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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 (VCSELSs)
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 GHgz, 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 main components 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 m? |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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data rates of 25 Gbps on-off keying (OOK) and 50 Gbps pulse amplitude
modulation 4-level (PAM-4). However, in larger data centers with optical
links of 1 km, the use of VCSEL-MMF at 850 nm becomes challenging at
high data rates due to large modal dispersion and high propagation loss
[7,{10]. Therefore, other methods are needed to overcome these limiting
actions.

1.2 Motivation

The chromatic dispersion at 850 nm reaches -85 ps/nm/km in silica
MMF and the propagation loss exceeds 2 dB/km |7}/10]. One possibility
to reduce the chromatic dispersion effect consists in using single mode
VCSELs as the bandwidth is much narrower than for multimode ones [7].
Moreover, single mode VCSELS reduce the impact of modal dispersion if
launched into carefully selected mode groups of the MMF |7}/11]. Unfor-
tunately, this also requires higher alignment precision |7|. However, the
propagation loss is much lower for longer wavelengths (about 1 dB/km
at 1060 nm and 0.4 dB/km at 1310 nm) and the chromatic dispersion
is is also smaller (-25 ps/nm/km at 1060 nm and near 0 ps/nm/km at
1310 nm) [10]. 1060 nm single mode GaAs-based VCSELs have been
demonstrated as a solution for optical links ranging between 300 m and
10 km [8]. As working at 1310 nm is an attractive alternative due to
low chromatic dispersion and propagation loss, InP-based distributed
feedback laser sources at 1310 nm have also been developed [6-8]|. How-
ever, GaAs-based VCSELs proved to be more cost effective and more
efficient in terms of energy dissipation 6] than the InP source at 1310
nm. Therefore, optical links at 1060 nm are desirable but to face the
increasing demand for high interconnect capacity, the key challenge is
reaching a capacity of several Th/s [12]. As the modulation bandwidth
of GaAs-based single-mode VCSELSs is limited to around 30 GHz [12],
reaching the capacity target then requires a wavelength division multi-
plexing scheme with parallel single-core fibers (SCFs) or even multi-core
fibers (MCFs) |13l|14] as illustrated in Figure

Figure shows that a multi-wavelength GaAs-based VCSEL ar-
ray is flip-chipped over a grating coupler on a photonic integrated cir-
cuit (PIC). The VCSELs are single-mode and their polarization must
be stably aligned with the grating coupler [15,/16]. Moreover, the flip-
chipped VCSELs are tilted to ensure low optical feedback |15]. Due to
the limited gain bandwidth of the VCSELSs, an array of 8 VCSELs will
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Figure 1.1: Short reach coarse wavelength-division multiplexing (CWDM) at
1060 nm. The light from the VCSEL array is coupled through
grating couplers and guided to a multiplexer (MUX), a demulti-
plexer (DEMUX) and to an array of photodiodes (PD).

require a wavelength channel spacing of 4 nm whereas an array of 4
channels has a spacing of 8 nm . To reduce the crosstalk, which is
one of our key motivations, a 4-channel array with a 8 nm spacing is
considered. The light from the VCSELs reaching the photodiode (PD)
is coupled with a grating coupler for each channel. The PIC is made
of silicon nitride (SiN) waveguides since SiN is compatible with comple-
mentary metal-oxide-semiconductor technology (CMOS). To ensure high
data rate transmission to the PDs, the allowed loss budget for each opti-
cal component (VCSEL-grating coupler, MUX, waveguide-fiber coupler,
fiber-waveguide coupler, DEMUX, grating coupler-PD) is 2 dB (Table
1.1)). The VCSELs are emitting at center wavelengths 1023, 1031, 1039
and 1047 nm and Figure [I.2] shows the desired channel allocation for the
CWDM. The minimum desired data rate with this setup is 1 Th/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 PAM-4 [§].
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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 1.1: Power budget for each component. The VCSELs can deliver 6
dBm of power [3].

1023 nm 1031 nm 1039 nm 1047 nm
fosc 70c\ [2s°c 70°Ch jasc 7oech [asc 70eCh
Channel 1 ' Channel 2 "-‘f Channel 3 ;‘ Channel 4
N T N I S I N O O I T A O
1015 1025 1035 1045 1055

Wavelength (nm)

Figure 1.2: Channel allocation of the CWDM

1.3 This thesis

The focus of this thesis is on design, characterization and analysis of
different types of multiplexers at 1060 nm of wavelength. The proposed
multiplexers are (i) the arrayed waveguide gratings (AWGs) and (ii) the
cascaded Mach-Zehnder interferometers (MZIs). In addition, we will
also discuss grating couplers at 1060 and 850 nm. The papers that are
included in this thesis emphasize AWGs and cascaded MZIs in terms
of insertion loss, bandwidth and crosstalk (Paper [A]). It will be later
extended for a deeper analysis on robustness of these two technologies
to fabrication deviations (waveguide dimension, refractive index change),
crosstalk, insertion loss, signal-noise-ratio (SNR), device’s footprint with
the number of channels and sensitivity to temperature compared to the
VCSEL’s temperature shift. Paper [B| is dedicated to Flip-chip VCSEL
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over grating couplers at 850 nm of wavelength.

