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Abstract

In recent years, silicon based optical interconnects has been pursued as an effective
solution that can offer cost, energy, distance and bandwidth density improvements
over copper. Monolithic integration of optics and electronics has been enabled by
silicon photonic devices that can be fabricated using CMOS technology. However,
high levels of device integration result in significant local and global temperature
fluctuations that prove problematic for silicon based photonic devices. In particular,
high temperature dependence of Si refractive index (thermo-optic (TO) coefficient)
shifts the filter response of resonant devices that limit wavelength resolution in various
applications.

Active thermal compensation using heaters and thermo-electric coolers are the
legacy solution for low density integration. However, the required electrical power,
device foot print and number of input /output (I/0O) lines limit the integration density.
We present a passive approach to an athermal design that involves compensation of
positive TO effects from a silicon core by negative TO effects of the polymer cladding.
In addition, the design rule involves engineering the waveguide core geometry depend-
ing on the resonance wavelength under consideration to ensure desired amount of light
in the polymer. We develop exact design requirements for a TO peak stability of 0
pm/K and present prototype performance of 0.5 pm/K. We explore the material de-
sign space through initiated chemical vapor deposition (iCVD) of 2 polymer cladding
choices. We study the effect of cross-linking on the optical properties of a polymer
and establish the superior performance of the co-polymer cladding compared to the
homo-polymer.

Integration of polymer clad devices in an electronic-photonic architecture requires
the possibility of multi-layer stacking capability. We use a low temperature, high den-
sity plasma chemical vapor deposition of SiOy/SiN,, to hermetically seal the athermal.
Further, we employ visible light for post-fabrication trimming of athermal rings by
sandwiching a thin photosensitive layer of AsyS; in between amorphous Si core and
polymer top cladding.

System design of an add-drop filter requires an optimum combination of channel



counts performance and power handling capacity for maximum aggregate bandwidth.
We establish the superior performance of athermal add-drop filter compared to a
standard silicon filter treating bandwidth as the figure-of-merit.

Thesis Supervisor: Lionel C. Kimerling
Title: Thomas Lord Professor of Materials Science and Engineering
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Chapter 1

Introduction

1.1 Scaling Information Technology

Ultra large scale integration (ULSI) of silicon (Si) based electronics has ensured an
exponential increase in the computation performance (operations-per-second) and
communication capacity (bits/second) at a constant cost in the information technol-
ogy (IT) sector. Moore’s law [1] governs the scaling of the chips and states that the
number of integrated transistors on a chip doubles every 18 months. This is reflected
in the exponential increase in the clock speed performance (Fig. ) of the micro-
processors over the last 40 years [2]. However, starting in 2002, the observed increase
in the computation performance (Giga operations per second, GOPS) has not been
consistent with the expected increase based on the transistor scaling. This mismatch,
as pointed out by Agarwal 3], is known as “Moore’s gap” (Fig. (1-2)). This gap can

be largely attributed to the bottlenecks associated with electrical interconnects.

1.1.1 Scaling limits for electrical interconnects

Moving forward, the bottleneck for bandwidth and clock speed performance for mi-
croprocessors will arise due to the fundamental limitations of copper based electrical

interconnects. The Shannon-Hartley limit [4] determines the ultimate channel capac-

21



106

104
- i..-r B
- 103 oy - e
= s
= l,
g 107 a8
g s ~al
o 10 P o

N
1
01 Lo® : : :
1970 1980 1990 2000 2010
Year

Figure 1-1: Clock speeds of microprocessors over time follows Moore’s law (reproduced
from [2]).

ity (C' in bits-per-second) of an interconnect and is given by

C:Blog2(1+%) (1.1)

where B is the bandwidth in Hertz, S/N is the ratio of signal power, S, to noise
power, N and is a unitless quantity. The energy required to increase the capacity of
a channel scales linearly with bandwidth. The Shannon-limit for electrical intercon-
nects is around 100 GHz. However, the power consumption associated with copper
interconnects increases drastically at high bandwidths due to frequency dependent

losses: skin effect and tangent delta loss (Tan delta).

The skin effect occurs in a conductor at high frequencies, whereby current flows
only near the surface of the conductor with an effective “skin depth”. This reduces
the associated cross-section of the copper thereby raising the electrical resistance (R)
and IR losses. The skin depth, 4, increases with the resistivity (p) and decreases
with the angular frequency (w) and the magnetic permeability (u) of the conductor

(Eq. . The skin depth of copper reduces from 2.1 ym at 1 GHz to 0.65 ym at 10
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Figure 1-2: The “Moore’s Gap” reflects the difference between the expected increase
and the observed increase in the Giga operations per second (GOPS) performance of
a microprocessor [3].

GHz and 0.21 pym at 100 GHz.

- \/g (1.2)

The Tan delta losses are associated with the dielectrics surrounding the conductors
and is proportional to the signal frequency. Doubling the frequency doubles the loss
(loss = frequency xtan delta of the dielectric). Both the loss mechanisms bring the
limit of copper interconnects further down from the Shannon-limit.

Finally, the resistive-capacitive (RC) delay associated with any electrical inter-
connect limits the maximum bandwidth that can be realized. With the Moore’s law
driving the need for low gate lengths for higher switching speeds, a bottleneck is
reached due to the increasing propagation delay associated with the interconnects [5]
between the transistors, resulting in “Moore’s gap” (Fig. ) These limitations

drive the need for optical technology that does not suffer from such drawbacks.

1.1.2 Optics to the rescue

Optical technology that uses photons as information carriers as opposed to electrons

is a promising solution that overcomes “Moore’s gap” at high bandwidths. Leverag-
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Figure 1-3: Trends in the gate delay and interconnect delay reflecting with IC fabri-
cation technology reflecting the “interconnect bottleneck” (reproduced from [5]).

ing wavelength division multiplexing (WDM) for bandwidth multiplication has been
realized in a well established optical fibre technology for long-haul communications.
The Shannon limit for optical carriers is around 200 THz. The bandwidth-distance
product has been used as a figure-of-merit (FoM) to evaluate the economic viability of
a communication technology and optics has been proved to be a disruptive technology
solution that was preferred when the FoM reached 10 Mb/s-km (Fig. (1-4)). Con-
sidering a similar situation at the board level where the interconnects lengths are of
the order of 10-100 cm, there is a need for a transition to optics when the bandwidth
requirements reach 10-100 Gb/s. Similarly, a transition to the optics is desired for
the on-chip communication when the bandwidth requirements reach 1 Th/s as the

interconnect lengths are approximately 1 cm.

1.2 Electronic-photonic integrated circuits

With the internet traffic growing at a rate of 40% per year [6], the projected energy
consumption by information technology has become an unsustainable fraction of the
world electrical power generation under the current copper interconnect based tech-

nology. The challenges of energy consumption and communication bandwidth with
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Figure 1-4: Communication capacity of a long-haul data link (copper or optical fi-
bre) reveals the superiority of optical technology over time when the bandwidth-data
product reached 10 Mb/s-km. (reproduced from [5]).

the copper interconnects call for a new scaling paradigm at the chip level. Power
efficiency, the new driver of Moore’s law, calls for dense electronic-photonic integra-
tion on a CMOS platform. Silicon microphotonics offers scalable solutions to the
anticipated barriers of input/output (I/O) density, interconnection bandwidth and
latency, and electronic/photonic partitioning through monolithic integration . The
new electronic-photonic platform that realizes the photonic functionality in CMOS,
bridges the gap between CMOS architecture and fibre optic technology. The pro-
posed architecture in this thesis uses electronics for computation and photonics for
communication. Monolithic integration (Fig. (1-5))) on the existing CMOS platform
proves to be power efficient (energy/bit) and more attractive than the electrical in-
terconnects in the longer run. There are two possible scenarios (Fig. (1-5))) while
considering the monolithic integration of active and passive photonic devices: 1. The
current scheme of integration uses Front-End-Of-Line (FEOL) processes (high tem-
perature CVD processes) that enable access to high quality single crystalline sili-
con and germanium for photonic applications; 2. In the future, Back-End-Of-Line
(BEOL) integration involving polycrystalline and amorphous materials for passive

and active optical components are desired owing to their design space flexibility and
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footprint advantages.

SiCMOS FEOL
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<550

Figure 1-5: Various scenarios for monolithic integration of photonic devices in a silicon
CMOS process: (a) Front-end-of-line (FEOL) process regime supports high temper-
ature CVD processes, (b) Back-end-of-line (BEOL) photonic interconnect stack calls
for a development of low temperature processes.

1.2.1 ATAC multicore processor architecture

Electronic-photonic integration at the chip level presents a new scalable approach in
multicore architectures moving forward. As the computation is spread across multiple
cores on a chip, the distribution of instructions and communication of intermediate
values between cores account for a significant fraction of the execution time due to
latency and contention for communication resources. Commercial multicore chips
typically use a bus to interconnect cores that are not scalable for thousands of cores
due to an increased bus wire length. Other solutions involving point-to-point mesh
networks 8] mitigate the interconnect scalability issue by avoiding long global inter-
connects. However, the mesh network increases programming complexity by requiring
locality in lines of code for point-to-point coordination. This requires multiple rout-
ing hops with a lot of overlapping messages that increase the latency. This thesis
is influenced by an All-to-All Computing (ATAC) microprocessor architecture, pro-
posed by G. Kurian et.al. ﬂgﬂ, that scales easily to thousands of cores. ATAC is a
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tiled microprocessor architecture with an optical broadcast network that improves
the bandwidth performance, the energy scalability and the ease of programmability
of multicore processors. The proposed optical broadcast network relieves the need for

locality in programming.

Architecture overview
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1 (a) 64 Optically-Connected Clusters ]
(B) ATAC+

(A) ATAC | |

Figure 1-6: (A) ATAC architecture and (B) ATAC+ architecture (Reproduced from
[10]).

ATAC considers a 1024 core architecture in which the cores are organized into
64 clusters with 16 cores each. Within each cluster, the cores communicate through
a conventional short-range, point-to-point mesh network. An electrical networking
architecture, FNet, is ideal for such predictable, short-range communication (Fig.
(1-6)). A global optical interconnect (ONet) is added to the underlying 2D array
of cores for energy-efficient, long-distance communication with low latency. Each
cluster is connected to the ONet through a single hub that serves as the interface
between the electrical and optical components (Fig. (1-6))). Communication from the
core to the hub occurs through EFNet. A similar electrical network, BNet, is used
for data transfer from the hub to the cores. Since, BNet is dedicated for broadcast
information, it does not require any routers, crossbars, or internal buffering. This
thesis primarily focuses on the influence of the broadcast photonic network, ONet,
on the microprocessor performance. Other details about the ATAC architecture are

not relevant for this study and have been covered extensively elsewhere [9,[10].
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Optical communication through ONet
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Figure 1-7: Optical communication in ATAC architecture (Reproduced from [9]).

ONet leverages wavelength division multiplexing (WDM) to achieve contention-
free, low-latency global communication between clusters. Further, all the hubs are
interconnected via optical waveguides to form a closed loop (Fig. ) Optical data
transmission between 2 hubs in an ATAC architecture (Fig. ) typically requires

the following components:

1. Optical power source: 1. Material: III-V (Hybrid integration) or Germanium
(Monolithic integration) based laser 2. Wavelength of operation: Coarse WDM
(CWDM), with wider channel spacings, uses 1310 nm as the center wavelength.
Dense WDM (DWDM), on the other hand, uses 1550 nm as the center wave-
length. ATAC requires 64 channels and the bandwidth of the broadband laser

decides the channel spacing.

2. Optical bus: Si/a-Si/SizN, based waveguides as optical channels for data trans-

fer. In ATAC, they serve to interconnect all the hubs.

3. Optical modulators: Si based ring/mach-zehnder modulators or Germanium
based electro-absorption modulators: Optical switches for electrical-optical con-
version of the data stream. It provides a way to imprint bit streams onto wave-
lengths. In ATAC, each hub has a modulator tuned to a unique wavelength to

send information.
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4. Optical filters: Si/a-Si based ring resonators/mach-zehnders: For mulitplex-
ing (combining) and demultiplexing (filtering out) a set (4/8/16/32/64) of
wavelegths. At the source end, the optical filter couples only a specific wave-
length from the power supply waveguide to the data waveguide. At the receiver
end, the optical filter extracts light from the data waveguide and couples it to
the photodetector (Fig. (1-7)). In ATAC, each hub has 63 filters that allow it to
receive signals from all the other hubs. Further, the filters are tuned to extract
around 1/64th of the input signal, thereby allowing the remaining information

to be transmitted to other hubs.

5. Photodetectors: Germanium: For optical to electrical conversion of the data
stream. Every hub of the ATAC architecture has photodetectors corresponding

to 63 wavelengths that their filters are tuned to receive.

1.2.2 ATACH

ATAC+ is an improved version of ATAC (Fig. (1-6|)) that addresses the issues of
power gating of lasers, energy-inefficient operation of BNet during unicast trans-
mission, and energy-inefficient inter-cluster unicast routing through ONet [10]. The

ATAC+ architectural improvements are:

1. Adaptive SWMR (Single Writer Multiple Reader) optical link to address the

static laser concerns.

2. Point-to-point StarNet (Fig. (1-6))) electrical network to address the inefficiency
of BNet

3. Distance based unicast routing protocal

From the photonic design perspective, ATAC+ calls for 2 major improvements: (a)
On-chip lasers for rapid power gating (ability to switch the laser on and off depending
on the requirement) and (b) Athermal ring resonators. This thesis focuses on the
design of athermal ring resonators and the motivation behind this study becomes

clear if its implication on the final architecture is understood.
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Figure 1-8: In an ATAC environment, the ring tuning power dominates the energy
consumption at low data rates (Reproduced from [11]).

Any temperature fluctuation arising from the on-chip electronics can alter the
performance of silicon based photonic devices due to their high thermo-optic (TO)
coefficient. This variation affects the filter response of silicon based ring resonators
for WDM applications. Considering a Si based WDM architecture with 20 GHz chan-
nel spacing and typical temperature fluctuations between 25°C-125°C, the maximum
allowable TO peak shift for a Si filter should be less than 1 pm/K, which is 2 orders
of magnitude less than the experimentally observed TO shifts of silicon-on-insulator
(SOI) filters. Active thermal compensation using thermo-electric coolers and heaters
is power hungry and the number of 1/0 lines limits the integration density [12]. Fur-
ther, in an ATAC environment, the thermal tuning energy constitutes a significant
portion of non-data dependent (NDD) power [11] (Fig. (1-8)). For instance, at a data
rate of 1 Gb/s per link, thermal tuning of back-end resonators constitutes 75% of the
energy cost. ATAC+H considers four different architectural scenarios (Fig. (1-9(a))))

and investigates the energy breakdown of all the processor components in each case.
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The ideal energy efficiency (ATAC+(Ideal)) is achieved when low-loss optical waveg-
uides, athermal rings and on-chip power gated lasers are employed (Fig. (1-9(b))).
The normalized energy is around 50% more when the active tuning of rings is em-
ployed (ATAC+(RingTuned)). With Moore’s law driving the need for higher energy

efficient solutions, there is an increasing need for passive athermal design.

1.3 Thesis work

This thesis uses a polymer cladding to passively compensate the TO behavior of
silicon based ring resonators for passive WDM filters. Chapters 2 and 3 introduces the
governing electromagnetic wave theory of optical devices and the operating principle
of ring resonators. Chapter 4 deals with the fabrication of ring resonators and the
experimental characterization technique for the same. Chapter 5 discusses the passive
athermal design principle and presents a working prototype of an athermal device.
Chapter 6 focuses on the polymer material selection aspect of the athermal design and
chapter 7 investigates the integration of the polymer clad devices in a CMOS multi-
layer architecture. Chapter 8 addresses the sensitivity of the devices to fabrication
variations and presents an approach to overcome the same. Chapter 9 analyzes the
system design of an optical add-drop filter and the advantages of an athermal design
as a part of a WDM link. Chapter 10 summarizes the key findings and presents the

future applications of athermal photonics.
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Chapter 2

Guided waves

The knowledge of electromagnetic wave propagation through a waveguide is neces-
sary to understand the design and fabrication of an optical waveguide. This chapter

explains the governing physics of light-matter interaction in a waveguide.

2.1 Maxwell’s equations in a medium

The propagation of light in a medium satisfies Maxwell’s equations:

V-D=p (2.1)
V-B=0 (2.2)
VXE:—%—f (2.3)
vXﬁ:§+J (2.4)

where p is the charge density, J is the current density, E is the electric field,
H is the magnetic field, D is the electric flux density (electric displacement), B is

the magnetic flux density and ¢ is the time. In optics, the medium under study is
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usually source free, i.e. p =0, J=0. Further, the electrical and magnetic properties
of a linear, isotropic, non-dispersive and homogenous medium are characterized by
polarization density (]3) and magnetization density (]\7[ ), where P = €,x.E and
M = ,uoxmﬁ . D and B can be expressed in terms of E and H for such a medium as
follows:

—

D=¢cE+P=¢e(l+x.)E=¢eE (2.5)

B = pioH + M = pio(1+ xm)H = pnH (2.6)

where ¢, is the free space electric permittivity, y. is the electric susceptibility
of the medium, p, is the free space magnetic permeability and y,, is the magnetic
suscpetibility of the medium. Using the vector identity, V x (V x A= V(V- A— V%I,
the above relations can be simplified to give the Helmhotlz wave equation for E as:
PE

A similar relation can be written for H.
The refractive index (n) of a medium can thus be defined as:

n=,| X (2.8)

€ollo

For non-magnetic materials, where u = p,, the expression for refractive index can

be simplified as

0= /o= VI 29)

Physically, the refractive index is a measure of polarizability of a medium in the
presence of electric and magnetic fields and is a function of wavelength/frequency
(n(X)). It reflects the speed of light (¢) in a medium (¢ = ¢,/n, ¢, is speed of light in

vacuum).
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2.2 Monochromatic electromagnetic waves

All components of the electric and magnetic fields of a monochromatic electromagnetic
wave are harmonic functions of time with a given frequency v and a corresponding
angular frequency w = 27v such that, E = E(7) exp(iwt) and H = H(7) exp(iwt) (7
is the position vector). Inserting the time harmonic relation in Eq. gives

V?E — w?pueE = 0 (2.10)

A plane wave solution that satisfies Eq. (2.10)) is obtained by defining E (7) and

H (7) in terms of a propagation wavevector, k.

