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ABSTRACT

The Arrayed Waveguide Grating (AWG) is a passive optical device capable of Multiplexing,
Demultiplexing and Routing. It is a very important device for Wavelength Division
Multiplexing, in this case interesting for achieving a transceiver of high modulation speeds
integrated on-chip. Here an AWG is designed, simulated and characterized in the X-cut
Lithium Niobate-On-Insulator (LNOI) platform. Proving for the second time the LNOI
is a versatile platform capable of allowing the Integration of AWG. The constraints and
required optimizations were analysed to be able to develop an AWG of higher performance
in this platform. Here, simulations are presented informing about the physics of the device
and the crucial design parameters. It was demonstrated a functional 9x9 AWG in the X-cut
LNOI for the C-band, with a channel spacing of 0.9 nm and a 21 dB Insertion Loss.

Keywords: Arrayed Waveguide Grating, Free Propagation Region, Integrated Optics,
Lithium Niobate-On-Insulator, Phased Array, Rowland Circle.
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REsumMo

O Arrayed Waveguide Grating (AWG) é um dispositivo Optico passivo capaz de mul-
tiplexagdo, desmultiplexagdo e roteamento. E um dispositivo muito importante para
Multiplexacado por Divisdo de Comprimento de Onda, neste caso interessante para con-
seguir um transceptor de altas velocidades de modulagao integrado em chip. Nesta tese,
um AWG ¢é projetado, simulado e caracterizado na plataforma X-cut Lithium Niobate-
On-Insulator (LNOI). Foi comprovando pela segunda vez que o LNOI é uma plataforma
versétil capaz de permitir a Integragdo de AWG. As restri¢des e otimizagdes necessarias
foram analisadas para poder desenvolver um AWG de maior desempenho nesta plata-
forma. Aqui, sdo apresentadas simulag¢ées informando sobre a fisica do dispositivo e os
parametros cruciais do projeto. Foi demonstrado um AWG 9x9 funcional em LNOI X-cut
para a banda éptica C, com espagamento entre canais de 0,9 nm e perda de inser¢do de 21
dB.

Palavras-chave: Arrayed Waveguide Grating, Regido de Propagacao Livre, Dispositi-
vOS Opticos Integrados, Lithium Niobate-On-Insulator, Phased Array,
Rowland Circle.
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1

INTRODUCTION

This thesis focused on the development of an Arrayed Waveguide Grating (AWG) on the
Lithium Niobate-On-Insulator (LNOI) platform. In order to understand the physics and
functionality of this device as well as its development process, this thesis was structured
in the following manner: An Introduction to the AWG, first a look through literature and
commercial devices, resulting in the motivation and objective for this thesis; Methods and
Materials, beginning with a theoretical background of the AWG concept and the LNOI
platform, and in addition a description of the procedure for developing this complex device;
Afterwards the design model along with results from simulations and measurements is
presented and fully discussed; In the last chapter a summary of this development process
is presented together with the future perspectives on improving the AWG performance

and versatility.

1.1 State of the Art

In order to better understand the AWG device performance, as well as the LNOI platform
technology, a review of the literature is essential, it also provides the description of the
multiple challenges, constraints and achievements noted to this date.

The electro-optic properties of Lithium Niobate (LNO), especially its strong pockels
effect, make it the right material for photonic applications. This material is even often
referred to as the silicon in photonic applications. The improvements in fabrication have
allowed for the implementation of a variety of devices in LNOI technology. LNOI structure
is similar to that of Silicon-On-Insulator (SOI) technologies. However, its fabrication is
more complex than that of SOI. The etching of such substrate can be done in two
fashions, either dry or wet etching. While wet etching is a simpler and faster method,
with high etching rates, it is also less reliable, reproducible and with lower resolution, [28].
Therefore, for integrated optics, a variety of dry etching techniques can be applied [46].
A very common one is Reactive-Ion Etching (RIE), [46, 4, 24]. Although RIE is a scalable
and reliable technique for such applications, it is impossible to have a perfect etching on
the sides of the waveguides, leaving them at a certain angle. Depending on the etching
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CHAPTER 1. INTRODUCTION

process, as well as the crystallographic axes on which the etching occurs, this angle, of
the waveguide wall, will differ, [24, 46].

To improve such technology a crucial step is the optimization of waveguide fabrication,
with the intention of achieving low losses and small bending radii. Two common imple-
mented waveguide structures are wire, ridge and rib configurations. Wire waveguides
allow for smaller bending radii, while rib structures ensure less loss since the light mode
is not as close to the waveguide walls, [7, 43]. In rib waveguides, losses below 1 dB per
centimetre have already been demonstrated, [55]. The LNO waveguide sidewall angle that
results from the etching process contrasts with the waveguide sidewalls found on silicon
technologies, that are close to vertical, this can come as a constraint for the development
of certain devices in LNO, [30].

A variety of devices have already been developed and optimized in the LNOI platform,
such as racetrack Modulators, [35], waveguide Bragg gratings, [39], spectometers, [40],
supercontinuum light generation, [15], multimode interferometers, [57], Mach Zehnder

interferometer modulators, [20], among other couplers and devices.

The Arrayed Waveguide Grating full model was firstly described by Smit, in 1996, as a
PHASAR (phased array), [47]. The deployment of such device in a variety of technologies
has been extensive, and it is expected to be an even more important Building Block (BB)

for integrated sensors and telecommunications.

Such a device has been shown and optimized in a variety of material platforms. SOI
platform is highly used and has been used for a variety of applications for the C-band and
in other optical bands. Other materials typically used are Silicon Nitrite and silica-based
waveguides. In relation to this thesis, it is important to look at typical performance values
in literature, so as to know what values to strive for. For the design application, the most
important performance results to analyse are the Insertion loss and Crosstalk between
adjacent channels. Silicon on Insulator platform is typically used for the implementation
of such a device as an AWG. Common values for insertion loss are around 3 dB and below
-20 dB crosstalk, [25, 54], as observed in figure, 1.1.