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. Chapter 3
will focus on the different technologies for demultiplexing devices (AWGs,
mircro-ring resonators, reflective AWGs...), then on design and analysis
of AWGs and cascaded MZIs. Chapter 4 will present enhanced grating
couplers at 1060 nm of wavelength and chapter 5 the future outlook of
this thesis. Finally, chapter 6 outlines the main results and the included
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.

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 [17]. Si-waveguides
are mostly based on silicon-on-insulator (SOI) platform. In addition,
the Si material has low absorption in the wavelength range 1.1-8.5 pm,
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which means this material cannot be used for optical interconnects with
wavelengths shorter than 1.1 pum (for example 850 nm) [18]. Finally,
Si waveguides have an effective index that is very sensitive to waveg-
uide width variation. Indeed, multiplexers (AWGs, MZIs) made of Si
waveguides show a shift of 1 nm in the center wavelength for a 1 nm
waveguide width dimension [18]. As we want to make robust designs to
any fabrication deviation, this material was 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 SigsNy being around 2.00 at 1050 nm of wavelength, the
refractive index contrast between the SiOy 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 400°C [17] and also
with sputtering. The LPCVD deposition method has the advantage of
keeping control of the SiN stoechiometry and is most suited for the tele-
com band (1550 nm) [17], and also in the 1 pm band. Moreover, SiN
can be used for wavelengths much shorter than 1.1 um as opposed to
Silicon, and varying the N/Si ratio can cover wavelengths close to 400
nm [18]. The SiN waveguide is deposited with LPCVD in Paper [A] and
PECVD in Paper [B| (at 850 nm of wavelength). The drawback of SiN
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. However, this is largely compensated by the ultra-low
propagation loss obtained in SiN waveguides, which is the priority of our
research. Therefore, SiN was selected 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 ym. 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) [18]. In addition, this material can provide low propagation loss
(0.017 dB/cm for a 7 pm x 7 pum waveguide) [18]. Nevertheless, the
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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 .

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 circular
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 geometry
needs to be adapted to layer deposition which is planar. Therefore,
the waveguide designs are rectangular and the two main geometries are
the strip and the rib waveguides as illustrated in figure 21} The core
materials used were discussed in the previous section (silicon nitride is
chosen here) and the cladding is silica. Thick waveguides surrounded by
cladding allows strong confinement of the optical mode in both transverse
and horizontal directions.

(a) (b)

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 . 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 . 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
the electromagnetic field is confined in the core and can be defined as
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the ratio of the electromagnetic fields within the core area to the elec-
tromagnetic fields within the full structure (top and bottom claddings
included) |20H22|. 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 neg, given by

Neff = (2.1)

g:
where [ is the waveguide propagation constant and kg = % the wavenum-
ber with Ay being the wavelength of light in vacuum. The condition on
the effective index for the optical mode to be guided in the waveguide
is ng < neg < ng, N being the cladding index and n. 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. .a) and the TM polarization state in which the electric field is in

z-direction (fig. 2.2|b).

TMoo , Defr = 1.6936

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

y (um)
(b)

Figure 2.2: Mode field profiles of (a) TEq and (b) TMgy modes (h = 740
nm, w = 740 nm) at 1550 nm of wavelength.

The waveguide is square-shaped and is 740 nm thick and 740 nm
wide. Therefore the fundamental TE and TM modes have almost the

10
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same effective indices (neg, TRO0 = 1.6937 and neg, Tnvoo = 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 TEgy and TMyg slightly differ due to the anti-symmetry of the
simulation region. Indeed, the different layers of SiOs (thermal, LPCVD
and PECVD) are also taken in account, each one having different refrac-
tive 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 have a strong
interaction with the sidewalls, leading to higher radiation loss due to
roughness . One possibility to reduce the mode interaction with the
sidewalls consists in increasing the waveguide’s width. Unfortunately,
the waveguide would then become multimode as higher-order modes can
be excited and propagate through the cascaded devices in a photonic
integrated circuit, thus spoiling the signal. Therefore, there is a tradeoff
between strong-confinement SiN waveguides and single mode behaviour.
This tradeoff consists in making the waveguide sufficiently large to min-
imize the mode interaction with the sidewalls and also thin enough to
ensure a 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.

TEoo, Negr = 1.5384 TMgo , Nefr = 1.4548

0.8
’E“ 0.6 fg
Z Z
N 04 N
0.2

y (um)

(b)

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

The simulations show that mode confinement is more moderate when

11



Chapter 2. Waveguide theory and simulation methods

looking at the effective index values. The fundamental TEgy mode is
more confined than the TMgyy mode (neg TR0 = 1.5384 > Neg, TMOO =
1.4548). As the waveguide is thin and rectangular-shaped, the modes
are much less confined than in the square-shaped waveguide in fig.
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 the center wavelength at 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 pm x 40 pm x 1.5
pum) such as grating couplers, or other devices with bent structures (Y-
splitters, directional couplers). Moreover, FDTD has the advantage of
capturing all the relevant wavelengths within a few minutes. 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

12
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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 ym x 400 um).
However, this method assumes that there is no coupling between the
slab modes guided in the vertical waveguide structure, or no polariza-
tion conversion |25]. 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.

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 ym x 35 pym, 8 pm x 110
pm, 80 pum x 200 pum (bent waveguides included) and 700 gm x 200 pm.
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Concerning the MMI, the EME solver will find the optimal length of the
rectangular region much faster than the other methods.