— —

E(7) = E, exp(+ik - ) (2.11)

- —

H(7) = H, exp(Lik - ) (2.12)

where }.70, EO are constant vectors while — and + in the exponential terms reflect the
forward and backward propagating wave solutions.

The magnitude of the wavevector k equals 27/ and a dispersion relation between

k and w can be arrived at using Egs. 1} and 1)

k? = wpe (2.13)

The magnitude of k in an optical medium is related to the free space propagation

—

vector (k,) as k = nk, resulting in similar relations for the wavelength (A = \,/n) and
the speed (¢ = ¢,/n). Further, for Maxwell’s equations (Eq. (2.10])) to be satisfied,
E, and H, should satisfy the following relations:

kx H,=—weE, (2.14)

kx E, =wuH, (2.15)



It follows that E_’;, H o, and k are mutually orthogonal. Since E’; and H, o liein a plane
normal to the propagation vector E, the wave is called a transverse electromagnetic

(TEM) wave. The ratio between the amplitudes of E, (E,) and H, (H,) is called the

impedance of the medium (n)

E, 7
_Bo 1 2.16
= ; (2.16)

Finally, the flow of the elctromagnetic power is given by a complex Poynting vector

S =1Fx H*) and is parallel to k. Tt can be shown that the time averaged intensity,
2

1, of the wave is:

(2.17)

2.3 Phase and Group velocity

As pointed out earlier, the refractive index of a medium determines the phase velocity
(vp) of a plane wave in a given medium

w c
p k n ( )
However, for a dispersive medium, where the refractive index is a function of the
frequency /wavelength (n = n(w) = n()\)), the propagation velocity varies with the
. o . . dn

frequency of the light wave. So it is useful to define a group index n, = n — A3y,

which determines the velocity of a “wave packet”. The group velocity (v,) reflects

the rate of information travel / data transfer in a waveguide and can be shown to be:

o c -2 (2.19)

v, = - = ——
T dk n— B,
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2.4 Polarization

The polarization of light at a given position is the time evolution of the electric-field
vector, E (7, t). For monochromatic light, the two orthogonal components of the com-
plex amplitude vector, E(F), vary sinusoidally with time, such that the end-point of
E (7) traces an ellipse. The plane waves where the wavefronts are given by parallel
transverse planes (Fig. ) can be defined by a single polarization ellipse (elliptical
polarization). Linear polarization and circular polarization are special cases of ellip-
tical polarization where the ellipse degenerates into a line and a circle respectively.

).

YA

H
59

Figure 2-1: Polarization ellipse of a plane wave travelling in the z direction [13]

The Poincaré sphere [14] is a convenient geometrical representation of the polar-
ization transformations through an optical device. Every point on the surface of the
sphere (Fig. (2-2))) corresponds to a polarization state. The equator corresponds to
linear polarization and the poles represent circular polarizations.

This thesis focuses on channel waveguides with rectangular cross-sections that
do not support circular polarization. As a result, the study is restricted to linear
polarizations with either horizontal electric field (transverse-electric, TE) or vertical
electric field (transverse-magnetic, TM) states. With reference to a channel waveg-

uide, the TE-mode refers to the polarization state where electric field is parallel to
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Figure 2-2: Any arbitrary polarization state can be represented as a point on the
surface of the Poincaré sphere and a change in the polarization can be representated
as a continuous path on the surface of the sphere [14].

the core/substrate interface, while TM-mode refers to the polarization state where
electric field is perpendicular to the core/substrate interface. It is important to point
out that the convention is a simplistic representation of modes in a channel waveguide
as it cannot support a strictly (100%) TE or TM polarization, but instead supports
a majority of one and balance of other (so TE mode in this thesis has about 95% TE

component and 5% TM component).

2.5 Boundary conditions

The optical physics of waveguides requires a good understanding of the behavior of
electromagnetic waves when it encounters a medium with a different refractive index.

The reflection and transmission of the light waves at an interface between materials
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of differing refractive indices, is governed by the conservation of wave vectors and
boundary conditions for E and H. D and B are conserved perpendicular to an interface

between materials, 1 and 2:
el =6kl il = poHsy (2.20)
On the other hand, E and H are conserved parallel to the interface:
By =Ey  Hy =My (2.21)

Finally, the conservation of wave vectors can be used to derive Snell’s law (Eq.
(2.22))) that governs the light propogation from medium 1 (with index n;) to medium
2 (with index nay).

ny sin(f;) = ny sin(6s) (2.22)

where #; and 6, are angles between the interface normal and the propogation wave
vectors in 1 and 2.

The total internal reflection occurs when ny > ny (Eq. (2.22))) resulting in waveg-
uiding in higher index material. There exists a critical angle 6. = sinfl(’;—f) beyond

which all the light gets reflected inside the higher index material as can be derived

from Eq. (2.22)).

2.6 Dielectric waveguides

This thesis focuses on dielectric waveguides that have a higher index core surrounded
by lower index cladding material. Light is guided inside the higher index core region
by total internal reflection and there are 4 common dielectric waveguide configura-

tions:

1. Slab waveguide: A thin film of higher index core is sandwiched between two

other cladding films of lower indices (Fig. (2-3)).
2. Channel/Strip waveguide: A strip of higher index core on top of a lower index
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cladding (Fig. (2-4(a))).

3. Strip-loaded waveguide: Strip of higher index material placed on a slab of lower

index material to provide lateral optical confinement in the lower index slab

layer (Fig. (D).

4. Rib/Ridge waveguide: High index contrast layer is partially etched to create
two sidewall interfaces to provide lateral confinement (Fig. (2-4(c))).

This thesis focuses on channel waveguides (Fig. (2-4(a)])) for all the fabrication
and measurements. Unlike metallic waveguides, the boundary conditions for dielectric
waveguides do not restrict the light inside the core; hence a fraction of power is
evanescently guided in the cladding region as well. This is better understood by

studying the wave propagation in the simplest dielectric geometry : Slab waveguides.

2.6.1 Slab waveguides

The slab configuration corresponds to a waveguiding structure where the light is
confined only in 1 direction. Light propagation inside a waveguide is conveniently
described using the concept of “waveguide modes”. A waveguide mode at a given
wavelength is the stable shape with which the wave propagates. The mode shape is a
function of wavelength and is completely determined by the waveguide cross-section
and the refractive index profile of the waveguide.

Consider a symmetric slab cross-section (thickness: 2d) where the index of the
top and bottom cladding are same (ny) for a given core index (n.) (Fig.(2-3)). The
waveguide modes can be solved starting from the wave equation for a non-uniform

refractive index:
1 9?2

Assuming TE mode of propagation where the E-field is parallel to the substrate,

only the y component of the E-field exists and the solutions can be written as:

E, =U(x)exp(—i(fz — wt)) (2.24)
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Then the Helmholtz equation gives the solutions for the various eigenmodes of the

waveguides whose eigenvalues define the corresponding propagation constants, (3,,.

2

[% + K = B2U(z) =0 (2.25)

where U(x) is the optical mode profile (complex amplitude), k? = k?n? is the cross-
sectional index profile, B = n.s¢k, is the propagation contant and the waveguide

mode is defined by the E-field along the z direction (propagation direction), E(x, z) =
U(z)exp(ifz).
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Figure 2-3: Cross-section of a slab waveguide showing the first 3 TE modes.

All possible TE mode solutions can be derived from Eq.(2.25)) after invoking the
boundary conditions at the core/cladding interfaces. Electric field distribution of the

m'" TE mode (T'E,,) is given by Eq. (2.26) and exhibit behavior similar to “standing
waves” (Fig. (2-3))).

—

En(x,z) = Uy(z) exp(ifmz) (2.26)

where (3, corresponds to propagation constant of the T'F),,, mode. Higher order modes
have smaller § and larger number of nodes (U = 0) (Fig. (2-3)). A larger waveguide
dimension and higher index contrast can support a larger number of modes. A similar

set of solutions can be derived for TM mode of propagation which has E, and H,
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components of EM wave.

The speed of propagation of the mode depends on its effective index (n.sr) and

is given by c¢/n.ss, where n.sy = B/k, = @r" Thus n.ss varies depending on the

order of the mode and decreases as the order of the mode increases. In other words,
higher order modes propagate faster than lower order modes inside a waveguide.
Furthermore, it can be shown that the effective index of any mode should lie between
the refractive index of the core and the cladding, i.e. ng < n.ry < n.. This is because
the n.ss of a given mode is just a weighted average of the index of the core and the
cladding where the power distribution in each region acts as the weighting factor. The
weighting factor can be related to the confinement factor (I',.) of the core, which is

the fraction of optical power in the core to the total propagation power.

2.6.2 2D confined waveguides

The aforementioned analysis for slab geometry waveguides can be extended to waveg-
uides that confine light in 2 directions. The popular 2D confined waveguide geome-
tries are: Channel, Strip-loaded and Rib/Ridge cross-sections (Fig. (2-4)). The
region guiding the majority of the mode is the difference between the 3 2D confined
geometries. While, most of the light resides in the rectangular cross-section for the
channel waveguide, the slab (grey shade) of a lower index (compared to core but
higher compared to the lower cladding) is light guiding region for strip-loaded geome-
try. Rib/Ridge waveguide on the other hand is similar to strip loaded waveguide but

both the slab and the rectangular cross-sections have the same refractive index.

Top Cladding Top Cladding Top Cladding

Bottom Cladding Bottom Cladding Bottom Cladding

(a) Channel waveguide (b) Strip-loaded waveguide (c¢) Ridge waveguide

Figure 2-4: Various 2D confined planar waveguide geometries
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2.6.3 Effective index method

As mentioned before, the analysis for slab waveguides can be extended to solve for
effective indices for other waveguide geometries (Fig. (2-4)). The effective index
method is an approach which deconvolutes the waveguide structures to various slab
structures (Figs. ,). Mathematically, it is equivalent to the separation of
variables approach to solve the 2D Helmholtz equation for U(z,y) where U(z,y) ~
U' (@)U (y)-

1 ! 3 3
| I
le—W
Njaq -Ih Njad - Nejad Defrr Njaq
._W_.I

Figure 2-5: Effective index method to solve for modes of a channel waveguide.

Thus, the modes for channel waveguides can be solved by treating region 2 in Fig.
(2-5) as a slab waveguide with a thickness of “h”. Region 2 can then be treated as a
core with an index of n¢ss2. The modes of the channel waveguide can then be arrived

at by solving the new slab waveguide structure with thickness “w” and index n.ss2

(Fig. (2-5))). This method is reasonably accurate only when w >> h for the channel

waveguide.
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Figure 2-6: Effective index method to solve for modes of a ridge waveguide.

A similar method can be used for ridge waveguides that can be divided into 3

different slab regions with thicknesses “h,” and “h,” respectively. Regions 1 and 3
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form the new cladding regions with an index of n.s¢1 = n.ss3 and region 2 forms the
core (index=ncsy) for the new slab structure with thickness “w” (Fig. ([2-6)).

The effective index method works well for low-index contrast waveguide, but is
inaccurate for high-index-contrast, single mode, channel waveguides that are more rel-
evant for integration applications. Hence, electromagnetic simulation softwares that
employ different numerical techniques (finite element method, finite different time
domain technique, film mode matching) are used for such applications. Commercial
software packages like RSoft’s FemSIM, Photon Design’s FIMMWAVE and Apollo
Photonic suite are widely used for mode calculations of photonic structures with ar-
bitrary index distribution. This thesis uses FIMMWAVE [15] for mode calculations

and design of a-Si waveguides with polymer top cladding.

2.6.4 Mode solving using FIMMWAVE

FIMMWAVE is a program developed by Photon Design for modelling various 2D and
3D waveguide structures. It provides the following mode solving techniques to choose
from: Film-mode matching (FMM) solver, Finite difference method (FDM) solver
and Finite element method (FEM) solver. Due to its speed and accuracy compared
to the other numerical techniques, the FMM technique has been used in this thesis
and will be the primary solver for all the FIMMWAVE simulations reported in this

thesis.

FMM solver

The FMM solver is a semi-analytical, fully vectorial waveguide solver based on the film
mode matching method as described by Subdo [16H18]. In this method, a waveguide
cross-section is considered as a sandwich of thin slices numbered m = 1,2,3...M.
Each slice is further considered as a combination of various film layers numbered
n = 1,2,3..N. Thus layers and slices are perpendicular to each other (Fig )
The FMM method involves finding TE and TM modes of each sliced cross-section

(scalar modes in case of weak waveguiding) and collecting all the modes with the
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same propagation vector,k,. The field amplitudes are then adjusted at each slice
interface to match the field distribution (to obey Maxwell’s law). Only certain values
of k. gives non-zero mode amplitudes with matching field distributions at the slice
interfaces. Each such value of k, corresponds to a mode solution of the mode. Detailed
derivations of the corresponding numerical method are presented elsewhere |16-18]

and are not covered in this section.
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Figure 2-7: The FMM algorithm breaks down a dielectric cross-section into slices and
layers. Example is shown for an a-Si core waveguide with a polymer over-cladding
and SiO, under-cladding.

The FMM solver of the FIMMWAVE thus creates the mentioned number (user
controlled) of 1D modes (higher number corresponds to greated accuracy) of each
sliced cross-section. The user controls the size of the cross-section and smaller the
cross-section (greater number of slices), greater will be the accuracy. Once the 1D
modes are created, the FMM solver algorithm of FIMMWAVE arrives at the mode

solutions through the following stages:

1. Generating matrices of overlap integrals between the 1D modes of the n'” slice

and the 1D modes of the (n + 1) slice.

2. Finding a set of coefficients of the 1D modes that will give field profile obeying
Maxwell’s equation. Given the boundary conditions at the left hand side (lhs)
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and a guess propagation constant (), a solution can be “propagated” from the
lhs to rhs using the overlap matrices. Values of § are scanned over a range of

values until the boundary conditions are met at rhs.

An amorphous Si (a-Si, n : 3.48)) waveguide with 600 nm x 200 nm (widthx
height) cross-section with a polymer top cladding (n : 1.38) and SiO, under-cladding
(n : 1.45) supports 3 modes at A = 1550 nm. This includes the fundamental TE
mode (nefp = 2.49), the fundamental TM mode (n.fr = 1.66) and the first order TE

mode (n.sr = 1.59) in decreasing order of n.ss (Figs. 2-10).
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Figure 2-8: The intensity of fundamental TE mode for a 600 nm x 200 nm a-Si
core waveguide, with the polymer over-cladding and the SiOy bottom cladding (Fig.
@-7) The absolute value of the = component of the electric field distribution
in the mode (abs(E,))

As mentioned in section [2.4) while the TE mode has E, as the major component
of electric field, the TM mode has E, as the major E-field component. So, the
discontinuity for F, is seen across the core sidewalls for the fundamental TE mode

(Fig. (2-8(b))). On the other hand, the discontinuity of E, occurs for the TM mode
across the core/cladding film interface (Fig. (2-9(b)))).
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Figure 2-9: The intensity of fundamental TM mode for a 600 nm x 200 nm a-Si
core waveguide, with the polymer over-cladding and the SiOy bottom cladding (Fig.
@-7) The absolute value of the y component of the electric field distribution
in the mode (abs(£,))
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Further, higher order modes correspond to E-field nodes (E, = 0 for TE or £, =0
for TM) within the core (Fig. (2-10])).
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Figure 2-10: The intensity of 15 order TE mode for a 600 nm x 200 nm a-Si
core waveguide, with the polymer over-cladding and the SiOy bottom cladding (Fig.
@-7) The absolute value of the = component of the electric field distribution
in the mode (abs(E,))

2.7 Slot waveguides

Boundary conditions are responsible for the difference between the behavior of TE
and TM modes. The discontinuity of the electric field at the core/cladding interface
has been leveraged to confine light in a low index region for slot waveguides (Fig.
11))). Slot geometry [19-22] is of wide interest when there is a need for light emission,
modulation or plasmonic waveguiding in low-index materials.

Slot waveguides consist of atleast one narrow lower-index region sandwiched be-
tween two higher-index regions (Fig. (2-11(a)])). The refractive index discontinuity
at the sidewall results in a discontinuity in the transverse E-field at the sidewall in-

terface due to the governing boundary conditions (Eq. [2.20). The E-field outside the
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Figure 2-11: Cross-section of a slot waveguide. [2-11(b)| TE mode of a slot

waveguide showing light confinement in the low-index cladding region

high-index region decays exponentially (evanescent tail). As two high-index regions
move closer than the decay length of the evanscent tail, the optical field is strongly en-
hanced, resulting in high confinement in the lower-index region (Fig. (2-11(b))). The
interaction between the evanescent tails of 2 higher-index regions is also responsible

for coupling between two waveguides that is discussed in the next section.

2.8 Coupled waveguide systems

When 2 waveguides are close to each other such that their fields overlap, light can
be guided in both waveguides and the effective index of such a coupled system is
different from that of the individual waveguides. When light is launched only in
one waveguide, it eventually gets transferred to the second waveguide in the coupled
system before getting coupled back to the first waveguide. The power transfer between
the 2 waveguides occurs through an evanescent tail which extends outside the core.
An analogy can be drawn with “quantum tunneling” occuring between the 2 closely
placed quantum wells (Fig. (2-12))).

In case of weak coupling, the “coupling mode theory” can be invoked, where the
modes for the coupled waveguide system can be considered as a superposition of the
modes of the individual waveguides. Considering the fundamental mode for both

the waveguides, symmetric and anti-symmetric mode solutions (Fig. (2-12])) with
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Figure 2-12: Coupled waveguides can be treated in a similar manner to the “quantum
tunneling” effect while solving for modes of the entire system

different effective indices can be derived. If fundamental modes of equal amplitudes
(Uy = U,) with same n. ¢ are launched in both the waveguides, the coupled mode can
be written as (U; +Us)-explikz- (nepp+ )]+ (U — Us) -explikz- (nesp — B)], where [ is
the coupling coefficient between the waveguides. When power is launched in only one
waveguide, it gets transferred to the second waveguide over a characteristic “beat”
length as the symmetric and anti-symmetric modes have different speeds (effective
index). The beating length equals 7k/f, and depends on the coupling coefficient
£. [ depends on the separation between the two waveguides and can be calculated
from the difference in the effective indices of even and odd modes. Alternatively, a
perturbation theory method for weakly coupled waveguides can be used to calculate
B [23]. The interaction between the waveguides is very crucial for the operation of

ring resonators that is covered in detail in the next chapter.
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Chapter 3

Ring Resonators

Ring resonators serve as building blocks of very-large-scale-integrated (VLSI) pho-
tonic circuits [24]. They can be used for various applications in a photonic cir-
cuit including optical add/drop filters (OADF) for wavelength division multiplex-
ing/demultiplexing (WDM) [25-27], phase-shifters for polarization conversion [2§],
optical cavity for wavelength tunable lasers [29-32], ultra-fast electro-optic modula-
tion for optical switching [33,:34] and frequency comb generation in a mode-locked

laser [35-37].

