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ABSTRACT

Design and Optimization of Broadband Silicon Photonic Devices
Kazim Gorgiili
Doctor of Philosophy in Electrical and Electronics Engineering
July 26, 2023

The integration of photonic systems on a chip offers enhanced performance, func-
tionality, and reliability. While there are various material platforms available for
constructing photonic integrated circuits, silicon stands out due to its compati-
bility with existing fabrication technologies and its high refractive index contrast.
These features enable sub-micrometer waveguide scaling and dense packing of op-
tical functions, combined with cost-effective and reliable manufacturing processes.
Silicon photonics has already demonstrated its effectiveness in high-speed communi-
cation applications, but its potential reaches far beyond that. It shows promise for
diverse applications like LIDAR, photonic switching, computing, and sensing, mak-
ing it a versatile technology with a wide range of possibilities. Consequently, there
is a growing demand for efficient and innovative photonic building blocks on the
silicon platform to meet the specific requirements of these applications. This thesis
focuses on the development of advanced photonic devices tailored for photonic inte-
grated circuits. The first part presents the design and experimental demonstration of
compact silicon photonic filters using optimized fast adiabatic waveguides, enabling
arbitrarily wide bandwidths. These devices, with the widest bandwidths reported
to date, find applications in high-throughput communications and ultra-broadband
sensing. Subsequently, a novel deep photonics network architecture is introduced,
enabling the rapid design of high-performance, multi-functional photonic devices. A
proof-of-concept device with an arbitrary dispersion profile over a wide bandwidth
is demonstrated. Lastly, a fabrication variation-aware device design concept is pre-
sented, utilizing the deep photonic network architecture to account for the effects of
the actual fabrication process. Overall, this work contributes to the development of

high-performance and versatile silicon photonic systems for a range of applications.
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OZETCE

Genig Banth Silisyum Fotonik Aygitlarin Tasarimi ve Optimizasyonu
Kazim Gorgiili
Elektrik ve Elektronik Miihendisligi, Doktora
26 Temmuz 2023

Fotonik sistemlerin bir ¢ip iizerinde entegrasyonu, performansi, iglevselligi ve giivenilirligi
artirmaktadir. Fotonik entegre devrelerin olusturulmasi igin ¢esitli malzeme plat-
formlar1 mevcuttur, ancak silisyum mevcut iiretim teknolojileriyle uyumlu olmasi ve
ylksek kirilma indisi farki nedeniyle one ¢ikar. Bu 6zellikler mikrometre-alt1 dalga
kilavuzlarinin elde edilmesini ve optik fonksiyonlarin yogun bir sekilde entegrasy-
onunu diigitk maliyet ve giivenilir tiretimle birlestirir. Silisyum fotonik teknolojisi,
yitkksek hizli iletisim uygulamalarinda etkinligini zaten kanitlamig olsa da potan-
siyeli bunun otesine uzanir. LIDAR, fotonik anahtarlama, hesaplama ve algilama
gibi cesitli uygulamalar i¢cin umut vaat etmektedir, bu da genig bir uygulama yel-
pazesi sunan ¢ok yonli bir teknoloji oldugunu gosterir. Sonug olarak, bu uygula-
malarin spesifik gereksinimlerini kargilamak igin silisyum platformunda verimli ve
yenilik¢i fotonik yapi taglarina olan talep artmaktadir. Bu tez, fotonik entegre
devreler icin Ozel olarak tasarlanmis ileri diizey fotonik aygitlarin gelistirilmesine
odaklanmaktadir. Ilk boliimde, optimize edilmis hizli adiabatik dalga kilavuzlar:
kullanarak istenilen bant genisliklerinde tasarlanabilen kompakt silisyum fotonik fil-
trelerin tasarimi ve deneysel gosterimi sunulmaktadir. Bugiine kadar rapor edilen
en genig bant genigliklerine sahip olan bu aygitlar, yiiksek verimli iletigim ve ultra
genig bant algilama uygulamalarinda kullanilabilir. Ardindan, yiiksek performansli,
¢ok fonksiyonlu fotonik aygitlarin hizli tasarimini saglayan yeni bir derin fotonik ag
mimarisi tanitilmaktadir. Genig bir bant iizerinde keyfi bir dagilim profiline sahip
bir kavram kanitlama aygit1 gosterilir. Son olarak, gercek iiretim siirecinin etkilerini
hesaba katmak i¢in derin fotonik ag mimarisinden faydalanan ve iiretim varyasyon-
larindan etkilenmeyen bir aygit tasarimi konsepti sunulmaktadir. Genel olarak, bu
calisma, cegitli uygulamalar i¢in ytliksek performansh ve ¢ok yonli silisyum fotonik

sistemlerinin gelistirilmesine katkida bulunmaktadir.
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Chapter 1

INTRODUCTION

Silicon photonics is the technology to integrate a large number of optical func-
tions on a chip using CMOS fabrication technology [Soref, 2006, Chrostowski and
Hochberg, 2015, Siew et al., 2021, Lim et al., 2013]. By leveraging the existing
investments and research conducted in silicon semiconductor device processing over
the decades, silicon photonics can achieve scalability, reliable manufacturing pro-
cesses, and cost-effectiveness. Therefore, silicon photonics is rapidly maturing as a
platform for large-scale photonic circuits and evolving from a research-based field to
an industrially viable platform, mainly driven by communication applications, and
enabled by the growing number of manufacturing facilities [Bogaerts and Chros-
towski, 2018, Dong et al., 2014, Thomson et al., 2016].

Currently, there is a diverse range of material platforms available for constructing
photonic integrated circuits, including ITI-V semiconductors (GaAs, InP), Lithium
Niobate, glasses, polymers, and silicon [Bogaerts and Chrostowski, 2018, Liu et al.,
2022al. Each of these materials has its own advantages and limitations. For instance,
ITI-V semiconductors excel in generating and detecting light at telecom wavelengths
[Nagarajan et al., 2010], while Lithium Niobate offers highly efficient optical mod-
ulators [Zhu et al., 2021, Sohler et al., 2008]. Glasses and polymers are known for
their ability to efficiently route light with minimal losses on a chip [Eldada and
Shacklette, 2000, DeCorby et al., 2005].

However, silicon photonics stands out as a promising technology due to its com-
patibility with the manufacturing processes used in the CMOS industry. This com-
patibility enables the potential for high-volume production at a low cost per device.

Another distinguishing characteristic of silicon photonics is its high refractive in-
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dex contrast, which allows the scaling of waveguides to sub-micrometer dimensions.
This, in turn, allows for the compact placement of numerous optical functions on
the chip. The combination of these features makes silicon photonics the sole viable
technology platform for the creation of large-scale, complex photonic integrated cir-
cuits.

Integrating photonic systems onto a chip offers many advantages, including im-
proved performance, reliability, and the ability to incorporate complex functionality.
The functionality of a photonic circuit on a chip doesn’t rely on a single element but
rather on the interconnectivity between multiple functional building blocks and sub-
circuits. As a result, various components have been developed and demonstrated for
performing different tasks within integrated photonic systems including light genera-
tion, coupling, routing, detection, processing, and modulation [Jalali and Fathpour,
2006].

After demonstration of electro-optic effect in silicon by Soref [Soref and Ben-
nett, 1987], studies in silicon phase modulators [Zhao et al., 1995, Tang and Reed,
1995], one of the first building blocks of integrated photonics, has started. Sub-
sequently, there was extensive research into SOI (silicon-on-insulator) waveguides
[Rickman et al., 1994, Dumon et al., 2004], as they played a crucial role in enabling
the integration of multiple components onto a chip. Progress continued with the
demonstration of various passive and active integrated photonic components. These
include splitters [Wang et al., 2016, Tao et al., 2008], crossings [Wu et al., 2020a],
grating couplers [Cheng et al., 2020], edge couplers [Mu et al., 2020], filters [Liu
et al., 2021], thermo-optic phase shifters [Liu et al., 2022b], photodetectors [Piels
and Bowers, 2023|, and modulators [Witzens, 2018]. These components collectively
contribute to the expanding capabilities and functionalities of integrated photonic
systems.

The number of devices incorporated into a single silicon photonic circuit con-
tinues to increase, thanks to the high device yield and the requirements of various
applications [Shekhar et al., 2023]. The Figure 1.1 provides an overview of the

progression in the number of photonic devices integrated onto a single waveguide
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across different platforms, including monolithic InP, monolithic Si, and heteroge-
neous InP/Si or GaAs/Si [Margalit et al., 2021]. During the early stages of silicon
photonics development, small-scale photonic integrated circuits (PICs) were demon-
strated, featuring high-speed pn junction modulators and photodetectors [Liu et al.,
2004, Liao et al., 2005]. However, as the field advanced, the demand for more
complex photonic circuits increased. This demand has been driven by a range of
applications such as LIDAR [Yaacobi et al., 2014], photonic switching [Seok et al.,
2019], photonic computing [Shastri et al., 2021], programmable circuits [Bogaerts
et al., 2020}, multiplexed biosensors [Reed et al., 2022], and spectroscopy [Subrama-
nian et al., 2015].

106 . T T T }o
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A Heterogeneous InP/Si or GaAs/Si
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Figure 1.1: The number of photonic components integrated on a single waveguide
over time for three photonic integration platforms: InP substrate with integrated
lasers, Si substrate without integrated lasers, and Si substrate with integrated lasers.
retrieved from [Margalit et al., 2021]

As photonic applications become increasingly complex, the design of customized
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PICs with exceptional performance has become one of the most critical drivers of
advancement in photonic systems. Many of the communication and spectroscopy
applications require high-performance and wideband optical filters for the develop-
ment of next-generation broadband photonic systems. Moreover, in applications
like microwave photonics, photonic computing, and sensing, stringent performance
requirements necessitate the optimization of complex photonic geometries. To make
the design process more time-efficient and to improve the device performance new
design methods need to be developed.

This thesis presents the design of broadband silicon photonic filters as well as
optimization of deep photonic networks assisted multi-objective complex photonic
devices:

In chapter 2, we present the design, simulation, and experimental demonstration
of compact and ultra-broadband silicon photonic filters with adiabatic waveguides.
We first developed an optimization algorithm for coupled adiabatic waveguide struc-
tures, and used it to design individual, single-cutoft spectral filters and experimen-
tally demonstrated. Both outputs of the filters operate in transmission, making it
possible to cascade multiple filters in different configurations. Taking advantage
of this flexibility, we cascade two filters with different cutoff wavelengths on-chip,
and experimentally demonstrate band-pass operation. The independent and flex-
ible design of these band edges enables filters with bandwidths well over 100 nm.
Experimentally, we demonstrated band-pass filters with passbands ranging from 6.4
nm up to 96.6 nm. Our devices achieve flat-band transmission in all three of the
short-pass, band-pass, and long-pass outputs with less than 1.5 dB insertion loss
and extinction ratios of over 15 dB. We then cascaded multiple of these filters in a
tree configuration and experimentally demonstrated a multiplexer in S, C, L. bands.

In chapter 3, we propose on-chip deep photonic networks providing arbitrar-
ily defined dispersion profiles with custom designed Mach-Zehnder interferometers
(MZIs). We created a custom framework for the simulation and optimization of these
tapers by rapid transfer matrix evaluations. The framework allows for optimization

of the dispersion and transmission simultaneously. We demonstrated a proof-of-
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concept device having triangular dispersion over a 40 nm spectrum in C-band. A
flat band transmission is achieved in this band with less than 0.7 dB insertion loss.
We also showed increasing design of freedom allows for arbitrary transfer function
realizations.

In chapter 4, We propose a deep photonic interferometer network architecture for
designing fabrication-tolerant photonic devices. Our framework employs variation-
aware, custom-designed MZIs and virtual wafer maps to optimize broadband power
splitters under fabrication variations. Notably, we successfully demonstrate 50/50
splitters with deviations below 1% from the desired 50/50 ratio, even when facing

up to 10 nm over-etch and under-etch variations.
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Chapter 2

COMPACT ADIABATIC SILICON PHOTONIC FILTERS
WITH ARBITRARY AND ULTRA-BROADBAND
RESPONSE

Broadband spectral filters are highly sought-after in many integrated photonics
applications such as ultra-broadband wavelength division multiplexing, multi-band
spectroscopy, and broadband sensing. In this chapter, we present the design, sim-
ulation, and experimental demonstration of compact and ultra-broadband silicon
photonic filters with adiabatic waveguides. We first develop an optimization algo-
rithm for coupled adiabatic waveguide structures, and use it to design individual,
single-cutoff spectral filters. These single-cutoff filters are 1x2 port devices that
optimally separate a broadband signal into short-pass and long-pass outputs, within
a specified device length. We control the power roll-off and extinction ratio in
these filters using the adiabaticity parameter. Both outputs of the filters operate
in transmission, making it possible to cascade multiple filters in different configura-
tions. Taking advantage of this flexibility, we cascade two filters with different cutoff
wavelengths on-chip, and experimentally demonstrate band-pass operation. The in-
dependent and flexible design of these band edges enables filters with bandwidths
well over 100 nm. Experimentally, we demonstrate band-pass filters with passbands
ranging from 6.4 nm up to 96.6 nm. Our devices achieve flat-band transmission
in all three of the short-pass, band-pass, and long-pass outputs with less than 1.5
dB insertion loss and extinction ratios of over 15 dB. These ultra-broadband filters
can enable new capabilities for multi-band integrated photonics in communications,
spectroscopy, and sensing applications.