Grating coupler MMI Directional coupler | MZI

FDTD 4 min(2D), 2 h(3D) 1h 1h 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 3

Demultiplexing technologies for coarse wavelength-division
multiplexing (CWDM)

This chapter explores the different demultiplexing technologies and ex-
pands the results in Paper [A]. It presents the design steps of the chosen
technologies which are the arrayed waveguide grating (AWG) and the
cascaded Mach-Zehnder interferometer (MZI). Then, in the last part, it
compares them in terms of fabrication tolerance, refractive index change,
signal flatness, sensitivity to temperature and footprint. The wavelength
is centered at 1035 nm and the waveguide is 160 nm thick and 900 nm
wide to ensure a single mode waveguide.

3.1 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 pm of wavelength.

3.1.1 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 3.1} AWGs are
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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 A®, of the n'® ar-
rayed waveguide is linearly dependent on the frequency v and is given
by A®, = 2mn.vl,/c, where c is the speed of light in vacuum, n. the
effective index of the arrayed waveguides and 1, the length of the n'®
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 |26]. In addition, the receiver and arrayed waveguide separations
and the FPR length set the channel spacing [26].

Arrayed waveguides

FPR 1

. Output waveguides
Input waveguide

Ay Ao s A3
Figure 3.1: 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 [27] 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) [28|. Large scale
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3.1. Types of wavelength division (de-)multiplexers

25-GHz-spacing 400-channel AWGs have also been developed [29]. 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 [30]. 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 [31,32]. The AWG
is one of our selected technology for wavelength division multiplexing.

3.1.2 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 [30}/33| and photonic
crystal structures also make the fabrication more challenging [34].

3.1.3 Echelle diffraction gratings

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) [30].
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 |30]. The EDG’s footprint can be smaller than the AWG’s in
CWDM. However, in DWDM the AWG can be smaller than the EDG
[35]. In addition, this type of device requires smooth and deeply etched
grating facets to limit excess loss [30,36] and the input waveguide is
situated on the same side of the output waveguides, limiting its flexibility
compared to the AWG.

3.1.4 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
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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 [37,38| and low crosstalk level can be achieved
with either stage doubling [38|39] or with MMIs as shown in Paper [A].
Thus, this device was selected in addition to the AWG for comparison.

3.1.5 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 [38]. 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 [40]. However, this
kind of technology requires strong grating apodization to achieve low
level crosstalk and strong corrugation depth to obtain flat-top channel
response [404/41].

3.1.6 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 [42] 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 [43], thus increasing the sensitivity to fabrication inaccuracies [44].
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3.2. Power splitters

3.2 Power splitters

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

3.2.1 Multimode interferometers (MMIs)

The stucture 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 [45]. 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 [46]:

— X

— =] = ]

1/2 (3Ln) (3Lx) 3/2(3Lg) (2Lx)

e =] — =
P

y

Figure 3.2: Field pattern (represented in blue) in a 2 x 2 MMI when the light
comes from the upper input waveguide.

L, is the beat length of the two lowest order modes in the MMI section
and is given by [31]:

L — 4n, W2
3o

where n;, is the refractive index of the waveguide, W, the effective width
of the MMI and )\ the wavelength. When the length L of the multimode
section is set as L = 3/2 L, double imaging of the input field is realized
with a loss of 3 dB for both output fields [46]. 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

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

, (3.1)
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70 pm

1 0.966 pm 8 um

Figure 3.3: Illustration of the designed 2 x 2 MMI.

insertion loss introduced by the device |38|. However, these devices are
difficult to design for arbitrary cross coupling coefficients |38]. The device
was designed with Mode-solution Lumerical software, using both EME
and varFDTD solvers. The results of the simulations are shown in Figure

1 0.52

——Bar output
08 —Cross output
‘5 0.5
06 @
=
04 2048
o
=
0.2
0.46
0
1020 1030 1040 1050
X (um) Wavelength (nm)
(a) (b)

Figure 3.4: (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.

3.2.2 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 [38] 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 [32,137]. The length L of the straight section and the gap g
between the waveguides were L = 20 ym and g = 300 nm for K = 0.5, LL
= 13 pm and g = 300 nm for K = 0.29, L = 13 um and g = 440 nm for
K = 0.08. The field profiles and the transmissions of the DCs are shown

in Figures [3.5] and
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Figure 3.5: varFDTD simulated power distribution of the DC for K = (a) 0.5
(b) 0.29 (c) 0.08 for the TE mode.
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Figure 3.6: Transmission of the DC for K = (a) 0.5 (b) 0.29 (c) 0.08.
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3.3 Design of components

3.3.1 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 d; and d, along the FPR as illustrated in Figure As
explained in section 3.1, the different parameters set the FSR and the
wavelength channel spacing.

Arrayed
waveguides

P
dy Receiver
waveguides

Figure 3.7: Scheme of the AWG star coupler

With the input and output star couplers of the AWG being identical,
the following conditions should be satisfied [47]:

Be(Ao)AL = 2mm, (3.2)

S (3.3)
m

where (. is the propagation constant in the FPR regions, m the diffrac-
tion order of the AWG, AL the length increment between the array
waveguides, n. the effective index of the arrayed waveguides, Ag the cen-
tral wavelength. The the free spectral range (FSR) in the frequency
domain is related to the diffraction order m of the AWG with following
equation [26]:

22



3.3. Design of components

Figure 3.8: Microscope image of 4-channel AWGs with a reference waveguide
between the two devices. The right AWG is equipped with a
thermal heater to tune the channel wavelengths. In addition, we
put 4 input waveguides on the first star coupler so we can shift
the overall transmission in case it is not centered at 1035 nm.