2



1.1. STATE OF THE ART

Loss (dB)

1510 1515 1520 1525 1530 1535
Wavelength (nm)

Figure 1.1: Spectrum of AWG on Si, with 100 GHz channel spacing. Adopted from [54].

In Silicon Nitride technologies common values are also reported, [19], figure 1.2, or
even with losses below 2dB, [45].

| FSR: 6.4 nm

o

(RO
N L] wn

Transmission (dB)

AN

1546 1548 1550 1552 1554
Wavelenght (nm)

Figure 1.2: Spectrum of AWG on Si3N,, with 100 GHz channel spacing. Adopted from
[19].

In commercial products, the optical insertion loss is slightly higher, around 4dB.
However, that loss already takes to account the packaging coupling. In regards to
crosstalk, there is typically an optimization, with common crosstalk values of -25dB, [13,
2,16].

In contrast to the extensive application of this device in these material platforms, the
implementation of AWG in LNOI has been close to null, with only one exemplar found in
the literature, up to date. In 2018, Ben Yoo et al. implemented the AWG on LNOI, Z-cut,
platform, with 8 channels of a 500 GHz spacing, with a rib waveguide of 2 um width. The
experimental results present very different values compared to the previous technologies,
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CHAPTER 1. INTRODUCTION

insertion loss of 25 dB and crosstalk of -15dB, [59], as can be observed in figure 1.3. It is
then important to research this device in this platform to better understand the constraint

and limitations in contrast to currently material platforms.

Frequency (THz)

52544 194.81 19417 19355 18283 19231 181.68

o
bt

b b
n o

Transmission (dB)

-55 LRI
1535 1540 1545 1550 1555 15680 1565

Wavelength (nm)

Figure 1.3: Spectrum of AWG on Z-cut LNOI, with 500 GHz channel spacing. Adopted
from [59].

Due to fabrication mismatch and environmental conditions, such as temperature and
vibrations, the AWG central wavelength can shift from the design, and consequently all
the channels” wavelengths. Common strategies for tuning the central wavelength are the
usage of a thermal actuator to control the operational temperature, [58], or to vary the
refractive index in the arrayed waveguides using the thermal-optic or electro-optic effect,
[3]. Since LNO has very remarkable electro-optic properties, the tunability of the central
waveguide by the electro-optical effect is a promising strategy, as was already simulated,
[27], with a tuning range of 4 nm.

A variety of structures have also been implemented in conjunction with the AWG
so to improve performance or control the shape of each channel, such as for decreasing
reflection inside the Free Propagation Region (FPR), [10], or decreasing the loss between
the arrayed waveguides and the FPR by tapering the waveguides in a variety of fashions,
either vertically, [49], by using multimode interferometers at that interface, [33], or common
waveguide tapering, [37].

1.2 Motivation and objectives

Telecommunications is a technology field that has been expanding swiftly in the last
century. In 1965, Charles Kao studied clear glass fibres to be a viable telecommunication
medium, [22] and from then on Telecom data transfer is established primarily with
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1.2. MOTIVATION AND OBJECTIVES

optic fibre. Therefore an array of photonic structures have been developed to date. The
increasing demand for better performance has created a continuous desideratum for the
investigation and optimization of this field. In the era of a globalized civilization, the field
of telecommunications is surely expected to grow and achieve even more complexity than
nowadays. Future advancements in this communication field are based on the increasing
demand for faster and more capable telecommunication technologies. Therefore, the
development of photonic devices” bandwidth and speed capacity is a necessity, so to
enable more efficient communication. These structures constitute a set of functions that
allow the optical signal to be received, modulated and transmitted, [44].

Therefore, this project aimed to strive forward and develop an AWG structure in the
Lithium Niobate-on-Insulator platform, in LNOI X-cut. This device can have several appli-
cations, the application for which it was designed is a high-speed transmitter, composed
of an AWG as a demultiplexing stage, where each of the channels would be coupled to
a Mach-Zehnder modulator (MZM) of 100 Gbit/s data modulation speeds, these modu-
lated signals would then be focused onto a single output fibre with an AWG acting as a
multiplexing stage, as represented in the sketch of figure 1.4. This application idea forced
the selection for the LNOI X-cut, given the stronger modulation when the MZM electrodes
are designed in a way that the electric field generated is aligned with the extraordinary

refractive index of the Lithium Niobate.

MZM
MZM
AWG MZM AWG
(deMux) (Mux)
MZM
MZM

Figure 1.4: AWG+MZM+AWG High-speed Transceiver.

The AWG is a fairly new device in the LNOI platform, with only one published
exemplar, [59]. Therefore the development of this device is another step in assessing the
capability and versatility of the LNOI platform. In addition, it is also a new passive optical
BB for Versics and for the Optical Nanomaterial group at ETH.






2

METHODS AND MATERIALS

2.1 Theoretical Background

In this section the AWG will be fully explained, the physical concept behind this optical
device, the modeling of such a device, its functionality and preformance. Further the
LNOI platform will be discribed and analyzed.

211 AWG Theory

The way to confine and distribute light in photonic integrated circuits is through the use
of waveguides. Light confined in these structures is propagated throughout modes, this
refers to the distribution of optical power through the waveguide. This mode depends on
the material’s refractive index, the waveguide dimensions and structure, and propagated
frequency. A rib waveguide structure is composed of a cladding layer and a core consisting
of a thin film layer and a strip waveguide of the same material. This architecture allows
for better confinement of the propagated light signal in contrast with strip waveguides.