This chapter is based on the publication [Gorgulu and Magden, 2023]: Gorgulu,
Kazim, and Emir Salih Magden. ”Ultra-broadband integrated optical filters based
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on adiabatic optimization of coupled waveguides.” Journal of Lightwave Technology

(2023).

2.1 Introduction

Integrated optical filters are one of the main building blocks in photonic inte-
grated circuits and are commonly used in communications [Miller, 2009, Doerr,
2015, Lam et al., 2010, Shi et al., 2020], spectroscopy [Yang et al., 2021, Xia et al.,
2011, Nitkowski et al., 2008], and sensing [Luan et al., 2018, Ferndndez Gavela et al.,
2016, De Vos et al., 2007]. Many of these applications require high-performance and
wideband optical filters for the development of next-generation broadband photonic
systems. Efficiently splitting and combining ultra-broadband signals is crucial in
wideband wavelength division multiplexing to enable transmission beyond the typ-
ical communication bands to increase optical networks’ transport capacities [Lam
et al., 2010, Shi et al., 2020, Okamoto et al., 2019, Doerr et al., 2016]. Broadband
filtering can also be utilized for increasing the operation bandwidth of narrowband
spectroscopy [Yang et al., 2021, Misra et al., 2020, Zheng et al., 2019], or separat-
ing different spectral components in dual-comb spectroscopy [Dutt et al., 2018] to
enhance measurement resolution and signal-to-noise ratio.

So far, many different structures have been presented for implementing inte-
grated optical filters. Among these, ring resonators [Bogaerts et al., 2012, Biber-
man et al., 2012, Ye et al., 2021], Mach-Zehnder interferometers (MZIs) [Horst
et al., 2013, Xu and Shi, 2017, Mikkelsen et al., 2018], arrayed waveguide gratings
(AWGs) [Wang et al., 2014, Pathak et al., 2013], and echelle gratings [Brouckaert
et al., 2007, Pathak et al., 2014] have been studied extensively. As these struc-
tures achieve spectral filtering through interference and waveguide dispersion, their
bandwidths can typically reach about 30 nm [Pathak et al., 2014, Liu et al., 2021],
limiting their usability in applications requiring wider passbands. Due to their lim-
ited operation bandwidths, these filters are primarily used in narrowband spectral
filtering and multiplexing applications [Liu et al., 2021]. Cascaded ring resonators

[Chen et al., 2014] and subwavelength grating (SWG)-assisted MZIs [Sumi et al.,
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2018] have also been demonstrated with flat-top and broader-band operation but
have only achieved up to about 40 nm-wide bandwidths so far. In general, system
design with these interferometric filters requires careful consideration of their free
spectral ranges (FSR), especially for broadband filtering [Liu et al., 2021]. On the
other hand, Bragg grating-based optical filters can be designed with FSR-free opera-
tion [Cheng and Chrostowski, 2020, Chen et al., 2013]. However, these Bragg grating
filters work in reflection mode and thus require an additional optical circulator or
directional coupler for signal routing, significantly increasing insertion loss and inte-
gration complexity. In comparison, Bragg grating-based contra-directional couplers
can allow for add-drop filtering configurations without requiring optical circulators
[Yun et al., 2019, Hammood et al., 2019, Naghdi and Chen, 2016]. Yet, despite their
good extinction ratios, these filters have so far only achieved optical bandwidths up
to 35 nm, due to the limited coupling strength of forward and backward propagat-
ing modes. More recently, a broader-band design of the contra-directional Bragg
grating filter was demonstrated by chirping the grating period [Hammood et al.,
2021], with passbands reaching up to 11 THz (approximately 88 nm). However,
this method results in much longer device lengths, and presents an inherent design
tradeoff between extinction ratio and device bandwidth.

Unlike these grating-based or typical interferometric devices, couplers based on
adiabatic waveguide transitions present an important class of integrated photonic de-
vices that are particularly suitable for broadband operation. An adiabatic coupler
is typically designed to maintain the propagating optical signal in a single eigen-
mode through a waveguide whose cross-section slowly evolves in the propagation
direction [Sun et al., 2009, Siriani and Tambasco, 2021, Wu et al., 2020b]. While
many adiabatic devices have been demonstrated for broadband polarization rota-
tion [Dai and Bowers, 2011, Chung and Tseng, 2018], mode multiplexing [Guo and
Chu, 2017, Gross et al., 2014], and power splitting [Han et al., 2018, Hung et al.,
2019], adiabatic couplers can also be used for on-chip broadband filtering [Magden
et al., 2018, Menchon-Enrich et al., 2013, Lin et al., 2021, Gorgulu and Magden,
2022, Gorgulu and Magden, 2021]. These adiabatic filters rely on the phase mis-
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match between coupled waveguide modes at different wavelengths while achieving
broadband operation through slowly varying waveguide cross-sections. However,
these filters must be made sufficiently long to satisfy the desirable extinction ratio
and roll-off performance. Typical lengths of these filters vary from several millime-
ters to centimeters, significantly reducing their integration density and also intro-
ducing unwanted propagation losses.

In this study, we demonstrate integrated photonic filters based on adiabatic
structures combining broadband responses with compact footprints through an in-
dependent design of band edges in a cascaded structure. We first present a design
methodology for compact, single-cutoff, 1x2-port adiabatic filters by optimizing the
adiabaticity parameter through a slowly-varying, coupled waveguide structure. The
resulting device acts as a single-cutoff filter separating the input signal into short-
pass and long-pass outputs. We show that this filter’s performance metrics can be
controlled by an upper bound on the power coupled out of the fundamental mode,
specifically by varying the adiabaticity parameter. The cutoff wavelength of these
single-cutoft filters can be adjusted by modifying the cross-sectional geometry of the
coupled waveguides. This flexibility allows us to design band-pass filters by cas-
cading two of these single-cutoff filters, designed independently at different cutoff
wavelengths. With this configuration, we experimentally demonstrate band-pass fil-
ters with bandwidths ranging from 6.4 nm to as wide as 96.6 nm, with inherently

flat-top and low-loss transmission.

2.2 Coupled Mode Theory

The design of the adiabatic filter is based on the evolution of coupled waveguides
along the propagation direction. Therefore, in this section we will review the coupled
mode theory.

A waveguide structure which is invariant along the propagation direction sup-
ports several modes and these modes are orthogonal to each other. All of these
modes are called eigenmodes of this linear waveguide system. If the waveguide sys-

tem is modified by a small amount, previously found modes are no longer eigenmodes
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of the new structure. Therefore, they will start to couple each other.

To determine the eigenmodes of the modified system, two methods are commonly
employed. In the first method, one can calculate the eigenmodes by using Maxwell’s
equations and the new boundary conditions. This method gives the exact solution
for the modes. However, sometimes it might be too difficult to solve it for some
coupled waveguide geometries and thus some numeric techniques might be required
(finite difference eigenmode method etc.). In the second method, one can express
the modes of the new structure as a linear combination of modes of the individual
waveguides. This method is called coupled mode theory and provides accurate
results for relatively weakly coupled waveguide systems

An optical wave in a waveguide can be expressed as linear combination of guided
modes and radiation modes. In most cases it is sufficient to consider first two
guided modes. Figure 2.1 shows two uncoupled waveguides (left) and a coupled
waveguide system (right) [Lifante, 2003]. In this figure, ¢, and v, represent the
individual modes of the uncoupled waveguides, with propagation constants 3, and

By, respectively. In the absence of coupling they obey following differential equations:

Waveguide | Waveguide Il Coupled waveguides
et § | o of ===1" T
o N AL~ Ve
Va vp 3
Wo

Figure 2.1: Two uncoupled waveguides (left) and coupled waveguide system (right)
[Lifante, 2003]

d .
@% = _]ﬁawa (2'1)
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d
TV =3By (2:2)

Lets assume that we bring these two waveguides together and they become

weakly coupled. In this case new set of differential equations will be:

d
@wa = _jﬁawa + Habwb (23)

dizwb = —7BvUy + Kpatla (2.4)

Equations (2.3) and (2.4) form a system of first order linear differential equations.

We can write this in matrix form:

wa _ _jﬁa Rab wa (25)

% Kba —J By Uy

) = Ay (2.6)

Equation (2.5) is an eigenvalue problem. In our current basis, the two compo-
nents of the mode vector represent the modes of the individual uncoupled waveg-
uides. This basis is a natural choice, but we will instead use the eigenvectors of the
above matrix as our basis, allowing us to diagonalize the matrix and thus uncouple
the differential equations.

For waveguides carrying power in the same direction, power conservation requires
that Kepkpe = —|kap|* = Kap = —rj, [Haus, 1984].

Let Koy = —kj, = —jk. Then, equation (2.5) can be rewritten as

% _ _jﬁa _j’i wa (2.7)
Uy —JE° —JB| |
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Lets assume that 1, are the eigenvectors of this system with corresponding

eigenvalues (4. Assuming —jf+z dependence,

_j(ﬁa - 6:&) _j"i
—JK" —3(Bp — B=)

Setting determinant zero, we get

Yyr =0 (2.8)

(Ba = B) % (By = B8) = |K|*=0 (2.9)

Solution of this quadratic equation is:

2
By = Ba ‘2i‘ Be i \/<5a ; Bb) 4l |/£‘2 (2_10)

We define the following parameters and rewrite the eigenvalues.

Bzﬁa—;ﬁb, 5:5a;ﬁb7 S — /62—|—|/{|2 (211)

Bi = B £/0%+ |k[? (2.12)

Here, the eigenvalues (1) of the system are also referred as even (3.) and odd
(B,) propagation constants, and the corresponding eigenvectors (1) of this system
are referred as even (¢.) and odd (¢),) supermodes. These modes are the eigenmodes
of the coupled system and they are orthogonal to each other (Figure 2.1 right).
We found the eigenvalues (propagation constants), and the next step is finding
the eigenvectors(supermodes) of the system. We will put the solution for 8, into

equation (2.8) and solve for 1 :

—i6-8)  —j
I =5) " . (2.13)

—JK _j(_5 - S) Up)
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From (2.13) we get ' = 5*5. Therefore ¢, will be:

bi=al " (2.14)
S5

where « is a constant and will be used for normalization of 1 .

o= m (2.15)

1 |I+0/8

Yy = — (2.16)

V2 | T3S

Following similar steps for ¢_:

R (2.17)

V2| \/1+4/S

Equations (2.16) and (2.17) are the normalized representations of the even and
odd supermodes with their components being the amplitudes of the two individual

waveguide modes.

2.3 Device Structure

The adiabatic filter design uses a coupled waveguide system with two specifically
engineered waveguides that are designed to be phase-matched only at a single cutoff
wavelength ()\.), and phase-mismatched otherwise. The spectral filtering operation
is based on placing these two waveguides in close proximity, where the combined
structure results in spatial separation of the fundamental modes at short (A < A.)
and long (A > \.) wavelengths, on either side of the band edge at the cutoff wave-
length. This is made possible through a difference in the group indices of the two

waveguides within the desired operation band of the device. For this purpose, our
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first waveguide is designed using laterally-arranged, multi-segment subwavelength
structures with specific effective index and dispersion properties. As demonstrated
in Figure 2.2a, with increasing number of segments, this first waveguide more closely
resembles a uniform material, with a flatter effective index profile. Our second
waveguide is a typical strip waveguide, with a significantly different effective index
profile. As plotted Figure 2.2b, a multi-segment waveguide with more segments
has a smaller group index. As such, with more segments, the group index differ-
ence between the single-segment and the multi-segment waveguides grows . This
higher difference in the group indices results in better confinement of the funda-
mental mode to the intended waveguide and enhances filter roll-off. However, with
increased number of segments, the two waveguides are separated farther, reducing
coupling strength between them, and resulting in longer devices overall. There-
fore, we designed our filters using the single-segment (WG;) & five-segment (WGs)

waveguide configuration.

a) b)
1.92 4.5
WG, WG,
WG WG,
x1.89 4.0
[ x
ke ()
= ©
- f=4
[ | -
2 . 2,51
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m | ©
]
I
I 3.0 L
1.834 ! A —
A I
T T T T T T
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Figure 2.2: (a) Effective and (b) group indices of the fundamental transverse-electric
mode of the single-segment (WG ), three-segment (WG3), five-segment (WGs), and
seven-segment (WG7) waveguides. The width of the single-segment waveguide is 308
nm, widths of individual subwavelength layers of three-, five-, and seven-segment
waveguides are 262 nm, 250 nm, and 247 nm, respectively. Gaps between the sub-
wavelength layers are 150 nm. (c) Fundamental transverse electric mode profiles of
WG, & WG; coupled waveguide configuration at wavelengths below and above the
cutoff wavelength (A.).