FSR = 2, (3.4)
m

where v 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 NxAA , where N is the number of channels and A\ the
channel spacing. Then with the combination of equations [3.3] and [3.4]
we can deduce the length increment as a function of the FSR in the
frequency domain:
c

L= TSR (3.5)

where c is the vacuum speed of light. The central wavelength, wavelength
channel spacing and the FSR are set before designing the device. In Fig-
ure[3.8]is shown a microscope image of manufactured AWGs for CWDM.
The main parameters are found with commercial WDM Phasar software
and the mask design is later done with python. To prevent phase er-
rors due to different bending radius in the array of conventional AWG
designs , identical bends across the entire array section is applied in
these devices.

23



Chapter 3. Demultiplexing technologies for coarse wavelength-division
multiplexing (CWDM)

3.3.2 Design of cascaded MZIs

The cascaded MZI consists of three filters cascaded in two stages as
shown in Figure [3.9) when the device has 4 channels. The first stage
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-response, cross coupling coefficients of K = 0.5, 0.29 and 0.08 (for
a second order filter) are required [32,137]. The two MZI orders are
presented in Figure [3.10]

AL = ALbase/Z +/1/4 Negr

A

AL, A2,

Al

|

Stage 2B

AL = ALbase /2

Figure 3.9: Diagram of a cascaded MZI. ) is noted as the center wavelength.

ZALBase
(a) (b)

Figure 3.10: Schemes of first order (a) and second order (b) MZI filters. The
K coeflicients refer to the cross coupling coefficients of the di-
rectional couplers (or MMIs).
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The free spectral range (FSR) is determined by the central wave-
length A, the waveguide group index ng, and the base length difference

AL as [49]:
)\2
ng AL

The base length difference for the first stage of the cascaded MZI can be
deduced by [49] (0 being the channel spacing):

FSR =

(3.6)

)\2
20 ng,
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 pm for the first stage and 17.88 pm for the second (an
additional shift is necessary for the stage 2A in Fig. [3.9). Figs. [3.11

shows the simulations for each stage when the used power splitters are
directional couplers.

ALBase = (37)
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Figure 3.11: 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 |38| as reported earlier.
The use of broadband bent-directional couplers 32,38 or MMIs [38] can
significantly reduce the crosstalk level.
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Figure 3.12: Microscope image of manufactured 4-channel cascaded Gaussian
MZI (a) and flat-top MZI (b). The "M" and "D" letters refer
to MMIs and DCs respectively.

3.4 CWDM at 1 ym

In this section, the waveguide dimension is set to be 160 nm thick and
900 wide. The desired channel spacing is 8 nm (4 channels) and the
center wavelength is 1035 nm. The goal is to compare the AWG with
the cascaded MZI. For the MZI filters, the MMI was selected as power
splitter for the cross coupling coefficient K = 0.5 as it is less sensitive
to fabrication deviation than directional couplers [8] and also less wave-
length sensitive |38]. However, as the MMI introduced additional losses
for K = 0.29 and 0.08, we used directional couplers instead for these co-
efficients. We compare in this section the signal flatness, the bandwidth,
insertion loss, crosstalk, channel accuracy when one of the waveguide
dimension shifts by a few nm and when the refractive index changes (by
0.1 %), the footprint when increasing the number of channels and finally
sensitivity to temperature.

3.4.1 Transmitted power

Both devices were simulated as shown in Figure The VCSEL can
hit the target wavelength with a measured accuracy of £3.1 nm (plotted
in dashed lines below). The difference between the Gaussian and flat-top
AWG is that for the input star coupler, the Gaussian AWG is equiped
with input 400 pm long linear tapers whereas the flat-top AWG has 17
pum parabolic tapers [31]. For the Gaussian cascaded MZI, the first stage
is a first order filter and for the flat-top design, it is a second order one.

In the case of the Gaussian AWG (Figure (a)), when channel
no. 4 perfectly hits the target wavelength (1047 nm), the corresponding
VCSEL can deviate in the worst case by 3.1 nm and the insertion loss is
10 dB whereas it is only 0.5 dB for the Gaussian cascaded MZI (Figure
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Figure 3.13: Simulation of transmitted power of (a) Gaussian and (c) flat-top
AWG, (b) Gaussian and (d) flat-top MZI filter. The dashed lines
correspond to the measured minimum and maximum VCSEL
center wavelengths for all four channels.

3.13|(b)). However, for the flat-top AWG (Figure (c)), the loss would
be reduced down to 6 dB and for the flat-top cascaded MZI (Figure
(d)), the VCSEL shift has no impact on the insertion loss. A few devices

were manufactured and their experimental performances are reported in
Paper [A].

