).

Figure 3.2: Channel allocation of the CWDM. The vertical dashed lines il-
lustrate the wavelength emission of the VCSELs at different tem-
peratures. As the VCSELs are sensitive to temperature changes,
the bandwidth of the channels need to be broadband enough to
avoid extra-loss.

VCSELs are tilted to ensure low optical feedback [53]. The channel
separation between the VCSELs here is set to 8 nm. The VCSELs are
emitting at center wavelengths 1023, 1031, 1039 and 1047 nm and Figure
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3.2. Bit error rate (BER) and power budget

3.2 shows the desired channel allocation for the CWDM. The light from
the VCSELs reaching the photodiode (PD) is coupled with a grating
coupler for each channel. As explained in chapter 2 of the thesis, silicon
would allow compact integration of the passive components due ot its
high refractive index (around 3.57 at 1060 nm), but it is not transparent
in the 1015-1075nm spectral range [39, 54]. Therefore, the platform is
made of silicon nitride (SiN). Finally, since the VCSEL’s polarization are
controlled, the transmitter is specifically designed for TE polarization.
However, at the receiver side the polarization is no longer controlled
as it is not maintained over distance in the parallel SMFs. Therefore,
the receiver needs to be polarization independent, which is going to be
discussed in chapter 5.

3.2 Bit error rate (BER) and power budget

In Ref [8] also at 1060 nm, the BER was calculated at the receiver when
using two different modulation formats: on-off keying (OOK) and 4PAM
at 25 Gbaud. To reach a maximum BER of 10-3 for hard decision for-
ward error correction (FEC) [55], we estimated that the minimum power
required was -14 dBm with OOK and -8 dBm with 4PAM. A power bud-
get for each component (VCSEL-grating coupler, MUX, waveguide-fiber
coupler, fiber-waveguide coupler, DEMUX, grating coupler-PD) was set
based on the power received using 4PAM modulation format and a max-
imum insertion loss of 2 dB per component was estimated doable (Table
3.1).

The minimum desired data rate with this setup is 1 Tb/s. This is
possible by multiplexing the 4 wavelengths of the VCSEL arrays to 6
parallel single-mode fibers in a single optical cable, where each VCSEL
provides a data rate 50 Gb/s using 4PAM modulation format [8]. There-
fore, with a single 4-array of VCSELs providing 200 Gb/s, a number of
6 arrays would provide 1.2 Tb/s.

The bit error rate (BER) for OOK is given by [56]:

BER =
1
2
erfc

(√
SNRtot

)
, (3.1)

where SNRtot is the total signal-to-noise ratio (SNR) that includes the
crosstalk XT and is expressed as:

SNRtot =
( 1

SNR
+ XT

)−1
. (3.2)
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Loss (dB) Power (dBm)
VCSEL output 6
Grating coupler 2 4

MUX 2 2
Waveguide-fiber 2 0
Fiber-waveguide 2 -2

DEMUX 2 -4
Grating coupler 2 -6

Table 3.1: Power budget for each component. The VCSELs can deliver 6
dBm of power [8].

We estimated with equation 3.2 that a crosstalk of -20 dB would
give around a 1 dB-penalty on the SNR at a BER of 10-9. Therefore,
the maximum crosstalk value we would like for our devices is -20 dB.
The crosstalk is analyzed for the AWGs and MZIs when increasing the
number of channels. The average crosstalk per channel was calculated
for each device for 4, 8 and 16 channels and the results are given in Paper
[A].

3.3 Types of wavelength division (de-)multiplexers

In this section, we will review different types of demultiplexers. Their
insertion loss, crosstalk level, fabrication tolerance and footprint will be
discussed. Then we will explain which devices were selected for CWDM
at 1 µm of wavelength.

3.3.1 Arrayed waveguide gratings

An AWG consists of a set of arrayed waveguides connecting two free
propagation regions (FPRs), input waveguides linked to the first FPR
and output waveguides to the second as shown in Figure 3.3. AWGs are
attractive due to their potentially small footprint and to the low insertion
loss and low crosstalk level they can provide.

The arrayed waveguides connecting the FPRs have a constant length
increment. The light coming from the first FPR propagates through the
arrayed waveguides in which each wavelength undergoes a phase shift
provided by this length increment. The phase shift ∆Φn of the nth ar-
rayed waveguide is linearly dependent on the frequency ν and is given

18



3.3. Types of wavelength division (de-)multiplexers

by ∆Φn = 2πncνln/c, where c is the speed of light in vacuum, nc the
effective index of the arrayed waveguides and ln the length of the nth

arrayed waveguide. Finally, the wavelengths will interfere constructively
in the second FPR and focus at the output waveguides. The free spectral
range (FSR) is set by the length difference between the arrayed waveg-
uides [36]. In addition, the receiver and arrayed waveguide separations
and the FPR length set the channel spacing [36].

Figure 3.3: Illustration of an AWG

One particular advantage of AWGs is their flexibility about the pos-
sibility to insert several input waveguides since they are not on the same
side than the output waveguides. Indeed, hitting the target wavelength
might be a difficult task and there is usually a shift between simula-
tions and measurements. Therefore, if the light is sent through another
input waveguide along the Rowland circle [57] of the first FPR, the de-
vice’s spectra can be shifted. Finally, AWGs are dominant in dense
wavelength-division multiplexing (DWDM) due to the high number of
channels required, their flexibility and footprint and low fabrication con-
straints. Typical AWGs can support 32 channels spaced at 100 GHz
apart (0.8 nm) within the C-band spectrum (1550 nm) [58]. Large scale
25-GHz-spacing 400-channel AWGs have also been developed [59]. How-
ever, as the device’s footprint increases with the number of channels,
other technologies were developed. An AWG with overlapping FPRs was
demonstrated in [60]. It is also possible to flatten the device’s frequency
response by inserting a multi-mode interferometer at the input waveg-
uide, but then at the cost of higher insertion losses [20, 61]. The AWG
is one of our selected technology for wavelength division multiplexing.
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3.3.2 Reflective arrayed waveguide gratings

One way to reduce the AWG footprint consists in removing one FPR and
using a reflective structure in the arrayed waveguide section. The AWG’s
footprint is then reduced by a factor of 2. As opposed to conventional
AWGs, a RAWG has the input waveguide on the same side as the output
waveguides. The arrayed waveguides start from the FPR and are ended
with either conventional mirrors or with photonic crystal reflectors. How-
ever, dielectric or metal films are required for conventional mirrors and
the cleaved facets need to be critically smoothed [60, 62] and photonic
crystal structures also make the fabrication more challenging [63].

3.3.3 Echelle diffraction gratings (EDGs)

An EDG consists of an FPR with a reflection grating on one side and,
on the other side one input and several output waveguides. This device
provides low insertion loss and good crosstalk levels (below -20 dB) [60].
The phase delay is provided by the facets of the device. Moreover, the
insertion loss can be further improved by adding Bragg mirrors at the
facets [60]. The EDG’s footprint can be smaller than the AWG’s in
CWDM. However, in DWDM the AWG can be smaller than the EDG
[64]. In addition, this type of device requires smooth and deeply etched
grating facets to limit excess loss [60, 65] and the input waveguide is
situated on the same side of the output waveguides, limiting its flexibility
compared to the AWG.