Figure 2.2c¢ shows the fundamental electric field profiles of this coupled waveg-
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uide structure (WG; & WGs;) for wavelengths below and above the filter cutoff. In
general, majority of the fundamental mode is spatially confined around the waveg-
uide with the higher effective index. Therefore, the fundamental mode is confined
mainly around the single-segment waveguide at short wavelengths and around the
multi-segment waveguide at long wavelengths. Such mode confinement onto sepa-
rate waveguides at different wavelengths enables spectral splitting of short and long
wavelengths to respective output ports.

The adiabatic filter is created from these two waveguides (WG; and WGs;), using
slowly varying transitions as shown in Figure 2.3. The geometry of the filter is
separated into four different adiabatic transitions along the propagation direction,
with lengths of L, Ly, L3, and Ly. In section 1, WG5 is created by transforming
a single-segment input waveguide to the five-segment design. Towards to the end
of this section, WG, is introduced adjacent to WGs. In section 2, the width of
the WGy, (w(z)) is slowly tapered up. In section 3, WGs; and WG, are gradually
separated, using the separation s(z). Finally, in section 4, WGs is transformed back
into a single-segment output waveguide; and WG, is also tapered to the correct

output waveguide width.

Long-pass (WG,)

fa—t
A>A
-
v
S Is(z)
w(z) Short-pass (WG)) § A<\,
—>
L L, L, L,

Figure 2.3: Schematic of an adiabatic single-stage filter composed of coupled single-
segment and five-segment waveguides. Li, Lo, L3, and Ly are the lengths of four
different transitions along the propagation direction. w(z) and s(z) are the width
and separation of sections 2 and 3, respectively.
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2.4 Design Methodology

We used 35 pm-long linear tapers for sections 1 and 4, as these only include transi-
tions within WG, and near-lossless transmission is easily achieved through typical
linear transitions. The single-segment waveguide and the five-segment waveguide are
slowly evolved into one another through adiabatic transitions. One possible design
for these transitions involves using linear tapers from the single-segment waveguide
to the five-segment waveguide as shown in Figure 2.4a. However, abrupt introduc-
tion of new adjacent segments can potentially lead to undesired losses. Using the 3D
finite difference time domain (FDTD) method we calculated the transmitted power
of the fundamental mode for this transition. We used fundamental TE mode as
the input and then calculated the amount of power transmitted to the fundamental
mode at P-plane. As shown in Figure 2.4¢ (black line), more than 1% of the power
is lost within this transition. In order to reduce this loss, we utilized adiabatic bends
when introducing the outermost segments in this transition as shown in Figure 2.4b.
Transmission plot (red line in Figure 2.4c¢) shows that the amount of power lost is
significantly reduced when the adjacent waveguides are introduced to the structure
through these bends.

In contrast, the design of sections 2 and 3 present significant challenges and
tradeoffs between device performance and footprint. Specifically, our design vari-
ables w(z) and s(z) need to be carefully optimized in order to minimize power lost
to the unwanted waveguide, while still maintaining reasonable section lengths. We
describe this as an optimization problem in coupled mode theory [Haus, 1984] for
adiabatically transforming the fundamental mode while minimizing excitation of the
higher order modes.

We use the variable v = A/k to express the amount of power in either one of the
two waveguides as a function of wavelength, where A = (85 — 1) /2 is the mismatch
of propagation constants between the individual (uncoupled) modes of WG; and
WGs, and k is the coupling coefficient between these two modes. We model sections

2 and 3 individually, as cascades of successive transitions determined by w(z) and
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Figure 2.4: Schematic representation of single-segment to five-segment transition
without (a) and with (b) adiabatic bends. Radii of curvature are: R1=40 pm and
R2=80 pm. (c) 3D FDTD-simulated transmission results of the transitions in (a)
and (b).

s(z), respectively. As such, the evolution of these parameters along the propagation
direction directly influences how the variable v changes throughout the device. This
is critical in limiting the unwanted power loss to higher order modes to a minimum,

since the adiabaticity criterion indicates that

1 dry
- 7« 2.1
26(1+~2)32dz — Ve (2.18)

where € is the fraction of power lost from the fundamental mode [Sun et al., 2009].
Here, we consider power coupling between only the fundamental even and odd
modes. By design, as the optical input to our filter geometry is always in the
fundamental even mode, the amount of power lost to the odd mode determines how
much power is coupled to the adjacent waveguide. The parameter € is an upper
bound on this power, from which y(z) can be optimized for the shortest possible

adiabatic transition. In sections 2 and 3 of our filters, the dimensions and separation
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between waveguides vary significantly making x also a function of z. For this reason,
we use a numerical method for the solution of v(z) in these two sections for a given
upper bound ¢ as detailed below. We first select the initial (wo and sg) as well as
final target (wr and sy) dimensions for each section. Here, wr is determined based
on the desired cutoff wavelength; and sy is chosen to be approximately 1500 nm so
that no significant further coupling can occur between the two waveguides after they
are separated. We then choose a design wavelength ()\;) slightly shorter than the
cutoff wavelength. The design wavelength parameter influences performance metrics
of the filters and will be discussed in the following section. Using a mode solver at
this design wavelength, we solve for and record the fundamental transverse-electric
(TE) mode profile of WG, as a function of its width, w. We also record the fun-
damental TE mode-profile of WGs;, for which the cross-section remains constant
throughout these two sections. Using these mode profiles, we created lookup tables
by calculating the coupling coefficient x using its overlap integral definition [48] and
the corresponding ~, both as functions of w and s. Then, starting from the initial
width (wg) for section 2, and the initial separation (sg) for section 3, we discretize
and solve Eq. 1 in steps of Az along the propagation direction according to the
following algorithm, yielding w(z) and s(z).
given w (or sg) at z = 0, read 7y and kg from lookup tables
while w,, < wp (ors, < sr)
find the next v by V4. = 7. + 2k.(1 + 7,232 /A
using 7,4, read w,ia, (or s,4a.) from lookup tables
using w,4a. (Or s,4a.) read K.4a, from lookup tables
increment z = z + Az
end
To illustrate the performance of our filters created with this algorithm, we de-
signed an example adiabatic filter with a five-segment waveguide consisting of 250
nm-wide subwavelength segments separated with 150 nm gaps, and a single-segment
waveguide with the target width of wy = 308 nm. We also chose Ay to be 16 nm

shorter than the cutoff wavelength. For these parameter selections in section 2, the
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optimized w(z) for three different ¢ bounds are plotted in Figure 2.5a. Here, w(z)
adiabatically evolves starting from the initial width of wy = 230 nm, below which
we find that there is practically no coupling. In this algorithm, the device length
is not subject to any direct constraints, but instead is determined by the selection
of €. As expected, imposing tighter bounds on € to limit the power coupled to the
unwanted odd mode results in longer transitions. We also observe that w(z) evolves
rapidly at the beginning of the section where power coupling is minimal but slows
down significantly towards the end as it approaches the target wy with increased
coupling. Similarly for section 3, we plot the optimization result of s(z), from an
initial separation of sy = 200 nm to a final target of sy = 1500 nm in Figure 2.5b.
Similar to section 2, our algorithm returns longer optimal lengths for this section
with tighter bounds on e. The optimized s(z) evolves slowly at the beginning of the
section due to stronger coupling, and changes much faster towards the end as the

two waveguides are separated farther.

2.5 Simulation of Adiabatic Filters

In order to model the filtering performance of this single-stage filter, we used the
transfer matrix method to simulate the adiabatic transitions in sections 2 and 3.
Figure 2.6a shows the fraction of powers in the fundamental even and odd modes
for three separate filters designed with different € bounds. As seen in this figure,
the fraction of the power in the odd mode is suppressed in the entire spectrum of
interest except for the region around the cutoff. This is the spectral region where
the difference between the propagation constants of the individual waveguides (s
and ;) is the smallest, resulting in increased coupling between these waveguides.
Therefore, suppressing the power lost to the odd mode is significantly more challeng-
ing around the cutoff, and requires slower transitions. With tighter ¢ bounds, our
design algorithm creates slower transitions, resulting in a faster decrease of power in
the odd mode around the cutoff region, which is necessary for enabling sharp filter
roll-offs.

The transmission at the two outputs (short-pass and long-pass) for three dif-
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Figure 2.5: Optimized (a) width w(z) for section 2 and (b) separation s(z) for section
3, using three different € bounds. The coupled waveguide system consists of a five-
segment waveguide with 250 nm wide subwavelength segments separated by 150 nm
gaps, and a single-segment waveguide with the target width of 308 nm.

ferent ¢ bounds is plotted in Figure 2.6b. These results verify the expected flat-
top pass-bands due to the inherent near-lossless transmission through the adiabatic
structures. Since € represents the amount of power allowed to couple to the odd
mode, it directly affects the extinction ratio of the filter, where a smaller € results
in better extinction. The filters also exhibit sharper roll-offs with tighter € bounds,
as the power in odd mode around the cutoff wavelength shrinks with decreasing e.
We plot this roll-off and the resulting device length (La+L3) as a function of the e
parameter in Figure 2.6¢. The roll-off here is calculated as the numerical gradient of
the transmission at -3 dB. This result clearly illustrates the design tradeoff between

filter roll-off and device length. Filters with sharper roll-offs can be obtained by
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Figure 2.6: (a) Simulated fraction of power in fundamental even and odd modes of
the optimized single-stage filter designed with three different € bounds. (b) Sim-
ulated transmission spectra of the single-stage filter with three different ¢ bounds.
Inset shows close-up of the filter roll-off. Solid and dashed lines represent short-pass
and long-pass outputs, respectively. (c¢) Roll-off and Total Length as a function of
€. Total Length is the sum of the adiabatic transition lengths for sections 2 and 3
(Lo+L3).

running the algorithm with smaller e, but at the expense of longer device lengths.
The specific selection of the design wavelength (A\;) also influences this filter roll-off.
As this design wavelength approaches the cutoff wavelength of the filter, v (and the
resulting w(z) and s(z)) are optimized in order to provide a sharper spectral change
in the filter transmission. We observed that as Ay approaches \., the transition
length slightly decreases for section 2, but significantly increases for section 3. Once
again, this choice also presents a tradeoff between sharper roll-offs and overall device

lengths. Considering these tradeoffs between e or \; parameters and the resulting
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device length, our design algorithm can be used to produce filters with varying ex-
tinction and roll-off metrics, with lengths ranging from hundreds of micrometers to

several millimeters.

2.6 Fabrication of the Devices and Measurement Setup

We used a commercial software IPKISS [Bogaerts et al., 2016] design system for
transferring the designed filters to the layout. IPKISS is a design system specializing
in photonic circuit design. IPKISS has an interface written in Python programming
language. In this software, special parametric cells can be defined where all the
features of any structure called PCell can be gathered in one place. In this way, we
can create a library of our own custom structures and use them over and over again.

For the fabrication of our filters, we worked with Imec [Imec, |, which is part of
the Europractice consortium. Imec provided us with the process design kit (PDK),
a file containing the library of the general structures they created and the require-
ments they set for the custom structures. We used grating and edge couplers and
waveguides readily available in PDK to couple light from fiber to our designs.

The setup shown in 2.7 was set up to measure the fabricated adiabatic devices.
As seen in this setup, measurements were made in the E, C, L bands, with a tunable
laser. The light in the fiber was transferred to the waveguides on the chip with
grating couplers, and measurements were made with an optical power meter. Since
the grating couplers work in single polarization, the optical signal obtained from the
laser was sent to the chip with the integrated photonic device, using a polarization
controller.