3.1 Operation principle

An optical waveguide in a closed loop structure constitutes a ring resonator. The
shape of the closed loop can be a circle, ellipse or a racetrack. Any light circulating
in such a ring builds up in intensity when the optical path length (n.;s x L) equals

an integral multiple of wavelength (mA,) as given by the resonance condition in Eq.

BD).

NefrL = mA,, where m is an integer and A, is the resonance wavelength — (3.1)

The ring resonator still needs an external source of light to be coupled into the

device. This is usually realized by evanescent light coupling from a “bus” (as it can
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carry multiple wavelengths) waveguide that is located close to the ring (Fig. (3]
1))). Two popular configurations of the ring resonator device structure exist. The
first is an all-pass configuration which corresponds to light /power transfer between a
ring and one bus waveguide (Fig. . The all-pass configuration is preferred for
modulators, phase shifters, lasers and amplifiers. The “add-drop” configuration is the
second preferred device structure that involves a ring coupled to two bus waveguides.
The add-drop configuration is more suited for filtering applications in WDM where

there is a need for routing a specific channel wavelength to the desired location.

Input R Through
R
a

Through

(a)

Figure 3-1: [3-1(a)| All-pass configuration corresponds to power transfer between a
ring and one waveguide. [3-1(b)| Add-drop configuration corresponds to power transfer
between a ring and two waveguides.

3.1.1 All-pass configuration

It is useful to understand the operation of an all-pass filter before analyzing the add-
drop configuration. The all-pass configuration takes advantage of the loss (or gain) of
the resonator to manipulate the amplitude and phase of the bus waveguide output.
Consider a light travelling along the bus with an amplitude “a;”. When it approaches
the ring, part of the light evanescently couples to the ring while the remaining goes
through the bus. The final transmitted amplitude “b;” depends on the amount of
light coupled to and from the ring, the transmission loss inside the ring and the phase

difference associated with the coupling event. The coupling event associated with the
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device can be studied using a scattering matrix (S=s;;) that relates the input fields

(a = [a1, az]") to output fields (b = [by, bo]") as follows

b = Sa (3.2)

S can be shown to be symmetric with the form [38] shown in Eq. (3.3)) after

invoking power conservation and time-reversal.
S = (3.3)

where 7. and k. are complex through-coupling and cross-coupling coefficients of the
complex mode amplitudes defined by b and a (Fig. (3-1(a)])). The complex nature
of 7. and k. arises from the fact that every coupling event is associated with a phase
change of the electric fields. More precisely, a phase shift of 7/2 accompanies every
coupling event as a result of crossing from low index material to high index material.
Hence, the condition, 7, = 7 where 7 € R (where R is the set of real numbers), can
be imposed without any loss of generality. Further, x € R can be defined such that
k. = tjk to account for the phase change associated with the coupling equation.

Then Eq. (3.3]) can be rewritten as
S = (3.4)

where 72 + k? = 1 for lossless coupling. A relation between a, and by can be de-
rived after defining a as the amplitude transmission loss around the ring, L as the

circumference of the ring and n.s¢ as the effective index of the waveguide:

,27T7’LeffL

as = by exp(—al)exp(j 3 ) (3.5)

For simplicity, the input wave amplitude a; can be set to 1 and other field amplitudes

can be normalized with respect to it. An equation relating by to 7,«, L, A and n.y;

53



(Eq. (3.6) can be derived using the aforementioned lossless coupling condition and
Eas. (32),(B4) and (33).

oo T exp(—al) exp(j%) (3.6)
1 — .
1 —7exp(—al) exp(jw)

At the resonance condition, given by Eq. (3.1]), the above equation can be further
simplified and the linear power (|by|?) transmitted at the throughport can be written

as
7 —exp(—al) |

| = (3.7)

1 — Texp(—al)
It is evident that the transmission through the bus waveguide equals zero (Eq. )
when the through-transmission coupling coefficient equals the round trip transmission
loss inside the ring. Physically, it can be understood by realizing that a phase change
of /2 accompanying every coupling event results in a total phase change of m when
the light is coupled from the ring back to the bus waveguide. Thus, the orignal
light travelling from the input port and the light coupled from the ring interfere
destructively at the through port due to the phase difference of © between them.
Hence, it is possible to completely transfer all the power from the bus waveguide to
the ring at resonance if the coupling coefficients are designed carefully by choosing
the appropriate coupling gap and coupling length. Three coupling regimes can be
identified based on the relative magnitudes of 7 and A = exp(—aL) (Note that high

round-trip loss of the ring results in high damping rate and low A):

1. Under-coupled regime (1/7 < 1/A): Under-coupling refers to a condition where
the coupling rate (ox 1/7) between the ring and the bus is less than the damping
rate (ox 1/A) inside the ring. In this case, the amplitude of the field coupled
from the ring to the bus is less than the field amplitude coming from the input
port. The transmitted field in the through-port is in phase (b; : 4wve) with
the light from the input-port but reduced by the power amplitude of the light
coupled from the ring. Such a condition occurs when the transmission loss

inside the resonator is too high which could be due to a small bending radius or
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a large sidewall roughness. Alternatively, it can also result due to a large gap
between the bus and the ring that has a low cross-coupling coefficient (k). The
ultimate limit of this condition occurs when there is an infinite loss in the ring
or an infinite gap between the bus and the ring and is equivalent to the absence

of the ring (similar to off-resonance behavior).

. Critically coupled regime (1/7 = 1/A): Critical coupling occurs when the cou-
pling rate between the ring and the bus is equal to the damping rate inside
the ring. In this case, the amplitude of the field coupled from the ring is equal
to the amplitude of the input field resulting in perfect destructive interference
in the transmitted field at the through-port. The transmitted power at the
through-port is zero (Eq. ) suggesting a complete power transfer from the
bus to the ring and a high extinction ratio (resonance depth). Changing the
loss behavior of the ring can shift the device away from the critical condition
resulting in a smaller extinction ration. Such a device can, thus, function as a
“notch filter” where the extinction ratio of the device can be tuned by changing
the round-trip loss of the ring. However, designing for critical coupling requires
pre-existing knowledge of the losses inside the ring and a careful selection of the
gap between the ring and the bus. So, any variation due to fabrication tolerance

can move the behavior away from critical coupling.

. Over-coupled regime (1/7 > 1/A): Over-coupling results when the coupling
rate (o< 1/7) between the ring and the bus is more than the damping rate
(ox 1/A) inside the ring. So, the amplitude of the field coupled from the ring
to the bus is more than the input field amplitude. Hence, the transmitted field
at the through-port is out-of-phase (b; : —ve) with the incoming field and has
a power given by the the difference between the coupled field power from the
ring and the input field power. This occurs in a design where there is small
gap between the ring and bus resulting in a large cross-coupling coefficient (k).
Alternatively, it can also result in cases where the transmission loss in the ring

is very small due to improved processing techniques. A limiting case of the
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over-coupled regime occurs when the loss inside the ring approaches zero. In
this case, b; approaches -1 at resonance, indicating a phase shift of © of the
incoming wave with no change in the amplitude. This behavior of the all-pass

configuration is leveraged for its application as a “phase shifter/phase filter”.

Transmission of an all-pass filter will reveal “dips” corresponding to the ring’s reso-

nances (Fig. (3-2(a)))) and the extinction ratio (resonance depth) varies depending

on the coupling regime (Fig. (3-2(b))).

3.1.2 Add-drop configuration

The above analysis can be extended for an add-drop configuration (Fig. (3-1(b))))
by accounting for coupling between ring and 2 waveguides. Considering, a; = 1 and
b, = 0, the expression for transmission, b; (Eq. , at the through-port remains
similar with the coupling loss component (73) accounted for in the round-trip loss of

the ring.

71 — Tpexp(—al) exp(jw)

L2mneypr L

b1 -
1 — mymyexp(—al) exp(j=—=)

(3.8)

Further, it can be shown that the amplitude of light at the drop port (a4) can be

varied based on the coupling coefficients at the input side (71, 1) and the drop side

(71, k1) of the ring (Eq. [3.9).

o .mnefpL
. —/ﬁlmzexp(—%)exp(j%) 3.9
g = 2mneyyp L ( : )
1 — nimexp(—al)exp(j=——)

At resonance,a complete transfer of power from the input to the drop port occurs
in case of a symmetric lossless coupling (k7 = ks), provided the round-trip loss of the
ring is negligible, i.e. A = exp(—al) ~ 1 (Fig. )

The above analysis is independent of the nature of coupling region. So, the re-

sults for both all-pass and add-drop configurations hold true for lateral and vertical

couplings between the bus and the ring (Fig. (3-4))).
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3.2 Figures of merit of a resonator

1. Quality factor (Q factor): The Q factor of a resonator is a measure of the photon
lifetime (7,;,) inside the cavity and reflects the spectral width (sharpness) of the
resonant peaks. Mathematically, it can be expressed as the ratio of maximum
energy inside the cavity and dissipated energy per cycle. For a given resonant
(angular) frequency, w, = 2m¢/\,, and characterstic lifetime of the resonator

(Tpn = 1/ca), the expression for the Q factor can be written as:

Ar

_— 3.10
ANpwHM (3.10)

Q factor = w, Ty, =

where AXpw gy is the spectral full width at half maximum (FWHM) of the
resonance. The photon lifetime inside the cavity is determined by the instrinsic
optical loss () inside the cavity which could be a combination of material
absorption, sidewall scattering, bending and substrate leakage. Higher the loss,
greater is the damping rate (o< 1/7,,) and smaller will be the 7,,. The intrinsic

Q factor can be written in terms of a;, and group index (n,) as:

8neff
19D

2mn
Qin = o )\g where ng = negr — Ay
m ir

(3.11)

However, the coupling loss (oupling) from the bus to the ring acts as an extra
source of damping that affects the total Q factor (Q) of the device. The

Q10 depends on the intrinsic cavity Q factor (Q;,) and the extrinsic Q factor

associated with the coupling loss (Qe.) (Eq. [3.12)).

L + ! (3.12)
Qtot Qin Qea} ‘
An expression for (Q;,; can derived from Egs. and
2mn
Qtot = 2 (3.13)

(ain + acoupling))\r
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Rings with high Q factor (around 10° — 107) are ideal candidates for sensing
applications due to their sharp peak response. For DWDM applications, the Q
factor limits the minimum spacing between 2 channels. For a 20 GHz (=~ 0.8nm)
channel spacing WDM architecture, the minimum desired Q is around 2000.
On the other hand, for modulation applications, it is desirable to have a small

photon lifetime (low Q ~ 100) for fast switching capabilities.

. Free spectral range (FSR): FSR is the spacing between two consecutive resonant
peaks of a resonator and is a function of \,, circumference of the resonator (L)
and n, (Eq. . For WDM applications, the FSR limits the channel count
performance of the architecture. It is desirable to squeeze all the channels within
1 FSR of a ring so that a given ring does not filter more than one wavelength.
Small rings have a large FSR (Eq. and are desirable for high bandwidth
applications involving 32/64 channels. However, the bending radius of such
rings are limited by the bending loss that increases with decreasing radius. The

associated Q factor of the ring limits the channel spacing and the channel count.

)\2

g

FSR =

(3.14)

. Resonant field enhancement factor of the cavity (G): Field enhancement in the
resonant cavity is predominantly determined by the cavity finesse (F') which in
turn depends on the losses inside the ring. Finesse can be expressed as the ratio

of the FSR and the spectral FWHM (Eq. [3.15)).

F 2
SR (3.15)

F=—""
AXNrwHM al

If 1, is the input energy flux from the bus, 7" is the power transmission coefficient
at the coupling region and [ is the circulating energy flux inside the resonator,

the resonant field enhancement factor (G)) can be shown to be:

I 1-T 2=
G=f="07 =501 (3.16)
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Rings with high G are preferred for non-linear applications like frequency comb
generation, electro-optic modulators where there is a need for high power buildup

inside the cavity.

3.3 Simulation of ring resonators: FDTD solutions

by LUMERICAL

Designing ring resonators involves optimizing the gap between the bus and the ring
for critical coupling. This thesis uses the 3D FDTD simulations package offered
by LUMERICAL [39] to understand the transmission properties of add and drop
channels as the gaps between the bus waveguides and the ring are changed.

The software uses finite-difference-time-domain (FDTD) technique for solving
Maxwell’s equations in a complex geometry. The frequency solutions can be arrived
through Fourier transforms of the time domain solutions. FDTD solutions starts
from the time dependent form of Maxwell’s equations (Section [2.1]). For instance, the
Maxwell’s equation of a TM mode propagation (H,, H, and E, are the independent

components) in the z direction can be reduced to:

oD, 0H, OH,

1
ot ox Jy (3.17)
D.(w) = eer(w) Ea(w) (3.18)
OH, 1 OE.
= 1
o Oy (3.19)
OH, 1 0E.
5 = oz (3:20)

where all the symbols represent the same properties described in Section 2.1} Elec-
tromagnetic fields can then be solved as a function of time from the above equations.

The solver uses a simulation mesh, similar to FIMMWAVE (Fig. (2-7))), and
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solves for field solutions at every mesh point. FDTD solutions adopts a non-uniform
mesh size, where the mesh dimensions are smaller inside the high index material
and larger in the low index material, to maintain a constant number of mesh points
per wavelength (as it scales as A/n). Consequently, the smaller mesh results in a
longer simulation time and larger memory requirements. The FDTD simulation of
a silicon add-drop filter with a polymer over-cladding and a SiO; under-cladding
requires defining the material properties and geometry in all the 3 dimensions (Fig.
(3-5)). Then an appropriate mode is chosen for launching in the add waveguide (mode
source) and the transmission at the drop waveguide can be read out by the power
monitor placed appropriately. Gaps between the ring and the waveguides can then
be optimized to maximize the drop transmission. The power output in the drop
transmission is shown to be —ve because the propagation is in the —z direction (Fig.

(B0)).

3.4 Higher-order filters

The order of a ring filter is described by its response away from resonance. The
intensity at the drop response (Eq. of a single ring in an add-drop configuration
(Fig. (3-1(b)|)) exhibits a Lorentzian behavior near resonance. Higher-order filters,
on the other hand exhibit a different roll-off behavior compared to the single-ring
configuration. A single-ring has a roll-off of 20 dB/decade, and is referred to as a first-
order filter because the drop-port amplitude evolves as 1/iw. First-order filters are not
sufficiently discriminating for applications in dense wavelength division multiplexing
(DWDM). Higher-order filters |[40-43], on the other hand, have a sharper roll-off,
flatter passbands and higher out-of-band signal rejection. An analogy can be drawn
from an LC electronic filter circuit, where rings can be treated as a reactive element.
Cascading the reactive elements in a serial (Fig. (3-7(a)))) or parallel (Fig. (3-7(b)))
fashion, can result in steeper filter response away from the resonance.

The scattering matrix analysis explained in Section can be extended for the

analysis of higher order filters [44] after accounting for the coupling between indvidual
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rings in addition to the coupling to the buses. In the serially coupled 3" order filter
(Fig. ), the resonators are coupled directly to each other. On the other hand,
parallel cascaded system (Fig. (3-7(b)|)) consists of a bus mediated coupling between
the rings. In the latter case, the filter response depends on the length of the bus
waveguide between the rings.

Mathematically, the response (H(s)) of the filters can be written as [45]

H(s) = (3.21)

where P;(s) and P»(s) are polynomials in s, and the filter response is evaluated
near the resonant frequency (w,) such that s7° << 1, where s = i(w — w,) and 7' is
the round trip time and equals Ln.ss/c. For instance, the drop port response (Eq.
(3.9)) of a first-order filter derived in section , can easily rewritten as:

—Kikaexp(—%)(1 + s)
(1 — mmyexp(—al)) — sty exp(—al)

ag = (3.22)

The zeros of P; are called zeros of the filter, while zeros of P, are called the
poles of the filter. Assuming, P; and P, do not have common zeros, the order of the
filter is determined by the order of P,. For a first-order filter, P, is also first order
and has the form of (s — p) as seen in Eq. . Similarly, for an n’-order filter,
P, has a form given by [] (s, — ps)", where the poles p, can be degenerate. The
asymptotic behavior given by s~ of an n'*-order filter is responsible for its sharper
roll-off compared to a 1%¢ order filter. Further, a flatter top band is achieved due to
multiple interference effects between multiple filters in a higher-order filter. Also, it
is possible to increase the FSR of a higher-order filter compared to a single filter by
choosing the radius of individual rings carefully.

In this thesis, we primarily focus on the behavior of first-order, all-pass a-Si ring
resonators and the next chapter explains the associated fabrication and transmission

measurement techniques.