3.3.4 Cascaded Mach-Zehnder interferometers

Cascaded MZIs are another type of demultiplexing devices and consist
of cascaded filters which are composed of two power splitters connected
by an upper and lower arm, with a path length difference. The power
splitters are either directional couplers (DC) or multi-mode interferom-
eters (MMIs). MZI filters have the advantage of being easy to design
and to manufacture, which make them a good alternative to AWGs in
CWDM. However in DWDM, when the number of channels exceeds 4,
the MZI becomes larger than the AWG. In addition, this type of device
provides low insertion loss [66,67] and low crosstalk level can be achieved
with either stage doubling [67,68] or with MMIs as shown in Paper [A].
Thus, this device was selected in addition to the AWG for comparison.
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3.3.5 Cascaded multimode waveguide gratings

Cascaded multimode waveguide gratings (MWG) are basically contra-
directional grating coupler-based devices. The major advantage of grating-
based devices is the reduced footprint [67]. The input light source is di-
rected to a multimode waveguide section and into a grating where the de-
sired wavelength is coupled back into an output single mode waveguide.
Previous works demonstrated four-channel CWDM cascaded MWG in
the O-band (1240-1360 nm) with channel spacing of 20 nm, insertion
loss below 1 dB and crosstalk level below -20 dB [69]. However, this
kind of technology requires strong grating apodization to achieve low
level crosstalk and strong corrugation depth to obtain flat-top channel
response [69,70].

3.3.6 Microring resonators

Microring resonators (MRR) are similar to MWGs and could constitute
a nice alternative to AWGs. Indeed AWGs can suffer from random phase
errors due to deviation from fabrication [71] and MRRs have the potential
of being compact, and in addition having low loss. However, multi-
microrings are necessary to achieve flat-top response and low crosstalk
level [72], thus increasing the sensitivity to fabrication inaccuracies [73].
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3.4 Power splitters

This section focuses on two kinds of power splitters used in cascaded
MZIs, namely the MMI and the directional coupler.

3.4.1 Multimode interferometers (MMIs)

The structure of a MMI consists of a group of input/output single mode
waveguides and a wide multimode waveguide in the middle. This type
of device has the advantage of being broadband and tolerant to fabri-
cation deviations [74]. The input field comes from one of the two input
waveguides and propagates through the multimode section. Imaging of
the input field can be achieved when the length of the device is set as
shown in Figure 3.4 [75]:

Figure 3.4: Field pattern (represented in blue) in a 2 x 2 MMI when the light
comes from the upper input waveguide.

Lπ is the beat length of the two lowest order modes in the MMI section
and is given by [61]:

Lπ =
4nrW2

e
3λ0

, (3.3)

where nr is the refractive index of the waveguide, We the effective width
of the MMI and λ0 the wavelength. When the length L of the multimode
section is set as L = 3/2 Lπ, double imaging of the input field is realized
with a loss of 3 dB for both output fields [75]. This is the length we
want to select for our device to obtain a 3 dB coupler. A scheme of the
designed MMI in Paper [A] is presented in Figure 3.5.

The example manufactured and discussed in Paper [B] is a 2 x 2
MMI (two input and two output waveguides) and consists of a W = 8
µm wide and L = 70 µm long slab-waveguide. The input and output
waveguides are spaced by W/3 and are linearly tapered to reduce the
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3.4. Power splitters

Figure 3.5: Illustration of the designed 2 x 2 MMI.

insertion loss introduced by the device [67]. However, these devices are
more difficult to design for arbitrary cross coupling coefficients [67]. The
device was designed with mode-solution Lumerical software, using both
EME and varFDTD solvers. The results of the simulations are shown in
Figure 3.6.

(a) (b)

Figure 3.6: (a) varFDTD simulated power distribution of the MMI for the
TE mode. (b) Transmission of the MMI. The ’Bar’ and ’Cross’
outputs are respectively the upper and lower outputs when the
upper input is selected.

3.4.2 Straight directional couplers (DCs)

The DC can be described as a set of two parallel waveguides enabling
the transfer of light from one waveguide to the other through evanescent
coupling. The device is characterized by 4 ports (2 inputs and 2 outputs)
and a straight section in which the light coupling occurs. DCs are attrac-
tive due to their low insertion loss, compactness and are easy to design
for arbitrary cross coupling coefficients. The main characteristics that
determine the cross coupling coefficient are the waveguide dimensions,
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the gap between the waveguides in the straight section and the length of
the latter. However, straight DCs are more wavelength dependent than
MMIs [67] and less tolerant to fabrication deviations. In Paper [A], three
DCs were designed for following cross coupling coefficient: K = 0.5, 0.29
and 0.08 [20, 66]. The length L of the straight section and the gap g
between the waveguides were chosen as L = 20 µm and g = 300 nm for
K = 0.5, L = 13 µm and g = 300 nm for K = 0.29, L = 13 µm and g
= 440 nm for K = 0.08. The field profiles and the transmissions of the
DCs are shown in Figures 3.7 and 3.8.

(b)

(a)

(c) (d)

W Wg

Bar

Cross

Input

Figure 3.7: (a) Drawing of a straight conventional DC with cross section of
the coupling region. VarFDTD simulated power distribution of
the DC for K = (b) 0.5 (c) 0.29 (d) 0.08 for the TE mode.

1020 1030 1040 1050

Wavelength (nm)

0

0.2

0.4

0.6

0.8

1

T
ra

n
s
m

is
s
io

n

Bar output

Cross output

1020 1030 1040 1050

Wavelength (nm)

0

0.2

0.4

0.6

0.8

1

T
ra

n
s
m

is
s
io

n

Bar output

Cross output

1020 1030 1040 1050

Wavelength (nm)

0

0.2

0.4

0.6

0.8

1

T
ra

n
s
m

is
s
io

n

Bar output

Cross output

(a) (b) (c)

Figure 3.8: Transmission of the DC for K = (a) 0.5 (b) 0.29 (c) 0.08.
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3.4.3 Curved DCs
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Figure 3.9: (a) Cross section of the curved DC with a scheme of the full
device. Here, g = 340 nm, R = 210 µm, θ1 = 40◦ and θ2 =
10.82◦. (b) Electric field profile of the curved DC. (c) varFDTD
simulation of the transmission of the device for the 50:50 splitting
ratio.

The main disadvantage of straight DCs is the wavelength dependence
of their transmission due to the the fact that the effective index neff of
the mode propagating through the waveguide depends on the wavelength.
This causes increased crosstalk in demultiplexers based on cascaded MZIs
[20, 67]. Therefore, one technique to compensate for the wavelength
dependence of neff consists in curving the coupling region of the DC as
shown in Figure 3.9. This device requires careful optimizations of the
radius R of the curved section, the gap g, and the angle θ. A broadband
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Figure 3.10: Comparison of the simulated (with varFDTD) cross output
transmission of the straight, curved DC and MMI for the 50:50
splitting ratio.

silicon on insulator DC combining curved with straight sections has also
been demonstrated [76].

In Figure 3.10 is plotted the simulated transmission of the straight/curved
DCs and MMI. It can be observed that the curved DC has a larger
bandwidth than the MMI. However, the smaller bandwidth of the MMI
is compensated by its good tolerance to manufacturing deviations. As
no curved DCs have been manufactured during this thesis, we have no
characterization results for these components.

3.4.4 Fabrication and measurements of power splitters

Figure 3.11 shows simulation and characterization results of the straight
DC and the MMI for the 50:50 splitting ratio. The measurements are
taken by cascading 4 devices for the MMI and 3 devices for the DC (one
DC presented an additional loss of 4 dB and was possibly damaged). The
measurements in overall are in good agreement with the simulations. The
measured average splitting ratio for the DC is 55:45 and the MMI has a
measured transmission of 0.47 at 1035 nm, which represents an output
power of 3.4 dB for both output waveguides. Therefore, the MMI has a
measured average additional loss of 0.4 dB. One can notice the strong
oscillations on the measured transmission of the DC, which are smaller
for the MMI.
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Figure 3.11: Microscope image of (a) cascaded straight DCs and (b) cascaded
MMIs). (c) Simulation (dashed curves) and measurements (con-
tinuous curves) of straight DCs and MMIs.