Two cameras are placed on movable plates at different angles so that the con-
nection between the chip input and output fiber ends and the chip can be created
more easily. At the same time, the fiber holders positioned on the grating couplers
on the chip and the plate on which the chip is placed are placed on the plates with
precision movement capability. Thanks to this precise movement, the chip is posi-
tioned with the least loss and with the same precision (A < 1 um) as possible each

time. Photographs of this measuring setup from different angles and examples of
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Figure 2.7: Top: Images of the grating coupler-based measurement setup from two
different perspectives. Bottom: Images of fibers aligned to the grating couplers of a
device.

fibers approached to the chip are shown in 2.7.

2.7 Short-pass/Long-pass Filters

By controlling the size of the waveguides used in adiabatic transitions, we designed

filters operating at different cut-off wavelengths. Considering the previously men-
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tioned design parameters, we chose € around 0.0015 to achieve high extinction and
roll-off speed, while keeping the overall device length under 1 mm. We created the
layout of these filters and fabricated these filters through Imec’s Multi-Project-Wafer
service. Figure 2.8a shows the layout of a single segment filter. Its one input on the
left and two outputs on the right are connected to the grating couplers. 2.8b shows
the optical microscope image of input and output of one of the fabricated single

segment filters.

Figure 2.8: a) Layout of a single segment filter with grating coupler connections.
b) Optical microscope image of input and output of one of the fabricated single
segment filters.

Figure 2.9 shows the measurement results of single-stage filters with limit wave-
lengths A\, = 1580 nm at the top and A. = 1590 nm at the bottom. As seen in these
figures, these filters have a bandwidth of over 120nm with the output loss under 2.5
dB. The roll-off speed of over 1.5 dB/nm and a extinction of 12 dB was achieved. As
can be seen in the figures, there are shifts of up to 7 nm in the cut-off wavelengths of
these filters. We think that these shifts are due to process variations that occurred

during fabrication.

2.8 Band-pass filters

One of the most significant advantages of these single-stage adiabatic filters is that

they can be individually designed and cascaded, in order to achieve arbitrary fil-
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Figure 2.9: Measurements of single segment filters with cut-off wavelengths of 1580
nm (top) and 1590 nm (bottom).

tering profiles in any one of long-pass, short-pass, or band-pass configurations. We
demonstrate this by cascading two of these single-stage filters as shown in Figure
2.10a to obtain a double-stage, band-pass filter. Here, the individual cutoff wave-
lengths are denoted by A.; and Ao, where A.,; < A.o. The long-pass output from the
first filter is connected to the input of the second filter. Therefore, the short-pass
output from the second filter exhibits a band-pass response. We designed each one of
these filters by modifying the dimensions of the individual waveguides (specifically
wr), in order to place the band edges at the desired cutoff wavelengths. Consid-
ering the previously mentioned design tradeoffs, we chose € =~ 0.0015 and A, to be
10 nm shorter than the cutoff wavelength to obtain the best possible extinction
and roll-off, while limiting total device length of each individual filter to around 1

mm. Specifically, we designed four double-stage filters with target bandwidths of 5
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nm, 20 nm, 50 nm, and 100 nm, each one consisting of two cascaded single-stage
filters. We then ran the above algorithm for sections 2 and 3 of each one of these
eight single-stage filters. The resulting total device lengths of these independently
designed single-stage filters are between 766.8 pm and 1126.4 pm.

a) » Long-pass b)
N 40 pm
» Band-pass — Long-pass
I—: A <A<A 2
cl c2
A> )lcz > ?\d j Band-pass
Input
Input A>A, Short-pass
1 A< P> Short-pass

Figure 2.10: Block diagram of a double-stage filter composed of two cascaded filters
with cutoff wavelengths of A\,; and A.. (b) Optical microscopy images taken from
the input and output sections of a double-stage filter.

The cascaded structures were fabricated using standard 193 nm CMOS pho-
tolithography techniques on 220 nm SOI wafers through imec’s multi-project-wafer
foundry service. An optical microscopy image from the two ends of one of the fab-
ricated band-pass filters is shown in Figure 2.10b Edge couplers (for devices with
50 nm and 100 nm target bandwidths) and grating couplers (for devices with 5 nm
and 20 nm target bandwidths) provided by the foundry were used for coupling light
into and out of the devices. The fabricated filters were then characterized using a
tunable laser source and an optical power meter. A manual 3-paddle polarization
controller was used to couple TE light onto the chip. In Figure 2.11a, we plot the
experimentally measured transmissions at the three output ports of the double-stage
filter with 100 nm target bandwidth. For this filter, we cascaded two single-stage
filters with target cutoff wavelengths of A\.;=1525 nm and A.=1625 nm. Result-
ing cutoff wavelengths were measured to be A\.;=1534.6 nm and A.,=1631.2 nm.
Therefore, this specific filter demonstrates a bandwidth of 96.6 nm at the band-pass
output. As predicted by the individual filter simulations of the independent stages,
all outputs are spectrally flat across the whole measured spectrum with insertion
loss of less than 1.5 dB in all three outputs. The roll-off speeds were measured to be

1.40 dB/nm and 1.55 dB/nm at the two cutoff wavelengths respectively, matching
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our expectations from the transfer matrix simulations. The extinction ratios were
measured to be 14.5 dB, 15.2 dB, and 11.0 dB for the short-pass, band-pass, and

long-pass outputs, respectively.
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Figure 2.11: Measured transmission spectra of the double-stage filters with band-
widths of (a) 96.6 nm, (b) 45.5 nm, (c¢) 25.7 nm, (d) 6.4 nm. Blue, orange, and red
lines represent short-pass, band-pass, and long-pass outputs, respectively.

While these extinction ratios are less than those predicted by transfer matrix
simulations in Figure 2.6, the difference can be attributed to excitation of higher
order modes that are present in our waveguide cross-sections and fabrication im-
perfections. In theory, what ultimately determines the resulting extinction ratio are
two key parameters: v as a function of wavelength at the end of the device, and how
much power (¢) is lost from the fundamental mode by the end of the device. Of these
parameters, 7 is determined by final waveguide cross-section itself, and € is specified
directly as an input to the optimization algorithm. Therefore, the gradual evolution
of waveguide geometry has no direct influence on the extinction ratio, given that
this evolution is formed in a way that power lost from the fundamental mode is

below a sufficiently small € and the final cross-section of the structure achieves a
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sufficiently large v. However, in our adiabatic design, we limit the analysis to cou-
pling only between fundamental even and odd modes. Power lost to higher order
modes may contribute to the power recorded at the other outputs. A more general
optimization approach that accounts for coupling loss to all other guided and radia-
tive modes [Siriani and Tambasco, 2021] can be used for further improvement of the
extinction ratios, depending on specific application requirements. As a generalized
version of our two-mode-approach here, look-up tables of coupling coefficients with
overlap integrals of all pairs of possible modes can be created. Using this data, the
adiabatic transitions can be numerically optimized by limiting the amount of power
lost to all of the other modes included in this analysis. By limiting the total optical
power coupled out of the fundamental mode, such an approach may result in de-
vices with better extinction ratios than those considering only two modes. Besides
the higher order mode coupling, fabrication variations may also contribute to the
mismatch of extinction ratios between simulations and experimental measurements.
We investigated the effect of potential over-etch under-etch scenarios, and observed
deterioration in extinction ratios of about 5 dB, with £15nm over/under-etch of
waveguide widths. In addition to extinction ratio, we also find that the cutoff wave-
length deviations of about 10-12 nm from simulation results can be attributed to
uneven changes in the widths of WG, and WGs, again by about 15nm over/under-
etch of waveguide widths.

Measured transmissions of the filters with target bandwidths of 50 nm, 20 nm,
and 5 nm are shown in 2.11 b, ¢, and d, respectively. Resulting 3 dB-bandwidths for
each one of the filters were 45.5 nm, 25.7 nm, 6.4 nm, respectively. The extinction
ratios were again measured to be at least 14.0 dB in the passband; and the insertion
losses were measured to be less than 1.5 dB. Except for the narrowest band filter
in 2.11 d, all outputs were observed to be spectrally flat. For the device with the
bandwidth of 6.4 nm, since the cutoffs of individual filters are spectrally close, re-
sulting double-stage filter can exhibit higher insertion loss due to the filter roll-off.
Depending on the application requirements, this can be mitigated by improving fil-

ter roll-off through optimal € and \; selections as necessary, at the expense of longer
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device lengths. These results demonstrate the flexibility of our design algorithm in
creating spectral filters with bandwidths from several nanometers to about 100 nm
and beyond, enabling their use in a wide variety of applications. These band-pass
adiabatic filters present an important class of devices enabling FSR-free, ultra-wide
passbands with a flexible design procedure, while still providing access to all three
outputs in transmission mode for any downstream devices. Crucially, this eliminates
the need for the use of a circulator that is required for accessing outputs from devices
in reflection mode [Cheng and Chrostowski, 2020, Chen et al., 2013]. Moreover, this
new class of filters come with a flexible and scalable design methodology that can
be adapted for a variety of applications that require broadband and flat-top trans-
mission responses. Ring resonators are the most compact filters among conventional
integrated filters, but the widest achievable bandwidths are on the order of several
nanometers, even with high-order or cascaded ring schemes due to limited FSRs
and underlying resonant dynamics [Chen et al., 2014]. In the interference-based
AWG and MZI lattice filters [Xu and Shi, 2017, Pathak et al., 2014], FSRs deter-
mined by the interference order impose an upper bound on the practically usable
filter bandwidth, typically up to around 20 nm. Therefore, even though these fil-
ters achieve relatively higher extinction, they are significantly limited in terms of
bandwidth. These AWG or MZI-based filters typically also require large device foot-
prints on-chip, reducing integration density. With the use of SWGs, the passband
bandwidths in grating-based MZI filters have been extended to about 40 nm by
increasing the coupling coefficient [Sumi et al., 2018]. However, fabrication of such
SWGs can be significantly challenging due to small feature sizes, especially when
trying to increase the coupling coefficient beyond what is possible with standard SOI
processing capabilities [Luque-Gonzalez et al., 2021]. Prior to our devices here, the
widest demonstrated bandwidths have been achieved with contra-directional Bragg
couplers, but with much longer device sizes and limited extinction ratios [Hammood
et al., 2021]. In these gratings, while a slower chirp rate can improve the extinction
in principle, it also greatly increases the device length. In contrast, our waveguide

structure does not rely on the coupling between backward and forward propagating
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modes. This fundamental difference in the underlying filtering approach enables our
designs to achieve much wider filter bandwidths than those limited by the strength
of grating perturbations. The waveguide geometry we present requires no additional
material deposition or fabrication stages that are otherwise used to further increase
the coupling coefficient [Vermeulen et al., 2010]. Moreover, it is also possible to
create passbands wider than 100 nm or even more complicated spectral filter shapes
using the design procedure we outlined, through flexible and independent design and
cascading of the individual stages. Our filters can be especially useful in applications
that require transmission responses wider than typical 100 GHz - 1 THz passbands
(0.8nm - 8nm around 1550nm), for which ring resonators or MZIs may be typically
sufficient. For instance, ultra-broadband integrated optical (de)multiplexers are es-
sential for scaling the transmission capacity of fiber optic networks. So far, AWGs are
commonly used for designing high-density multiplexers utilizing a broad spectrum
around the C-band [Dai and Bowers, 2014, Dai, 2017, Akca and Doerr, 2018, Chen
et al., 2015]. Pinguet et al. have demonstrated wavelength division multiplexer
transmission with four channels and with a crosstalk level of -17 dB [Pinguet et al.,
2008]. Interleaved AWGs [Akca and Doerr, 2018] and MZI-assisted AWG [Chen
et al., 2015] are also demonstrated as multiplexers with -15 dB of crosstalk in op-
eration, but they suffer from high insertion losses of up to 10 dB. Therefore, owing
to its low-loss, flat-top, and broadband operation with superior performance met-
rics, our filters with double-stage or multi-stage configurations can be utilized in
integrated ultra-wideband transmission systems covering the S-, C-; and L- bands.
Similarly, the operation bandwidth of spectrometers can be significantly increased
by combining multiple bands with our filters. Moreover, in dual-comb spectroscopy
applications, spectrally filtering a broadband light source is routinely used to im-
prove the signal-to-noise ratio [Newbury et al., 2010]. Currently, many systems use
free-space optical filters to separate the two halves of the dual-comb spectrum [Dutt
et al., 2018, Yu et al., 2018]. In these applications, our filters can be a scalable on-
chip alternative to bulky free-space components, helping reduce system complexity

and improve integration density.
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2.9 Coarse Wavelength Division Multiplexers
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Figure 2.12: Illustrations of single and multi-channel optical communication links
at the top and bottom, respectively

Wavelength division multiplexing (WDM) holds significant importance in com-
munication applications due to its ability to enhance the capacity and efficiency of
optical fiber networks. Figure 2.12 shows the illustrations of single and multi-channel
optical communication links at the top and bottom, respectively. Multi-channel
communication link utilizes multiplexer (MUX) and de-multiplexer (DEMUX) at
the transmitter and receiver sides, respectively, enabling the aggregation of multiple
bands together. By dividing the available bandwidth into multiple channels and
assigning each channel a different wavelength, WDM enables simultaneous trans-
mission of multiple data streams over a single optical fiber. This technique signifi-
cantly increases the capacity of the communication system, allowing for the seamless
integration of high-speed data, voice, and video traffic. WDM enables efficient uti-
lization of the limited resources of optical fibers, reducing the need for additional

infrastructure investments. It also offers flexibility in network design, allowing for
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Figure 2.13: Coarse WDM connection diagram.

scalability and future expansion. With the exponential growth of data traffic and
the demand for higher bandwidth, WDM has become a crucial technology in modern
communication applications, providing cost-effective and efficient solutions to meet
the ever-increasing data transmission requirements.