61



1
[ \l Y A )l ) V_

c
o | K:0.12
308 1:0.9928
£ A:0.9928
§ 0.6r
5 - .
g 0.4 Extinction Ratio
o
5
<€ 0.2r =
5 ree gpectral range (FSR)

Il Il Il Il Il Il Il Il J
1%00 1505 1510 1515 1520 )\1(525) 1530 1535 1540 1545 1550
nm

—Critical coupling, k : 0.12, T = A =0.9928

- --Under-coupling, k : 0.05, 1: 0.9987, A : 0.9928

- - Over—coupling, k : 0.2, 1:0.979, A: 0.9928

0 . . . .
1524.6 1524.8 1525 1525.2 1525.4
A (nm)

(b)

Figure 3-2: Simulated transmission spectrum of a ring with 20 pm radius
(nesr = 2.5) in an all-pass configuration. The through-coupling (7 = 0.9928) and
cross-coupling coefficients (k = 0.12) are chosen to critically couple the light, with
A = 1525 nm, from the bus to the ring, which has a round trip loss of 5 dB/cm
(A =0.9928). The variation of the power transmission at resonance depends on
the coupling regime of operation. Zero power transmission occurs at critical coupling
for a given ring loss.
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Figure 3-3: Simulated transmission spectrum of a 20 pum radius ring resonantor
(negr = 2.5) in an add-drop configuration. There is symmetric coupling between
the ring and both the waveguides (77 = 7 = 0.9928, k; = k2 = 0.12). The round trip
loss is assumed to be around 0.05 dB/cm (A = 0.9999) to demonstrate the complete
transfer of power from the input-port to the drop-port
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Figure 3-4: Schematic of a laterally coupled ring resonator [3-4(b)| Schematic
of a vertically coupled ring resonator.
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Layout of FDTD solutions package (purached from LUMERICAL) for

simulating the transmission of Si based add-drop filter.
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Figure 3-6: Lumerical simulation of the drop transmission of a Si waveguide (cross-
section:252 nm x 220 nm, n : 3.48) with a polymer over-cladding (n : 1.38), and a
SiOs under-cladding (n : 1.45). The radius of the ring is 3.6 um and the coupling
gaps between the ring and the buses are 240 nm.
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Figure 3-7: Schematic of a 3™ order ring filter where the rings are directly
coupled to each other[3-7(b)| Schematic of a parallely cascaded ring filter where the
rings are coupled via the bus.
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Chapter 4

Fabrication and characterization of

ring resonators

4.1 Fabrication of amorphous silicon rings

Athermal amorphous silicon (a-Si) ring resonators, in this study, are processed by a

standard pattern transfer technique using photolithography (Fig. (4-1))).

Photo-mask Exposure
avegui . , e .
Waveguide layer Resist coating Y |

deposition : PECVD

Start with oxide wafer

Positive Photoresist

2a-Si

Positive Photoresist

a-Si

3um Si0,

a-Si

3umSio,

Top cladding coating

Resist developing Waveguide etch Resist strip
a—Si a-Si

3um Sio, 3umSio,

Figure 4-1: Process flow for the fabrication of athermal an a-Si ring resonator

The device deposition is carried out on a Si wafer with a 3 ym thermal oxide (SiOx)
that serves as an under-cladding for an a-Si core. The SiO, layer is also called the

buried oxide (BOX) layer and serves to optically isolate the high index contrast (HIC)
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waveguide core from the Si substrate. The minimum BOX thickness is determined by
the size of the mode inside the HIC waveguide and is chosen to minimize the optical
leakage of the mode to the substrate. A standard highly confined SOI waveguide
(500 nm x 220 nm) might not require more than 1 pum thick BOX. However, the
need for mode expansion in the polymer cladding for athermal operation called for a
thicker 3 um BOX layer in this study. The fabrication of optical waveguides requires
the optimization at every step of the process flow to minimize the optical loss of the

resonators.

1. Plasma enhanced chemical vapor deposition of a-Si: Plasma enhanced chemical
vapor deposition (PECVD) is carried out at 200°C using Silane (SiH,, 60 scem)
and Argon (Ar, 300 sccm) to deposit a-Si. The optical absorption associated
with a-Si limits its application as a waveguide material. The a-Si is associated
with short-range atomic order and can have structural defects arising from dis-
torted bond angles, dangling bonds and altered atomic bonding coordination
that alters the density of states near the bandgap. The long-range disorder
results in band tails extending into the band-gap [46]. Further, the presence of
dangling bonds results in mid-gap states that can act as absorption centers for

sub-bandgap light and are the main source of IR absorption in a-Si (Fig. (4-2))).

The material absorption of a-Si can be reduced significantly by passivating the
dangling bonds through hydrogenation of the a-Si film [47]. Hydrogenated a-
Si (a-Si:H) is thus preferred for low loss, passive waveguide applications. This
thesis uses PECVD as the preferred deposition technique for a-Si:H where im-
perfect dissociation of SiH, precursors results in hydrogen incorporation in the
film. The deposition power is a key parameter that can be controlled to op-
timize the hydrogen content of the film. Lower deposition power reduces the
kinetic energy used for SiH, dissociation, thereby, increasing the H content and
decreasing the material absorption loss [48]. The deposition power is chosen to

be 50 W.

2. Photoresist coating: A positive photoresist that dissolves in a developer post-
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Figure 4-2: Band diagram of amorphous silicon reveals the band tails extending into
the band-gap. Mid-gap states associated with dangling bonds are the main source of
material absorption of a-Si in near IR regime(\ = 1.55 um).

exposure is coated on the a-Si film. A positive photoresit is preferred over a
negative photoresist because the negative resists swell and are also not pre-
ferred for small features. A photo-resist used for i-line stepper usually has 3
components: (a) an inactive resin that resists etching and ion implantation,
(b) a photoactive compound (PAC), like diazonaphthoquinones, that inhibits
dissolution unless exposed to light and (c) a photoacid generator (PAG) that
acts as a chemical amplifier or a catalyst. MEGAPOSIT SPR-700 series from
Rohm and Haas is used as the photo-resist and a good adhesion between the
photo-resist and a-Si film is ensured by using hexamethyldisiloxane (HMDS,
O[Si(CHs)s2) as the adhesion promoter. So, HMDS is first coated on a-Si fol-
lowed by a HMDS bake at 130°C. This is followed by a 1 um thick photoresist
coating and pre-exposure bake at 95°C for 60 seconds. The exposure dose dur-
ing lithography is determined by the thickness of photo-resist. The thickness of

the resist is a function of spin speed, viscosity and spin time.

3. Photolithography: An i-line stepper with a wavelength of 365 nm and variable
numerical aperture (NA: 0.6-0.66) is used for photolithography. The resolu-
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tion (R) of lithography, is proportional to the ratio of wavelength over NA
(R = klﬁ), and is around 550 - 600 nm. k; is dependent on the resist prop-
erties and N A depends on the index (n) of the medium. The resolution of the
lithography can be improved by adopting a shorter wavelength source (Extreme
UV lithography, e-beam lithography, X-ray lithography) or increasing the index
of the medium (water or oil immersion lithography). The exposure time during
lithography should be sufficient to activate all the PACs to degrade the cross-
linking making the resist easier to remove. Shorter exposure time will result in
under-exposure of photoresist. The exposure time is optimized at 160 ms for

the a-Si waveguides under study.

. Photoresist development: After exposure, the exposed regions of the positive
photoresist get dissolved during the developing cycle. A post exposure bake
(PEB) is carried out before the developing process. PEB, at 115°C, eliminates
the standing wave pattern generated in the resist during the lithography ex-
posure. Absence of PEB can result in an unwanted sidewall roughness leading
to high optical loss. The developer, MEGAPOST LDD-26W, is sprayed for 37
seconds at 400 rpm. A post develop bake is then carried out at 130°C for 60

seconds.

The continuous spray developing recipe results in scum and roughness in the
developed photoresist. The scum results due to greater dissolution of the pho-
toresist in the bulk region compared to the substrate/photoresist interface. As
a result, the scum gets transferred with the device to the etch step and an

additional step is desired to remove the photoresist scum.

. Dry/Plasma etching: The first step of dry etching involves removing the photo-
resist scum (descum) using Os plasma (flow rate: 30 sccm, Pressure: 150 mTorr,
time: 5 seconds, Power: 100 W). The O, plasma used during the descum results
in the formation of a thin oxide layer. This oxide layer is etched using a 10

second CFy etch (flow rate: 30 sccm, Pressure: 100 mTorr, Power: 400 W).

Dry etching of a-Si is then carried out using a Cly /HBr plasma chemistry. The
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etching time needs to be optimized to minimize optical loss of the waveguide.
Under-etching can result in a trapezoidal cross-sections leading to TE/TM mode
conversion. Over-etching, on the other hand, can under-cut through SiO5 under-
cladding and form air voids at the core/bottom-cladding interface. In this study,
the etch step is carried out at high power (350 W) using both Cl, /HBr chemistry
for 50 seconds (Cly: 20 sccm, HBr: 20 scem, Pressure: 200 mTorr). An over-
etch step is also carried out at lower power (75 W) for 10 seconds using only

HBr chemistry (40 sccm, 100 mTorr).
. Photo-resist strip using asher.

. Top cladding deposition: A hyperlinked fluorinated polymer (EP) is spin-coated
at Enablence Inc. The EP polymer clad is UV cured by exposing it for 20
minutes to 5 mW/cm? (6000 mJ/cm?) from a short arc mercury lamp. The
samples are further baked at 150°C in vacuum for 4 hours to enhance cross-
linking in the cured polymer. The hydrogen bonds between silanol groups of
Si09 and carboxyl groups of the polymer ensures good adhesion. This prevents
polymer delamination from the wafer that is largely SiOs (under-cladding) with
patterns of a-Si. It is useful to point out that the EP has a special primer to
adhere to SiO,. So, had the majority of substrate been Si, a special primer
specific to Si will have to be added to the polymer to ensure good adhesion.

Alternatively, a thin layer of oxide can also be coated on Si.

Transmission measurement of racetrack rings

The transmission measurement system (Fig. (4-3])) uses an input fiber to butt couple

the light into the waveguide and uses another output fiber that collects the transmit-

ted light from the waveguide into an optical vector analyzer (OVA). The system uses

a Newport auto-align station and a LUNA OVA system that is integrated with an

external tunable HP laser source. Later, a new LUNA OVA system with an internally

integrated laser source was used, ruling out the need for an external laser source.
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The auto-align station has 2 stages, each with 4 degrees of freedom, to precisely
control the motion of input and output fibers around the device under test (DUT).
Firstly, the input fiber is aligned by placing it closer to the input waveguide facet and
using a lens (on the ouput stage) to focus the transmitted light onto an IR camera that
is connected to a monitor. A bright spot on the monitor indicates light waveguiding
in the device and reflecting a good alignment between the fiber and the input facet
of the waveguide. The output fiber (which is connected to an IR detector) is later
aligned by measuring the detected power. A surge in measured power reflects a good
coupling between the output facet of the waveguide and the fiber. After the coarse
alignment, further optimization of the alignment is carried out by a software program
that maximizes the output power by independently moving both the fibers in X,Y

and Z directions with a precision of +50 nm.

Power Meter

2=1540 nm

Laser ; S | Optical Switch
b

LUNA OVA - / \ E== Optical Fiber
§ —— Electrical Wire

=== Detector

Tempamiure
controlisbls sarmpia
Inidar

Figure 4-3: Schematic of transmission measurement system used for characterizing
ring resonators (courtesy of Dr. Daniel K. Sparacin).

The LUNA OVA system measures all the 4 elements of the Jones Matrix [49),
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which relates input polarizations (TE and TM components) of an optical system to
the output polarization. The Jones matrix is thus a complex transfer matrix that can

be written as:

J(w) = (4.1)

where a, b, c and d are scalar functions and w is the angular frequency of the light.
Measuring all the elements of Jones matrix enables the LUNA OVA to measure in-
sertion loss, polarization dependent loss, group delay, chromatic dispersion, optical
phase and polarization mode dispersion as a function of wavelength (Fig. ) In
this study, the transmission spectrum of a ring resonator corresponds to measured

insertion loss (IL) of a given polarization (TE/TM), which is given by

|a(w)* + [b()[* + le(@)l” + |d(w)|2>
2

IL = —10log( (4.2)

The basics of ring resonator including its fabrication and measurement techniques
covered in this and the preceding chapters is a good starting point for the next chapter
which focuses on the most important aspect of this thesis: athermal design of ring

resonators.
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Figure 4-4: Transmission spectrum of a 300 nm x 220 nm SOI ring (radius: 20 pum)
with polymer over-cladding measured using the LUNA OVA system.
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Chapter 5

Athermal operation of ring

resonators

5.1 Thermo-optic effect

The thermo-optic (TO) coefficient of a material is a measure of the temperature
dependence of its refractive index and is given by g—;. The refractive index of any
material reflects its polarization per unit volume and can be expressed as a function

of the electronic susceptibility (x.)and the lattice susceptibility (x;) (Eq.(5.1])).

n? =e(w) =1+4n(x. + x1) (5.1)

Various models [50-53] of TO coefficients of semiconductors involve expressing
their refractive index based on a simple oscillator model before differentiating it with
temperature. One such model by Ghosh [50] relates y,. to oscillator strength (Fj),
plasma frequency (w,) and optical band gap (w,) according to Eq.(5.2).

2

w
drxe = Fo—=t— 5.2
TX P (5.2)

Identifying that the temperature dependence of x; and F are negligible and that

wf) is inversely proportional to volume, the expression for TO coefficient can be derived
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from Eq.(5.1)) as Eq.(5.3).

dn w? w2 d,

o — g P _ R .
"ar o 3aw§—w2 (wg—wQ)sz(wg)] (5:3)

Now, the temperature dependence of w, arises mainly due to the increased exci-
tonic transitions as temperature increases. Hence,it is possible to define two kinds
of energy gaps based on their temperature dependence, isoentropic band gap (Ei,)

and excitonic band gap (E.,). While the temperature independent E;, determines

dn

the dispersion of 2n 9%,

TO coefficient. An expression (Eq.(5.4)) relating the TO coefficient, E;,,,E., and «

the temperature dependent ., determines the magnitude of

has been derived in [50]. For semiconductors, the contribution from the first term

dE Do
—=2 which is ap-

is negligible due to low values of a (= 107%/°C" ) as compared to =

proximately 107%eV/°C. Hence, the decrease of E,, with an increase in temperature

due to an increase in excitonic transitions results in a positive TO coefficient of many

dielectrics. The only exception to this behavior is exhibited by TiO, with its negative

TO coefficient [54,/55]. However, the reason behind the anomolous behavior of TiOs

is not clear and requires further investigation.
dn

2 = K[=3aR, —

(5.4)

where K is a constant related to the low frequency index n, in the IR region
as K? = n? — 1 and R, is the normalized dispersive wavelength given by R, =
NN =A).

On the other hand, for organic materials like polymers,the refractive index is
related to their packing density (free volume), polarizability (molar refraction) and
the difference between their maximum absorption wavelength and the used optical
wavelength [56]. The Lorenz-Lorenz equation (Eq.(5.5)) is used to describe the re-
lation between refractive index (n), molar refraction (R) and molar volume (V') of a
polymer [57].

n-1 R

= — 5.5
n2+2 Vv (5:5)
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The TO coefficient of polymers can be derived from Eq.([5.5) as follows:

dn 3  dx R
2 _—— = — .
N e dT,where T= (5.6)

dz 1 dR
— = —— — zxay, where ay is the volume expansion coef ficient 5.7
aT — vVdT 14 1% D Ir (5.7)

For polymers, it is the second term in Eq.(5.7) involving the volume expansion
coefficient that dominates the TO coefficient giving it a negative sign. Hence from

Egs. (5.5), (5.6)), and (5.7)), a relation (Eq.(5.8))) between the TO coefficient, n and

ay can be derived [5§].

dn  (n®*—1)(n*+2)
d_T = — 6n ay (58)

In an electronic-photonic architechture,local temperature fluctuations due to on-
chip electronics result in TO peak shifts of silicon based optical filters. Active thermal
compensation by heaters and thermo-electric coolers are the legacy solution for low-
density integration. In fact, the silicon CMOS layered architecture was recently shown
to be ideal for embedded thermo-optic phase shifters for tuning complex filters [12].
However, the required electrical power and the number of 1/O lines ultimately limit

integration density thereby motivating the need for a passive athermal design.

5.2 Passive athermal design

For an assymetric channel waveguide system with different top and bottom cladding,
the effective TO coefficient (dfl%()\)) can be expressed as a function (Eq. )of

the TO coefficient of the core (£2())), the top cladding (< (X)) and the bottom

dnpe

cladding (52 ()\)) weighed by their respective confinement factors (I'c()), Iy (M), and
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[pa(A))

dnc dntcl dnbcl

dn,.
d—Tff()\) =T.(\) o7 (A) + Ftcl()\)d—T()\) + Ty () o7 (A) (5.9)

Eq. is a first order approximation of the refractive index variation with tem-
perature where the variation of I' with temperature and the second order variation
of the refractive index of the core and cladding are ignored. Also the effect of the
thermal expansion coefficient of the substrate on the waveguide geometry is negligi-
ble. Finally, the wavelength dispersion of TO coefficient, across the C band, of the
core and the cladding is neglected due to the very low dispersion of optical materials
considered in this thesis. Now, the confinement factor (T') in Eq.(5.9) is a measure of
the electromagnetic power in a given region as defined by Robinson et.al. [59] and is
a function of the operating wavelength. Note that I" can be expressed as a product
of a term related to the group velocity and confinement of the electric fieled density
(Eqp.10). Hence, the value of I can be greater than 1 if the group index (ng) is
greater than the bulk index and the spatial confinement of electric field density (7)

is close to 1.

2
Ng ffc/t‘cl/bcl‘E ’E’ d.’ﬂdy — Ny
Nepraped [ [ e|E dedy — Nejuetsvel

1—‘c/tcl/bcl = Ve/tel/bel (510)

The athermal operation of a waveguide system is defined by the null condition of

dZeTff , which from Eq. 1) can be reached only if the cladding has a negative thermo-

optic coefficient. Motivated by this theory, polymer cladding has been used for passive
athermal compensation of silicon waveguides [19,60-70]. Alternatively, other design
schemes involving interference based devices have been employed for passive thermal
compensation |71/72]. However, this thesis employs a polymer cladding based solution
where the design rule involves squeezing a portion of the mode into the polymer to
compensate for the positive TO effects from the core(Fig.(5-1])). This calls for a clear

understanding of the governing parameters to design a working prototype.
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Figure 5-1: Passive athermal design rule involves expanding the mode into the poly-
mer cladding with negative TO to compensate for the positive TO effects of the Si
core

5.3 Athermal prototype design

The governing parameters for the passive athermal design can be inferred from

Eq.(5.9) as follows:

1. TO coefficient of the core (Cg},) : fixed by the core material choice.

2. TO coefficient of the cladding (%): fixed by the polymer cladding choice.

3. Confinement factors (I'.(A),I's(A\)): Depends on the waveguide cross-section,

index contrast and the wavelength of operation.