3.5 Design of CWDM demultiplexers

This section focuses on design and measurements of AWGs and cascaded
MZIs at 1 µm. It is also an extension of Paper [A] which does not include
all measurements of the cascaded MZIs.

3.5.1 Design of AWGs

The AWG design in this thesis is conventional. For both FPRs of the
device, the input and arrayed waveguides are separated by a distance of
respectively dr and da along the FPR as illustrated in Figure 3.12. As
explained in section 3.1, the different parameters set the FSR and the
wavelength channel spacing.

With the input and output star couplers of the AWG being identical,
following conditions should be satisfied [77]:

λ0 =
nc∆L

m
, (3.4)

where m is the diffraction order of the AWG, ∆L the length increment be-
tween the array waveguides, nc the effective index of the arrayed waveg-
uides, λ0 the central wavelength. The the free spectral range (FSR) in
the frequency domain is related to the diffraction order m of the AWG
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Figure 3.12: Scheme of the AWG star coupler

with following equation [36]:

FSRν =
ν0

m
, (3.5)

where ν0 is the center frequency. To maintain a low loss non-uniformity
for the outer channels, the FSR in the wavelength domain should at least
be equal to N×∆λ [34], where N is the number of channels and ∆λ the
channel spacing. Then with the combination of equations 3.4 and 3.5,
we can deduce the length increment as a function of the FSR in the
frequency domain:

∆L =
c

ncFSRν
, (3.6)

where c is the vacuum speed of light. The central wavelength, wavelength
channel spacing and the FSR are set before designing the device.

Measurements and a more thorough analysis about this component
are provided in Paper [A]. In addition, measurements of AWGs for
DWDM applications are shown in Chapter 6 of the thesis.

3.5.2 Design of cascaded MZIs

The cascaded MZI consists of three filters cascaded in two stages as
shown in Figure 3.13 when the device has 4 channels. The first stage
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separates the odd from the even wavelengths and also determines if the
MZI response will be either Gaussian or flat-top. A first order filter in
Stage 1 leads to a Gaussian response and a second order filter leads to
a flat-top response. For a Gaussian MZI filter, only power splitters with
a cross coupling coefficient K = 0.5 is necessary. However, to obtain a
flat-top response, cross coupling coefficients of K = 0.5, 0.29 and 0.08
(for a second order filter) have been suggested [20, 66]. The two MZI
orders are presented in Figure 3.14.

Figure 3.13: Diagram of a cascaded MZI. λ is noted as the center wavelength.

Figure 3.14: Schemes of first order (a) and second order (b) MZI filters. The
K coefficients refer to the cross coupling coefficients of the di-
rectional couplers (or MMIs).

The free spectral range (FSR) is determined by the central wave-
length λ, the waveguide group index ngr and the base length difference
∆L as [78]:
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FSRλ =
λ2

ngr∆L
. (3.7)

The base length difference for the first stage of the cascaded MZI can be
deduced by [78] (δλ being the channel spacing):

∆LBase =
λ2

2δλngr
. (3.8)

Each stage is then simulated separately. The first has a FSR of 16 nm
and the second a FSR of 32 nm. The calculated base length difference
is around 35.76 µm for the first stage and 17.88 µm for the second (an
additional shift is necessary for the stage 2A in Fig. 3.13). Fig. 3.15
shows the simulations for each stage when the used power splitters are
directional couplers (DCs).
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Figure 3.15: Simulation of (a) the upper arm MZI filter (Stage 2A) and (b)
the lower arm MZI filter (Stage 2B)

The simulations reveal the high crosstlalk level (around -12 dB) of the
flat-top MZI in the first stage when using straight directional couplers
for all cross coupling coefficients. This is due to the high wavelength
sensitivity of the straight directional couplers [67] as reported earlier.
The use of broadband bent-directional couplers [20,67] or MMIs [67] can
significantly reduce the crosstalk level.

3.5.3 Fabrication and measurements of cascaded MZIs

We manufactured cascaded MZIs based on DCs only and cascaded MZIs
based on both MMIs and DCs as shown in Figure 3.16. In Figure 3.16a
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3.5. Design of CWDM demultiplexers

are shown two devices based on DCs only. For the device in Figure 3.16b,
we used 50:50 MMIs instead of 50:50 DCs. For the other splitting ratios
however (71:29 and 92:8), MMIs were more difficult to design without
additional losses. Therefore, we kept straight DCs for these splitting
ratios. The characterization and simulation results of the three devices
are shown in Figure 3.17. The cascaded MZI based on DCs and MMIs
in Figure 3.16 is the one presented in Paper [A] and the simulated 1 ×
8 and 1 × 16 flat-top DEMUX are also based on this design.

Figure 3.16: (a) Manufactured cascaded MZIs based on DCs exclusively. The
bottom device is a 2nd-to-1st order filter and the top device is a
2nd-to-2nd order filter. (b) Manufactured cascaded MZIs based
on DCs and MMIs. The ’M’ and ’D’ letters and for MMI and
DC respectively.
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Chapter 3. Demultiplexing technologies for coarse wavelength-division
multiplexing (CWDM)

Figure 3.17: Simulation (dashed curves) and measurements (continuous
curves) of the (a) 2nd-to-1st order MZI filter based on DCs,
(b) 2nd-to-2nd order MZI filter based on DCs, (c) cascaded MZI
based on DCs and MMIs.

3.6 Conclusions

In this chapter we proposed an integrated solution for WDM optical in-
terconnects at 1060 nm and focused on demultiplexers. In Paper [A], we
extrapolate with simulations the comparison between AWGs and cas-
caded MZIs for 8, and 16 channels. Gaussian and flat-top devices were
compared for each case. The characterizations showed that the cascaded
MZIs had better tolerance to manufacturing deviations and proved to be
promising for CWDM. However, as explained in Paper [A] at 16 channels,
there is a tradeoff between size and writing field.
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CHAPTER 4

Grating couplers

One of the main challenges of silicon photonics is to couple the light from
an optical fiber into an integrated on-chip-waveguide while maximizing
the optical bandwidth and minimizing the loss. One possibility is to
directly couple the light into the input waveguide in the chip-plane with
the help of inverse tapers [8] but this generally requires lensed fiber or
high numerical apertures to focus the optical beam into the waveguide.
Another technology consists in using 3D-taper structures but such tapers
require gray scale lithography which is difficult to control and thus poten-
tially lead to fabrication deviation [79,80]. However, another possibility
consists in coupling the light from above the chip with the help of grating
structures which collect the fiber mode and couple it into the waveguide.
Such structures are either straight or focusing and are approximately 10
to 18 µm wide depending on the size of the fiber mode on top of the
chip. Grating couplers are of interest because of their compact size and
not requiring polishing facets for coupling [80]. This chapter explores
the theoretical aspect of grating couplers, the optimization methods for
enhancing the coupling efficiency and compares straight gratings with
focusing gratings.
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Chapter 4. Grating couplers

4.1 Theory

The diffraction behavior of a grating coupler is described by the Bragg
condition, expressed as [81]:

k0sinΦ+ mG = βββm, (4.1)

where k0 is the wavevector of the incident beam, Φ the angle of incidence,
m the diffraction order, G the grating vector and βββm the propagation
constant of the coupled beam into the grating. Then, the grating period
Λ can be deduced as [82]:

Λ =
λ

neff − sinΦ
, (4.2)

where neff represents the effective index of the grating and λ is the free
space wavelength. To avoid strong second order diffraction into the
cladding layers and thus loss increment, the fiber is always tilted [82].
With f being the filling ratio of the grating, the grating effective index
of the fundamental propagating mode can be expressed as:

neff = fnetch, eff + (1− f)nslab, eff, (4.3)

The coupling loss of the device is composed with the back reflection
of the beam at the top cladding/air interface, the absorption into the
Si substrate, the diffracted power into the cladding and the transmit-
ted power. The transmitted power through the waveguide then can be
expressed as following [81]:

Ptransmitted = Pincident − Psubstrate − Preflection − Pout, (4.4)

where Pincident is the amount of incident power coming from the fiber,
Psubstrate the amount of power lost into the Si substrate, Preflection the
power reflected on the grating coupler and Pout the power coupled into
the opposite waveguide. Figure 4.1 presents the different losses of a
grating coupler.