Since outputs of the adiabatic filters operate in transmission, it is possible to
cascade multiple filters in different configurations. Taking advantage of this flexi-
bility, we cascade 7 filters with different cutoff wavelengths on-chip with a tree-like
configuration as shown in Figure 2.13 to obtain a coarse WDM. In this figure, each
orange circle represents a single-stage filter.

With this connection configuration, we created the layout of coarse WDM by
folding and cascading 7 single-segment filters. Layout of the device is shown in
Figure 2.14. This device has single input and 8 outputs covers a footpirint of 200

pm x 900 pm in size. Figure 2.15 shows the measurement results of the outputs of the
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Figure 2.14: Coarse WDM connection diagram.

multi-channel filter. Due to the shifts in the cut-off wavelengths due to fabrication
variations, the bandwidths of some outputs are measured slightly wider or narrower
than designed. The extinction at the center of all the band-pass type channels of

this 8-channel multiplexing is over 12 dB.
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Figure 2.15: Measured transmission results of 8-channel coarse WDM.
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2.10 Effect of Design Wavelength (\;) on Adiabatic Filter Design

For a given wavelength, which we call the design wavelength (\;), Eq. 2.18 can
be solved and 7(z) can be obtained. However, since 7 changes with wavelength,
solution of Eq. 2.18 at different Ay will result in a different v(z). In order to analyze
how the choice of \; affects the adiabatic transitions, we fixed the € bound at 0.005,
and calculated w(z) and s(z) for different A\;. We used a five-segment waveguide
consisting of 250 nm wide subwavelength layers separated with 150 nm gaps. We
chose the target width of single-segment waveguide as 308 nm resulting in a cutoff
wavelength (\.) of 1546 nm. For convenience, we defined a new parameter, A\ =
Ae-Ag, as the difference between the cutoff wavelength and the design wavelength. In
Figure 2.16a and Figure 2.16b, we plot the calculated w(z) (for section 2) and s(z)
(for section 3), for three different choices of A\ ranging from 6 nm to 26 nm. From
these results, we conclude that as A\ decreases (i.e., \y approaches \.), transition
length decreases for the width, w(z), but significantly increases for the separation,

s(z). To better understand this behavior, we rearranged Eq. 2.18 as

dy < 26(1 4 (6/K)?)%/2\/€ (2.19)

dz

and plotted the right-hand-side (RHS) of Eq. 2 in Figure 2.16¢ as a function of
WG, ’s width w(z) in section 2. This RHS serves as an upper bound for dvy/dz, and
is shown again for the three different choices of AX. From this analysis, we note
that as the width of WG, increases, max(dy/dz) decreases to a minimum and then
increases again. That is because with a wider WGy, the phase mismatch between
the waveguides decreases at the beginning and becomes zero at the width where two
waveguides are phase-matched at corresponding AX. Here, the width for WG, at
which the two waveguides are phase-matched is a function of the design wavelength,
and therefore is also a function of A\.

When WG;’s width is greater than the phase matching width, there is greater
phase mismatch; and thus max(d~y/dz) increases again. Therefore, the transition be-

comes much slower as the width of WG, approaches the point where two waveguides
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Figure 2.16: Calculated (a) w(z) and (b) s(z) for three different AX. Calculated
RHS of Eq. 2 as a function of (¢) w and (d) s. (AN = A\-\g)

are phase-matched. Comparing different AX, we find that max(dy/dz) is greater for
smaller A\ at a majority of the width range up to 308 nm (260 nm - 305 nm), which
enables shorter transitions for smaller AX. This can be explained again by phase-
mismatch between the two waveguides. For the widths between 260 nm and 305
nm, with longer design wavelengths (i.e. smaller A)X) the phase mismatch between
the waveguides grows, resulting in a higher max(d~y/dz). For example, at a width
of 300 nm, the phase-matching wavelength is around 1500 nm. Therefore, at this
width, phase mismatch between waveguides is the greatest for AAX = 6 nm (\; =
1540 nm) resulting in the highest max(dy/dz), and is the smallest for A\ = 26 nm
(Aa = 1520 nm) resulting in the lowest max(dvy/dz).

For the same three A\, we plot the maximum bound on dvy/dz in Figure 2.16d,

this time as for section 3 as a function of the separation s(z) between WG, and
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WGs;. Here, the coupling coefficient decreases with increasing separation. Hence,
max(d~y/dz) increases with decreasing x, making the transitions faster as separation
increases. Comparing different AX, we find that as A\ decreases, max(dy/dz) is
significantly suppressed due to the two waveguides becoming more closely phase-
matched. This drop in max(dy/dz) results in much longer transitions, in order to
maintain the same amount of maximum power (€) coupled to the adjacent waveguide,
at design wavelengths much closer to the cutoff wavelength.

Using the transfer matrix method, we simulated the structures obtained from
the results in Figure 2.16. First, we plot the fraction of power in the fundamental
even and odd modes in Figure 2.17a. This power is calculated at the end of the filter
designed with the three different AX. With smaller A\, while the power in the odd
mode remains constant at the cutoff wavelength \. itself, it is significantly reduced
on either side the cutoff. This is evident from the faster spectral roll-off of the odd
mode power on either side of the cutoff wavelength. This behavior is expected as the
adiabatic criterion ensures that the amount of power lost to the odd mode is kept at
a minimum at the design wavelength \;. Therefore, choosing a design wavelength

closer to the cutoff wavelength suppresses the power in the odd mode around the

cutoff.
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Figure 2.17: Simulated fraction of power in fundamental even and odd modes at
three different AX. (b) Simulated transmission spectra of the single-stage filters
designed at three different A\.
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Figure 2.17b shows the transmission spectra of these filters. We observe that
as A\ decreases, the filter roll-off becomes sharper, at the expense of longer overall
device lengths. These sharper roll-offs can be beneficial for spectral separation in
many applications. However, we also note that using a smaller AX also decreases
the extinction ratio of the filter. This can be explained by the design algorithm’s
tendency to strongly favor the spectral separation and a sharp filter roll-off when us-
ing a smaller A\ choice. This problem can be prevented by a more general adiabatic
design process where multiple design wavelengths are used, and the device optimiza-

tion procedure limits higher mode excitation at each one of these wavelengths.

2.11 Effect of Width Deviation on the Filter Response

In this section, we investigated the effect of fabrication variations on the filter per-
formance. We chose a filter with a cutoff wavelength (\.) of 1546 nm as our ref-
erence structure, which has a five-segment waveguide consisting of 250 nm wide
subwavelength segments separated by 150 nm gaps, and a single-segment waveg-
uide with 308 nm target width. We calculated the optimized adiabatic transitions
of section 2 -w(z)- and 3 -s(z)- by setting A\; as 1530 nm and € as 0.005. Then
we performed the transfer matrix simulations of the same structure under various
over-etch and under-etch amounts. Here, we consistently increased (decreased) the
width of each subwavelength segment of the five-segment waveguide and width of the
single-segment waveguide by certain under-etch (over-etch) scenarios, indicated be-
low by the variable Aw. The center-to-center separation of the waveguide segments
remained unchanged in this analysis. Figure 2.18 shows the simulated transmission
spectra at long-pass outputs in (a) under-etch (Aw>0) and (b) over-etch (Aw<0)
cases. In this case, since both five-segment and single-segment waveguides are sub-
ject to the same amount of etch offsets, the phase matching wavelength of WG,
and WG only changes slightly. For instance, for 10 nm of under-etch and over-etch
cases, cutoff wavelength shifts from the ideal device are observed to be less than
1 nm and around 2 nm, respectively. A blue-shift of cutoff is observed in both

under-etch and over-etch scenarios, which can be explained by the effective index
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of WGj5 being greater than that of WGy both when Aw>0 and Aw<0, resulting in
phase matching of the two waveguides at a shorter wavelength. In addition to the
slight change in the cutoff wavelength, we also observe that these width variations
worsen the extinction ratio by about 5 dB. This degradation is a direct result of the
violation of the adiabaticity condition in Eq. 1 due to the modified profile of v(z),
resulting from the changes in the propagation constants of WG; and WG5 when Aw
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Figure 2.18: Simulated long-pass transmission spectra of the filter in (a) under-etch
and (b) over-etch cases. Widths of both WG; and WG; are modified by the same
amount, indicated by Aw.

In our experimental measurements, we observed a redshift of cutoff wavelength
by about 10 nm. In order to model this, we investigated several scenarios where
WG, and WG, are subject to different etch offsets (specifically where Awwary >
Awwas). Such uneven etch offsets of the two waveguides more strongly influences
the phase matching wavelengths of the two waveguides. As shown in Figure 2.18,
an increasing difference between Aw g1y and Awygs) results in a worse measured
extinction ratio and emerging sidelobes in the transmission spectrum, similar to the

spectral features we measured experimentally in our double-stage filters.
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Figure 2.19: Simulated long-pass transmission spectra of the filter in (a) under-etch
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In the legends, the first and second values represent width deviations for WG, and
WGs, respectively.

2.12 Effect of Roll-off on Bandwidth

The flexibility of designing individual spectral filters allows building more compli-
cated transfer functions using multiple different single-stage devices in combination.
For bandpass devices, two of these single-stage filters with appropriate cutoff wave-
lengths can be cascaded in series. Figure 2.20 shows the passband configurations of
cascaded filters for two different cases, depending on the spectral separation of the
cutoff wavelengths of single stage filters (A1 and Az). In Figure 2.20a, we indicate
that if the cutoff wavelengths of the two single stage filters are sufficiently different,
then a flat and inherently lossless passband can be obtained in the bandpass out-
put. Bandwidth of this cascaded filter is then simply calculated as the difference
between the cutoffs, namely Ao - A\.;. However, if the cutoff wavelengths of individ-
ual filters are chosen to be spectrally close as shown in Figure 2.20b, the bandpass
output of the resulting double-stage filter experiences some insertion loss. We denote
the individual filter roll-offs with a (dB/nm) and their spectral intersection with a
transmission of -y (dB). The design procedure we outlined provides flexibility in
the roll-off speed o through the choice of the design wavelength with respect to the

cutoff wavelength. Given «, then the transmission -y at the spectral intersection of
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the two filters is simply a function of how their cutoff wavelengths are positioned
spectrally. With these parameters, the overall device exhibits an insertion loss of
2x dB, and a 3dB-bandwidth of (2x+46)/a nm, respectively. It is possible to elim-
inate insertion loss completely, by careful selection of the cutoff wavelengths to be
sufficiently far from one another. In that case, bandwidth is only limited by the roll-
off speed (if y=0, then BW=6/c nm). Therefore, in order to achieve narrowband
filters, single-stage filters with sharper roll-offs (higher «) are required. As an exam-
ple, if the roll-off speed is 1dB/nm for both single stage filters, then the narrowest
achievable 3 dB-bandwidth for the band-pass filter is 6 nm. This estimate can be
used as a starting point for filter design using the approach we outline. For a more
detailed analysis of the filter transfer function and filter bandwidth, the transfer
matrix method described in the manuscript yields more accurate results since the
filter roll-offs are not perfectly linear in the spectral domain, and the two filters can

exhibit slightly different roll-offs than each other.
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Figure 2.20: Passband configurations of cascaded filters for (a) A, and A. are
spectrally distant, (b) Ay and A are spectrally close. (IL: insertion loss, BW: 3dB-
bandwidth)

2.13 Conclusion

In summary, we presented the design of compact integrated spectral filters with
ultra-broadband response and low insertion loss through a flexible adiabatic opti-

mization algorithm. We showed that the proposed filters’ roll-off and extinction per-
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formance can be optimized by modifying the optimization bound on the power lost
to unwanted mode in separately designed filter stages. The ability to independently
configure band edges through our design algorithm provides the previously elusive
design flexibility for filters with different bandwidths. This flexibility also enables
other multi-stage filter configurations for implementing more complicated spectral
features. Experimentally, we demonstrated band-pass filters composed of two cas-
caded single-stage filters. Our band-pass filters experimentally achieve bandwidths
up to 96.6 nm with flat-top transmissions, a maximum insertion loss of 1.5 dB, and
an extinction ratio of over 15 dB in the passband. With the widest bandwidths
reported to date, these devices can enable new possibilities in next-generation, high-

throughput, and ultra-broadband communications and spectroscopy applications.
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Chapter 3

ON-CHIP ARBITRARY DISPERSION ENGINEERING
WITH DEEP PHOTONIC NETWORKS

We demonstrate design and optimization of on-chip arbitrary dispersion profiles
by using deep photonic networks with custom designed Mach-Zehnder interferom-
eters. The photonic networks employ optimizable waveguide tapers allowing for
engineering of wavelength-dependent dispersion profiles. As a proof of principle, we
design and demonstrate a photonic network with a triangular dispersion profile op-
timized over a 40 nm spectrum with a flat transmission of less than 0.7 dB insertion

loss.