3.4.2 Sensitivity to temperature

As the VCSELs need to operate at temperatures between 25 and at
least 60°C, we also decided to compare both the AWG’s and the MZI’s
temperature sensitivity. As the variations of the refractive indices of
silicon nitride and silicon dioxide are well known and are around 2.5 X

107° /°C for SiN and 0.96 x 107> /°C for SiOs [50l/51], we could deduce
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the refractive indices for both materials at 60°C. The refractive index for
SiN at 60°C is around 2.0049 and the indices of SiO4 varies depending on
the layer deposition method (thermal, LPCVD or PECVD). As shown
in Figure the thermal heater for the AWG covers almost the entire
device so the refractive indices of the arrayed waveguides are changed.
For the MZI however, only a portion of the arm is heated (Figure[3.12)) so
we changed the indices in the simulation in that portion only. In Figure
[3.14] are plotted the simulation results for channel No. 4 (1047 nm) for
both devices. The VCSEL temperature shift was also measured and was
2.4 nm for a temperature variation from 25°C to 60°C [16]. The VCSEL
center wavelengths at both temperatures are also plotted for comparison.
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Figure 3.14: Simulation of the sensitivity to temperature of the fourth chan-
nel (1047 nm) for (a) the AWG and (b) the MZI filter. The
continuous curve corresponds to ambient temperature (25°C)
and the dashed curve at 60°C. The positions of the center wave-
lengths of the VCSEL at both temperatures are also plotted.

We can deduce from the simulations that the AWG and the MZI
have a wavelength channel temperature shift of respectively 14.3 pm/°C
and 7.7 pm/°C. The AWG is thus twice more sensitive than the MZI
according to the simulation. The obtained results are of the same order
of magnitude as the experimental results in Ref. [32] which also compare
AWGs and MZIs at 1 pm of wavelength, but with a channel separa-
tion of 25 nm. However these devices are much less sensitive than the
manufactured VCSELs which have a temperature shift of 75 pm/°C ap-
proximately. Nevertheless, the flat-top AWG’s and MZI’s bandwidths
are large enough to compensate the VCSEL’s high sensitivity to temper-
ature.
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3.4.3 Channel accuracy

The impact of the waveguide dimension deviations on the channel ac-
curacy for both technologies is analyzed in this section. We simulated
the position of the center wavelength AX when the waveguide width and
thickness range respectively from 895 to 905 nm and 155 to 165 nm (Fig-
ure [3.15)). The target width is 900 nm and the target thickness is 160
nm and the corresponding center wavelength is 1035 nm.
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Figure 3.15: Simulation of the wavelength shift when varying the waveguide
dimensions for the AWG (a) and the cascaded MZI (b). When
AN = 0, the center wavelength (1035 nm) is hit.

We see from the simulations that the thickness has a larger impact
than the width for both devices, which is logical since this the use of
thin singlemode waveguides increases the effective index variation [32].
The simulations reveal that the average wavelength shift per thickness
variation is AX/dt = 0.984 nm/nm for the AWG and 0.795 nm/nm for
the MZI. In addition, The wavelength shift per nm of width variation
is around A)/dw = 0.13 nm/nm for the AWG and 0.075 nm/nm for
the MZI. These results are of same order of magnitude as the results in
Ref. . The simulations are also realized when the waveguide index
is increased by 0.1 % to study the impact of the index variation on the
center wavelength for both devices (Figure. At a wavelength of 1035
nm, we measured an index of 2.004 for LPCVD SiN with the ellipsometry
method. An increase of 0.1 % leads to an index of 2.006. The calculated
average wavelength shift per percentage of refractive index variation in
the SiN waveguide is around 10 nm for the AWG and 6.9 nm for the
MZI.
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Figure 3.16: Simulation of the wavelength shift when varying the waveguide
dimensions and when the SiN core index is increased by 0.1 %
for the AWG (a) and the cascaded MZI (b). When AX = 0, the
center wavelength (1035 nm) is hit.
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3.4.4 Footprint with the number of channels

The footprints of the AWG and of the MZI are compared for different
channel numbers (4, 8 and 16 channels). The major drawback of the
cascaded MZI is that it only can be constructed as a 2N-channel device
(N being the number of stages) [32]. Therefore, the channel number
option for the MZI is very limited compared to the AWG for which it
is arbitrary. With 4 channels, the wavelength channel spacing is 8 nm.
However, if we increase the number of channels (8 or 16), the corre-
sponding VCSEL array will need to have a smaller spacing to ensure a
uniform VCSEL array performance. Thus a 8-channel VCSEL array will
have a wavelength channel spacing of 4 nm . To go even further,
an array of 16 channels would require a spacing of 2 nm, which would
be too small considering the precision of the wavelength centers of the
VCSELs (Figure[3.13). Therefore, AWGs and MZIs with 8 and 16 chan-
nels with channel spacing of respectively 4 nm and 2 nm were designed.
For an array of 8 or 16 channels, what would differ in the AWG is the
length of the FPRs, the number of output waveguides and of the arrayed
waveguides (the base length difference of the arrayed waveguides would
be kept the same as for 4 channels). To minimize the insertion loss, the
bending radius of the arrayed waveguides should be kept at a minimum
of 150 ym. The final estimated sizes of the AWGs would be 1.2 mm? and
2.5 mm? for 8 and 16 channels respectively. However for the cascaded

30



3.4. CWDM at 1 pym

MZIs, a device with 8 channels would require 3 stages and a device with
16 channels would have 4 stages. In addition, the base length difference
was 36.76 um for a FSR of 8 nm (4 channels). With the help of Equa-
tions and the base length difference would become 71.52 pym for
8 channels and 143.04 pum for 16 channels. The deduced size of the MZI
filters would be approximately 2.3 mm? and 6 mm? for a system of 8 and
16 channels respectively. The comparison of the size of the two devices
are plotted in Figure

— % —Flat-top MZI
—*— Gaussian MZI | 4

~
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N
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Figure 3.17: Footprint of the AWG and of the cascaded MZI for 4, 8 and 16
channels.