A large amount of the incident power is reflected on the grating cou-
pler into the air, which limits the coupling efficiency. However, with
a top SiO2 cladding layer, the refractive index contrast is reduced and
the phase matching condition changes [83]. Therefore, this will cause a
reduction of the reflection into the air and increases the coupling effi-
ciency [84] as indicated in Figure 4.2.
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4.2. Techniques to improve the coupling efficiency

Figure 4.1: Illustration of a grating coupler

Figure 4.2: Illustration of a grating coupler with a top cladding

4.2 Techniques to improve the coupling efficiency

4.2.1 Apodization

The issue of a uniform grating is that the coupled beam has an expo-
nential decaying power instead of being Gaussian [82, 85]. To reduce
the coupling loss, the apodization technique can be used. It consists in
modulating the fill factor or the periodicity along the propagation direc-
tion [82] as shown in Figure 4.7. Then, an even further step based on
inverse design could be applied to enhance the coupling efficiency and
the bandwidth [86].
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Chapter 4. Grating couplers

Figure 4.3: Illustration of an appodized grating coupler

4.2.2 Bottom distributed Bragg reflector

A multilayer distributed Bragg reflector (DBR) placed between the sub-
strate and the buried oxide cladding (BOX) can significantly improve
the coupling efficiency. A DBR is a stack of multilayer film with alter-
nate material layers such as SiO2 and SiN. Such a multilayer stack can
be deposited with a sputtering method, LPCVD or using Liquid Source
Chemical Vapor Deposition (LSCVD) [87]. A grating coupler based on
a SiN waveguide with N = 20 layer SiO2/SiN DBR with a coupling effi-
ciency of -1.75 dB has been demonstrated [87]. For comparison, a grating
coupler without a bottom reflector was manufactured and the measured
coupling efficiency was -5 dB [87]. To provide such a coupling efficiency,
a DBR reflectivity close to 100 % is needed.

4.2.3 Growth overlay

Another method consists in adding a poly-silicon overlay layer on top of
the grating prior to the etching. The selected material for the overlay has
to induce the required phase change [82]. The advantage of an overlay
layer is that it can prevent the need of adding a bottom DBR reflector
as demonstrated in [88] with a silicon overlay layer. Indeed, a silicon
overlay increases the directionality of the device by creating constructive
interference towards the fiber and destructive interference downwards to
the silicon substrate [81].
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4.2. Techniques to improve the coupling efficiency

4.2.4 Staircase design

A two-step staircase design also improves the directionality by creating
a blazing effect [89,90]. This innovation consists of a two-step etching of
the grating layer and the fiber is placed in the contra-directional coupling
configuration as described in [89]. A two-step staircase design is also used
in Paper [B]. In Figure 4.4 is shown the difference in coupling efficiency
and bandwidth between a conventional and a staircase grating coupler.
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Figure 4.4: 2D FDTD Simulations of coupling efficiency of a conventional GC
and a staircase GC for D = 145 µm and Φ = 11◦ for the contra-
directional case. The grating period are respectively 465 nm and
480 nm for the conventional and the staircase GC.
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Chapter 4. Grating couplers

4.3 Grating couplers for VCSEL arrays at 1 µm

To meet the requirements specified in chapter 3, the grating couplers for
all four channels are manufactured in the same chip with a bottom DBR
between the Si substrate and the bottom cladding. The material used for
the grating coupler is SiN and the waveguide is 160 nm thick. The grating
is fully etched as shown in Figure 4.5. All the simulations for the grating

Figure 4.5: Schematic illustration of the apodized DBR-based grating cou-
pler. The real device has 20 grating lines and 6 pairs of SiO2/SiN
bottom layers.

optimizations are carried out in 2D-FDTD. The initial grating period
for each channel is different to meet the Bragg condition in equation 4.2
and each device has 20 grating lines. For the DBR, two material options
were available: a DBR based on SiO2 and SiN, or one based on SiO2
and TiO2. The TiO2 material had the advantage over SiN of providing a
large bandwidth but one fabrication step included an annealing process,
which the TiO2 material did not survive. Therefore, SiN was finally
selected as the second material for the bottom DBR. Figure 4.6 shows
the reflectivity of a manufactured 6 pair SiO2/SiN DBR. The thickness
of the SiN and SiO2 layers of the bottom DBR are respectively 129.117
nm and 178.63 nm.

To optimize the coupling efficiency, a critical control of the top and
bottom cladding thicknesses is needed. The top cladding is 2760 nm
thick and the bottom cladding is 1850 nm thick. The final step of the
coupling efficiency optimization is to apodize the gratings. The length
as well the position of each grating line are swept. The final result of
the optimized coupling efficiencies of the four channels is presented in
Figure 4.7. Channel No. 1 which is optimized for a target wavelength of

38



4.3. Grating couplers for VCSEL arrays at 1 µm

Figure 4.6: Measured reflectivity of a 6 pair SiO2/SiN DBR. The measured
peak reflectivity is 0.94.

1023 nm presents the lowest coupling efficiency (-1.5 dB) while having
the largest bandwidth. The highest efficiency obtained is -1 dB with
channel No. 3. at 1039 nm.

Figure 4.7: 2D-FDTD Simulations of coupling efficiency of the channel array.

39



Chapter 4. Grating couplers

4.4 Types of grating couplers

In this thesis, 1D-structural grating couplers are investigated. The first
and simplest design is the straight grating coupler, which consists of
linearly enlarging the grating lines in the direction perpendicular to the
propagation of the light. The grating lines should be wide enough to
collect most of the light coming from the fiber (10 to 18 µm wide).
Thus, an adiabatic taper is necessary to convert the light from the slab
into the single-mode waveguide. Another design is the focusing grating
coupler which consists of elliptically curving the grating lines to avoid
the use of a long-taper and thus to reduce the device’s footprint.

4.4.1 Straight gratings

Typical straight grating couplers have a grating section that is between
15 and 30 µm long and 10 to 18 µm wide to collect 100 % of the in-
coming beam from the fiber/VCSEL. The light is then coupled into a
slab-waveguide that is as wide as the grating and finally converted into
the single-mode waveguide with either a linear or an adiabatic taper. To
achieve a good conversion efficiency, the taper needs to fulfill the adi-
abatic condition which requires a minimal taper length depending on
the width of the slab section [91]. In Figure 4.8 we show the conversion
efficiency of the linear taper converting the mode from the 12 µm wide
slab-waveguide to the 0.9 µm wide single mode waveguide. From the
simulation, a taper length of 100 µm should already ensure a conversion
efficiency of -0.3 dB. The electric field profile of a straight grating cou-
pler with a 100 µm-long taper is presented in Figure 4.9. We can clearly
observe an adiabatic conversion of the fundamental optical mode coming
from the slab-waveguide into the fundamental mode of the single-mode
waveguide. To avoid additional losses coming from the fabrication, a
taper length of 400 µm was selected.