3.1 Introduction

Efficient management of dispersion is crucial for many applications such as high-
speed optical communication and optical signal processing [Eggleton, 2001, Neilson,
2004, Neilson et al., 2004, Goda and Jalali, 2013, Dolgaleva et al., 2011, Mokhtari
et al., 2013]. Several methods have been used for on-chip control of dispersion includ-
ing micro-ring resonators [Liu et al., 2022¢], photonic crystals [Vlasov et al., 2005],
arrayed waveguide gratings [Wang et al., 2020, and Bragg gratings [Wang et al.,
2018, Liu et al., 2023, Sahin et al., 2017]. Most of these studies aimed at achieving a
constant dispersion within a band for cancellation of undesired dispersion in commu-
nication systems. On the other hand, dispersion management with a large number
of optimizable parameters is highly desired for pulse shaping [Weiner, 2011] and
dispersion-based quantum applications [Mower et al., 2013]. Early demonstrations
of pulse shaping are done with free space diffraction gratings and spatial light modu-

lators, where light is spectrally split into different components, then modulated and
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combined back [Weiner, 2011]. Later, chip-scale implementation of pulse shaping
with cascaded tunable ring resonators is reported for arbitrary radiofrequency wave-
form generation [Khan et al., 2010]. Dispersion control is also important in quantum
information processing applications such as high dimensional quantum key distribu-
tion [Mower et al., 2013]. Notaros et al. demonstrated a large scale tunable-coupling
ring resonator array providing 30 degrees of freedom in dispersion control and pro-
posed a quantum data locking application [Notaros et al., 2017]. The dispersion
control capability of cascaded circuits increases with the number of stages or num-
ber of optimizable parameters in the circuit [Madsen et al., 1999]. Madsen et al.
proposed dispersion optimization with cascaded resonators and showed that as the
number of resonators increases, the achieved dispersion becomes closer to the desired
value [Madsen and Lenz, 1998]. Therefore, increased degrees of freedom are needed
for more complex dispersion profile realizations. In recent years, Mach-Zehnder in-
terferometers (MZIs) based photonic networks have been proposed with very high
degrees of design freedom [Zhuang et al., 2015, Bogaerts et al., 2020, Pérez-Lépez
et al., 2020]. Several examples including photonic signal processing, image/signal
classification, and arbitrarily specified optical responses have been demonstrated
with such networks [Harris et al., 2018, Marpaung et al., 2019, Ashtiani et al.,
2022, Amiri et al., 2023, Amiri et al., 2022]. However, the potential of photonic
networks for arbitrary dispersion realizations is yet to be explored. In this study,
we propose on-chip deep photonic networks providing arbitrarily defined dispersion
profiles with custom designed MZIs. Each MZI incorporates custom phase delay
sections consisting of pair of optimizable waveguide tapers allowing for wavelength-
dependent dispersion profiles to be achieved. We created a custom framework for
the simulation and optimization of these tapers by rapid transfer matrix evaluations.
The framework allows for optimization of the dispersion and transmission simulta-
neously. With the high degree of design freedom in these tapers, we demonstrated
a proof-of-concept device having triangular dispersion over a 40 nm spectrum in
C-band. A flat band transmission is achieved in this band with less than 0.7 dB

insertion loss. We also showed increasing design of freedom allows for arbitrary
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transfer function realizations.

3.2 Network architecture and optimization

A two-port integrated photonic network consisting of cascaded Mach-Zehnder in-
terferometer (MZI) units is shown in Figure 3.1a. Each of these MZIs is capable
of performing a 2x2 linear transformation indicated by 7;. Figure 3.1b shows one
of these MZI units composed of two directional couplers and two pairs of custom
tapers for achieving specific phase delays. The directional couplers are designed
to be 50/50 splitters at the wavelength of 1550 nm. The custom tapers act as
wavelength-dependent phase delay sections, and are composed of custom-designed
waveguides. Light in a straight waveguide propagates with a constant dispersion.
However, the optical properties of light in a waveguide of custom width vary along
the propagation direction depending on the frequency of the light. Hence, the shape
of these waveguides can be optimized to obtain a certain optical response. In order
to achieve custom spectral phase profiles, and hence custom dispersion profiles, the
width of each one of the waveguides in the two arms of the interferometer can be
custom-designed using an evolving width in the propagation direction. Here, we rep-
resent this continuously changing width w(z) by a set of optimizable widths denoted
as control points Wn] = [wl ... wn].

The operation of directional coupler can be described by the 2x2 matrix

: t(A —J7k(A
C =e W W) =s) (3.1)
—jr(A) ()
where, t and k are through-coupling and cross-coupling coefficients, respectively,

and ¢ is the phase accumulated in the coupler. The wave transfer matrix for each

pair of custom tapers is given by

P (3.2)
0 e—I0()2(N)



Chapter 3: On-chip Arbitrary Dispersion Engineering with Deep Photonic Networks 45

Control Points

-~
Wdefault W1 W2 T WM Wdefault

0 6 z=0 z=1,
12 22 , . . ,
MZI | ® Fixed widths @ Trainable widths |

Figure 3.1: a) Photonic network architecture composed of cascaded Mach-Zehnder
interferometers (MZIs). b) Single MZI consisting of two splitters, implemented with
directional couplers, and two tapers with custom geometries for achieving specific
spectral phase profiles. ¢) Custom waveguide constructed from a set of trainable
width parameters.

where 0(;y; and 6;)2 are accumulated phases for top and bottom arms, respec-
tively. Accumulated phase in these waveguides is calculated as a function of wave-
length as 6(\) = OL Znerr(w(z), N), dz, where negy is the effective index of the
waveguide as a function of wavelength and width, and L is the length of the custom
waveguide. Finally, the overall linear transfer matrix of one MZI unit is calculated
from the product of the transformation matrices of its two directional couplers and

custom phase delay sections as T'= CP,CP;.

7oy | HA) k() T C VI
=e |
_j/i(A) t()‘) 0 e_J‘g(i)z()\)
: 1o (3.3)
—Jjo(N) t()\) _j/f()\) e~ I0G+11 (M) 0
e
—iR(A) ) 0 e 30+12(N)

The propagation of the complex optical amplitude through the photonic network
is accomplished by employing a computational graph that closely mimics the physical
architecture of the network. This computational graph captures the optical transfor-

mations carried out by the mesh of interferometers connecting N input channels to
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N output channels. Essentially, the graph represents the intricate interconnections
and interactions between the optical components. The overall architecture of the
computational graph calculates the wavelength-dependent linear scattering matrix,
denoted as S(A), which characterizes the behavior of the deep photonic network
[Amiri et al., 2023].

s =17 (3.4)
()

In our designs, while all directional couplers in the MZI network are identical,
each phase delay is unique and specifically optimized to provide the desired optical
response. The details of this optimization flow for an example photonic network
is shown in Figure 3.2. The first step in this optimization procedure is a forward
propagation operation which projects the light from input waveguides onto output
waveguides. For this operation, ¢, x, and ¢ for directional couplers and n.ss for
custom phase delay sections are fed into the forward propagator. The directional
coupler coefficients are extracted from an interpolation of previously run 3D finite
difference time-domain simulation result that is readily accessible throughout this
process. The effective indices are extracted from a similar set of pre-recorded data
from finite difference eigenmode calculations using the Silicon Photonics Toolkit
package [Vit et al., 2022]. In order to allow for dispersion calculations with multiple
orders of derivatives, all these coefficients are modeled in a way that they are twice
continuously differentiable in wavelength. Moreover, the effective indices are also
modeled as differentiable functions of width, for gradient based optimization of the
waveguide geometry in the custom phase delays. We created a design framework
which incorporates these compact models and constructs the network. The key
factors contributing to its modularity and high performance are the utilization of
open-source deep learning software libraries, namely Jax [Bradbury et al., 2018§]
and Trax [Tra, 2020]. These libraries offer the capability to perform automatic
differentiation-compatible computations on diverse hardware accelerators, such as

CPU, GPU, or TPU, in a parallelized manner. This efficiency is achieved through the
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implementation of just-in-time (JIT) compilation [Aycock, 2003], which optimizes
the execution of essential function calls.

Complex amplitude output of the propagator is separated into phase and am-
plitude components, in order to calculate dispersion D.(\) and transmission 7,.()\)
results, respectively. Following this calculation, a loss function L(W) is defined as
the difference between calculated network response and target response, summed
over spectrum of interest. A weighting parameter, «, is used for balancing loss func-
tion in terms of transmission and dispersion. Finally, gradient of L(W) with respect
to design parameters (widths) is computed through a back-propagation procedure
and used for updating the custom taper widths in each phase delay section. This

iterative procedure is repeated until an acceptable loss is achieved.

Data Target
[ nq(A, w), t(A), g(A) D(N)  T(\)
¥ Phase gy Dispersion
Input ' Deep Photonic - D, (A) _ , ,
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[ 2 C
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Update Trainable Widths

Figure 3.2: Optimization cycle of photonic network.

The proposed network architecture and optimization procedure outlined above
allow for design of application-specific photonic networks with arbitrarily-defined,
broadband dispersion and transmission profiles. As proof of principle, we demon-
strate a photonic network with a target triangular dispersion profile between 1.54
pum and 1.58 pum. With our network structure, the number of MZI layers plays
an important role as it is directly related to the degrees of freedom for the specific
photonic device being designed, and how easily a target dispersion profile can be
achieved. The construction of the photonic network, specifically designed to target a
triangular dispersion profile, involves utilizing 12 cascaded MZIs. These MZIs create

a total network length of 864 pum. The network’s objective is to optimize the re-
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sponse at the top-right port (out;) for both transmission and dispersion, considering
a broadband input applied at the top-left port (in;).

Each MZI incorporates custom tapers with 5 trainable widths, resulting in a
total of 20 trainable widths for each MZI and 240 trainable parameters for the
entire network. The initial values of these widths are randomly assigned within
the range of 490 nm to 510 nm. Through the optimization process, the widths of
all sections are adjusted to find the optimal configuration. The optimized widths,
as shown in Figure 3.3, fall between 453 nm and 508 nm, ensuring effective light
confinement within the waveguides and maintaining single-mode operation.

For the optimization process, a constant learning rate is utilized. The conver-
gence of the optimization is effectively demonstrated in Figure 3.4, where the loss
function, learning rate, and gradient evolution are plotted. The optimization process
exhibits stability, with convergence achieved after approximately 4000 iterations, as

evident from the loss and gradient plots.
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Figure 3.3: Trained widths of dispersion optimized network.

The target and simulated transmission and group delay dispersion results are

plotted in Figure 3.5a. The triangular curve shown in green in Fig 2b is the targeted
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Figure 3.4: Optimization monitor: L2 loss function at the top left (linear scale) and
right (log scale) as a function of iteration. Learning rate at the bottom left. Sum of
gradients of all parameters at the bottom right.

dispersion profile of the network output. After the optimization of the network is
completed, the achieved dispersion profile is plotted in blue. As demonstrated by
this result, the network is able to closely achieve the desired dispersion profile, both
in spectral features and in amplitude.