The effective refractive index (1.55), of a certain mode at a specific frequency, can be
given by equation 2.1. Where f is the phase constant, k is the propagation constant and v
the propagated frequency.

c
Neff = % =3 (2.1)
The effective refractive index that the light mode will experience, for a specific frequency,
inside the waveguide will not depend solely on the refractive index of the core material
but also on the cladding and on the waveguide structure itself. Therefore, the best strategy
for calculating the effective refractive index in a rib waveguide configuration is through
simulation. In a slab region, the width is much larger compared with the thickness of the
rib structure. Therefore the effective refractive index is dependent only on the thickness
of that structure, analogously to a planar waveguide configuration, [21].
Wavelength Division Multiplexing is a common methodology to enhance the capacity
of a fibre network, allowing the encoding of multiple wavelength channels into a single

fibre or waveguide. The AWG is a device capable of achieving that, through multiplexing
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CHAPTER 2. METHODS AND MATERIALS

and demultiplexing. The Multiplexing (MUX) aspect allows for the encoding of multiple
wavelengths at a single output channel. In the opposite fashion, it is also capable of

Demultiplexing (deMUX) a complex signal, separating it into a set of wavelength channels,

figure 2.1.
Multiplexing

N \
. ¢ M 7\

. NxN ° N S
M oA AZh e AWG . Ag A

. ° ATN
— A h

—_

Demultiplexing

Figure 2.1: AWG MUX and deMUX procedure.

Being a bidirectional device capable of MUX and deMUX, it has a cyclic behaviour,
depending on the excited input port each wavelength channel will be read at a different
output port, figure 2.2. For example, in a deMUX configuration, if a signal is applied at
the centre input port, the central wavelength channel will appear at the central output
port. However, if the input port is shifted, the central channel will appear at a different

output port, [8, 18, 1].

output 1
> > —Ns N5 0,

>
XQQ \Q NxN output 0 n }\C A }\A n A )\B A
o AWG A >, A > A
\ output -1 4 n B n {\ c A
Q\‘/
W > ran Ac>x A > A

(A) B) ©

Figure 2.2: AWG routing, (A) Input 1, (B) Input 0, (C) Input -1.

Apart from the functionality of the device, the performance focuses on a set of parame-
ters. Important parameters set in modelling of the AWG are the wavelength or frequency of
the Central Channel (A¢ | vo) and the spacing between channels, Channel Spacing (AA.y |
Av.p,). Given that the AWG spectra is periodic, that periodicity is referred as Free Spectral
Range (FSR), (AArsr | Avrsgr). The Insertion Loss (ILo) is the loss of signal intensity from
the whole device and the isolation of channels is considered the adjacent channel Crosstalk

8



2.1. THEORETICAL BACKGROUND

(Xtlk). In regard to the spectral shape, there is the 3 dB Bandwidth (AAzss | Avzgp), the
width of the channel at a transmission of ILy — 3dB. The Loss of Non-uniformity (L,) is

the difference in Insertion Loss from the central channel to a channel at the extremity.

Table 2.1: AWG Performance Parameters nomenclature.

Performance Parameter Symbol Units

Central Channel Ao nm
) THz

Channel Spacing AAcy nm
Free Spectral Range AAFsR nm
AUFsR GHz

Channel bandwidth 3dB AA34p nm
Avzgp GHz

Insertion Loss of the Central Channel ILg dB

Loss of non-uniformity L, dB

Crosstalk between adjacent channels Xtlk dB

4
ILi jA&ﬁ Ahgsg V
34dm} 4L, \

Transmission [dB]

AL 3aB

Xtalk

" A/h/ ‘A\.‘, !t‘\\A A‘A\AA/LA/ A\' ‘//‘\/ A WAM

Ao Wavelength [nm]

Figure 2.3: AWG performance parameters.

The AWG is a complex device, and so the modelling of such a device is intricate.
Many approaches have been taken into account, the Smit model description which [47],

focuses on the designed parameters is a typical model to follow. Other models focus
on designing the AWG from the required performance, [36, 9]. Focusing on the Smit
model, [47], the design is grounded on a set of initial key parameter specifications that
need to be selected. These are the number of channels, the central frequency and channel
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CHAPTER 2. METHODS AND MATERIALS

spacing, the ideal 3-dB bandwidth, the ideal maximal insertion loss, the maximal loss of
non-uniformity tolerated and the ideal maximal adjacent crosstalk level. From there, the
design dimensions of the AWG can be determined. In order to understand the role of each

parameter in the design, a theoretical background should be first comprehended.

The AWG is composed of two slab structures or two FPR connected by a Phased
Array of waveguides (PHASAR), figure 2.4 A. The FPR can have different star coupler
configurations, the most common ones are the Confocal configuration, [12], or the Rowland
Circle (RC), [34]. The confocal configuration is designed as a typical confocal lens where
the interfaces of the slab with the array or the receiver/output waveguides have the same
curvature [62]. In the RC the array waveguides connect to the slab at a region with
a curvature of a certain radius, being this radius the focal length of the RC, and the
receiver/output waveguides connect at a curvature of half that radius, [53], as indicated
in figure 2.4 B.

Output
‘Waveguides

Arrayed
‘Waveguides

(A) B)

Figure 2.4: (A) AWG layout and constituent parts; (B) FPR Rowland Circle geometry.

The first AWG designs of this Thesis took into account the Confocal-type star coupler,
later the Rowland Circle type was employed for better crosstalk, insertion loss and non-
uniformity between channels performance, as concluded from the literature, [62]. When
the light signal is input at the first FPR, with an angle 0;,, it diffracts throughout the
FPR. Due to the design of the FPR structure, based on the Rowland Circle, the signal is
focused and uniformly illuminated at each arrayed waveguide, figure 2.5. The signal is
then illuminated throughout each arrayed waveguide. The waveguides of the array differ
in path length, in a way that each waveguide has a length difference of AL to the adjacent
ones. This path length difference creates a 2 phase shift between adjacent waveguides.
This phase shift induced in the arrayed waveguides results in an interference pattern
at the second FPR, so that there will be positive interference at certain spatial regions,

correspondent to the output waveguides, where light is propagated with an angle of 0.
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Figure 2.5: FPR interference focusing at each output channel. Adopted from [6].

This way the input signal can be routed to the multiple output waveguide and centred
at a particular frequency channel at each output port, acting as a demultiplexing stage.
Given that the AWG is a bidirectional passive optical device, it can function as a multiplexer
or demultiplexer stage.