An example of a straight grating coupler is also proposed in Paper
[B] in which the grating section is 10 µm wide and between 17 and 21
µm long. The taper of the device is 300 µm long. Such grating couplers
are efficient but have a large footprint due to their ultra-long conversion
tapers. However, ultra-short tapers with conversion efficiencies of 96 %
have been demonstrated at 1550 nm on Si-waveguides [92].
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Figure 4.8: EME Simulation of the conversion efficiency of a linear taper.
The slab-waveguide is 12 µm wide and the output waveguide 0.9
µm wide for a thickness of 160 nm.

Figure 4.9: Electric field profile of a straight grating coupler with a 100 µm-
long linear taper

4.4.2 Focusing gratings

Another way to reduce the size of the grating coupler while keeping
a decent coupling efficiency consists in curving the grating lines so that
the incoming beam is focused into the taper. The curvature is calculated
with following equation [81,93]:

qλ = xncladdingcosθ − neff
√

y2 + x2, (4.5)
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Chapter 4. Grating couplers

where q is the grating line number, x the coordinate of the propagation
direction and y the coordinate in the lateral direction, neff the effec-
tive index of the coupled mode, ncladding the refractive index of the top
cladding (or air if there is no cladding) and θ the coupling angle. The
device (taper included) will have a length of approximately 40 µm which
is 10 times smaller than a conventional straight grating coupler here.
Figure 4.10 shows a drawing of a focusing grating coupler.

Figure 4.10: Designed focusing grating coupler in KLayout.

The positions of the grating lines of the apodized grating couplers
simulated in 2D-FDTD are then implemented into the focusing designs
in 3D-FDTD. In Figure 4.11 is the simulation result of the apodized
focusing grating coupler corresponding to channel No. 3 (1039 nm).
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4.4. Types of grating couplers

The coupling efficiency at 1039 nm reached -1.5 dB, which is still
within the target efficiency (power budget for the grating couplers: -2
dB). The device also has a 3 dB-bandwidth of 39 nm.
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Figure 4.11: 3D-FDTD simulation an apodized focusing grating coupler
(channel 3: 1039 nm) with a bottom DBR. (a) Electric field
profile of the grating in the xy plan. (b) Coupling efficiency of
the device.

4.4.3 Fabrication and comparison of the devices

Straight and focusing grating couplers were manufactured to compare
their real performance. To measure the gratings coupling efficiencies,
the test circuit is constructed with two identical grating devices con-
nected with a single-mode waveguide as shown in Figure 4.12. In the
characterization stage, the SMFs are tilted by an angle of 8◦. In this
fabrication run however, the bottom SiN/SiO2 is not included and the
BOX and cladding thicknesses are not optimized. Indeed, the thickness
of the top and bottom SiO2 cladding is 3 µm. In addition the measured
thickness of the SiN layer is 175 nm. Figure 6.5 shows the manufactured
devices for characterization. Among them are focusing devices and three
straight devices, each corresponding to one specific wavelength channel
(see Figure 4.7). The gratings were also apodized to improve the coupling
efficiency.
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Input GC Output GC

SMF SMF

Figure 4.12: Scheme of the characterization of the grating couplers showing
the tilted input/output cleaved SMFs

425 μm

Figure 4.13: Manufactured apodized straight and focusing grating couplers

Figure 4.14 presents for channels No. 2 and 3 the measurement of the
coupling efficiencies of the straight and focusing grating couplers. 2D-
FDTD simulations are added for comparison. It can be observed that
the focusing grating coupler has a slightly better coupling efficiency than
the straight one in both case, in addition to have a much smaller foot-
print. The expected coupling efficiency from simulations was circa -4.9
dB and the measured coupling efficiency per device is -7.7 dB. The 2.8 dB
difference between the simulations and the measurements could be due
to possibly improper fiber-device alignment. For the GC-measurements,
cleaved lensed fibers were used, so improper cleaving of the fibers could
also decrease the quality of the characterization. Measurements with
lensed fibers were also realized for comparison and the coupling efficiency
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Figure 4.14: Measured coupling efficiencies of the apodized straight and fo-
cusing grating couplers for (a) channel No. 2 and (b) channel
No. 3. 2D FDTD simulation of the corresponding grating cou-
pler is also included.

was reduced down to -13 dB as the spot size is 2.5 µm instead of 6 µm.
Improper etching of the SiN layer or deviation in the thicknesses of the
different layers (cladding, SiN) could also be sources of discrepancy.
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CHAPTER 5

Receiver platform for CWDM at 1 µm

This chapter focuses on the integrated receiver side of the optical inter-
connects and review the platform considerations treated in Papers [C]
and [D]. The critical issue of the receiver is dealing with the polarization
of the light at the output of the single-mode fiber, which is randomly
changing. Indeed, in contrast to polarization maintaining fibers, conven-
tional single mode fibers do not maintain the initial polarization of the
light at the input through propagation. The first problem of polarization
maintaining fibers is their high cost due to their manufacturing com-
plexity. The other issue of polarization maintaining fibers is their high
propagation loss with respect to standard single-mode fibers. Therefore,
only conventional single mode fibers are considered for low cost optical
interconnects, which is why the receiver must work without depending on
the polarization state of the light coming from the fiber. In this chapter,
we will go through the platform considerations and the main simulation
results.

5.1 Platform considerations

To build a polarization independent WDM receiver, one possibility is
based on a two-dimensional polarization independent grating couplers
[81]. Small footprint structures have also been demonstrated on SOI
platform in Ref [94]. However, despite the relaxing tolerance to fiber mis-
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alignment this device offers, the big remaining drawback is the significant
coupling loss, which is between 7 and 11 dB. A bottom reflector [87,95]
between the substrate and the buried oxide layer would increase the
coupling efficiency of the device. Other possibilities consist in manufac-
turing reflectors at the back of the grating, such as corner mirrors [96] or
using sub-wavelength blazed structure [97]. The blazed structure exper-
imentally demonstrated on SOI in Ref [97] a coupling loss within 5 dB
with a polarization dependent loss around 1.5 dB. However, to reduce
the coupling loss and the manufacturing complexity of the receiver, we
considered first the edge coupling solution instead of the surface coupling
one.

The first and simplest solution to design a polarization independent
receiver consists in the use of a square single mode waveguide, ensuring
identical effective index whether the incoming beam has a TE or TM po-
larization. The advantage of a square waveguide is the reduced footprint
of the receiver due to the reduction of unnecessary components (polar-
ization splitters, rotators) and the reduced size of the demultiplexers due
to stronger mode confinement in the waveguide. However, the cons of
thick square single-mode waveguides is the increased propagation loss
of due to roughness on the sidewalls [98]. In addition, improper etch-
ing of the waveguide can also reduce the polarization tolerance of the
receiver. The other solution consists in designing the receiver with thin
single mode waveguides, which reduces the propagation loss but also in-
creases the complexity of the chip due to the requirement of polarization
splitters and/or rotators. Figure 5.1 shows the simulation results of the
electric fields of the TE00 and TM00 modes for two considered waveguide
geometries.