In addition to achieving a specific dispersion profile, we also optimize the power
output of the device as shown in Figure 3.5b. Here, the target output transmis-
sion in port ol is set to be 1 throughout the entire spectral design range chosen
(1.54 um - 1.58 pum). A full optical transmission objective is included during the
optimization process, in order to minimize the output power coupled to the other
port (outs). As shown by the blue curve, the calculated transmission spectrum of
the network achieves near lossless transmission response at the desired output port,

with simulated amount of loss below 0.16dB.
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Figure 3.5: a) Target and optimized dispersion profiles for a 2x12 sized network. b)
Target and optimized transmittance responses of the same network.

3.3 Experimental results

The photonic network is fabricated using standard 193 nm CMOS photolithogra-
phy techniques on 220 nm SOI wafers through imec’s multi-project-wafer foundry
service. Edge couplers provided by the foundry are used for coupling light into and
out of the devices. For the characterization of dispersion in this device, an interfero-
metric technique based on observation of interference fringes in transmission spectra
was used. Specifically, our device under test was placed in one arm of an integrated
interferometer as illustrated in Figure 3.6, in order to measure its group delay dis-
persion. Transverse electric polarized light was coupled on-chip using a tunable
laser and a manual 3-paddle polarization controller. 2x2 power splitters were used
at the input and output of the on-chip interferometer in order to characterize the
dispersion properties of the fabricated device.

Measured interference fringes and detected peaks are marked in Figure 3.7a.
Group delay is calculated from these detected peaks as 7 = AA—iC, where AN\ is the

period of the consecutive interference fringes, and c is the speed of light. This experi-

mentally calculated group delay is plotted in Figure 3.7b together with a polynomial
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Figure 3.6: Illustration of the interference-based dispersion measurement setup.

fit. Finally, group delay dispersion is then calculated by using the derivative of this
polynomial-fit group delay with respect to wavelength as GDD = %. This disper-
sion result is plotted in Figure 3.7c, in agreement with the simulated result from
Figure 3.5a (also replotted here in blue). Even though experimental dispersion is
slightly narrower and blue-shifted, general profile as well as the maximum amount
of dispersion match to the simulated dispersion.

The transmission measurements were performed using an independent replica of
the same device placed separately on the same chip. The transmission results at
outputs out; and out, were measured with an optical power meter, and plotted in
Figure 3.7d. As predicted by transfer matrix simulations, majority of the output
power was recorded at ol across the measured spectrum. The measured insertion
loss was less than 0.7dB within the 1.54 um - 1.58 um wavelength range. Slightly
higher transmission loss in experiment compared to simulation can be explained by
propagation losses and coupling deviation of directional couplers due to fabrication
variations.

In general, increasing the number of design parameters makes it easier to achieve
desired dispersion profile without compromising from transmission. In order to in-
crease the number of parameters, one can increase the number of layers in the
network. Another approach can be adding one more path to the structure and
making it a 3-port network as shown in Figure 3.8a. This architecture allows light
to take multiple paths depending on the wavelength and combine back at the end
of the network which allows multiple control of the multiple spectral features inde-

pendently. A step-like dispersion profile is optimized with a 3-port, 864 um long
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Figure 3.7: a) Measured interference fringes and peak values of the two-port net-
work optimized for a specific dispersion profile. b) Calculated group delay from
interference fringes. c¢) Calculated dispersion from the group-delay. d) Measured
transmission responses of the network.

network plotted Figure 3.8a. As shown in the figure, an unorthodox dispersion pro-
file is achieved with this structure that is not possible with a regular waveguide. A
24-layer and 2160 pm long 3-port network is optimized for a large dispersion with 2
nm bandwidth and its dispersion response is plotted in Figure 3.8a. The dispersion
profile of a 2160 pm-long bare waveguide is also plotted (in orange). Specifically,

this example device achieves up to 70x more dispersion within 2 nm bandwidth
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than a straight waveguide of equal length. This comparison proves the ability of
the optimized deep photonic network to achieve custom dispersion profiles that are

significantly different from what is possible with bare waveguides.
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Figure 3.8: a) Schematic of 3-port photonic network architecture. b) Dispersion
profile of a 3-port network optimized to have step-like dispersion. c¢) Dispersion
profile of a 3-port network optimized to have a large dispersion.

3.4 Conclusion

In this study, we have proposed and experimentally demonstrated design and op-
timization of arbitrary dispersion profiles by using deep photonic networks with
custom designed MZIs. High degree of freedom in optimizable phase delay sections
of MZIs enables arbitrarily defined dispersion profiles with low loss. We demonstrate
a proof-of-concept, triangle-like dispersion profile within a 40 nm bandwidth and less

than 0.7 dB insertion loss with a two-port deep photonic network. We showed that
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our approach is scalable to bigger networks (3 or more ports) which provides more
spectral features to be controlled independently. Future improvements to the de-
vice include adding length optimization of the phase delay sections to increase the

dispersion strength and incorporating heaters for dynamic tuning of the dispersion.
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Chapter 4

OPTIMIZING PHOTONIC DEVICES UNDER
FABRICATION VARIATIONS WITH DEEP PHOTONIC
NETWORKS

We propose a deep photonic interferometer network architecture for design-
ing fabrication-tolerant photonic devices. Our framework incorporates layers of
variation-aware, custom-designed Mach-Zehnder interferometers and virtual wafer
maps to optimize broadband power splitters under fabrication variations. Specifi-
cally, we demonstrate 50/50 splitters with below 1% deviation from the desired 50,/50
ratio, even with up to 10 nm over-etch and under-etch variations. The significantly
improved device performance under fabrication-induced changes demonstrates the
effectiveness of the deep photonic network architecture in designing fabrication-
tolerant photonic devices, and showcases the potential for improving circuit perfor-

mance by optimizing for expected variations in waveguide width.

4.1 Introduction

Integrated photonics is a rapidly growing field, to meet ever growing needs of com-
munication applications [Rickman, 2014, Liu et al., 2022d]| and also unlocking novel
photonic functionalities in areas such as sensing [Igbal et al., 2010], computation
[Pasricha and Nikdast, 2020, Al-Qadasi et al., 2022], spectroscopy [Baets et al.,
2013], and various other applications [Rogers et al., 2021, Marpaung et al., 2019].
Currently, there is a diverse range of material platforms available for constructing
photonic integrated circuits, including III-V semiconductors (GaAs, InP), Lithium
Niobate, glasses, polymers, and silicon. Of these options, silicon photonics stands

out as a particularly promising technology due to its compatibility with the man-
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ufacturing processes utilized in the CMOS industry [Reed, 2008, Thomson et al.,
2016]. This compatibility offers the potential for large-scale production at a sig-
nificantly reduced cost per device. Another distinguishing characteristic of silicon
photonics is its high refractive index contrast, enabling the scaling of waveguides
to sub-micrometer dimensions|Bogaerts et al., 2013]. Consequently, this facilitates
the compact integration of multiple optical functions on a single chip, immensely
increasing the functionality of the chip.

However, the high refractive index contrast in silicon leads to strong confinement
of optical mode to the waveguide which, in turn, imposes stringent dimensional
requirements on silicon photonic circuits [Bogaerts and Chrostowski, 2018]. Even
nanometer-scale variations in waveguide dimensions can lead to significant deviations
from the desired performance of the photonic circuits. This becomes particularly
critical for circuits such as interferometers that heavily rely on precise phase control
and interference effects [Han et al., 2019, Horst et al., 2013]. Consequently, the
variability introduced by the fabrication processes holds significant influence over
the overall performance of these circuits and it is crucial to accurately quantify
these variations in order to develop suitable mitigation strategies [Boning et al.,
2021, Zhang et al., 2020, Lu et al., 2017].

Photonic integrated circuits can experience variations stemming from different
factors. One factor is process conditions during chip fabrication, such as exposure
dose, resist age, and alignment errors. Environmental conditions, including temper-
ature and humidity, also contribute to performance variations in these circuits [Xing
et al., 2022].

There are several techniques available to mitigate fabrication variations. One ap-
proach involves enhancing the manufacturing technology, such as improving lithogra-
phy precision, to reduce variability. However, it is important to note that complete
elimination of variations through manufacturing improvements alone may not be
achievable. Another method involves improving the robustness of individual circuit
components through multi-objective device optimizations [Zhang et al., 2019, Ruan

et al., 2022]. However, this technique often relies on extensive device-level simula-
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tions, which may not always be practical or feasible. Alternatively, active tuning
methods can be employed to mitigate the impact of fabrication variations [Lu et al.,
2015]. However, this approach involves using electronic circuitry to control individ-
ual tuning elements which increases circuit complexity and power consumption.

While the aforementioned methods offer some relaxation of the impact of fab-
rication variations, it remains inevitable that each building block will exhibit a
response that deviates from the ideal to some extent. As signals propagate through
the circuit, these non-idealities accumulate, leading to further performance devia-
tions. Hence, it becomes imperative to conduct a variability analysis that extends
beyond the device level to the circuit level, particularly for large and complex cir-
cuits that are more susceptible to variability [Bogaerts and Chrostowski, 2018]. In a
study by Lu et al., a simulation methodology was presented to forecast the influence
of layout-dependent correlated fabrication variability on the performance of silicon
photonics integrated circuits [Lu et al., 2017]. Numerous other works have also ex-
plored layout-aware variability analysis and yield prediction methods, recognizing
the significance of understanding and addressing the impact of variabilities on circuit
performance [James et al., 2023, El-Henawy et al., 2019, Zhang et al., 2023, Shafiee
et al., 2022].

In this study, we propose a deep photonic network architecture aimed at de-
signing complex photonic devices that are resilient to such fabrication variations.
To this end, we demonstrate a framework that can optimize broadband photonic
devices using a multi-objective approach including simultaneous consideration of
device performance under different potential fabrication variations. The devices we
demonstrate are constructed as deep photonic networks of cascaded Mach-Zehnder
interferometers (MZIs) with compact models for components sensitive to fabrication
variations. We optimize these structures using virtual wafer maps for correlated
wafer-scale variations of the waveguide width throughout the interferometric layers.
Specifically, we show that fabrication-tolerant, broadband 50/50 power splitters can
achieve significantly better performance under over-etch and under-etch scenarios

across their entire operation bandwidth from 1500nm to 1600nm, and maintain
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+1% transmission around the desired 50% for etch offsets of up to +10nm. Our
approach demonstrates the effectiveness of the deep photonic network architecture
in designing fabrication-tolerant photonic devices, and showcases the potential for

improving circuit performance by optimizing for expected fabrication variations.

4.2 Photonic Network Architecture

Photonic networks can be designed in various configurations, such as binary-tree or
rectangular architectures, typically comprising 2x2 blocks or meshes. In this context,
we are focusing on a rectangular network architecture that utilizes Mach-Zehnder
interferometers (MZIs). One of the key advantages of this network is its flexibility
in setting the number of ports according to specific requirements.

Figure 4.1a and b showcase two-port and three-port deep photonic network
schemes, both incorporating MZI units. Each MZI unit is capable of performing
a 2x2 linear transformation, denoted as Ti, which allows for complex signal manip-
ulation and processing.

In detail, Figure 4.1c provides a detailed representation of one of the MZI units
employed in the network. This MZI unit consists of two directional couplers and two
pairs of custom tapers, precisely engineered to achieve specific phase delays. The
directional couplers are designed to function as 50/50 splitters at a wavelength of
around 1570 nm, evenly dividing the incoming light into two paths.

The custom tapers serve as wavelength-dependent phase delay sections. Unlike
light propagation in a straight waveguide, where dispersion remains constant, the op-
tical properties of light in a waveguide with a custom width vary along the direction
of propagation, depending on the frequency of the light. This unique characteristic
of our network enables optimization of the waveguide’s shape to provide a desired
optical response.

The main objective here is to attain custom spectral phase profiles. Achieving
this customization involves individually designing the width of each waveguide in
the two arms of the interferometer. This special waveguide is expressed through a

set of optimizable widths known as control points, as shown in Figure 4.1d.
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Figure 4.1: Photonic network architecture two-port (a) and three port (b) illus-
traions. c¢) Single MZI consisting of two splitters, implemented with directional cou-
plers, and two tapers with custom geometries for achieving specific spectral phase
profiles. d) Custom waveguide constructed from a set of trainable width parameters.