The flat-top and Gaussian AWGs have exactly the same size as the
only things that differ between them are the input tapers. The flat-top
MZI however needs a second order filter in the first stage while the Gaus-
sian only needs a first order filter (Figure [3.10), which further increases
the size of the flat-top design. We can see that the AWG and the MZI
have approximately the same size in the case of the system of 4 channels.
However, when the number of required channels increases, the MZI is at
least twice bigger than the AWG for 16 channels. In conclusion, from a
footprint’s perspective, the MZI becomes much less interesting than the
AWG for a channel number higher than 16 in CWDM demultiplexing.
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3.4.5 Insertion loss with the number of channels

In this section are analyzed the insertion losses of the designed AWGs
and cascaded MZIs for 4, 8 and 16 channels (Gaussian and flat-top). Ad-
ditional devices were thus designed for 8 and 16-channel demultiplexers.
The transmissions of the Gaussian and flat-top devices are presented in

Figures and respectively.
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Figure 3.18: Simulated transmissions of Gaussian cascaded MZIs (top) and
Gaussian AWGs (bottom) for 8- and 16-channel demultiplexers
with 4 nm and 2 nm-channel spacing respectively.
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Figure 3.19: Simulated transmissions of flat-top cascaded MZIs (top) and
flat-top AWGs (bottom) for 8- and 16-channel demultiplexers
with 4 nm and 2 nm-channel spacing respectively.

The average transmission per channel is calculated for each device
and is shown in Figure In overall, the average transmission seems
to decrease with the number of channels as the device increases in size.
For the cascaded MZI, the loss is mainly due to the increasing number
of MZI filters which reaches 15 for 16 channels. In each stages there
are 2 MMIs, each inducing additional coupling loss. As shown in Paper
[A], the characterized MMIs had a cross coupling coefficient average of
0.47 at the center wavelength of 1035 nm (the simulated coefficient was
0.495), which corresponds to a coupling loss of 0.28 dB per MMI. The
characterized 4-channel flat-top MMI-based cascaded MZI in Paper [A]
had an average transmission per channel of -1.18 dB while the simulated
in Figure [3:20| was -0.59 dB. It is difficult to estimate the insertion loss
of the real devices for the other channel numbers, however for the 16-
channel MZI, considering there are 7 MMI splitters in the optical path
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Figure 3.20: Simulated average transmission per channel of the AWG and of
the cascaded MZI for 4, 8 and 16 channels.

(each having a coupling loss of 0.28 dB) of each output waveguide, the
real transmission could be lower than -2 dB.

The flat-top AWGs have the lowest transmission per channel as it
ranges from -3 dB for 4 channels and almost reaches -5 dB for 16 channels.
However, the Gaussian AWG seems to be stable at -2 dB on average.

3.4.6 Crosstalk with the number of channels

Crosstalk can be defined as power leakage from one channel to another.
There are two kinds of measureable crosstalks, the intrachannel one and
the interchannel as illustrated in Figure [3.21

The interchannel crosstalk can be a combination of side-lobes (yellow
and purple curves in Figure and of intersection with the adjacent
channels (red curve in Figure [3.21))). This type of crosstalk can be com-
pensated prior to detection in the photodetector [52| and therefore is not
too significant. However, in the case of cascaded MZIs, it is possible to
reduce this type of crosstalk with stage doubling and bent directional
couplers [32,38], but it would also mean designing a much longer de-
vice [32].

The intrachannel crosstalk is the signal-noise-ratio between the peak
power and the background leaked power from the other channels as
shown in Figure [3.21] This type of interference is the most harmful
as it has the same wavelength than the signal coming from the VC-
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Figure 3.21: Transmission of a 4-channel Gaussian cascaded MZI with the
intra- and interchannel crosstalks for the blue channel. The
purple curve corresponds to another adjacent channel.

SEL. Therefore it accumulates with the signal coming from the VCSEL
corresponding to the channel (the blue channel in Figure [3.21)).
Furthermore, this type of crosstalk cannot be removed with an optical

filter [54]. The bit error rate (BER) is given by [55]:

BER = %erfc(\/SNRmt), (3.8)

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

SNRyor = (ﬁ + XT)il. (3.9)

We estimated with equation [3.9] that a crosstalk of -20 dB would
give around a 1 dB-penalty on the SNR at a BER of 10 (for OOK).
Therefore, the maximum intrachannel crosstalk value we would like for
our devices is -20 dB. The intrachannel crosstalk is analyzed for the
AWGs and MZIs when increasing the number of channels. The average
crosstalk per channel is calculated for each device for 4, 8 and 16 channels
and the results are plotted in Figure [3:22] We can notice that the flat-
top MZI has the highest average crosstalk even reaching -18 dB for 16
channels. However, the Gaussian MZI has a more decent level ranging
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from -32 dB for 4 channels to -25 dB for 16 channels. The Gaussian
AWG has in overall the lowest level of crosstalk, very close to -30 dB for
each number of channels. The flat-top AWG almost has the same level

than the flat-top MZI for 4 channels (around -22 dB) but reaches values
close to the level of the Gaussian MZI for higher channel numbers.