The full illumination pathway is described in the following equation:

Having 1, and n; as the effective refractive indexes of both the array waveguides and
the FPR, respectively; the m is the diffraction order; A is the propagated wavelength and
d, as the spacing between adjacent arrayed waveguides. From equation 2.2, path length
difference (AL) and angular spacing (A0) can be derived for adjacent arrayed waveguides.

In addition, the focal length (R,) of the FPR, or slab, can be obtained, being equal to
the grating circle radius (radius of the curvature at the array interference) and twice the

Rowland circle radius. These equations are derived as follows:

AL ="M (2.3)
Mw

Mg m - AAgy
AG = £ ———cL 2.4
Ny MNsdg @4

Ne Nsd?
Ry=——— 2.5
T g m-Adg, 2.5)
With n, referring to the group refractive index of the array waveguides, given by
My — Ao 52

Although the AWG channels are designed at a certain wavelength or frequency, they

will appear periodically throughout the spectrum. such wavelength period is referred to

11



CHAPTER 2. METHODS AND MATERIALS

as FSR, it can be given in terms of wavelength (AArsr) or frequency (Avrsr), expressed in
the equation 2.6.

c
A = 2.
UFSR Y3 (2.6)
The dispersion (D) of the FPR can be given as follows:
1 ng AL- R,
D=——< 2.7
UO ns du ( )

These equations were fully described in the Smit model, [47], that has become the
standard theoretical model for AWG thechnologies. The AWG losses result from multiple
phenomena in the light path. One of the most critical is the interface between each
FPR and the array waveguides, given the discontinuity in the mode field present at that
interface. To prevent loss at this stage the arrayed waveguide spacing should be small and
the transition from FPR to each waveguide should be continuous, so as not to have high
contrast in mode volume. This is of course limited due to fabrication. To decrease the
insertion loss at this stage, as well as increase crosstalk performance, the mode transition
from FPR to each waveguide must be smoothed out. To achieve this, the usage of an
etched taper at each array waveguide interface with an FPR can be applied, [37, 48]. The
loss of the device also increased due to attenuation throughout the FPR.

2.1.2 Lithium Niobate-on-Insulator platform

Lithium Niobate (LiNbO3) is a novel material, auspicious for integrated optic platforms.
It is an inorganic, dielectric, ferroelectric material, that has proven to be very remarkable
for photonic applications, due to its excellent electro-optic properties. Relevant properties
are its strong second-order nonlinearity and negligible third-order nonlinearity, which
allow for pure phase modulation with no absorption at a wide transmission spectrum
(0.33 to 5.20 um), [51]. LNO displays a trigonal crystal structure, lacking inversion
symmetry, figure 2.6 (A). This structure implies nonlinear optical polarizability and
susceptibility to the Pockels effect. Then, due to its birefringence and tensor electro-optic
coefficient lithium niobate devices are polarization-dependent. The birefringence caused
by the crystallographic structure of LNO results in an ordinary refractive index in x and y
crystallographic direction, and an extraordinary refractive index in the z direction, smaller
than the ordinary index, figure 2.6 (B), [14].
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Figure 2.6: (A) Ferroelectric crystal structure of LNO, (B) Index ellipsoid of LNO. Adopted
from [14].

The effect of this present birefringence can be visualized through out the wavelength

spectrum in figure 2.7.
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Figure 2.7: Ordinary n, and Extraordinary 7, refractive index variance through out the
light spectrum.

In bulk LNO modulators there is typically weak confinement. This implies electrode
structures optimized for decreasing metal-related absorption losses, which increases the
half-wave voltage to Complementary Metal Oxide Semiconductor (CMOS) non-compatible
values, [17, 27, 11]. With the development of thin-film lithium niobate in the 2000s,[41, 50],
this challenge was surpassed, due to the increase in waveguide confinement strength, [57,

13



CHAPTER 2. METHODS AND MATERIALS

30]. In resemblance to SOI, lithium niobate is often used in a similar structure, Lithium
Niobate-On-Insulator, combining the material properties of LNO with the improvements
of thin-film technology. This platform allows for high-performance compact modula-
tors. LNOI can be fabricated by different methods, process optimization is still a big
area of study. Etching is a common approach. In contrast to wet etching, dry etching’
higher anisotropy provides more fabrication control, [30, 5]. Common etching techniques
employed are RIE,[23, 52], often associated with high scattering losses, Photolithography-
Assisted Chemo-mechanical Etching (PLACE), [60] and electron beam lithography, [38, 7].
Other fabrication techniques are based on ion bombardment, such as Focused Ion Beam
(FIB) milling, [31], and the particular Argon ion milling, [29]. In FIB only low fabrication
efficiency is available.

The developed process that supported this thesis incorporated the deposition of a
hard mask, made from e-beam resist and thin films of chromium (Cr) and Silicon Oxide
(5i0y), that provide sufficient protection of the LNO and improve mask selectivity. the
e-beam resist will be patterned, and after the dry etching of the thin film layers of Cr
and SiOy, the LNO can be etched safely. This etching was done by Inductively Coupled
Plasma Reactive Ion Etching (ICP-RIE). The mask is then fully removed and the sample
cleaned, figure 2.8, [14].

In LNO devices microcavities and waveguides act as building blocks that enable the
construction of a wide range of photonic devices. The waveguide is a key part on the
device optimization if low optical loss and high modulation efficiency are intended, [20].

(A) Sample (B)Electron Beam (C)Mask Patterning
Preparation Lithography (Dry-etching)

Redeposited

D)LNO Dry-etching  (E)Mask Removal (F)Wet-etch Cleaning of |:| LNO

Redeposited LNO
@% —

[_]sio,
Figure 2.8: Fabrication procedure of LNO nanophotonic structures. (A) deposition of the
mask, multi-layer structure of e-beam resist and a double film of chromium (Cr) and silicon
oxide (SiOx); (B) e-beam writing on the e-beam resist; (C) development and patterning
of the mark by ICP-RIE; (D) LNO etching by ICP-RIE; (E) full mask removal; (F) sample
cleaning. Adopted from [14].