4.3 Effect of Fabrication Variations on the Components

Each Mach-Zehnder Interferometer (MZI) comprises two phase sections and two di-
rectional couplers. The coupling coefficient is a crucial design parameter of these
directional couplers, as it, along with the length of the coupler, determines the power
coupling to the cross port. This coefficient depends on the wavelength and geometry
of the coupling structure, specifically the widths of individual waveguides and the
gap between them. However, due to the inherent imperfections in fabrication pro-
cesses, deviations from the ideal geometry of the directional coupler are inevitable,
leading to variations in the coupling coefficient. Consequently, this alters the power
splitting ratio of the directional couplers.

In Figure 4.2, we present transmission spectra of a directional coupler with a 10

um long coupling length under different fabrication variations. As depicted, there
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is an observed deviation of more than 5% from the nominal transmission. While
this deviation may not have a significant impact on a single directional coupler,
it becomes critical when considering a regular network that incorporates several,
potentially tens of these couplers. The cumulative effect of such variations can sub-
stantially influence the overall response of the network, underscoring the importance

of addressing fabrication-induced deviations in integrated photonic circuits.
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Figure 4.2: 3D illustration of directional coupler and its through port tranmission
response under different under-etch and over-etch scenarios. Here Aw represents
the width deviations.

Similarly, the custom waveguide tapers within the phase sections of the Mach-
Zehnder Interferometer (MZI) are susceptible to potential fabrication variations.

These variations can lead to deviations from the nominal design width, subsequently
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affecting the effective index of the custom waveguides and resulting in phase devia-
tions from their intended values.

Figure 4.3 illustrates the impact of width deviations on the phase of a custom
waveguide taper with a length of 10 um. As depicted, the deviations can be quite
substantial, exceeding 1 radian. It is important to note that the phase of the custom
waveguide is 27w periodic. Consequently, the figure showcases a 27 jump in the
phase as deviations approach more negative values. The effect of phase deviations
becomes particularly critical in our photonic geometry, as our devices are based on
interferometers, which heavily rely on precise phase control and interference effects
for their proper functioning. The accumulation of individual phase deviations can
potentially introduce significant distortions to the overall network response.

The complex nature of our photonic devices, relying on interferometric interac-
tions, makes them highly sensitive to variations. To address this challenge, it is
imperative to create a realistic wafer map that captures the statistical and location-
dependent aspects of the variability, particularly regarding systematic geometry vari-
ations. In our approach, we model the within-wafer manufacturing variations using
a correlated surface roughness function, as reported by Lu et al [Lu et al., 2017].
First, we generate an uncorrelated random distribution map based on a discrete
mesh of points. Each discrete point is assigned a random number following a nor-
mal distribution with a defined mean and standard deviation. Subsequently, this
random function is convolved with a Gaussian filter to introduce correlation. Figure
4.4 illustrates two wafer map examples with different correlation lengths. Depend-
ing on the specific origin of the variations, an appropriate correlation length can be

chosen to accurately represent and create the wafer maps.

4.4 Fabrication Tolerant Device Optimization

To enable fabrication-tolerant device optimizations, we initially developed compact
models for each component in our photonic network. The directional coupler co-
efficients were obtained through interpolation of 3D finite difference time-domain

simulations, considering the coupling coefficient as a function of both wavelength
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Figure 4.3: 3D illustration of custom waveguide taper and its phase response under
different under-etch and over-etch scenarios.

and width variation. Effective indices were derived from pre-recorded data ob-
tained through finite difference eigenmode calculations, utilizing the Silicon Pho-
tonics Toolkit package [Vit et al., 2022]. This comprehensive toolkit provides effec-
tive index data as a function of both wavelength and width. With these essential
components equipped with compact models sensitive to fabrication variations, we
constructed deep photonic networks comprising cascaded Mach-Zehnder interferom-
eters (MZIs).

To illustrate the fabrication tolerance optimization feature of our network, we

initially designed broadband 50/50 power splitters with 2-port networks, as depicted
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Figure 4.4: Virtual wafer maps with correlation lengths of 1 mm (left and 4 mm
(right))

in Figure 4.5. At this stage, these splitters were not initially designed to be fabri-
cation tolerant. The transmission response of both ports was plotted in the same
figure, showcasing a desirable broadband splitting behavior.

Next, we subjected our network to a wafer map with a correlation length of
4 mm and width deviations of up to 10 nm. As demonstrated in Figure 4.6, the
overall response of the network deviated from the original 50% splitting ratio by
more than 7% at various locations across the wafer. The variability introduced by
the fabrication processes holds significant influence over the overall performance of
the device it is crucial to mitigate it.

In the subsequent step, we proceeded to re-optimize the network, this time in-
structing the optimizer to account for wafer map variations. During this optimiza-
tion process, the network transmission was calculated at different locations of the
wafer map simultaneously, aiming to optimize a structure that exhibits the best
performance possible across all of these locations and width deviations. The results
of this fabrication-tolerant optimization are shown in Figure 4.6. Remarkably, the
broadband 50/50 power splitters achieved significantly improved performance under
both over-etch and under-etch scenarios, covering their entire operating bandwidth

from 1500 nm to 1600 nm. These optimized splitters effectively maintained a 1%
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Figure 4.5: (Top) Illustration of a four-layer, two-port deep photonic network archi-
tecture. The optimized response of this network achieving a 50/50 splitting ratio,
aligned with the designated objective.

transmission around the desired 50% splitting ratio for etch offsets of up to +10 nm.

In non-tolerant optimization, the primary objective of the photonic network is
to achieve a specific power splitting ratio. As a result, we can attain a small loss
function in this ideal world optimization since the focus is solely on satisfying this
particular criterion. However, in tolerant optimization, the approach is more chal-
lenging as the optimizer must consider the response of the photonic network across
various locations on the wafer map, each with different width variations. The net-
work is compelled to perform well in all these locations, making the optimization
task more complex and difficult to achieve the same low loss as in the non-tolerant

case. Figure 4.8 illustrates this difference, where the loss metric in the non-tolerant
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Figure 4.6: Transmission spectra of the non-fabrication tolerant network calculated
on different locations of a wafer map of correlation length of 4 mm and width
deviation of 10 nm

case is considerably lower than in the tolerant case. Despite the higher loss in the
tolerant optimization, the performance of the tolerant version surpasses that of the
non-tolerant version, as demonstrated in previous figures.

This optimization technique bears resemblance to noise-included training meth-
ods applied in deep neural networks to improve generalization [Noh et al., 2017,
Goodfellow et al., 2016, Reed and MarksII, 1999, Bishop, 1995]. In standard noise-
included training, noise is introduced during the training process to enhance the
robustness of the model and reduce generalization error. Typically, this noise is
added to the inputs, but it can also be incorporated into weights, gradients, or ac-
tivation functions. In our photonic network optimization, we introduce noise in the

form of fabrication variations to the input. By doing so, the network becomes less
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Figure 4.8: Training loss of non-tolerant and tolerant power splitter optimizations.

capable of memorizing specific training samples since they are constantly changing

due to the added noise.
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To investigate the impact of fabrication variations further, we conducted opti-
mization experiments on 50/50 splitters with networks of varying layer sizes. Both
fabrication-tolerant and non-tolerant versions of these splitters were optimized. For
each network size, we performed 20 separate optimizations, calculating the max-
imum deviation from the desired 50% splitting ratio for each optimized network.
Subsequently, we computed the average and standard deviations of these maximum
difference values.

The results of these experiments are illustrated in Figure 4.9. As expected, the
deviation from the ideal 50% splitting ratio is significantly higher in non-fabrication-
tolerant devices. This observation is consistent with the notion that fabrication
variations can introduce considerable uncertainties in the performance of photonic

devices.

8 4 ® non-tolerant
tolerant

mean max deviation

4 5 5] 7 8 9 10 11 12
network size

Figure 4.9: Maximum deviation from 50% splitting ratio for tolerant and non-
tolerant networks as a function of network size
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Furthermore, we observed that in general, the deviation from the desired split-
ting ratio tends to increase with network size. Larger networks appear to be more
susceptible to the effects of fabrication-induced variations. However, it is worth
noting that the effect of network size on fabrication-tolerant devices is not as ap-
parent. This phenomenon might be attributed to the increased number of trainable
parameters in larger networks. Larger networks offer more degrees of freedom for
optimization, allowing them to adapt and optimize effectively even under fabrication
variations.

These findings underscore the importance of incorporating fabrication tolerance
in the design and optimization of photonic devices, especially as the complexity
and size of photonic networks grow. Our fabrication-tolerant optimization approach
proves to be a valuable strategy for mitigating the adverse effects of fabrication vari-
ations, ensuring consistent and reliable performance in integrated photonic circuits.

One notable advantage of implementing a fabrication-aware design flow is its
ability to yield significant cost and time savings. This advantage is clearly demon-
strated in Figure 4.10. The upper part of the figure depicts the conventional design
flow, where the designer does not take into account any fabrication variations. As
shown in this flow, each design cycle typically spans around one year, resulting in
a situation where the impact of fabrication-related issues is only revealed after an
entire year has elapsed. Such a delay is hardly acceptable in product design.

In contrast, the enhanced design flow, illustrated in the lower part of the figure,
employs fabrication-aware models and wafer maps to guide the design of devices in
consideration of fabrication variations. This approach facilitates prompt feedback to
designers regarding the potential effects of specific fabrication variations, rendering
the design stage more dependable. Consequently, it significantly reduces the need
for a high number of design-layout-fabrication-test cycles.

Moreover, the improved design flow also enables optimization. With the use of
compact models and layout-aware circuit simulations, designers can perform rapid
analyses, which allows them to employ sophisticated optimization algorithms for

refining their designs under various fabrication variations. This optimization capa-
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bility enhances the overall design quality and helps in achieving higher performance
levels for the end product.

By incorporating fabrication-awareness, the overall product development process
becomes more efficient, reliable, and enables the creation of optimized designs that

deliver superior performance under different fabrication scenarios.

Usual PIC design flow:

Compact Clrcuit
Models Slmulation
9-12 months/cycle

Design variation recommendations

Improved PIC design flow:

Variation Sensitive Layout Aware
Compact Models Circuit Simulation

Much faster feedback! + Optimization!

Figure 4.10: Conventional (top) vs fabrication variation aware (bottom) design flows
for photonic integrated circuits

4.5 Conclusion

In conclusion, our work on fabrication-tolerant network optimizations in photonic
devices has yielded promising results. By employing a deep photonic interferometer
network architecture with variation-aware compact models and virtual wafer maps,
we successfully designed photonic devices resilient to fabrication-induced variations.

The optimized broadband 50/50 power splitters exhibited deviations below 1%
from the desired ratio, even under challenging fabrication scenarios with up to 10
nm over-etch and under-etch variations. This highlights the effectiveness of our
approach in creating fabrication-tolerant photonic devices.

Moreover, our experiments on networks of different sizes revealed that non-

fabrication-tolerant devices experienced higher deviations as the network size in-
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creased, while fabrication-tolerant devices remained stable. The incorporation of
variation-aware modeling and fabrication-tolerant optimization ensures robust and
reliable performance across various conditions.

Overall, our fabrication-tolerant network optimization approach holds promise
in advancing integrated photonics technology, enabling high-performance photonic
devices for diverse applications. As the field continues to grow, our work contributes
to the development of reliable photonic systems, advancing cutting-edge technologies

in this field.
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Chapter 5

CONCLUSION

In conclusion, this thesis work has explored and demonstrated the potential of
silicon photonics as a highly promising platform for large-scale photonic circuits.
Leveraging the advantages of CMOS fabrication technology, silicon photonics of-
fers scalability, reliable manufacturing processes, and cost-effectiveness, making it a
viable and industrially attractive option.

The research addressed the growing demand for customized photonic integrated
circuits with high-performance capabilities. The design of broadband silicon pho-
tonic filters and deep photonic networks with custom dispersion profiles exemplified
the efforts in meeting these requirements. The ultra-broadband silicon photonic fil-
ters demonstrated exceptional performance, achieving flat-band transmission with
flexible bandwidths of over 100 nm. Additionally, deep photonic networks showcased
the ability to achieve arbitrarily defined dispersion profiles, offering a wide range of
applications in optical signal processing and communication.

One of the significant achievements of this work was the development of fabri-
cation variation-tolerant photonic devices through variation-aware optimization of
deep photonic networks. By considering potential fabrication-induced variations,
the study demonstrated the creation of highly robust and reliable photonic devices,
ensuring consistent performance across varying conditions.

In summary, this thesis contributes to the advancement of integrated photonics
technology, revealing the potential of silicon photonics as a powerful platform for
large-scale photonic circuits. The optimization of photonic components, deep pho-
tonic networks, and the consideration of fabrication tolerance enhance the design
and performance of photonic devices, advancing the progress in various applications

and accelerating the realization of cutting-edge photonic systems and technologies.
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