We focus on the application of athermal add-drop filters in the back end of line
(BEOL) interconnect stack where the thermal budget constraints the deposition tem-
perature to less than 400°C. We choose amorphous Si (a-Si) as the core choice as
its deposition temperature (350°C) satisfies the thermal budget constraint. The high
TO coefficient of a-Si (Table requires a polymer with an equally high magnitude
of the TO coefficient. A proprietary hyperlinked fluorinated acrylate based polymer
(EP) provided by Enablence Inc. is used as the polymer over-cladding (Table [5.1)).
A 3 pm thick SiO, is used as the under-cladding and its effect on the effective TO is
negligible due to its low TO coefficient (Table .
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Materials Type Si amorphous-Si SiO, Siz;N; EP
Index at 1.55pum 3.5 3.48 146  2.05 1.38
dn/dT (x10*K~') 1.8 2.3 0.1 04  -2.65

Table 5.1: Refractive index and TO coefficients of optical materials used in this thesis

Two different a-Si cross-sections (700 nm x 206 nm and 700 nm X 216 nm) corre-
sponding to the single TM mode of operation are chosen for prototype demonstration.
The devices are a-Si racetrack rings (Fig.(5-2)) with varying coupling lengths (10 pm,
50 pm, 100 pm and 150 gm) and coupling gaps (500 nm, 550 nm, 600 nm and 650
nm). Also one set of devices are cladded with CVD oxide to be used as a reference,

while the other set of devices are spun with hyperlinked fluoropolymer (EP).

Figure 5-2: SEM image of the top view of an unclad a-Si racetrack ring

Any variation in the operating temperature of such a ring changes the resonant

wavelength () by a magnitude determined by the effective TO of the ring (Eq.(5.11)))

id)\,« . idneff
A dT — n, dT

(5.11)
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5.4 Athermal prototype performance

The TM transmission spectra measured around 1550 nm at various temperatures
shows significant TO compensation with the EP cladding as compared to the oxide
cladded devices (Fig.(5-3(a)))). The TO peak shift at 1524 nm is reduced by 2 orders
of magnitude from 63 pm/K for an oxide cladded ring (700 nm x 216 nm) to 0.5
pm/K for an EP cladded ring (700 nm x 206 nm) thereby exhibiting complete TO
compensation (Fig.(5-3(D))). The glass transition temperature of EP lies below room
temperature and hence outside the operating range of our interest (25°C-125°C).
Hence,the higher order variations due to the polymer glass transition can be ignored

in these measurements.
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Figure 5-3: The transmission spectra showing the resonance peak shift with
temperature for both oxide clad and polymer clad devices. We compare a-Si rings
of the same cross-section (700nmx216nm) and different top claddings (oxide and
polymer). In the case of an oxide clad ring, the positive TO coefficient of both core
and cladding result in a positive peak shift of 63 pm/K. There is significant TO
compensation for the polymer clad ring and the peak shift is reduced to 7 pm/K
for this waveguide design Plot of resonance variation with temperature around
1524 nm shows complete thermal compensation for a polymer cladded ring (0.5 pm/K)
with a cross-section of 700 nmx 206 nm. On the other hand,the oxide cladded ring
with a cross-section of 700 nmx 216 nm shows a TO peak shift of 64 pm/K around
the same wavelength
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5.4.1 Wavelength dependency

According to Eq., dzejff varies depending on the operating wavelength. This arises
because of the waveguide dispersion where the confinement factor (I'()\)) decreases
with increasing wavelength due to a longer evanescent tail.This dependence proves
even more crucial for waveguides of dimensions 700 nmx 216 nm. This is because
the wavelength of interest is in the near IR regime (1450 nm - 1550 nm) and has a
magnitude in the core (A/nqre)that is comparable to the core dimension. The model
thus predicts a lower TO peak shift at longer wavelengths. In other words, as the
propagating wavelength increases at a constant waveguide dimension, the effective TO
contribution from the cladding increases. The experimentally measured TO values
of the prototypes, over a wide wavelength range, are consistent with the proposed
model(Fig.(5-4)). The consistency between the experimental results and simulated
(FIMMWAVE simulations) behavior can be clearly seen(Fig.(5-4)).
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Figure 5-4: Experimental results showing the TO peak shift variation with the wave-
length for TM mode propagation. The slope reflects the associated waveguide dis-
persion. The wavelength at the dashed-line crossover point is an unique condition for
athermal behavior. The hexagonal bold data points correspond to the spectral data

shown in Fig.(5-3(a)))

82



The measurements for each resonant wavelength were carried out between 25°C-
60°C and every data point is a linear regression of 8 data points taken at every 5°C
interval. For large resonance shifts (TDWS>10pm/K), R? >0.99, and for near ather-
mal performance (TDWS<1pm/K), R? >0.94 due to the reduced linear correlation
arising from the residual second order terms discussed below. The magnitude of the
slope (Fig.) depends on the waveguide cross-section and the TO coefficient con-
trast between the core and the cladding as can be inferred from Eq.. Hence for
a given cross-section, the slope will be larger for the EP polymer cladding as the
contribution from the second term in Eq. becomes significant. Further, for a TM
mode,['(\) varies significantly with changes in the height of the waveguide. This is
verified by obseving a lower TO peak shift for a thinner 700 nmx 206 nm waveguide

when compared to a thicker 700 nmx 216 nm for a given A\ (Fig.(5-4)).
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Figure 5-5: Variation of athermal waveguide width with wavelength for TE and TM
modes. These simulation results are for a a-Si waveguide of 206 nm height with
an SiOs underclad and EP polymer over-cladding. The desired waveguide width for
athermal operation increases with wavelength to keep the confinement factor constant.

The observed wavelength dependent TO peak shift implies that athermal opera-
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tion can be achieved at only one wavelength for a given waveguide dimension. This
dependence imposes an additional design constraint that requires different desired
waveguide dimensions for different resonant wavelengths to achieve athermal opera-
tion. Consequently, for a single WDM implementation, the mask design should incor-
porate varying waveguide widths when the height of the waveguide (layer thickness)
is fixed. Fig. plots the range of the wavelength dependent variation in waveguide
dimensions for athermal operation of both TE and TM modes. The simulation as-
sumes an a-Si ring with an oxide under-cladding and EP polymer over-cladding. The
height of the a-Si waveguide is fixed at 206 nm and the athermal width corresponding
to a TO peak shift < 0.5 pm/K is calculated for various wavelengths. The desired
width varies from 550 nm (at 1500 nm) to 1150 nm (at 1580 nm) as the wavelength
increases for the TM mode of operation. Such a large variation in waveguide width
can be correlated to the small dependence of the confinement factor of a TM mode
on the width in comparison to the height variation. Conversely, one can expect to
achieve athermal operation of a TE mode over a smaller range of widths for a given
range of wavelengths. The stronger dependence of I' of a TE mode on the width of

the waveguide can be clearly seen in Fig.(5-5)).

5.4.2 Mode dependent athermal design

The passive design rule states that athermal operation is achieved universally for a
particular confinement factor resulting from a selected core-polymer cladding system.
This confinement factor is however reached at different waveguide dimensions for
TE and TM modes. For example, the reduction of the confinement factor is more
effectively achieved by reducing the waveguide width for a TE mode and by reducing
its height for a TM mode. FIMMWAVE simulations were used to estimate the range
of width variations required for athermal operation in TE and TM modes for an a-
Si core (Fig.(5-5))). Experimental verification was done using SOI as the core choice.
Silicon (n : 3.5, TO : 1.86x10~%) rings of various widths (290 nm, 300 nm and 320 nm)
were fabricated in an all-pass configuration (Fig.(5-6(a))) using e-beam lithography
on an SOI wafer with a 3um SiOy (n : 1.45, TO : 1 x 107°) buffer acting as an under-
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cladding ,. For the TM mode of operation, wider waveguides (500 nm, 550
nm and 600 nm) with racetrack configurations (Fig. (5-6(b)|) with a 20 pm coupling
length were chosen to enhance the coupling between the bus and the ring. The rings
were then cladded with a hyperlinked fluoropolymer, EP (n : 1.38, TO : —2.65x107%),
at Enablence Inc. The polymer clad was further UV cured using a short arc mercury

lamp and baked at 150°C in vacuum for 4 hours to enhance the cross-linking.

Figure 5-6: Top view of an unclad SOI ring, with a waveguide width of 320
nm and radius of 20 ym, which has been designed for athermal operation under TE
mode. Athermal operation under TM mode requires wider ring waveguide
width. The racetrack configuration corresponds to a 500 nm wide bus waveguide

coupled to a ring waveguide (width: 600 nm, radius: 20 pm) over a 20 um coupling
length

Transmission measurements of the rings between 20°C-40°C reveal the TO be-
havior. The 320 nm wide waveguide exhibits athermal performance around 1566 nm
for TE mode of operation (Fig. (5-7)). As predicted, the narrower waveguides (290
nm and 300 nm) exhibit negative TO peak shifts due to over-compensation from the
polymer cladding. Similarly, the wider waveguides (500 nm, 550 nm and 600 nm)
designed for athermal operation for TM mode exhibit negative TO peak shifts with
the magnitude decreasing with increasing widths. The TM mode of a 600 nm wide
waveguide exhibits a TO peak shift of -2.5 pm/K at 1532 nm (Fig. (5-7))).

The TO peak shift increases with the waveguide width for a given wavelength

due to increased confinement. Similarly, increasing the wavelength for a given width
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Figure 5-7: TO performance of EP cladded SOI TE and TM waveguides with different
dimensions and their dependency with wavelength.

decreases the confinement resulting in lower TO peak shift. An empirical relation (Eq.
(5.12))) between the TO peak shift (pm/K), wavelength (nm) and width (nm) can be
derived for both TE and TM modes from the TO plots (Fig. (5-7))). There exists
a unique waveguide width for a given wavelength where the TO peak shift vanishes
resulting in an athermal behavior. At a wavelength of 1550 nm, the athermal channel
cross-sections corresponding to TE (316 nm x 220 nm) and TM modes (658 nm x

220 nm) can be deduced from Eq. (5.12).

dA,

TE : T = 0.2078444\, 4 3.3019555w — 0.0014789\,w — 640.905778 (5.12a)
d\,

TM : T —1.0083999), — 1.9056333w + 0.0012997\,w + 1491.37999  (5.12b)
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5.4.3 Residual second order effects

Residual second order terms become significant at very small resonance shifts (<2
pm/K) when the first order terms vanish according to according to Eq.. Itis a
reasonable assumption that the resonant wavelength shifts linearly with temperature,
and it is largely governed by Eq. and Eq.. Such linear relations hold true
for relatively large peak shifts(> 10pm/K). However at extremely small wavelength
shifts, the second order contributions arising from the variation of I' with temperature
and the second order contributions from the refractive index become significant and
cannot be neglected. In theory, with an increase in temperature, the refractive index
of the core increases and that of the polymer cladding decreases, thereby increasing
the T" resulting in a larger peak shift. Thus the refractive index variation including

the second order term can be written as follows:

on. on,
dneff(nc, TLCZ) = [Fca_T + Fcla—jj]dT
1. 9%*n ’nyg O, On o'y  Ong
o c T c c c\2 c cl\2 ‘
5l Y lagre 50 )+ an, Cor) (5.13)

ol'. On.0n,g Oy On. Ong
ong 0T 0T On. OT OT

|dT*?

where I'. and T'.; are the confinement factors of the core and the cladding (only
the polymer top cladding is considered) respectively. The second order terms can be

categorized into two types of contributions:

1. the term %[FC a;T"; + Ty 8;;51] corresponds to the second order TO coefficients of

the core and cladding materials;

1700 (9nc)2 4 Olct (One )2y Olc One Onet y Ol One Onc
2. the term 5[5« (5 ) + 3. (G5 )"+ 5,5 57 T+ ant 91 7 |represents the TDWS

due to the variation of confinement factors at different temperatures.

The experimental variation of resonant wavelength with temperature for a 700

nmx 206 nm a-Si ring resonator with an EP cladding confirms the predicted second

order behavior (Fig.(5-8)).
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Figure 5-8: The measured second order variation of resonant wavelength of an a-
Si ring (cross-section: 700 nm X 206 nm) with an EP top cladding.The residual
second order effects become important when the first order terms vanish at low peak
shifts. The quadratic term has contributions from the temperature dependence of the
confinement factor and from the second order material coefficients.

FIMMWAVE simulations can be used to estimate the dependence of I" on temper-
ature.The experimental residual quadratic term (9 x 107° £1 x 10~° nmK~?) is of the
same order of magnitude predicted in the FIMMWAVE simulation (2x 1075 +1x107°
nmK~2). The higher value of the experimental second order term suggests a signifi-
cant contribution from the second order material coefﬁcierﬂ:s,‘?327?2c and 682;‘51, that were
neglected in the simulations (first 2 second order terms in Eq. (5.13)). The second

order material TO coefficient is just a reflection of the anhormonicity of the refractive
index of a material. In other words, the dependence of the index of a material with
temperature is not strictly linear and has a residual quadratic term that becomes
significant when dealing with extremely small effective index changes. The first 2
second order terms of Eq. can be calculated based on the experimentally ob-
served quadratic term. A value of 4x 107741 x 10~7 K~2for the second order material

coefficient of the waveguide system (in other words, second order effective material
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TO coefficient) is inferred. This is a reasonable value for the polymer clad system

given that the reported second-order TO of a-Si is around 1.43 x 1075K~2 [75].

5.5 Concluding remarks

This chapter explains the physics of the TO effect and reports the design criteria
and the performance of a-Si ring resonators for passive athermal WDM applications.
The waveguide design rules address i) positive-negative TO composite structures with
polymer top cladding, ii) resonant wavelength dependent geometry to achieve con-
stant confinement factor (I'), and iii) observation of small residual second order effects.
The chapter develops exact design requirements for a TO peak shift of 0 pm/K and
presents a prototype with a TO stability of 0.5 pm/K.

In this chapter, the polymer material, provided by Enablence Inc, has been treated
as a “black box” with a given refractive index and a TO coefficient that are not
necessarily optimized for athermal application. The next chapter focuses on the
polymer material choice. Specifically, the possibility of tailoring the optical properties

by changing the extent of cross-linking in a polymer is explored.
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Chapter 6

Polymer design for high
performance athermal photonic

circuits

6.1 Polymers in optics

A wide gamut of properties like tunable refractive index (1.3-1.6), low optical loss,
high flexibility, high toughness, ease of processibility and integration over inorganic
components make polymers attractive candidates for different components of an op-
tical circuit.Polymer based optical waveguides for broadband communications have
been proposed and studied extensively [56,76]. Furthermore, high electro-optic (EO)
and TO coeflicients of polymers have been utilized for polymer based EO modula-

tors [77-80], EO switches [81], TO switches [82,83], and athermal Si filters [84].

Various polymers like poly(methylmethacrylate) (PMMA) with an aliphatic back-
bone, polycarbonate (PC) with ester backbone, polyurethane (PU) with amino-ester
backbone, polystyrene (PS) with aromatic chain and epoxy resin have been conven-
tionally used for optical applications. Their differing backbone structures result in

a wide gamut of optical properties (refractive index and material loss), thermal sta-

bility and mechanical robustness (Table [6.1)).The TO coefficients in Table have
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been calculated using Eq. and the reported thermal expansion coefficients [85].
However, the conventional polymers do not satisfy all the requirements of an optical
device in terms of high thermal stability (T;>250°C), low loss (<0.1 dB/cm at 1550
nm), low birefringence, high photo-sensitivity and low polarization dependent loss

(PDL).

Material n  TO coeff (K1) T,(°C) Loss (dB/cm)
PMMA 149  -1.4x10° 105 0.2(@ 850 nm)
PS 1.59 -1.7x107* 100
PU 1.58 145
PC 1.56 -1.42x1074 0.8(@ 633 nm and 1064 nm)
Epoxy Resin 1.58 0.3(@Q 633 nm),0.8(@1064 nm)

Table 6.1: Properties of conventional optical polymers [56]

More recently, novel polymers targeting specific optical functionalities have been
developed by companies like DuPont, DOW, Corning, NTT etc. Deuterated and
halogenated polyacrylates have low stress-optic coefficients and low material loss [56].
They are attractive for optical devices that desire low scattering loss, low birefrin-
gence and ease of fabrication. Further, their sensitivity to UV radiation makes it
suitable to tune their refractive index between 1.3-1.6 by changing the cross-linking.
Fluorinated polyimides are another class of novel polymers that have been devel-
oped for high thermal stability (>300°C) and excellent dielectric and mechanical
properties. However, they do suffer from high optical losses due to the formation of
scattering centers and charge-transfer complexes during the ordering processes that
occur during their deposition. Further, the aromatic ordering in polyimides result in
a large birefringence and PDL. Perfluorocyclobutyl (PFCB) aryl ether polymers, de-
veloped by DOW, overcome the processing limitations of spin-coated polymers where
the thickness and planarity of the film is determined by its solubility in the solvent.
PFCB synthesized through thermal cyclopolymerization possesses high thermal sta-
bility (T,: 120-350°C), low optical loss (<0.25 dB/cm at 1550 nm), precisely tunable
refractive index (1.449-1.508 at 1550 nm), low birefringence, low moisture absorption,
high TO coefficient and high optical stability. Fluorinated dendrimers form another
class of polymers that can be employed as surfactants due to their hydrophobicity,
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lipophobicity, chemical resistance, low cohesive force, low viscosity and high solubility.
However, they do suffer from tedious synthetic schemes. Finally, non-linear centro-
symmetric alignment of non-linear optic (NLO) chromophores have been leveraged
to realize EO polymers by doping or covalently bonding the chromophores in poled

polymers (dendritic family for instance).

6.2 Polymer requirements for athermal design

The optical parameters governing the polymer choice for athermal silicon add-drop

filters in BEOL interconnect stack can be listed as follows:

1. Refractive index: The refractive index of any polymer ranges between 1.3-1.6.
Passive athermal design rule requires low confinement in the core as the mode
needs to expand into the polymer cladding. For a given core choice, confinement
goes down with decreasing index contrast between the core and the cladding.
Hence, the desired polymer should have an index that falls in the higher end of
the spectrum (closer to 1.5-1.6).

2. TO coefficient: The chosen polymer should have a TO coefficient magnitude
that is comparable to that of the core choice. The TO coefficients of the polymer
family range from —1 x 107* K~! to —4 x 107* K~!. This is an order of
magnitude higher than that of Si3sN, and SiO,, but comparable to those of
silicon and amorphous silicon (Table . In other words, for a given polymer
choice, athermal operation can be reached at a much higher confinement for a

SizNy core as compared to Si and a-Si core choices.