B Resist
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LNOI Photonic Integrated Circuits (PIC) allow for an optimized simultaneous imple-
mentation of the multiple functional devices discussed above, [7, 61]. It is considered a
novel material and much research are needed for improving the fabrication process and
the consequent possible set of building blocks to be implemented. It sure is a promising
material that has been proving critical in achieving better performances of certain photonic
applications, [30], such as: Multimode Interferometer, [35, 56]; Mach-Zehnder Modulator,
[20]; Bragg Gratings, [39]; and a variety of other devices. Only future research will tell the

real limitations of such technology.

From the fabrication and cutting process, LNOI wafers are typically X-cut or Z-cut,
regarding the crystallographic structure. In this project, X-cut wafers were used so to have
both ordinary and extraordinary refractive indexes in the writing plane. This is important
since aligning the electric field of the MZM with the extraordinary refractive index of the
mode in the waveguide allows for a stronger and more efficient modulation, driving the
) voltage (V) down.

2.2 Methods

When discussing optical communication, the dependence of attenuation on the wavelength
has to be acknowledged. Attenuation is the loss of signal throughout the transmission,
limiting the length at which transmission can be possible. The Attenuation is driven by
absorption and scattering, both effects depend on the transmitted wavelength. Absorption
of ultra-violet, visible and infrared is present in the optical fibre material due to the
excitation of the atoms and their electrons from the light stimulus. Scattering is due to
diffuse reflection inside the fibre or waveguide. Therefore, for telecom, the C band (1530
to 1565 nm) is a common choice, [42]. In figure 2.9 it is possible to verify a lower range
of attenuation correspondent to the optical C band. For the AWG device to be applicable
to the market, the choice of central frequency was 192.1 THz, or 1560.6 nm, in terms of

wavelength.

15



CHAPTER 2. METHODS AND MATERIALS

100 | ] T T T
50 = —
10 —
5 Experimental -
S\ ]nfrargd .
L absorption J

Attenuation | }H i
dB km™) 1 & ~N ;
0.5 — Rayleigh = ’; ]
_\\ scattering H.H""'*--...
B RN Ultraviolet Tt~ ;S 7
0.1 - . absorption ~Waveguide — =
| T imperfections ’ ]
O e e | SO A 3
“-..___.H‘ 7 i
- """--..__ '.,t
0.01 | 1 | | | 1 | e 1
0.8 1.0 1.2 1.4 1.6 1.8

Wavelength (pm)

Figure 2.9: Ultra-low-loss single-mode fiber’ measured attenuation spectrum, [42]

The first step for designing an AWG structure is to calculate the effective refractive
index of the waveguides and FPR at the wavelength of the central channel, this calculation
was done through simulation in Lumerical EigenMode Expansion solver (Lumerical’s
EigenMode Expansion solver (EME)). To induce this light propagation through the
waveguides and slab region, a source of frequency of 192.1 THz, equivalent to the central
frequency of the AWG designed response, was applied and the fundamental Transverse
Electric (TE) mode was propagated. The effect of the bending of the waveguides on the
propagation was also studied to have information in that regard for the design process.

The simulations and AWG designs are based on a LNOI structure of a 300 nm thin-film
of LNO over a 2 um glass film. The waveguides were of 1 um with a 300 nm thickness,
having a sidewall angle of 60°, resulting from the etching process. This structure is
represented in figure 2.10.
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Figure 2.10: LNOI waveguide structure.

Having the effective index of the waveguides and slab regions the design followed the
equations presented in the theoretical background section and the Smit model, [47].

Having the AWG and the FPR RC modeled, through a python script, based on the
Smit model [47], that was able to calculate the design parameters of the AWG and draw
its structure, or a single FPR on to a gds, using Nazca photonics. A set of simulations
on the Lumerical Interconnect AWG module were carried out, by sweeping the design
parameters such as the number of arrayed waveguides, arrayed and receiver/output
waveguides spacing, with the intention of understanding the effect of these parameters
on performance. In addition to these parameters, the AWG module also enables to
specify the focal length and the order, that was adapted for each sweep point, based on
the previously referred design parameters. From these simulations, the performance
values were gathered and analysed. All simulation data analysis was carried by a python
script design to extract the performance parameters with ease and to allow for a visual
correlation of the design parameters onto preformance.

After gathering a more rich knowledge of the AWG, the device design was adapted.
Then, in order to fully understand the focusing behaviour of the FPR, simulations of the
already designed RC were carried out in Lumerical Lumerical’s 2.5D variational Finite-
Difference Time-Domain (varFDTD) software. Being Finite-Difference Time-Domain
(FDTD) methods, where the time-dependent Maxwell’s equations are calculated based on
a finite central difference aproximation, the varFDTD (2.5D FDTD) is a faster simulation
method compared 3D FDTD simulations. Here 2D simulations are carried out all along an
axis where the model change of propagation can be ignored. Therefore making it a very
fast and accurate method of omni-directional propagation. However, Lumerical varFDTD
does not perform under birefringent materials, so only the ordinary refractive index of

the LNO was taken into account.
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After such simulations, the AWG was ready to be fabricated to then measure its
response. The architectural gds design of this building block was written using Python
and Nazca Photonics. At the end of the design, KLayout was used to merge all structures
and to check the architectural design, to then be submitted for fabrication. The submitted
chip was and integration of multiple device structures: Free Propagation Regions, where
the design parameters were swept; imbalanced Mach-Zehnder Interferometer (MZI),
where the fabricated path length difference could be studied; Full AWG, where the same
sweep of design parameters was applied. This sectioning allowed for the verification
of each AWG constituent, FPR and PHASAR, as well as the full integrated device. An
imbalanced MZI composed of a set of two Multimode Interferometer (MMI) coupled
to a pair of consequent waveguides, similar to a set of two arrayed waveguides of the
AWG, surged as a strategy for measuring indirectly the path length difference (AL) of the
PHASAR region. The MZI will have a filtering behaviour with a certain periodicity, the
FSR. Here FSR is correlated to the AL responsible for the imbalance between both arms of
the MZI, this relation is given by equation 2.6.