5.2 Receiver based on a square 450 nm × 450
nm (width × thickness) waveguide

The receiver based on a square waveguide is the first to be explored in this
thesis due to its simplicity. A polarization independent demultiplexer
based on a square silicon nitride waveguide was demonstrated in the
O-band [68]. In Paper [C] we propose a study of the mode effective
area and polarization independence for different waveguide dimensions
ranging from 300 nm (width) × 300 nm (thickness) to 800 nm (width) ×
800 nm (thickness). To satisfy the single-mode behaviour, the waveguide
needs to be smaller than 500 nm × 500 nm. The other aspect explored
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waveguide

n    = 1.665
eff

TE
00

(a)

(c)

(b)

A    = 0.382 um
2

eff

n    = 2.123

450 nm

450 nm

n    = 1.567
eff

TE
00

A    = 0.500 um
2

eff

n    = 1.88

900nm

160 nm

gg

n    = 1.491
eff

TM
00

A    = 1.04 um
2

eff

n    = 1.68

900nm

160 nm

g

n    = 1.667
eff

TM
00

A    = 0.382 um
2

eff

n    = 2.123

450 nm

450 nm

g

Figure 5.1: (a) Electric field of the TE00 and TM00 modes for the thin and
thick waveguide. The FDE simulation results of the effective and
group index (neff and ng respectively) and of the mode effective
area (Aeff) are also presented. (b) neff for different waveguide di-
mensions. (c) Simulation of the bending loss for both waveguides.

in Paper [C] is the coupling of the light from the single-mode fiber and
the PIC. To avoid extra-loss due to polarization variations, we cannot
use an inverse taper as for Paper [B]. Several fork- or trident-shaped
designs have been demonstrated. A compact trident design based on
Silicon assisted with gratings have also been proposed [99]. Paper [C]
explores a similar model but based on silicon nitride. The total length
of the proposed device is 300 µm-long and is adapted for packaging with
a cleaved single-mode fiber (without a lens). The core diameter of the
fiber is 5.3 µm, which results in a waist beam radius of approximately 6
µm at 1060 nm. The simulations are realized with 3D-FDTD where the
fiber is also taken in account.
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5.3 Receiver based on a thin 900 nm × 160 nm
(width × thickness) waveguide

Reducing the mode confinement in a single-mode waveguide by selecting
a square geometry increases the mode interaction with the sidewalls.
Such waveguides have higher propagation loss as demonstrated in Refs
[68,98] (30-190 dB/m) whereas propagation losses in photonic integrated
circuits (PICs) lower than 4-6 dB/m are generally preferred. Such loss
levels can be obtained by enlarging the waveguide as in Ref [98] and also
by making it thinner as in Ref [48]. In Paper [D], we propose a receiver
based on the original 900 nm × 160 nm (width × thickness) used in
Paper [B]. Hence, unlike in Paper [C], the effective indices for TE and
TM fundamental modes will differ. Therefore, additional components
are necessary to achieve polarization independence, such as polarization
splitters or polarization rotators.

Paper [D] proposes two receiver structures: one only using a po-
larization splitter and another combining a splitter with a rotator. A
polarization splitter can be designed based on a simple directional cou-
pler, with each output port assigned for one polarization. To rotate
the polarization however, the device’s structure needs to be asymmetric.
Several design techniques have been successfully demonstrated such as
partially etching the waveguide [100] or bi-layer [101,102] or multimode
sections [103, 104]. Several polarization independent receivers based on
AWGs or cascaded MZIs are proposed in Refs [100,105,106].

An alternative than partially etching the waveguide to create a po-
larization rotator consists in depositing an additional layer above the
waveguide. This second layer can be made of the same or another ma-
terial. For example, in Ref [107] the main waveguide is made of silicon
and the additional layer is made of silicon nitride. As the refractive
index of silicon nitride is much smaller than silicon, the guided mode
odes not transfer completely from the main silicon waveguide into the
silicon nitride waveguide. To rotate the polarization, the silicon nitride
waveguide moves away from the main silicon waveguide. In our case, the
two layers would be made of silicon nitride. The main challenge would
be controlling the thickness of the gap and the alignment between the
two layers, which if not done properly, would decrease the device’s per-
formance. Hence, we selected in Paper [D] a design that requires partial
etching as for Ref [100].
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CHAPTER 6

Demultiplexing for dense wavelength-division multiplexing
(DWDM) at 1.5 µm

This chapter presents the study of AWGs for DWDM at 1550 nm and
expands the results of multilayer integration of silicon nitride (Si3N4)
in Paper [E]. We propose an integrated combination of frequency combs
as input laser sources with a WDM system at 1.55 µm. A frequency
comb consists of a laser source for which the optical spectrum is made of
narrow and phase-locked frequency lines [108]. In this chapter, we will
mainly focus on the transmitter side of the optical interconnect.
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(DWDM) at 1.5 µm

6.1 Integrated transmitter
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Figure 6.1: 1.55 µm interconnect: scheme of the multilayer chip.

Optical interconnects at 1.55 µm are used for fiber links that are sev-
eral km-long and the power attenuation in single-mode fibers is around
0.2 dB/km [15] at this wavelength, which is negligible for links shorter
than 1 km. However, after a certain propagation length (100 km), the
loss becomes considerable and optical amplifiers are used to restore the
optical power [109]. A common optical amplifier used for fiber communi-
cation is the erbium-doped amplifier fiber (EDFAs). To reach a desirable
power, the fiber link becomes an N-repetition of a L-km fiber followed
by an EDFA [108].

Paper [E] demonstrates a micro comb with approximately 50 comb
lines above -20 dBm. If these 50 comb lines are later demultiplexed
and modulated with quadrature amplitude modulation (QAM), then a
capacity above several Tb/s could be achieved. Figure 6.1 illustrates
the envisioned integrated transmitter for optical interconnects at 1.55
µm. The transmitter is based on a frequency comb source, which can be
easily integrated in a photonic platform. Possible materials choices are
LiNbO3 [110], AlGaAsOI [111] and Si3N4 [112]. Among these materials,
Si3N4 was selected for its ultra-low loss PICs, wide transparency window
and compatibility with CMOS process. Moreover, to achieve conversion
above 50%, an external ring is placed beside the main ring [113]. The
other integrated elements are a demultiplexer to demultiplex the comb
line frequencies and IQ modulators.

However, optical integration of all of these elements is not simple.
Indeed, generation of solitons in the micro-comb required a dispersion
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engineered waveguide as explained in Paper [E]. In addition, the waveg-
uide needs to be single-mode for the demultiplexer. An almost square
single-mode 800 nm x 740 nm waveguide for example has a dispersion
close to 0 and is more adapted for solitons generation. However, the im-
posed geometry considerably reduces the confinement of the propagating
mode, thus increasing the interaction with the sidewalls. This is not suit-
able because roughness on the sidewalls will lead to high propagation loss
in this case.

Therefore, selecting a width dimension of 1900 nm (while conserving
the thickness of 740 nm) decreases the interaction between the guide
mode and the sidewalls, hence reducing the propagation loss. This dis-
persion engineered waveguide is adapted for comb generation, but is also
multimode, not suitable for the demultiplexers, which require single-
mode behaviour. Thus, there is a tradeoff between mode confinement,
propagation loss and single-mode behaviour. Therefore, designing a mul-
tilayer platform is a good tradeoff to meet all the requirements. Hence,
the chip is designed as shown in Figure 6.2, with each layer designed for
each specific component: a layer based on a 1900 nm (width) × 740 nm
(thickness) waveguide for the micro-comb and a layer based on a 1500
nm (width) × 200 nm (thickness) waveguide for the demultiplexers. In
addition, the transmitter is divided in two materials: Si3N4 layers for the
comb and the demultiplexers and a LiNbO3 layer for the modulators. In-
deed, LiNbO3 was the material selected for the modulators due to its low
loss, modulation speed and driving voltage at 1550 nm [114, 115]. SOI
IQ modulators were also demonstrated in the C- and L-band [116] as
an alternative to LiNbO3 to further reduce the cost and the footprint of
the device. The thickness is 740 nm for the comb and 200 nm for the
demultiplexers. This tradeoff then requires integration of 3D vertical
coupling between the 740 nm and the 200 nm-thick layers. Paper [E]
successfully demonstrates efficient coupling between the nonlinear plat-
form (740 nm) and the linear platform (200 nm) with an insertion loss
of 0.05 dB. However, this paper demonstrates only the first half of the
designed chip (Comb and demultiplexer). Ref [117] demonstrates with
simulations vertical coupling between a Si3N4 and a LiNbO3 platform
with a coupling loss of 0.08 dB.