3. Optical loss: The need for low power consumption requires a low optical loss
at the major telecommunications wavelength (1310 nm and 1550 nm). There
are several sources of optical losses including absorption, scattering, bending,
polarization dependence,reflections, radiations and fiber coupling. However,
while considering polymer material selection, absorption loss is the main source

of loss that needs to be investigated. Electronic absorptions fall in the UV
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regime and are unlikely to have any signifcant contributions in the telecom-
munications window. Absorptions due to molecular vibrational overtones are
the dominant source of polymer material loss in the 1300-1600 nm range. In
particular, C-H and O-H overtones are highly absorptive (keeping the funda-
mental vibration of C-H aliphatic bond as a reference) in the wavelengnths of
interest (Table . C-F overtones, on the other hand, exhibit a lower absorp-
tion due to the higher overtone order in the telecommunications range. Hence,
hydrogen removal through fluorination (or halogenation) brings down the loss
of optical polymers significantly. For athermal applications, we desire a fluori-
nated polymer whose material loss can be as low as 0.1 dB/cm [76] at the key

communication wavelengths.

Bond Overtone order Wavelength (nm) Relative Intensity

C-H 1 3390 1

C-H 2 1729 7.2x1072
C-H 3 1176 6.8x1073
C-D 3 1541 1.6x1073
C-D 4 1174 1.3x1074
C-F 5 1626 6.4x1076
C-F 6 1361 1.9%x10°7
C-F 7 1171 6.4x1079
C=0 3 1836 1.2x1072
C=0 4 1382 4.3x10~*
C=0 5 1113 1.8x107°
O-H 2 1438 7.2x1072

Table 6.2: Wavelengths and intensities of important vibrational overtones [56]

4. Glass transition temperature (T,): The operating range of the add-drop filter
under consideration is between 25°C-125°C. So, the chosen polymer must have
its Ty outside the operating range. This is because the T, is a second-order
transition which is accompanied by a step increase in the volume expansion
coefficient of the polymer. The discrete increase in the volume expansion coeffi-
cient translates as an increase in the TO coefficient (Eq) thereby changing
the effective TO response of the silicon add-drop filter.
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5. Degradation temperature (Tgegradation): Degradation or decomposition temper-
ature of a polymer refers to bond scission at high temperatures. This decom-
position occurs at a lower temperature in the presence of oxygen, due to the
oxidation of C-H bonds and CO, evolution. Integration of athermal add-drop
filters in the BEOL interconnect stack requires that the chosen polymer is com-
patible with the CMOS BEOL process flow [86]. This means that the polymer
should be stable atleast until 400°C which is the temperature associated with

the metallization and annealing processes in the BEOL flow.

6. Processability: The key factors that have to be accounted for include strong
adhesion on the substrate, highly conformal coating, good thickness control,
low moisture absorption, high resistance to photo-oxidation and ease of pat-
ternability. Also, it is important to consider the ability of muti-layer stacking
on polymer cladded devices when dealing with the athermal add-drop filter in-
tegration in the BEOL interconnect stack. This requires an associated stability

to plasma and UV exposure in addition to the aforementioned factors.

It is important to realize that a given polymer might not have all the desired
optical properties stated above due to their contrasting requirements. For instance, a
large TO coeflicient requires that the polymer has a large volume expansion coefficient
that is related to a relatively low bond stiffness and a large bond vibration. This can
translate into a low degradation temperature of the polymer thereby not meeting
the desired thermal stability till 400°C. So for simplictiy, this chapter focuses on
the optimization of 2 key optical properties, namely, the refractive index and the TO
cofficient. In the next chapter, we address other factors like processability and thermal
stability of polymer and integration of polymer cladded devices in a multi-layer stack.
We choose a fluorinated acrylate based polymer for our investigation due to their low
optical loss [56] and the encouraging results we had seen with a polymer from the
same family provided to us by Enablence (EP). We choose initiated chemical vapor
deposition (ICVD) as the desired deposition technique due to conformal coating,

good thickness control and ease of tailoring the cross-linking associated with the
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process. In particular, two silicon-polymer composite structures, poly(perfluorodecyl
acrylate) (pPFDA) and poly(perfluorodecyl acrylate-co-divinyl benzene) p(PFDA-co-

DVB), are analyzed as candidates for thermal compensation.

6.3 Initiated chemical vapor deposition

Initiated chemical vapor deposition (iCVD) is a solvent free, low energy and one-step
method to deposit polymers [87-89]. This deposition method involves the vapor-phase
delivery of an initiator and a monomer into a vacuum chamber (Pressure: 0.1-1 Torr),
where the initiator is thermally activated using filament wires heated between 200°C
- 400°C (Fig. (6-1)). This is followed by diffusion and adsorption of the initiator
radicals and the monomer on the substrate that is maintained at a lower temperature
(15°C - 40°C). Polymerization of the monomer occurs on the substrate surface via

classical free radical polymerization at rates as high as 375 nm/min [8§].

The controlling parameters typically include the monomer choice, saturated vapor
pressure of the monomer (Py,), the monomer gas pressure (P),and the substrate
temperature (Tyupsirate) |88]. For instance, a monomer with a longer pendant alkyl
chain has a lower P, for a given Tyupstrate- S0, heavier the monomer, less of it resides
in the vapor phase at equilibirum. In other words, for a given Py, greater amount of
heavier monomer gets adsorbed on the substrate. The ratio of Py;/P;, can be used
as a good indicator of adsorbed monomer concentration on the surface as governed by
the Brunauer-Emmett-Teller (BET) equation [90]. In fact, at low Pys/Psa: , there is
a linear relationship governing the monomer concentration to Py;/ Py, (Henry’s law
limit) [91,/92]. An equation relating the total adsorbed volume (V,4) to monolayer

adsorbed volume (V,,;), Pr/Psat , the heat of desorption (AHgs) and the heat of
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Figure 6-1: Reaction mechanism of iCVD polymerization and the reactor setup [38].

vaporization (AH,q,) can be derived as follows [88][93]:

leC(PM/Psat)
(1 - PM/Psat)[l - (1 - C)(PM/Psat)]

C~ eXp[(AHdes - AHUCLP)/(RT)]

Vad =

(6.1)
[M] < Vad| Py Poui—0 = Viu€(Prr/ Psat)

Pyt = A exp|[—AH,,,/(RT)]

where [M] is the monomer surface concentration. Lau and Gleason have shown
that the iCVD deposition rate varies quadratically with [M] thereby arriving
at an Arrhenius dependence between the rate and the substrate temperature (Eq.

(6.2))). Hence, the iCVD kinetics is adsorption limited where the rate increases with
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increasing monomer surface concentration that can be achieved by either decreasing
the Tsupstrate OF increasing the Pyy/ Py Further, the effect of filament temperature on
the reaction kinetics is minimal though an increased filament temperature is reported

to increase the iCVD rate.

rate oc [M]? o exp[2AHgyes/(RT)] (6.2)

6.3.1 Experimental details

Two polymer choices, 1) Poly(1H,1H,2H,2H-perfluorodecylacrylate) (pPFDA,
CHy;=CHCOOCH;CH;(CF4)7-CF3) and 2) co-polymer of PEFDA and DVB (p(PFDA-
co-DVB) are deposited on blank Si wafers using the iCVD technique with t-butyl
peroxide (TBPO) as the initiator. Different flow rates of DVB (0.15 sccm, 0.3 scem
and 0.6 sccm) are used for a given flow rate of PFDA (0.3 sccm), TBPO (0.3 scem) and
Argon (3 scem) to study the addition of DVB on the polymer composition. Differing
flow rates (F);) of a given monomer results in a different Py, since Pyy = (Fay/ Frroar) P
(where Frowr = Fuvr + Fritiator + Fargon and P = 1.0 Torr). Hence, the differing
flow rates of DVB translate as differing DVB compositions (Eq. (6.1))in the film
resulting in different extents of cross-linking. Given the same thin film thickness in the
samples, FTIR spectrum (Fig. reveals a significant reduction in the C-F (1149,
1203, 1232 cm™!) and the C=0 (1738 cm™') [87] bond densities in the co-polymer
(p(PFDA-co-DVB)) compared to the homo-polymer (pPFDA) as a consequence of
the incorporation of DVB.

The thermal degradation of the acrylate family is mainly due to the C=0 bond
dissociation and occurs around 250°C - 300°C [9496]. However, in section [7, we
show that at low temperatures, the high density plasma chemical vapor deposition of
dielectrics can be carried out to hermetically seal such a polymer and make it com-
patible for multi-layer stacking. Also, Ma et. al [56] have discussed the processability
and various patterning techniques of halogenated acrylates in detail thereby encour-
aging the adoption of this class of polymers for our study. Recently, the iCVD based
patterning technique of pPFDA on curved substrates has also been explored [97]. It
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Figure 6-2: Characteristic FTIR bands of pPFDA correspond to -CF9-CF3 end group
at 1149 em ™!, symmetric stretching of -CFy moiety at 1203 em ™!, asymmetric stretch-
ing of -CF; moiety at 1232 cm™!, and C=O0 stretching at 1738 cm™'. The addition
of DVB as a cross- linker brings down the intensity of these characteristic bands in
the copolymer.

is important to note that the patterning associated edge roughness doesn’t affect the
loss performance of the device as the polymer is used as an over-cladding where its

edge does not interact with the optical mode.

6.4 Co-polymer performance: Refractive index and
TO properties

The addition of DVB affects the optical properties of the polymer in two ways. Firstly,
the addition of an aromatic group improves the packing density thereby increasing
the refractive index. Secondly, the decrease in C-F bond density has an associated
increase in “x” (Eq. ) and a corresponding increase in n. This is supported
by the index measurements at 633 nm where n(pPFDA): 1.33, n(pDVB): 1.57 and
n(p(PFDA-co-DVB)): 1.38.

The TO coefficients of the polymers can be measured by using them as a top
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cladding for an amorphous Si (a-Si) racetrack resonator. The transmission spectrum
of the resonator at various temperatures reveals the resonance peak shift with temper-
ature which can be related to the effective TO coefficient of the device (Eq. (5.11))).
The TO coefficient of the polymer can be deduced from the effective TO coefficient
of the device as the TO coefficients of the a-Si core (2.3x107* K~') and the SiO,
under-cladding (1x107° K ') are known.

HCVD polymer
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Figure 6-3: The resonance peak shift with temperature is positive for the pPFDA top
cladding while negative for the p(PFDA-co-DVB) top cladding suggesting that the TO
magnitude of copolymer (-3.1x10™* K1) is higher than that of pPFDA (-2.1x10~*
K~'). The inset shows the schematic of a-Si resonator whose TM transmission is
measured at various temperatures for 2 different iCVD polymer top cladding choices:
pPFDA (Fprpa: 0.6 sccm) and p(PFDA-co-DVB) (Fprpa: 0.6 scem, Fpypg: 1 scem).

The TM transmission resonances corresponding to racetrack resonators (coupling
length: 100 pm, coupling gap: 600 nm, ring radius: 20 pum) with a-Si core (550 nm
x 205 nm), 3 um SiO, under-cladding and 2 pm iCVD polymers (Fig. (6-3jnset))
are measured between 25°C-70°C. The TO peak shift for PFDA (Fpppa: 0.6 sccm)
cladded devices is positive compared to that of the co-polymer (Fprpa: 0.6 sccm,

Fpyp: 1 scem) cladded rings suggesting a significant increase in the magnitude of the
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TO coefficient due to DVB addition (Fig. (6-3)). FIMMWAVE simulations suggest
that PFDA has a TO coefficient of -2.1x10~* K~! while the co-polymer has a TO
coefficient of -3.1x10™* K~!. The increase of the TO coefficient by 1.48x due to the
addition of DVB can be understood from Eq. . The index increases by 1.04x
on DVB addition which translates to a 1.17x increase in the index dependence factor
of the TO coefficient in Eq. (5.8). The remaining increase in TO coefficient can be
attributed to the increased ay of the co-polymer due to the addition of DVB with
higher ay (8.6x10™* K~ [98] to an acrylate with lower ay(0.5 - 0.9x10~* K~ [99]).
It can also be understood by the reduction of strong C-F bonds in the co-polymer
increasing its ay .

So, the co-polymer design space allows independent variation of the n and the TO
through the careful choice of cross-linkers. In this case, reduction of the C-F bond
changes the n of the fluorinated acrylate while a high volume expansion coefficient of

the cross-linker increases the TO coefficient of the co-polymer material.

6.5 Impact on athermal design space due to co-

polymer material choice

For a given core choice, a polymer top cladding with a higher index and a higher TO
magnitude is desired for athermal application as discussed in the above section ([6.2]).
This is because a higher index would lower the index contrast thereby ensuring greater
mode expansion into the cladding. Similarly, a higher TO magnitude of the cladding
would mean passive thermal compensation for a larger core dimension. For instance,
assuming an a-Si core (n: 3.48, TO: 2.3x10™* K~') and a SiO, under-cladding (n:
1.46, TO: 1x107° K1), the bending loss performance of pPFDA (n: 1.33, TO: -
2.1x107* K~') and p(PFDA-co-DVB) (n: 1.38, TO: -3.1x10~* K~!) cladded devices
can be compared for athermal design for a TM mode choice. The pPFDA has a lower
TO coefficient than p(PFDA-co-DVB). Hence, thermal compensation of a-Si core

occurs at a much lower confinement factor for the homo-polymer cladding compared
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to the co-polymer cladding. FIMMWAVE simulations indicate that pPFDA cladded
devices have an n.ss of 1.6 for an athermal core dimension of 550 nm x 190 nm,
while p(PFDA-co-DVB) cladded devices have an n.s; of 1.78 for a core dimension of
550 nm x 212 nm. The higher n.s; of a p(PFDA-co-DVB) clad device at athermal
condition results in a tighter confinement for a given bending radius resulting in a
higher bending Q (Fig. ) Hence, for a bending Q of 10* (minimum desired
bending Q for a good filter performance), FIMMWAVE simulations indicate that co-
polymer clad device has a bending radius of 5 um (Fig. ) and an FSR of 20 nm
which is twice the FSR of the p(PFDA) clad device (10 nm for bending radius of 12.5
pum). In a Si WDM architecture with a given channel spacing, a 100% improvement
in FSR and footprint (Fig. (6-4))) performance results in twice the number of channels

thereby doubling the bandwidth capacity.
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Figure 6-4: Bending loss performance of both the cladding choices are compared by
plotting the simulated bending Q for various bending radii. For a bending Q of 104,
the co-polymer clad device has a bending radius of 5 ym while that of p(PFDA) clad
device is 12.5 pm
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6.6 iCVD vs. Spin on

Table compares the key parameters that were discussed in section (6.2)) for the
iCVD polymer choice and the hyperlinked fluorinated spin on polymer provided by
Enablence (EP).

Parameters Spin on iCVD
Polymer material EP p(PFDA)/p(PFDA)-co-DVB
Refractive index (n)  1.38 1.33 - 1.38
TO coeff (x1074K~1) —2.65 —2.1--3.1
Optical loss (dB/cm) < 0.5 < 0.5
T,(°C) <20 around 100
Taegradation i1 N2(°C) 375 250-300
Thickness control difficult below 200 nm Can deposit as low as 20 nm
Coating type Non-conformal for high as- Conformal
pect ratio

Table 6.3: Comparing key optical parameters associated with the iCVD and the Spin
on polymer

Until now, the working prototype of a passive athermal device (chapter [5)) and
the ability to independently tailor the relevant optical properties, n and TO, of a
co-polymer material (current chapter) have been established. With this toolkit, the
next chapter focuses on integration of polymer cladded devices in the BEOL in-
terconnect stack. This requires the hermetic sealing of polymer cladded devices to
ensure robust performance and enable multi-layer stacking. Eventhough, the iCVD
co-polymer provides a superior TO performance and has an inherent advantage of
conformal coating and thickness control over EP, the higher degradation temperature
of EP proves beneficial while considering dielectric deposition (which conventionally
occurs around 350°C) on polymer cladding (Table (6.3))). Further, the absence of any

glass transition in the EP above room temperature as opposed to the iCVD polymer,
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rules out any undesired variations in the TO coefficient while considering the temper-
atures associated with operating range of the filters (25°C-125°C) and the dielectric
deposition. Hence, EP is chosen as the cladding choice while investigating the effects

of hermetic sealing on the athermal devices in the next chapter.
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Chapter 7

Hermetic sealing of polymer clad

rings

Back-end compatibility requires multi-layer stacking including the deposition of pat-
terned structures on top of the polymer cladding. This includes the stable operation

of a polymer under following conditions:

1. UV exposure: The exposure to UV radiation from the plasma or lithography
steps during device stacking can result in undesired photo-oxidation of the un-

derlying polymer layer.

2. High temperature: The CMOS BEOL process flow involves metallization and
annealing steps at temperatures between 400°C - 450°C [86] and the chosen
polymer should be stable at such high temperatures.

3. Plasma exposure: The deposition of patterned structures requires the polymer

to be stable to plasma exposure.

An a-Si racetrack ring resonator with EP over-cladding (Fig. (7-1))) deposited as

explained in section [4]is used as the prototype to investigate the listed stability issues.

105



sl }—| 509nm

SR AT T s IR L5588 nm

AccV SpotMagn Det WD —— 2um 2.75 pym
500kV 2.0 12000x SE 40 90 degrees

Figure 7-1: Cross-sectional SEM of the device shows 509 nm x 209 nm a-Si core with
a 2.75 pm SiOy under-cladding and a 2.87 ym EP polymer over-clad.