The fabricated AWG were also simulated using the interconnect module to be compared
with the measured response.

The measurement set-up was a simple optical transmission configuration, having a
Superluminescent diode (SLED), as a broadband source centred at a wavelength of 1550
nm, whose signal was transmitted through a lensed fibre and coupled onto the chip. The
signal at the output of the PIC chip is then coupled onto another lensed fibre and the
signal is transmitted to an Optical Spectrum Analyzer (OSA), OSA202C from Thorlabs.
The lensed fibres are aligned and controlled by piezoelectric three-dimensional stages, as
represented on figure 2.11.

From the measurements, it was possible to verify the functionality of the FPR and the
PHASAR design. In regard to the AWG, it was possible to select a device whose response

in terms of functionality and performance was clear and informative.

PMfiber py1 | ensed fiber PIC i Lensed fiber M Per

¥ pigtail Sample pigtail ‘

Optical Spectrum analyzer
(OSA)

Broadband optical source XYZ Sample  XYZ

(SLED @ 1550nm) Stage  Holder Stage

Figure 2.11: PIC transmission measurement set-up.
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3

REsuLTs AND DiscussioN

3.1 FPR and AWG design

The PHASAR component of the AWG can be designed in a variety of ways given that
the path length difference is maintained, [26]. Two common designs are the conventional
(round) shape, and the saddle shape, as seen in figure 3.1. In this thesis approach, the
saddle shape was used for a future better control of the LNOI birefringence.

() (B) [c¥( - =)
ARl B “

: ol ’ Al

Figure 3.1: (A) and (B) Conventional AWG shape. (C) and (D) Saddle Shape. Adopted
from [26].

The first step in designing the AWG was the calculation by simulations of the effective

mode profile when light is propagated through the waveguides and the slab-like FPR.

In a slab region like the AWG free propagation region, the width and length dimensions
are far greater compared to the thickness of the rib structure. In this way, the effective
refractive index is mostly dependent on the thickness of the film.

From the simulations, it was possible to gather the effective refractive index of the
waveguides and the FPR, with values of 1.91 and 1.97, respectively, for the centre wave-
length, figure 3.2. In table 3.1, the effective and group indexes, and the effective mode
area are presented for the waveguides and the FPR.
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Figure 3.2: Mode profile simulation, (A) of the waveguide, (B) of the slab structure.

Table 3.1: Light Propagation Parameters for the Waveguides and FPR.

Parameter Waveguide FPR Units
Effective Refractive Index (7. ) 1.910 1.966 -
Group Index (n4) 2.265 2.232 -
Effective Mode Area 0.877 27.082 ymz

3.2 varFDTD simulations

After the AWG design parameters have been calculated by the design model, the FPR
was studied by varFDTD simulations, observed in figure 3.3, to ensure proper focus and
arrayed waveguide confinement. It was possible to observe the broadening of the mode
from the input waveguide all throughout the FPR. This dispersion would then be focused
onto each arrayed waveguide. From the dispersion cone pattern, it is possible to verify
the non-uniformity between the arrayed waveguides, where the central waveguides are
able to couple more light, having more power intensity, than the arrayed waveguides
on the extremities. The light is confined inside the arrayed waveguides, however, some
light is transmitted also in the glass in-between the arrayed waveguides. This light
transmission will have high attenuation, fading out throughout the glass. It was also
possible to observe some reflection in the sidewalls of the FPR that would result in a
certain interference pattern, affecting the focusing and lowering the AWG performance.
This reflection was minimized with a slightly different design in the fabrication of the
AWG chip, for measurements, even though, the effect on AWG performance should not
be significant in this development stage.
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Figure 3.3: varFDTD FPR simulations. (A) monitor at input waveguide; (B) monitor at the
mid-slab cross-section; (C) monitor at arrayed waveguides cross-section.

3.3 AWG interconnect simulations

The Interconnect simulations allowed to understand the role of each design parameter on

performance, as well as the simulated response of a full AWG.

The insertion loss is the sum of a set of loss stages, three of the most crucial are the
mode change in the interface between the FPR and the array waveguides, the propagation
loss throughout the Slab region (FPR) and through the arrayed waveguides. In order
to reduce the loss at the interface between the array and each FPR the mode variance
should be as little as possible, this can be achieved by tapering the waveguides or using
multi-mode waveguides. It is also important to minimize the reflections inside the slab,
so the best strategy is to reduce the arrayed and output waveguides spacing, d, and d,
respectively, to the minimum value allowed by fabrication, which will correspond to the
lowest insertion loss. The number of arrayed waveguide (N,) is also correlated to insertion
loss performance given that this number must be sufficient to extract more light from
the FPR slab to the PHASAR, minimizing reflection. However, a higher number of array
waveguides will distort the signal resulting in a non-defined peak, the response spectrum
will show less symmetric channels with additional roughness at the peaks, which is not
tolerable for modulation, figure 3.4.
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Figure 3.4: Simulated effect of design parameters on Insertion Loss (ILo).

The crosstalk will be mostly given by the receiver/output waveguide spacing, given
this parameter is correlated to the focal length of the FPR. Therefore, increasing this pitch
up to a certain point will decrease crosstalk, figure 3.5.

do effect on crosstalk.

@  do effect on crosstalk

Crosstalk (dB)
o

4 5 6
waveguide spacing (pm)

Figure 3.5: Simulated effect of design parameter on Adjacent Crosstalk (Xtlk).