Table 6.1 presents the estimated allowed loss for each component
of the transmitter based on the target BER. The high estimated loss
(10 dB) in the modulators is due to the fact that the optical power
after modulation depends on the modulation format (4QAM, 16QAM,
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Pump

1: input waveguide, inverse taper (thin SiN layer)
2: comb generator (thick SiN layer)
3: 3dB spli�er and DEMUX (thin SiN layer)
4: IQ modulator (Lithium Niobate layer)
5: MUX and out-coupling (thin SiN layer)

1

2

3

4 5

Silicon

SiO2

Figure 6.2: Scheme of the chip with the different layers.

64QAM). Therefore, the worst case scenario was preferably considered
in our power budget.

Element Loss Power
Input CW 11 dBm

Coupling and 3 dB splitter 4 dB 7 dBm
Comb generation approx 50% eff. -13 dBm/ch

MUX (AWG) < 2 dB -15 dBm/ch
Interlayer < 1 dB -16 dBm/ch

Modulator array < 10 dB/modulator -26 dBm/ch
Interlayer < 1 dB -27 dBm/ch

DEMUX (AWG) < 2 dB -29 dBm/ch
Coupling loss and PM (pol. rotation) 2 dB -31 dBm/ch

Table 6.1: Power budget for each component.
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6.2. Waveguide geometries

6.2 Waveguide geometries

Two waveguide geometries were considered for the AWG in the linear
layer: a 1000 nm x 200 nm and a 1500 nm x 200 nm waveguide. The
Si3N4 waveguide is sandwiched between two SiO2 cladding layers. The
bottom SiO2 cladding is thermally deposited on top a Silicon substrate.
Then the linear layer of Si3N4 is deposited with LPCVD. Finally, a 3
µm-thick top LPCVD SiO2 cladding is deposited.

6.3 Design and simulations of the AWGs

Figure 6.3: Device layout created from WDM PHASAR software.

Figure 6.4: Simulations of AWGs with FSR of (a) 8 nm and (b) 10 nm.

Once the waveguide geometry and the main parameters of the AWG

55



Chapter 6. Demultiplexing for dense wavelength-division multiplexing
(DWDM) at 1.5 µm

AWG FSR Channel spacing IL
w=1500 nm x h=200 nm 8 nm 0.8 nm 5.33 dB
w=1000 nm x h=200 nm 10 nm 0.8 nm 2.09 dB

Table 6.2: AWG simulation performances.

selected (length of the free propagation region, length increment, channel
spacing, FSR), the component is drawn in the simulation tool as shown
in Figure 6.3. The desired wavelength channel spacing here is 100 GHz
(0.8 nm) due to the requirement of ultra-high channel count for combs
[118]. Three different AWGs were designed based on the two waveguide
geometries in the previous section. The first device is based on the
1500 nm x 200 nm with a designed FSR of 10 nm. However, the input
and output channels were manually written to orient the device in the
waveguide direction (see Figure 6.6). The second is based on the same
waveguide geometry but with an FSR of 8 nm and the third based on
the 1000 nm x 200 nm waveguide with an FSR of 10 nm. As the first
device did not work during the measurements, only the simulations of
the last two components are shown. Figure 6.4 presents the simulation
of both devices for TE polarization. It can be noticed that the insertion
loss of the 8 nm - FSR AWG is not uniform with respect to the second
design (around 5 dB for the first AWG and 2 dB for the second). When
comparing the designs, the separation between the receiver waveguides is
the same but the free propagation region (FPR) length is smaller for the 8
nm - FSR AWG, which leads to a smaller Rowland circle. Therefore, the
light from the arrayed waveguides is less focused on the outer channels,
which results in the strong non-uniformity in the first design.

6.4 Manufacturing and testing the AWGs

AWG color Waveguide FSR
Blue w=1500 nm x h=200 nm 9.75 nm
Green w=1000 nm x h=200 nm 10 nm
Yellow w=1500 nm x h=200 nm 7.83 nm

Table 6.3: Color code of the AWGs on the mask layout, each color indicating
different FSRs and/or waveguide dimensions.

Figure 6.5 shows the mask layout of the testing chip with different as-
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6.4. Manufacturing and testing the AWGs

Figure 6.5: Mask layout of the chip. The distance between the FPRs for the
small AWGs is 400 µm and is 4000 µm for the wide AWGs.

signed colors depending on their parameters (e.g. waveguide dimensions,
designed FSR). AWGs with wider curved sections were also designed to
reduce the radiation loss. Table 6.3 shows the main AWG parameters
depending on the color. Reference waveguides are manufactured along-
side the devices to identify the polarization (the TM polarization is more
lossy than the TE polarization due to its weaker waveguide confinement)
and to estimate the insertion loss of each channel. Figure 6.6a shows the
device under test with the light coming from a laser emitting at 650 nm
for initial alignments between the lensed fibers and the chip. The align-
ment is then optimized without the laser emitting in the visible range
and is done with a power meter. Figure 6.6b shows the characterization
of the AWG when the wavelength of the laser is swept between 1510 and
1620 nm. The blue continuous curve corresponds to the signal coming
from the reference waveguide and the others from each channel of the
AWG. 10 FSRs of the AWG are clearly visible and the average FSR
measured is 9.5 nm for a target of 10 nm. Deviations in the fabrication
such as the waveguide’s refractive index or thickness can contribute to
this deviation from the simulations.

Figure 6.7 presents the characterization results of the AWGs from the
central input channel of both devices. Overall, the measurements are in
agreement with simulations in terms of channel spacing, FSR, channel
uniformity and insertion loss. The central channel remains difficult to
control as it can be seen how far it deviates from 1550 nm in Figure 6.7.
The measured average insertion loss is also lower from the simulations,
which could be due to possible damage in the reference waveguide or
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Figure 6.6: Characterization of an AWG based on a 1000 nm (width) x 200
nm (thickness) waveguide (a) Image of the measured chip with
in/output coupling lensed fibers. (b) Wavelength sweeping of the
tunable laser from 1510 to 1620 nm. The blue curve represents
the measured output power from the reference waveguide. The
measured peaks come from the 9 channels of the AWG. The mea-
sured FSR is approximatley 9.5 nm.
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Figure 6.7: Characterization results of the AWGs. (a) DEMUX based on
the 1500 nm x 200 nm waveguide with a designed FSR of 8nm.
(b) DEMUX based on the 1000 nm x 200 nm waveguide with a
designed FSR of 10 nm. The polarization state is TE.

to poor alignment between the lensed fibers and the taper’s edge of the
waveguide.
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6.5. Enhanced AWG mask layout for the final PIC

AWG FSR Channel spacing IL
w=1500 nm x h=200 nm 7.23 nm 0.68 nm 3.0 dB
w=1000 nm x h=200 nm 9.57 nm 0.73 nm 1.49 dB

Table 6.4: AWG measured performances.
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Figure 6.8: Comparison between the KLayouts of the (a), (c) and (e) AWG
generated by the WDM PHASAR software and the (b), (d) and
(f) AWG coded in Python. (a) and (b) Overall view of both
devices. (c) and (d) Zoom at the first FPR. (e) and (f) Zoom
at the receiver waveguides - FPR section. The red circle in (e)
highlights a 26 nm wide gap between the taper and the FPR.
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6.5 Enhanced AWG mask layout for the final
PIC