7.1 UV stability

UV induced variation in the refractive index of a polymer always has an associated
saturation behavior. So, the UV stability of a polymer can be ensured by pre-exposing
it to UV levels beyond, which no measurable change in the polymer properties occurs.
The EP polymer clad is UV cured by exposing it to a 5 mW/cm? (Energy dose:
6000 mJ/cm?) from a short arc mercury lamp for 20 minutes. The samples are
further baked at 150°C under vacuum for 4 hours to enhance the cross-linking in the
cured polymer. This process stabilizes the polymer for further UV exposure during
lithography and plasma deposition steps. The FTIR spectra of the cured polymer film
exposed to a 254 nm UV handheld lamp with a power flux of 2.2 mW /cm? showed
no significant change in the bond chemistry of the polymer, thereby establishing its
chemical stability (upto 7920 mJ/cm? of UV dose). The amorphous network-property
correlation, that relates the bond chemistry to the refractive index, supports the stable
optical performance of the polymer cladding under UV exposure. In other words, the
TO performance of an athermal ring remains the same even after UV exposure. This
is verified by exposing the athermal devices to 9.5 mJ/cm? of UV radiation (365-
405 nm). The TO performance is measured by noting the transmission spectrum for

every 5°C of an athermal ring heated from 25°C-70°C.The observed scatter in the TO
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experimental values (around 1 pm/K) of an athermal ring exposed to UV radiation is

within expected limits (5 pm/K) due to the thickness variations (£6nm) associated
with a-Si deposition (Fig. (7-2)).

12 m Before UV exposure
] ® After UV exposure
——Linear fit

dr,/dT =-0.215),+ 330.33

da., /dT (pm/K)
+

1490 1500 1510 1520 1530 1540 1550
Ap (nm)

Figure 7-2: Experimental data suggests that UV exposure (A: 365-405 nm, Dose :
9.5 mJ/cm?) has minimal effect on the TO response of an athermal ring.

7.2 Thermal stability

The stable performance over the working temperature range, 25°C - 125°C, is en-
sured by baking the polymer clad device in vacuum at 150°C for 4 hours. However,
back-end CMOS compatibility of these athermal rings might require it to withstand
temperatures as high as 400°C associated with the copper metallization and the fi-
nal forming gas annealing steps [86]. The Thermogravimetric analysis (TGA) of the
polymer in a dry Ny atmosphere shows the weight loss around 375°C at a heating
rate of 10°C/min (Fig. (7-3))). However, the onset of decomposition may change with
the heating rate. It is important to note that cooling to the operating temperature
after the onset of decomposition can result in the loss of polymer functionalities for

an athermal application. Further, there are no structural transitions in the polymer
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upto 300°C. Hence, the multi-layer deposition processes on athermal rings carried
out at less than 300°C in a non-oxidizing atmosphere would ensure a safe processing
condition that prevents any property changes of the polymer as long as equilibrium

cooling of the polymer layer is ensured.
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Figure 7-3: TGA measurement of the polymer sample in Ny atmosphere reveals weight
loss above 350°C at a heating rate of 10°C/min.

7.3 Plasma stability

The deposition of discrete devices on athermal rings demands stability to plasma
exposure. However, the SEM and TO performance of rings (Fig. (7-4)) exposed to
Argon plasma at 130°C suggests etching of the polymer over-cladding. The change
in the absolute TO peak shifts indicate the increase in the effective TO of the system
after plasma exposure (Fig. ) The change in the slope value is indicative
of the change in the TO contrast between the core and the cladding. In addition,
different waveguide dispersion also reflects the fact that the confinement factor of
the waveguide has changed after plasma exposure thereby changing its effective in-

dex. This motivates the need for a dielectric hermetic layer that prevents polymer
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degradation in the presence of plasma.
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Figure 7-4: (a) SEM image of the plasma exposed athermal device confirms the
etching of polymer top cladding. (b) TO performance of the ring exposed to Argon
plasma reveals increased TDWS values (around 40 pm/K) due to the absence of
polymer.

7.4 High density plasma chemical vapor deposi-
tion of dielectric encapsulation

The incentive for encapsulating the polymer clad athermal rings with a thin layer
of dielectric is two pronged: robust performance in an oxidizing atmosphere and to
plasma exposure. Dielectrics act as oxygen diffusion barriers thereby preventing an
unwanted oxidation of the underlying polymer. In addition they could act as possible
etch stops during new device patterning on top of the athermal rings. However,
the polymer decomposition constrains the dielectric deposition to temperatures less
than 300°C in a non-oxidizing atmosphere. Conventional PECVD results in hydrogen
incorporation at temperatures less than 300°C, thereby motivating the need for a low
temperature deposition that might result in lesser hydrogen incorporation.

The low temperature deposition of dielectrics by plasma enhanced chemical va-
por deposition calls for an enhancement of plasma excitation efficiency for precursor

activation and a high current, low-energy ion assist. The high density plasma chem-

109



Microwave 2.45GHz

Gas (1) I Rectangular
N2, etc.™ Waveguide
Cooling — [
Water
T 1 Magret
o 1.~ Coils
‘Plasma -
I.-_-_lj B -
Gas (2)__ Plasma, l | \\'n‘\mo.smu Extraction
SiH, Stream®." " _\I‘W"‘d"w“
I‘rfr . .. W%Imen

= Vacuum
I System
Figure 7-5: A schematic of ECR plasma deposition apparatus [100]

ical vapor deposition, using electron cyclotron resonance (ECR) as the high density
plasma source, of high quality SiN, and SiOs films with low hydrogen content has
been demonstrated at low temperatures [100-103]. In such a deposition technique
(Fig. (7-5))), microwave power (frequency: 2.45 GHz) is introduced into the plasma
chamber by a rectangular waveguide and through a window made of fused quartz
plate. The plasma chamber dimensions in Fig. correspond to the TE;3 res-
onance of the cavity. Magnetic coils are arranged around the periphery for ECR
plasma excitation. The plasma is generated by coupling the movement of electrons in
a static magnetic field with a microwave power source. The cyclotron frequency can
be controlled by the magnetic coils. When the microwave frequency equals the elec-
tron cyclotron frequency, the resonance results in efficient absorption of microwave
power by the electrons thereby resulting in the ionization of the precursor gas. Thus
highly activated plasma can be generated at low gas pressures (1073-107° Torr). The
plasma extraction is done through a divergent magnetic field method where the in-

tensity of the field is weakened gradually between the plasma and the specimen. High
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energy electrons in the ECR plasma are drawn towards the specimen due to the mag-
netic field gradient thereby bringing about a negative potential at the surface of the
specimen (which is electrically isolated from the plasma chamber). Therefore, a static
electric field is generated along the plasma stream which accelerates the positive ions
towards the specimen and decelerates the electrons, thereby resulting in an effective
ion transport and ion bombardment on the specimen.

The ECR plasma is an electrodeless, non-collisional plasma that does not require
a high-voltage sheath with high ion energy. The process operates at low pressure,
low electron and ion-energy with a high degree of ionization . A separate power
source is used to bias the wafer in order to control the ion bombardment on the
surface. The decoupling of the plasma density and the ion energy ensures deposi-
tion of high density film at low temperatures, low power, and low ion energies. The
ECR-PECVD combines PECVD deposition with bias sputtering resulting in the si-
multaneous sputter etching and the deposition on the wafer resulting in dense films
with low -OH and -NH bond density . Furthermore, the plasma damage to the

wafer is low as the substrate is remote from the plasma.

- —

e o
229 pm

I:tél'ﬂ nm

247 um

1 509 nm
“17209nm

— v Izﬂﬂ-ﬁ?n_ -
505 nm——1 s

Acc.Y SpotMagn Det WD |—— 1um
200kV 10 20000x SE 157 90 degrees

(a) (b)

AccV SpotMagn Det WD |————— 2um
500kvV 20 12000x SE 35 90 degrees

Figure 7-6: (a) SEM confirms the successful deposition of dielectrics on the polymer
cladding. Cross-sectional SEM of 505 nmx209 nm a-Si with 3 gm SiOy under-clad,
2.47 pm EP polymer over-clad encapsulated with a 488 nm SiN,. (b) Cross-sectional
SEM of 509 nm x 209 nm a-Si with 3 pm SiOs under-clad, 2.29 ym EP polymer
over-clad encapsulated with a 526 nm SiOs cap.

Two choices of dielectrics, namely SiN, and SiO,, are considered as possible en-

capsulates. 500 nm of both the dielectrics are successfully deposited on the polymer

111



layer using the ECR-HDPCVD (Fig. ) technique using the conditions listed
in Table . The deposition rate can be increased by increasing the microwave
power [100]. The hydrogen content in the film can be reduced by optimizing the flow
rate [101] or by increasing the ion flux that can etch away the hydrogen [102].

Deposition conditions Si0, SiN,
Substrate temperature (°C) 130 130
Ar flow rate(sccm) 10 20
O, flow rate (sccm) 20 -
N, flow rate (sccm) - 11.6
3% SiHy/ Ar flow rate(sccm) 100 110
Pressure (mTorr) 20 20
Microwave Power (W) 300 265
Deposition rate (nm/min) 20.1 16.6
Refractive index 1.47  1.95
Stress (MPa) —-2.3 37

Uniformity (4 inch wafer, 1 sigma) 5%  4.5%

Table 7.1: HDPCVD conditions for SiO, and SiN, depositions on the polymer clad
devices.

7.5 Performance of dielectric caps

It is important to ensure that the presence of dielectric caps does not affect the TO
performance of the athermal rings. The optical mode is fully confined within the
polymer cladding as its thickness is greater than 2 um (Fig. (7-6)). The invariance
of the polymer optical properties and the athermal performance is easily verified
through the TO performance of the capped devices (Fig. ) The deposited a-
Si films have a thickness uniformity around 3% which results in an uncertainty in
its thickness value of around 6 nm. FIMMWAVE simulations indicate that a 1 nm
change in the thickness of these rings could shift its TO peak shift by 1 pm/K, given
the sensitivity of the TM mode response to the thickness variation. This results
in a possible variation of 5 pm/K in the TO peak shift of a resonator for a given
wavelength. The TO response of the encapsulated rings falls within this variable

limit thereby making them suitable for multi-layer stacking.
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Figure 7-7: The TO performance does not change significantly after the dielectric
(SiO4/SiN,.) deposition on the polymer. The scatter in experimental TO peak shift
values are within the expected variation (+5 pm/K) due to the 3% thickness non-
uniformity during the deposition of 205 nm thick a-Si film.

Finally, the hermetic sealing improves the mechanical stability of the cladding
layer. This is obviated by the improved Young’s modulus of the polymer-dielectric
bi-layer stack: 1. Polymer+SiOs: 3.4 GPa, 2. Polymer+SiN,: 4 GPa, as compared
to that of the polymer (84.4 MPa).

7.6 Concluding remarks

This chapter has addressed a key aspect of the BEOL integration of polymer clad
devices in an electronic-photonic architecture: multi-layer stacking. This calls for
a stable operation of polymer under exposure to high operating temperatures (the
BEOL annealing cycles around 400-450°C), plasma (Argon is used for demonstration
in this chapter) and UV radiation (BEOL lithography dose levels can be upto 50
mJ/cm?). Eventhough, UV stability can be achieved by UV curing to the saturation
levels (6000 mJ/cm? for EP) followed by annealing of the polymer, the plasma and
chemical stability calls for the hermetic sealing of the polymer. Further, the degrada-

tion temperature of the polymer calls for a low temperature HDPCVD technique for
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dielectric deposition. This chapter demonstrates the successful deposition of dielectric
encapsulation on the polymer clad devices. This enables multi-layer stacking, pre-
vents polymer photo-oxidation and improves the mechanical properties of the bi-layer
stack while retaining the athermal behavior.

The hermetically sealed, athermal rings still suffer from resonance variation asso-
ciated with the fabrication tolerance (Fig. ) The ability to trim the resonance

post-fabrication is covered in the next chapter.
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Chapter 8

Post-Fabrication trimming of

passive athermal rings

The previous chapter focused on the integration of a passive athermal a-Si device
as part of a multi-layer stack. Another aspect of the process integration involves
addressing the fabrication tolerance of these devices. A 1 nm increase in the thickness
of a a-Si waveguide red-shifts the TM resonance peak by 1 nm and increases the TO
peak shift by 1 pm/K. Hence, the shift in the filter response of an athermal ring
due to fabrication variations needs to be tuned back to its desired value. Athermal
resonators rule out the possibility of thermal tuning thereby requiring an alternative
approach. The photo-sensitivity of As,S3 chalcogenide glasses has been exploited
to counteract the fabrication tolerances and reconfigure the response of photonic
waveguides [105-107].

In this chapter, we propose a multi-layer solution for a photo-trimmable athermal
ring resonator. The prototype design rule requires the encapsulation of the a-Si core
with a thin layer of AsyS3 before the polymer top cladding deposition. In a Si based
WDM system with a 20 GHz channel spacing, the maximum tolerable TO wavelength
shift is around 1.3 pm/K over an operating range of 25°C-125°C. In addition, the
trimming range of a filter in such a system is desired to be less than 5 GHz to avoid
loss of the neighboring channel. This chapter demonstrates a working prototype that

satisfies both the aforementioned constrains.
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8.1 Prototype of a photo-trimmable athermal sil-

icon resonator

Figure 8-1: Cross-section of a photo-trimmable athermal a-Si resonator. The polymer
cladding provides passive thermal compensation while AsySs provides visible light
sensitivity for post-fabrication trimming.

As explained in section {4 a-Si racetrack rings with a cross-section (500 nm x
205 nm) corresponding to the single mode TM operation were fabricated. 50 nm
of AsyS3 was then thermally evaporated on top of the devices. Two different
polymers were chosen for the top cladding to study the effect of annealing on the
photo-sensitivity of AsySs: 1. SU8 with n(A = 1550nm) = 1.58 and TO = —1.1x 1074
K~ was the first polymer. Rings with SU8 cladding were not subject to annealing. 2.
EP polymer with n(\ = 1550nm) = 1.38 and TO = —2.65x 10~% K~! was the second
cladding choice and was spin coated at Enablence Inc. The EP polymer clad devices
were further UV cured for 20 minutes using a 5 mW /cm? short arc mercury lamp.
The samples were subsequently baked in vacuum at 150°C for 4 hours to stabilize the
polymer properties.

In both the cases, the device cross-sections (Fig. (8-1))) have been designed to
ensure that the fundamental TM mode expands through the AsyS3 layer into the
polymer cladding in such a way that the effective index behavior of the device is
properly weighted over the indices of SiOy under-cladding (n(A = 1550nm) = 1.46),
a-Si core (n(A = 1550nm) = 3.48), AsyS; (n(A = 1550nm) = 2.4) and the polymer
top cladding. Consequently, the effective TO behavior of the device is determined by
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the optical mode contained in each of the layers: SiO, (TO coefficient = 1 x 107°
K1), a-Si (TO coefficient = 2.3 x 107* K1), AsyS3(TO coefficient = 4 x 1075 K1)

and polymer.

8.2 Prototype performance: Trimming and thermo-

optic measurements

8.2.1 SUS clad devices

The TO coefficient (—1.1 x 10~* K1) of SUS is not sufficient to compensate for the
a-Si’s positive TO (2.3 x 107%). So, the transmission measurements of SU8 clad a-Si
racetrack rings; with a radius of 20 pum, coupling length of 100 um between the bus
and the ring and a gap of 600 nm; at various temperatures reveal positive TO shifts
(Fig. (8-2))) for the considered cross-section (inset of Fig. (8-2)).

Further, visible light radiation (450-650 nm) from a halogen lamp, with an inten-
sity of 10 mW /ecm?, was coupled to an optical fiber with a mode field diameter of 30
pm and then placed on top of the chip to selectively expose the resonator. The visible
light sensitivity of AsyS3 is reflected in its refractive index variation which changes
the effective index and the resonance of the a-Si resonator. SUS clad devices were not
subjected to any annealing cycle and their photo-trimming performance corresponds
to the behavior of as-deposited, unannealed 50 nm thick As,Ss films. The refractive
index of AsyS3 increases during the first 30 minutes of exposure followed by a decrease
of the index during the next 90 minutes of exposure (Fig. ) This establishes
the presence of 2 competing photo-sensitive mechanisms in as-deposited, unannealed
AsyS3 films. To understand the governing mechanisms, it is useful to measure the

photo-sensitivity of the annealed AsyS3 films that have an EP top-cladding.

8.2.2 EP clad devices

As described above, the EP clad devices (inset of Fig. (8-4))) that had been baked at
150°C for 4 hours serve 2 purposes: 1. The higher TO coefficient of the EP compared
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Figure 8-2: The TO performance of SU8 clad a-Si devices shows positive shifts over
the measured wavelength spectrum due to the insufficient TO coefficient of SUS.

to the SUS proves sufficient to achieve athermal operation of a-Si resonator of the
fabricated cross-section. 2. The influence of annealing on the photo-sensitivity of the
50 nm thick As,Ss film can be investigated. The prototype (inset of Fig. (8-4)) with
a bending radius of 20 pm, coupling length of 100 pm between the bus waveguide

and the resonator, and a gap of 600 nm in the coupling section was measured.

The photo-sensitiviy of annealed AsyS3 results in a blue-shift of resonance across
1 FSR (2.09 nm) after 245 minutes of exposure to visible light. A total wavelength
shift of about 10 nm (~1.21 THz) at a trimming rate of 8.5 pm/min (~1 GHz/min),
with no evidence of saturation, is observed after 1200 minutes of exposure (Fig.
4)). This corresponds to a variation of about 2.36 x 1072 in the effective index of the
waveguide and 0.13 in the refractive index of the As,S3 glass. The trimming rate can
be further increased by increasing the intensity of the visible light source since the

wavelength shift is linearly dependent on the trimming light intensity [105].

118



1545.8

=
R=h | |
£ 15456
[@)]
o
2 1545.4f
3
% 1545.2 RED-SHIFT BLUE-SHIFT
(e
®
c
? 1545
(0]
0: Sio,
| | | | |
0 20 40 60 80 100 120

Time [minutes]

Figure 8-3: Exposure to visible light increases the refractive index of unannealed,
as-deposited 50 nm thick AsyS3 for the first 30 minutes and decreases its index for
the next 60 minutes thereby revealing the possibility of 2 competing photo-sensitive
mechanisms in AsySs.