The effect of the output spacing on the 3dB bandwidth of each channel tends to be the
opposite, increasing this pitch will lower bandwidth. Therefore, a design choice has to
be made regarding the relevance of both performance parameters, figure 3.6. In a more
advanced stage, structural optimizations with tappers can also improve the channel shape
to a flat-top AWG, increasing bandwidth while still achieving low crosstalk.
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Figure 3.6: Simulated effect of design parameters on 3dB Bandwidth (AAzzp | Avzgp).

In order to have a comparison, in terms of performance, between the measured

AWG and a theoretical approach, the simulations of three AWG designs, present in the

fabrication of the AWG chip were carried out. One exemplar with the best-simulated

performance fabricated on-chip (AWG 1), which its measurement was not clear, another
AWG (AWG 2) whose response was also not clear, even though the FPR and PHASAR
measurements, based on those parameters were valuable and a third AWG (AWG 3) with

informative measurements in terms of functionality and performance. The design and

performance parameter values are described in table 3.2

Table 3.2: AWG Interconnect Simulations.

Parameter AWG 1 AWG 2 AWG 3 Units
Array waveguide spacing (d,) 4 6 6 um
Number of arrayed waveguides (N,) 51 37 37 um
Focal length (R;) 360 360 420 um
Path length difference in PHASAR (AL) 93 139 139 um
Insertion loss (IL) 17.4 19.6 20.8 dB
Adjacent crosstlak (Xt/k) -25.5 -25.0 -28.2 dB
3dB Bandwidth * 0.21 0.20 0.19 nm
(AMsap | Avsas) 26 25 23 GHz
Free Spectral Range * 11.72 7.74 7.74 nm
(AAFsr | Avrsg) 1433 953 953 GHz

* at a central wavelength or frequency of 1560.6 nm or 192.1 THz, respectively.
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From the best-simulated performance of AWG 1, the insertion loss was at a value of
17.4 dB with a level of crosstalk between adjacent channels of -25.5 dB and with a 3dB
bandwidth of around 26% of the channel spacing (0.21 nm or 26 GHz), figure 3.7.
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Figure 3.7: Simulated spectrum AWGO11.

3.4 Measurements

From the FPR measurements, this structure was able to focus the input signal onto each
arrayed waveguide, figure 3.8. It is possible to observe this effect when comparing the
traveling signal, though a reference waveguide (WG ref) with the signal on each arrayed
waveguide . The reference waveguide signal gives information about improper fibre-to-
chip coupling. It was possible to verify a certain resonance in the waveguides close to
the centre, this is due to a slight imperfection in the focal length. The birefringence of
the X-cut LNOI will also impact the non-uniformity between arrayed waveguides and an

adaptation of the model in terms of the birefringence nature of the X-cut LNOI has to be
made.
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Figure 3.8: Measured spectrum FPR with 37 arrayed waveguides.

As previously explained the imbalanced Mach-Zehnder structure will result in a reso-
nance pattern that has a periodicity (FSR), figure 3.9, that enables an indirect measurement
of the AL equivalent to the experienced phase shift between the propagated light signals
of adjacent arrayed waveguides. From this calculation, represented in table 3.3, it was
possible to observe a mismatch between the architecturally designed AL and the one
measured. This discrepancy is due to the birefringence of the X-cut LNOI, and so it is also
important to adapt the modelling of the PHASAR region to account for this effect.
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Figure 3.9: The measured spectrum of Imbalanced MZI.
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Table 3.3: Imbalanced MZI measurements.

Parameter MZI1 MZI 2 MZI 3 Units
Free Spectral Range 7.54 6.57 6.69 nm
(AAFsr | Avrsr) 928 809 824 GHz
AL Measured 142.6 163.4 160.6 um
AL designed 158.3 158.4 158.4 um

In regard to the AWG, its analysis was divided into functionality and performance. For
the functionality, the bidirectional aspect, MUX, deMUX and routing were studied. The
MUX could be verified by sweeping the input (applying signal at different input ports),
while selecting a certain output (always measuring the same output port, figure 3.10 A.

To verify the deMUX, the inverse approach can be taken, selecting a specific input and
sweeping the output (measuring the response at each output port), figure 3.10 B. Even
though this process is redundant given the AWG is a bidirectional reciprocal device, this
double-checking was done.
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Figure 3.10: AWG 3 Functionality: (A) Multiplexing (MUX), (B) Demultiplexing (deMUX).

From these measurements, it is also possible to verify the routing, given that changing
the input/output, from the central port to a port on the extremity (port 0 to port 4,
respectively), resulted in a shift of wavelengths setting different wavelength channels at
those central ports, figure 3.10.

While checking that the AWG functionality could be observed it was possible to verify
the non-ideal performance of the device. When compared with the simulated behaviour
that mismatch is confirmed, figure 3.11.

The most relevant performance shift is regarding the central wavelength, the channel
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spacing and the shape of the channel. The central wavelength was 1557.0 nm in contrast to
1560.6 nm, the measured channel spacing was 0.9 nm and the simulated 0.8 nm. All these
parameters are affected and controlled by the PHASAR region. Hence if the induced phase
shift between each adjacent array waveguide is different than 27 the central wavelength
and channel spacing will change. Given that the FPR is designed in accordance with the
PHASAR region, then the interference in the secound FPR does not occur in the ideal
manner, not aligned with the RC focal points. In this way, the peak shape is changed,
broadening in relation to the simulation peak shape, given the measured bandwidth was
2.1 nm and the simulated 0.2 nm. This mismatch between the PHASAR theoretical and
measured response was due to a shift in AL from the design model and the architectural
gds model. In addition, the birefringence will also play a role, given the array waveguides
are not optimized for that aspect.
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n [H n nei
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Figure 3.11: AWG 3 Measurement vs Simulation comparison.

Even though the performance and peak shape were not, ideal it was possible to extract
the performance parameters, which are all explicitly indicated in table 3.4.
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Table 3.4: AWG 3 Performance Parameters.