The software used to simulate the AWG can also generate the mask lay-
out for the fabrication. However, several issues with the generated design
occur. The first one is that we cannot orient the receiver waveguides as
we wish as shown in Figure 6.8a. Indeed, the in/output waveguides of
the (de-)multiplexer are orientated in the normal direction to the arrayed
waveguides and we want them in the parallel direction (see Figure 6.8b).
This is to limit the stitching errors that may occur during the manu-
facturing process in one direction. Indeed, since the component is way
too big to be patterned into a single E-beam writing field, it is divided
in several writing fields that are 1024x1024 µm2. Therefore, we wish to
keep the spacing between the components as small as possible. The sec-
ond problem with the mask created with the software is the gap count in
the whole AWG. Indeed, many polygons do not perfectly coincide with
each other, which create a multitude of gaps ranging from 1 nm between
waveguide sections to sometimes 40 nm between tapers and the FPR sec-
tion. Hence, we resorted to create a customized AWG software in Python
to have more freedom in the design geometry. To minimize phase errors,
the bending radius of the arrayed waveguides in the home-made AWG is
kept the same (150 µm) with respect to the AWG generated by WDM
PHASAR. The home-made AWG with Python shown in Figure 6.8b was
later used for the PIC in Paper [E].
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CHAPTER 7

Conclusions and future outlook

In this thesis I discussed flip-chip integration of a VCSEL over a PIC
at 850nm, then presented an alternative integrated solution based on a
Si3N4 PIC involving flip-chip of VCSELs and WDM at 1060 nm. I finally
presented a multilayer approach at 1550 nm based on Si3N4. This chapter
will highlight some areas that would need to be further developed in the
future.

Paper [B] proposes a full PIC with flip-chip integrated VCSEL and
photodetector. The VCSEL is single-mode and emits at 850 nm. The
measured insertion losses were around 18 dB. The input grating coupler
was a based on a staircase design whereas the output device was based
on conventional design. In addition, the devices were not fully optimized
and in future PICs involving VCSEL integration, the insertion loss could
be reduced with a bottom DBR, BOX and cladding optimized thicknesses
and finally with apodized grating couplers.

Papers [A], [C] and [D] treat of optical interconnects at 1 µm. In
Paper [A] we focused the transmitter side, especially on demultiplexers.
A flat-top cascaded MZI was succesfully demonstrated with experiments,
but the device is limited by additional unwanted side-lobes. To reduce
the level of the side-lobes, a more advanced design with additional stages
and/or more advanced broadband power splitters would be required.

In Papers [C-D], we focused on the receiver side and propose solutions
based on simulations. On the transmitter side, a 4-VCSEL array devel-
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Chapter 7. Conclusions and future outlook

oped and then flip-chipped over a PIC that includes a flat-top cascaded
MZI. On the receiver side, we could manufacture a PIC either based on
square waveguides as proposed in Paper [C] or on thin waveguides as in
Paper [D]. The advantage of square waveguides is the reduction of the
complexity of the PIC, but at the cost of higher propagation loss and of
polarization diversity in the event of fabrication deviations in the waveg-
uide geometry. If this design is selected, then careful alignment between
the SMF and the trident taper would be required. In addition, testing
several grating trident tapers would be necessary to test the robustness
of the design. If a receiver based on the designs proposed in Paper [D],
the robustness of the polarization splitter-rotator. In addition, to see if
the rotation of the polarization is succesful, grating couplers should be
used at the input/output of the rotator, each designed for a different
polarization state.

Finally, for the multilayer integration of SiN at 1550 nm, the full
integrated transmitter which also includes a multiplexer and modulator
arrays as described in Chapter 6 needs to be developed. In addition, to
evaluate the AWG’s crosstalk between two consecutive channels, a good
idea for the next fabrication run would be for example designing for 1
test chip, 4 consecutive arrays without the modulator based on LiNbO3

and the other 5 arrays with the modulator.
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CHAPTER 8

Summary of papers

Paper A
Channel Scalability of Silicon Nitride (De-)multiplexers for Op-
tical Interconnects at 1 µm
Journal of Lightwave Technology, 2023.
DOI: 10.1109/JLT.2023.3306478

We study the channel scalability for Arrayed Waveguide Gratings and
cascaded MZIs at 1060nm. We compare the loss, crosstalk and foot-
print. 4-channel Gaussian AWG and Gaussian and flat-top MZI are also
demonstrated. We then extrapolate the study to 8 and 16 channel with
simulations. The study also compares Gaussian and Flat-top devices.
The material of choice is silicon nitride for its low loss in the infrared
and its good tradeoff between mode confinement (small devices) and sen-
sitivity off effective index to waveguide core size (small phase errors).

My contribution: I designed all the components as well the mask
design. I performed all the simulations and the measurements and wrote
the whole paper. I was corresponding author and responded to the re-
viewer comments and added the modifications required.

Paper B
Angled Flip-Chip Integration of VCSELs on Silicon Photonic
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Integrated Circuits
Journal of Lightwave Technology, Vol. 40, No. 15, pp. 5190-5200, Au-
gust 1, 2022. DOI: 10.1109/JLT.2022.3172781
This article demonstrates a complete silicon photonic integrated circuit
with a flip-chiped singlemode 850 nm VCSEL at the input and a pho-
todiode (PD) at the output. We investigated the coupling efficiency of
the grating couplers and the optical feedback on the VCSEL or in other
words the amount of reflected light on the VCSEL aperture in the contra-
and the codirectional configurations. The transmission is measured in
different scenarios: VCSEL-PD, VCSEL-singlemode fiber and VCSEL-
multimode fiber.

My contribution: I did all the simulations of the coupling efficien-
cies in every configuration (contra- and co-directional) for each VCSEL
angle and dimension as well as the simulation of the optical feedback. I
also wrote the second half of section II, all the section III and partially
section IV. I also added the modifications required by the reviewers.

Paper C
Polarization-insensitive silicon nitride photonic receiver at 1
µm for optical interconnects
Submitted, 2023.

We design and simulate a polarization independent WDM receiver based
on a square waveguide at 1 µm. We present a solution based on edge
coupling and evaluate with simulations the propagation loss for different
waveguide dimensions. A geometry of 450 nm × 450 nm is selected as a
tradeoff between single-mode behaviour, low footprint and propagation
loss.

My contribution: I designed all the components, realized most of the
simulations and wrote the whole paper.

Paper D
Receiver platform based on thin silicon nitride waveguides at
1 µm
Submitted, 2023.
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We design and simulate a polarization independent WDM receiver based
on a thin waveguide at 1 µm. We present two solutions based on edge
coupling. One consists in the use of a polarization splitter and an AWG
and another with a polarization splitter-rotator followed by two cascaded
MZIs, one for each polarization.

My contribution: I designed all the components and wrote the whole
paper.

Paper E
Multilayer integration in silicon nitride: decoupling linear and
nonlinear functionalities for ultralow loss photonic integrated
systems
Optics Express, Vol. 31, No. 19, 11 Sep 2023.

We present a dual layer integrated photonic chip with two Silicon Ni-
tride platforms with ultralow loss (a few dB/m) involving a comb source,
demultiplexer and vertical coupler. The goal of the study is to overcome
the tradeoff limitations between loss, mode confinement and multimode
behaviour by integrating a nonlinear layer (micro-comb) and a linear
layer (3 dB splitter, demultiplexer) in one chip. The mode transition
between the nonlinear and linear platform is done with a 3D coupler.
The material of choice is Silicon Nitride for its ultralow loss in a large
wavelength range from visible to mid-infrared. The integration of these
two individually optimized Silicon Nitride platforms could allow linear
processing tasks of nonlinear Kerr applications.

My contribution: I designed the demultiplexing device, assisted the
characterization of the chip when the AWG was involved and simulated
with 3D-FDTD and EME the 3D-coupler.
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