—*— Gaussian MZI

— % —Flat-top MZI |
—#— Gaussian AWG
— # —Flat-top AWG

Average crosstalk per channel (dB)

4 6 8 10 12 14 16
Number of channels

Figure 3.22: Simulated average crosstalk per channel of the AWG and of the
cascaded MZI for 4, 8 and 16 channels.

3.5 Conclusions

We saw that the cascaded MZIs based on MMIs (and DCs for the flat-top
design) have an average transmitted power close to -1 dB per channel
whereas the AWGs have a power close to -2 dB for a Gaussian device
and between -3 and -5 dB for a flat-top device. In addition to having
a low insertion loss, the Gaussian MZI has a crosstalk lower than -20
dB for each channel number which make this device a good candidate.
However, the proposed flat-top MZI has a crosstalk higher than -20 dB
for 8 and 16 channels, which is not the case for the flat-top AWG. We
can conclude that for a 4-channel demultiplexer, the best candidate is
the flat-top cascaded MZI with its high transmission of -0.59 dB and
decent average crosstalk of -22 dB. However, for a 8- and 16-channel
device, the flat-top MZI’s crosstalk becomes higher than the target and a
design with either arbitrary cross coupling coefficient MMIs or with bent
directional couplers and stage doubling would be required. This means
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3.5. Conclusions

that amoung the proposed devices for a 8- and 16-channel demultiplexers,
the Gaussian cascaded MZI would be the best choice.
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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 ta-
pers require gray scale lithography which is difficult to control and thus
potentially lead to fabrication deviation [56,57|. However, another pos-
sibility 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 linear or straight and are aproxi-
mately 10 to 18 um 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 [57]. 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 [58|:

kosin® + mG = S, (4.1)

where kg is the wavevector of the incident beam, ® the angle of incidence,
m the diffraction order, G the grating vector and B, the propagation
constant of the coupled beam into the grating. Then, the grating period
A can be deduced [59]:

P (4.2)

Neg — sind
neg represents the effective index of the grating and A is the free space
wavelength. To avoid strong second order diffraction into the cladding
layers and thus loss increment, the fiber is always tilted [59]. With f
being the filling ratio of the grating, the grating effective index of the

fundamental propagating mode can be expressed as:

Neff = fnetch7 eff + (1 - f)nslab, effy (43)

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 [58]:

Ptransmitted = Pincident - Psubstrate - Preﬂection - Pouta (4-4)

where Pipcident is the amount of incident power coming from the fiber,
Psubstrate the amount of power lost into the Si substrate, Prefiection the
power reflected on the grating coupler and Pqy the power coupled into
the opposite waveguide. Figure 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 different and the
phase matching condition changes too [60|. Therefore, this will cause a
reduction of the reflection into the air and increases the coupling effi-
ciency [61] as explained in Figure [4.2]
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air

Pincident Prcﬂcctinn

Figure 4.1: Illustration of a grating coupler

air

Pincident Preﬂection

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 . To reduce the
coupling loss, the apodization technique consists in modulating the fill
factor or the periodicity along the propagation direction [59]. Then, an
even further step called inverse design could be applied to enhance the
coupling efficiency and the bandwidth .
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air

p incident

Figure 4.3: Illustration of an appodized grating coupler

4.2.2 Bottom distributed Bragg reflector

A multilayer of distributed Bragg reflector (DBR) placed between the
substrate and the buried oxide cladding (BOX) can significantly improve
the coupling efficiency. A DBR is a stack of multilayer film with alternate
material layers such as SiOg and SiN. Such a multilayer stack can be
deposited with a sputtering method, LPCVD or using Liquid Source
Chemical Vapor Deposition (LSCVD) . A grating coupler based on
a SiN waveguide with N = 20 layer SiO5/SiN DBR with a coupling
efficiency of -1.75 dB has been demonstrated . In comparison, a
grating coupler without a bottom reflector was manufacured and the
measured coupling efficiency was -5 dB . To provide such coupling
efficiency, a 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 . The advantage of an overlay
layer is that it can prevent the need of adding a bottom DBR reflector
as demonstrated in 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 [58].
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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 . 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 . A two-step staircase design is also used
in Paper |B]. In Figure is shown the difference in coupling efficiency
and bandwidth between a conventional and a staircase grating coupler.

Figure 4.4:

Conventional GC
2+ —— Staircase GC

Coupling efficiency (dB)

14 I I I I
800 820 840 860 880 900

Wavelength (nm)

2D FDTD Simulations of coupling efficiency of a conventional GC
and a staircase GC for D = 145 ym and ® = 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 um

To meet the requirements specified in the first chapter, the grating cou-
plers 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 [£.5] All the

Figure 4.5: Illustration of the apodized DBR-based grating coupler. The real
device has 20 grating lines and 6 pairs of SiO5/SiN bottom layers.

simulations for the grating optimizations are carried out in 2D-FDTD.
The initial grating period for each channel is different to meet the Bragg
condition in equation [£.2] and each device has 20 grating lines. For the
DBR, two material options were available: a DBR based on SiOs and
SiN or a based on SiOy and TiOy. The TiOs material had the advan-
tage over SiN of providing a large bandwidth but one fabrication step
included an annealing process, which the TiOs material did not survive.
Therefore, SiN was finally selected as the second material for the bot-
tom DBR. Figure [£.0] shows the reflectivity of a manufactured 6 pair
Si02/SiN DBR. The thickness of the SiN and SiOs 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 [£.7] Channel No. 1 which is optimized for a target wavelength of
1023 nm presents the lowest coupling efficiency (-1.5 dB) while having
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4.4 Types of grating couplers