Performance parameter Measured value Simulated value Units
Central channel 1557.0 1560.6 nm
(Ao | vo) 192.5 192.1 THz
Channel Spacing * 0.9 0.8 nm
(AAey | Avep) 111.0 100.0 GHz
Free Spectral Range * 8.90 7.74 nm
(A/\FSR | AUFSR) 1100 953 GHz
Insertion Loss (ILg) 21.0 20.8 dB
Adjacent Crosstalk (Xtlk) -9.6 —28.2 dB
3 dB Bandwidth * 2.10 0.19 nm
(Adzap | Avsp) 258 23 GHz

*at a central wavelength or frequency of 1560.6 nm or 192.1 THz, respectively.
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CoNcLUSION AND OUTLOOK

4.1 Conclusion

This thesis was the first step in designing an Arrayed Waveguide Grating building block.
To develop such BB the physical and functional aspects of the AWG concept were studied
and understood, as well as the current constraints that come from fabricating this device
in the LNOI platform.

The AWG is a complex, multi-parameter device, which is quite intricate to design. The
most typical design models were studied, in specific the Smit model, which was employed
in this work.

The individual impact design of each AWG part, FPR and PHASAR was also studied,
from a theoretical, simulation and practical approach. From this a set of gds design
architectures were created that can be further studied in a deeper faction to clarify the
physics of those structures, resulting in a more complete hypothesis over loss and crosstalk
optimized architectures.

Regarding FPR varFDTD simulations were carried out allowing for verification of
multiple FPR structures in terms of Rowland Circle design and focusing waveguide
confinement and into the waveguides. In addition, these simulations also allow for a
qualitative analysis of the losses, enabling the visualization of where these losses take
place. Even though these simulations are versatile for different FPR structures, the used
simulation program does not take into account both refractive indexes that describe the
birefringence on the writing plane of the X-cut LNOI. Therefore, in future perspectives, a
new simulation approach might be applied.

To simulate and retrieve an expected AWG spectrum, that can be compared with the
measurement of a fabricated device, the AWG module of Lumerical Interconnect was used.
From these simulations, in addition to simulating the spectrum expected to measure from
a fabricated device, the effect of the most crucial design parameters on the performance of
the device was also carried out. Which allowed the verification of the literature in regard
to the importance of fabricating a device with a small waveguide spacing, both at the array
and receiver/output waveguides, in order to attain a low-level Insertion loss. The effect
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of the number of array waveguides was also understood regarding the Insertion loss and
the shape of the channels.

In terms of measurements, an approach of studying each part in isolation and then
the full AWG was considered. The FPR measurements ensured the proper focusing
behaviour of that element, yet with some shift in response from the centre waveguide to a
waveguide at the extremity of the array. This effect was due to the birefringence of the X-cut
LNOIL To study the proper design of the PHASAR region an approach integrating MMI
in an imbalanced MZI enabled the indirect measurement of length difference between
two adjacent arrayed waveguides, that reflect the experienced phase shift between those
two waveguides. From those measurements, it was possible to verify the impact of
birefringence on the PHASAR in addition to the effect on FPR.

With the full AWG structure, the functionality of the device was tested and verified.
Multiplexing, Demultiplexing, Routing and the bidirectionality of the device were ob-
served. Confirming that the concept of AWG can be implemented on the LNOI platform.
Regarding the performance, it was not measured the ideal response. The PHASAR was
the component that mostly contributed to this situation, due to a mismatch between the
model calculation of AL and the architecturally designed AL in the gds. The calculus of
the bending radii of each arrayed waveguide was the location that was producing this
result. Even though this aspect was corrected, it was not verified. Escalating this problem,
the fact that this initial model does not take into account the X-cut LNOI birefringence
will also generate a change in performance.

Though the performance of the fabricated AWG was not ideal, still it was an improve-
ment on the only AWG on LNOI found in the literature, [59]. In terms of crosstalk, since
the interference did not occur in a proper manner inside the second FPR, and the chan-
nel peaks were not well defined, the isolation of the channels was very poor. However,
regarding the insertion loss, an improvement has been achieved comparing the AWG
in the literature, [59], and the fabricated and described in this project, having insertion
losses of 25 dB and 21 dB respectively. This performance value is also increased due to
the improper interference pattern of the fabricated AWG.

4.2 Outlook and Future Perspectives

After the first stage of the creation and optimization of an Arrayed Waveguide Grating
was formulated, a set of imminent procedures must be carried out to perfect this design
model. The first step is the correction and verification of the mismatch, at the PHASAR,
between the design model AL calculations and the architecture-designed gds.

In consequence, the model needs to be adapted to the LNOI X-cut birefringence. In
the PHASAR this adaptation can be a calculation of an effective waveguide length in
both y and z crystallographic directions. Having the 180-degree bending results in an arc
length calculated using the average of both effective indexes or effective refractive indexes.

However, the proper strategy might be more complex, for a simple approach as the one
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expressed might create an overlapping of waveguides at the array. Optimizing the FPR for
the birefringence is also a challenge given the circular shape of the Rowland curvature and
the Array curvature will need to be adapted to represent two ellipses. Being the resulting
FPR a sum of those two ellipses.

After finishing this step, the AWG BB should be complete and only more advanced
optimizations can be carried out. Advanced optimization techniques include the tapering
of the FPR waveguide interface, to reduce reflection inside the FPR, decreasing Insertion
loss. Another approach also important to take into study, is the research of multiple
architectures for the FPR RC, in order to reduce reflection at the sidewalls of the FPR
decreasing unwanted interference patterns inside the FPR, improving insertion loss,
crosstalk and overall AWG performance. After all these steps it will be possible to have an
understanding of the constraints and limitations in the design, fabrication and performance
of such a device in the LNOI platform. As previously stated, the non-steep sidewall angle
of the waveguides created by the LNOI etching is not ideal and it is the primary limitation
in achieving higher performances. For the LNOI to be competitive with other material
platforms, this constraint needs to be met or overcome.

In order to have a more versatile device, the AWG BB can then be adapted to multiple

applications and be stabilized in regard to environmental conditions.
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