4.4.1 Linear gratings

Typical straight grating couplers have a grating section that is between
15 and 30 pm long and 10 to 18 pm 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.
Typical tapers are around 400 pm long to minimize the radiation loss
and have a conversion efficiency around 98 %. An example of a straight
grating coupler is proposed in Paper |B] in which the grating section is
10 pm wide and between 17 and 21 pum. The taper of the device is 300
pm long. In Figure [{.§ we show the conversion efficiency of the linear
taper converting the mode from the 12 yum wide slab-waveguide to the
0.9 pm wide single mode waveguide.

Conversion efficiency (dB)

0 100 200 300 400 500
Taper length (zm)

Figure 4.8: EME Simulation of the conversion efficiency of a linear taper.
The slab-waveguide is 12 pym wide and the output waveguide 0.9
pm wide for a thickness of 160 nm.

From the EME simulation, a taper length of 175 pm seems to be
enough, but a length of 400 um is often preferred since the coupled VC-
SEL mode does not fully match the fundamental TE slab-mode. Such
grating couplers are very efficient but have a large footprint due to their
ultra-long conversion tapers. However, ultra-short tapers with conver-
sion efficiencies of 96 % have been demonstrated at 1550 nm on Si-
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4.4. Types of grating couplers

waveguides [68].

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 [58,69):

qA = chladdingcose — eV y2 + X2, (4.5)

where q is the grating line number, x the coordinate of the propagation
direction and y the coordinate in the lateral direction, neg the effec-
tive index of the coupled mode, n¢jaqaing the refractive index of the top
cladding (or air if there is no cladding) and 6 the coupling angle. The
device (taper included) will have a length of approximately 40 gum or 10
times smaller than a conventional straight grating coupler. Figure
shows a drawing of a focusing grating coupler.

iram | QU AR AR R ‘<9”

36 pm

Figure 4.9: Designed focusing grating coupler in a gds file.

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 is the simulation result of the apodized
focusing grating coupler corresponding to channel No. 3 (1039 nm).
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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.

Transmission (dB)

1015 1020 1025 1030 1035 1040 1045 1050 1055
Wavelength (nm)

Figure 4.10: 3D-FDTD simulation of the coupling efficiency of an apodized

focusing grating coupler (channel 3: 1039 nm) with a bottom
DBR.
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CHAPTER D

Conclusions and future outlook

This thesis was mainly focusing on demultiplexing technologies and grat-
ing couplers. In this chapter we discuss future works and the research
aspects that need to be completed.

Paper [A] is in preparation and the last section (CWDM at 1 pm) of
chapter 3 will be appended later for the simulations and analysis aspects.
The experimental sensitivity to temperature change of the AWG and the
MZI still needs to be investigated. In this thesis, we compared AWGs
with cascaded MZIs in terms of insertion loss, crosstalk, footprint with
the number of output channels as well as their sensitivity to temperature
and to small variation of waveguide dimension. Only 4-channel devices
were manufactured and the flat-top MMI/DC-based MZI is a good option
for its low insertion loss and signal flatness and the Gaussian MMI-
based MZI has the lowest crosstalk (-18.7 dB demonstrated in Paper
[A]). As a crosstalk of -20 dB per channel is required, the Gaussian
cascaded MZI may be good enough for our 4-channel transmitter. In
future designs, MZI with either bent directional couplers or arbitrary
cross coupling coefficient could be explored. Indeed, due to the low
wavelength dependence of their power splitters, low crosstalk level can be
obtained as demonstrated in [38,45]. Finally, MZIs equipped with phase
shifters to make them more tolerant to fabrication deviations could later
be explored.

Chapter 4 sets a preliminary work on DBR-based apodized grating
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Chapter 5. Conclusions and future outlook

couplers (both linear and focusing) for a 4-VCSEL array and will be
developed in a near future. A few devices are already manufactured
without a bottom DBR and need to be tested. Several chips with man-
ufactured SiO2/SizsNy are ready and will later be used to complete the
fabrication with new high efficiency grating couplers.

Finally, an integrated DWDM multi-layer transmitter at 1550 nm is
being developed. This transmitter includes a soliton comb source with
a spacing of 100 GHz (0.8 nm) followed by a 9-channel 100 GHz AWG.
These component are based on thin SisN, waveguides (200 nm) and the
output channels of the AWG are modulated into a LiNbO3 /SizNy-bilayer
vertical coupler.
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CHAPTER O

Summary of papers

Paper A

Arrayed Waveguide Grating and MZI Filters for Wavelength
Division (De-)Multiplexing at 1 um

In preparation.

This paper presents a comparison of an AWG with different types of
cascaded MZIs. The MZI components are either based on directional
couplers, MMIs or even both to obtain a flat-top transmission while
keeping a low crosstalk level.

My contribution: I did all the designs of the devices as well the simu-
lations and the measurements. I also wrote a first version of the paper.

Paper B

Angled Flip-Chip Integration of VCSELs on Silicon Photonic
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
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Chapter 6. Summary of papers

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.
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