The athermal operation of the device, corresponding to TM operation, was investi-
gated before and after the trimming process. Pre-trimming TO measurements (black
squares in Fig.), between 20-40°C, revealed no appreciable TO shift around 1570
nm. Moreover, across a bandwidth of about 50 nm, the temperature dependence of
the waveguide is lower than 5 pm/K, with the variation in wavelength arising from
waveguide dispersion. This temperature dependence is one order of magnitude lower
than standard SOI waveguides (50 pm/K and 70 pm/K for TM and TE polarization,
respectively). The post-trimming TO measurement (red circles in Fig. (8-5))) shows
a blue-shift in the athermal resonance from 1570 nm to 1560 nm. The unaltered
post-trimming athermal performance around 1560 nm (Fig.) indicates nullifica-
tion of the increased index-contrast at the a-Si/As,S; interface with a corresponding
decrease in the index-contrast at AsyS3/EP interface. This demonstrates the possi-
bility of tuning the “athermal point” of the waveguide across a large bandwidth (10

nm).
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Figure 8-4: Resonance at 1570 nm, which corresponds to athermal operation, blue-
shifts linearly at a rate of 8.5 pm/min (=1 GHz/min) during the visible light exposure
resulting in a total shift of 10 nm (/1.21 THz) after 1200 minutes.

8.3 Discussion: Photo-sensitive mechanism of As,S;

AsyS3 has a band-gap (Ey,: 2.4 eV) that falls in the visible region of the electromag-
netic spectrum. Thus, the photo-sensitivity arises due to the exposure to near-£,
radiation. As,S3 exhibits no long-range order, and hence, is intrinsically metastable.
Changing its structure and bonds is easy due to its inherent structural flexibility. In
AsyS3, the S atom has a lone pair of electrons that can undergo light-induced reactions
to produce structural defects resulting in single or three-fold coordinated S species.
These photo-induced changes may be reversible depending on the composition and
the experimental parameters. In the context of this thesis, the focus will be on the
photo-induced modifications that influence the refractive index of AsySs and can be

grouped into 2 major categories:

1. Mechanisms that increase the n of AsyS;: The most common photo-sensitive
mechanism that can increase the index of As,Ss3 is photodarkening (PD). This
occurs when amorphous AsyS3 is illuminated with photon energy close to E,
resulting in a red-shift of the absorption edge and a decrease of E,. As a conse-

quence, the refractive index increases. A number of models have been proposed
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Figure 8-5: The measured TO performance, before (black square) and after (red
circles) trimming in the temperature range 20-40°C, reveals that the slope of the
curve is unaltered after trimming. Further, the trimming process blue-shifts the
“athermal point” from a wavelength of about 1570 nm to 1560 nm.

for PD. While some are based on bond-breaking and rearrangements, others
are based on modifications to the coordination spheres with unaltered bonds.
However, there exists no conclusive mechanism that is suitable for a range of
chemical compositions. A detailed review of all the proposed mechanisms of
PD in chronological order is presented elsewhere [109]. The most recent expla-
nation for PD was provided by Ganjoo and Shimakawa [110,/111] where they
tried addressing all the inconsistencies in the previous models. They proposed
a model for the structure of AsySs in which the AsySs has a short-range order
and is arranged into a stack of layers. They attributed the photo-sensitivity to
a repulsion and slip motion (RS model) of the structural layers. During illumi-
nation, the photocreated electrons reside in the conduction band tails while the

photocreated holes diffuse away through the valence band and the valence band
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tails leaving behind a negatively charged layer. A slip motion between the layers
alters the lone pair interactions (LP-LP interaction) that reduces the band gap
giving rise to the PD effect |[110,|111]. According to this model, no PD occurs
in very thin films as the holes cannot diffuse away from the illuminated region,
thus the surface continues to maintain electrical neutrality. This seems to be
consistent with the absence of PD in As,Ss films that are thinner than 50 nm
as observed by Tanaka et al. [112]. However, the RS model [110,111] does not
distinguish between the PD response of stoichiometric and non-stoichiometric
AsyS3 as observed by Tanaka et al. |[112]. In other words, PD is not observed
for stoichiometric As,S3 films thinner than 50 nm, but is still observed for 50
nm thick non-stoichiometric As,S3 and the RS model does not explain this

discrepancy.

Another photo-induced modification, photo-polymerization can explain the dif-
ference in the behavior of stoichiometric and non-stoichiometric As,S3. In fact,
photo-polymerization has been shown as the major contribution to PD during
the early stages of irradiation [113]. The evaporative deposition of a-AsyS; re-
sults in a significant concentration of AsySs, AsySy, AsySs and Ss in the film.
Such structural blocks open up and polymerize on illumination or annealing.
Thus, the photo-polymerization occurs through the creation of non-equilibrium
holes and electrons. As described by Street [114], defect pairs D+ and D— in-
duced by photon absorption react with As-As bonds to form As-S bonds as the
film photo-polymerizes towards the equilibrium composition. This is correlated
with the red-shift of the absorption band and the refractive index. The same
polymerization can be achieved by annealing thereby proving its equivalence to
photo-polymerization as an approach towards stoichiometric composition. This
mechanism can also explain the discrepancy between the PD response of non-

stoichiometric and stoichiometric AsySs films that are thinner than 50 nm [112].

In this thesis, the red-shift associated with the illumination of unannealed, 50

nm thick As,S; film with SU8 over-cladding (Fig. (8-3))) seems to suggest
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the occurence of photo-polymerization towards the stoichiometric composition.
This is further reinforced by the absence of red-shift during the exposure of
annealed, 50 nm thick As,S; film with the EP over-cladding (Fig. (8-4)). Also,
the absence of PD and red-shift in the annealed, 50 nm thick As,Ss film with

EP cladding is consistent with reported results [112].

. Mechanisms that decrease the n of AssSs: Photo-volume expansion (PVE)
[115[1120] is the most significant photo-induced modification that is associated
with a decrease of n. Also, PD and PVE has been known to occur simultane-
ously and there have been many proposed mechanisms to explain this behav-
ior |[109]. However, the RS model |110}111], described earlier, is the latest effort
to incorporate both the phenomena in the same model. As explained earlier,
photon illumination results in negatively charged layers (due to the photocre-
ated electrons). The RS model attributes the PVE due to Coulombic repulsion
between the charged layers [110}/111].

In this thesis, the observed blue-shift in the resonance wavelength (Fig. (8-4))),

corresponding to a decrease in the index of AsySs3, suggests that the dominant

photosensitive mechanism in the annealed As,Ss film is PVE. The variation

of trimming rates with the thickness of AsyS3; seems to reinforce that PVE

is the dominant photo-sensitive mechanism (Fig.(8-6))). In fact, for PVE, the

variation of index (An) on illumination should be inversely proportional to the
An

initial thickness (fs,s5,) of the AsySz film (5% = ﬁ) for a given exposure
$2°3

dosage.

8.4 Concluding remarks

This chapter introduces a multi-layer approach to address the fabrication tolerance

of athermal a-Si rings. This consists of a photo-sensitive As,Ss inter-clad region

between the a-Si core and polymer over-clad. The thickness of AsyS3 should be

thick enough to influence the effective index of the device while being sufficiently
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Figure 8-6: The trimming rate increases with decreasing thickness of the AsySs,
thereby establishing a clear thickness dependent photo-sensitive mechanism (PVE)
for the proposed device cross-section (inset). The variation of index (An) is inversely
proportional to the initial thickness of the As,S3 film for a given exposure time.

thin to ensure the desired mode extension in the polymer region. Also, there exists
an optimum AsyS3 thickness (50 nm in the demonstrated prototype) where the TO
performance of the device is unaltered after the resonance trimming. Additionally,
visible light response of AssS3 can be altered though an annealing cycle. Finally, an
initial red-shift (associated with the densification towards equilibrium stoichiometry)
is seen in the trimming response for extremely thin (< 50 nm) unannealed AssS;
films. However, annealed films exhibit only a blue-shift (associated with photo-volume
expansion) during the post-fabrication trimming with the trimming rate increasing
with decreasing thickness.

Having addressed all the crucial components of a photonic circuit in an electronic-
photonic architecture; device design, material selection, multi-layer stacking and post-
fabrication correction; the final step involves the system design, which is covered in

the next chapter.

124



Chapter 9

System Integration: Design and
trade-offs of athermal add-drop
filters

This chapter considers an athermal device as a part of a photonic circuit and in-
vestigates the associated trade-offs and optimizations involved in the system design.
Considering the ATAC system described earlier(section [I.2.1]), hub-to hub communi-
cation occurs over a broadcast optical network, ONet (Fig. ) In such a scenario,
where ONet uses WDM, each hub is assigned a unique wavelength for communica-
tion [9]. Consequently, every hub has add-drop filters to extract a definite fraction
(1/N for N hubs) of every wavelength. The performance of the ONet is affected by
the add-drop filter characteristics in a number of ways. Firstly, the number of wave-
lengths that can be used for communication (channel count) depends on the FSR of
the add-drop filter. In other words, any add-drop filter in a hub should filter out
exactly one wavelength from the set of wavelengths. Secondly, the spacing between
the wavelengths (channel spacing) is determined by the Q factor of the filter. Low
loss, high Q factor filters allow closer channel spacing for a given cross-talk. Finally,
the power handling capacity of the add-drop filters can limit the acheivable channel
bandwidth /affordable clockspeed (increases for higher power). If a single channel has

to communicate with lots of receivers, high power handling capacity can also translate
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into large number of receivers for a given receiver sensitivity. The aggregate band-
width density performance of the system is affected by both channel count and power
handling capacity that are in turn controlled by add-drop filter parameters. This
chapter tries to understand the influence of the athermal constraint on the add-drop

filter performance and its effect on aggregate bandwidth density.

sending hub (#1) sending hub (#22)

To BNet

receiving hub (#55)

Figure 9-1: Hub-to-hub communication over the ONet in an ATAC architec-
ture(reproduced from [9]).

9.1 Athermal constraint: Material solution

The motivation behind using Si ring resonators for WDM filter applications arises
from its high-index contrast and high mode confinement. As a result, Si rings can
have small bending radii resulting in a large FSR. However, the athermal operation
of these rings requires reduced confinement (I' = 0.58) for the mode to penetrate
the cladding. The result is a lower effective index (1.78) waveguide with a higher
radiative bending loss. This design rule leads one to inquire whether a lower-index
contrast (LIC) waveguide core material with a lower TO coefficient, such as SizNy4
(TO: 4x 107> K1), would perform as well or better for athermal WDM applications.
We use the bend radius (R;) as a variable in the figure of merit for the ring resonator,
and calculate the R, for TM mode to be consistent with our experimental results.
We start the comparison by finding the confinement factor required for athermal
operation of nitride rings with the same polymer cladding used for a-Si rings. We

then proceed to find the bending radius for both Si and SizN, for a given bending
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loss [121], which we fixed at 4.34 dB/cm (or 1 em™).

Material n ' negr ny  Rp(pm)
a-Si 3.48 0.58 1.78 3.68 3.5
SizNy 205 09 1.7 22 2.5

Table 9.1: Performance comparison of two athermal waveguide designs, for an a-Si
core and a SigN, core, with the same EP polymer overclad.

The advantage of high-index contrast (HIC) (a-Si) is neutralized under the con-
straint of athermal operation, and the R, performance is similar to the lower-index
SizNy core (Table 0.1)). Further, SizNy4 rings have a higher FSR due to their smaller
group index (ngy), and they could additionally prove useful for athermal WDM appli-
cations where the FSR is the primary performance driver. When developing scaling
rules for the material selection for athermal performance, it is important to realize
that HIC systems lose their benefits over LIC systems in terms of small R, and high
FSR, and the two performances becomes comparable. Another key advantage asso-
ciated with the selection of a lower index contrast systems like SigNy is that their
lower TO coefficients allow the use of a wider range of commercially available, CMOS

BEOL compatible polymers to achieve athermal behavior as described below.

9.1.1 Material Selection for CMOS BEOL compatibility: core-

cladding combination

The CMOS BEOL process flow involves metallization and annealing steps at temper-
atures between 400°C - 450°C. Further, the high metal levels use 248 nm lithography
with dose levels between 20 - 50 mJ/cm? [86]. Though, the hyperlinked fluoropoly-
mer (EP) under study can handle the expected UV dose levels without any significant
degradation, the thermal decomposition might make it incompatible with the metal-
lization and annealing steps. This encourages the use of polymers with high decom-
position temperatures ( Tgegradation >450°C) for back-end compatibility. BCB and
polyimides belong to polymer classes with high thermal stability [56}76,(122]. How-
ever, such polymer choices have low TO coefficients [123] that might be insufficient

to compensate for the high TO coefficient of the Si cores (Table (9.2))). Hence, SiN,
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with a lower TO coefficient (Table (9.2))) might prove to be a better core choice for
BEOL interconnects. Further, it is important to note that the BCB and polyimides
have glass transitions occurring beyond 350°C and 310°C respectively [122]. Hence,
the cooling rate might have to be optimized after the metallization step to ensure the
desired optical functionality in these polymers. For a given polymer cladding choice,
it is shown that the athermal constraint results in comparable n.s¢ of the device for
both the Si and SiN, cores [84]. So, the choice between the Si and SiN, core is
not clear under the athermal constraint and the polymer cladding choice for CMOS

compatibility could prove to be a crucial parameter in the figure-of-merit.

Core Core Possible claddings Cladding Cladding T gcgradation (°C)
TO(x1074) TO(x1074)
a-Si 2.3 EP —2.65 ~ 375
Si 1.86 EP —2.65 ~ 375
SiN, 0.4 BCB —0.25-—1.15 ~ 400 — 450
SiN, 0.4 Fluorinated polyimides —0.4-—1.04 ~ 400 — 450

Table 9.2: Polymer cladding choices for a given core for athermal application. SiN,
core having a low TO coefficient can be compensated with a low TO coefficient poly-
mer. Such polymers have a high decomposition temperature and hence are compatible
with back-end CMOS processes.

9.2 Athermal constraint: Design solution

A highly confined SOI ring (450 nm x 220 nm) designed for a single TE mode of
operation has a low bending loss (Fig. (0-2)) for a small bending radius (R, <
5um). This results in a small footprint and a high FSR performance. However, the
passive athermal design requires mode expansion into the polymer cladding resulting
in a low confinement. Hence, the bending loss of an athermal ring (channel cross-
section) becomes significant for a small bending radius (R, < 5um). It is important
to note that for a channel cross-section, the mode expands into both the polymer
over-cladding and the SiOy under-cladding. Hence, athermal operation requires the
polymer to not only compensate for the positive TO effects of the Si core but also

account for the mode expansion in the buried oxide (BOX) layer. Thus, the effective
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index of the athermal channel cross-section is around 1.88 for TE operation (316 nm x
220 nm), while it is 1.85 for TM operation (658 nm x 220 nm). However, an alternate
athermal design scheme could involve the use of slotted waveguides [19-22]. Athermal
operation coupled with mode pinning in the slots reduces the leakage around bends
for a given bending radius. FIMMWAVE simulations indicate that the vertical slot
width should be 15 nm for a 500 nm x 220 nm SOI cross-section (n.pr : 2.19) with
EP over-cladding to achieve athermal TE operation. Similarly for the TM mode,
athermal operation requires a 10 nm tall horizontal slot for a 250 nm x 400 nm (n.y:
2.12) Si waveguide (Fig. (9-2))). Also, for the slotted cross-sections, most of the
TO compensation arises from the polymer in the slot as opposed to the over-cladding
region. Such high power in the slot can be further leveraged by using the polymer only
in the slot regions and using SiO, as both the under-cladding and the over-cladding
material. However, this requires a wider slot (50 nm) in case of TE operation and
taller slot (24 nm) in case of TM operation resulting in a lower neff when compared
to the slotted configurations shown in Fig. (9-2)). Furthermore, it is useful to point
out that the high n.;s of athermal slotted rings and the lower expansion to the BOX
region encourages the use of thinner BOX layer as compared to athermal channel

cross-sections.

—e—Highly confined SOI TE

. Channel cross—section —=— Athermal slotted SOI TE
10 |- 658 nmx 220 nm —— Athermal slotted Si TM
—— Athermal channel SOI TE

—— Athermal channel SOI TN\
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ay (dB/cm)
=)
T

107+ '
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Figure 9-2: Bending loss performance at 1550 nm of various proposed athermal cross-
sections compared with a standard SOI waveguide choice (450 nm x 220 nm).

The bending loss (a;) performance follows an exponential relation (Eq. (9.1))
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with varying R, as deduced from the FIMMWAVE simulations (Fig. (9-2)). The a
at 1550 nm goes beyond 1 dB/cm for R, corresponding to 6 pum for an athermal TM
channel cross-section, 5 ym for an athermal TE channel cross-section and 1.6 pum for
a highly confined TE cross-section (Fig. ) However, the footprint and the FSR
performance of an athermal design is significantly improved due to the high n.;; and
mode-pinning of the slotted cross-sections where R, is 2.5 um for TE operation and

3 um for TM operation for a a3 of 1 dB/cm.

a, = Aexp(—CRy) (9.1)

where ay is in dB/cm, Ry is in um, and A (dB/cm), C' (um™!) are constants that
depend on the confinement factor (waveguide geometry, index contrast and wave-
length) and effective index of the waveguide. Lower the magnitude of A and higher

the magnitude of C, lower is the leakage around the bends resulting in a lower loss.

9.3 Channel design of an athermal add-drop filter

Silicon rings designed as add-drop filters are desired to have a high Q factor and a
high FSR. For a first-order filter with a Lorentzian peak behavior, a high Q factor
results in sharp channels, thereby, enabling a closer channel spacing (Fig. ) for a
given channel cross-talk (—20 dB in our study). A high FSR results in a large channel
count for a given channel spacing.

For a large R, and a small FSR, the intrinsic ) factor of the ring is dominated
by the scattering loss (as.) which is independent of the size of the ring. Hence, the
channel spacing for a given cross-talk (—20 dB) remains constant for large rings. So, as
the Ry, decreases, the FSR increases resulting in a linear increase in the channel count
(Fig. (9-4)). However, at a small R, (< 5um), the bending loss () contribution to
the intrinsic Q factor starts becoming significant. This increases the channel spacing
required for a given channel cross-talk. So, the superior FSR performance of a small
Ry, is nullified by the increased channel spacing, thereby decreasing the channel count

1g. - . ere exists an optlmum ending radius qg. . ana an
Fig. (9-4)). Th i i bendi dius (R") (Eq. (9.2)) and
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Figure 9-3: For a first order silicon add-drop filter with Lorentzian behavior, a Q
factor of 10° requires a channel spacing of 0.154 nm (=~ 19.26 GHz) to keep the cross-
talk with the neighboring channel to —20 dB (or 0.01 linear transmission). Hence, to
get 100 channels with —20 dB cross-talk, a ring with Q factor of 10°> and FSR of 15.4
nm is desired.

optimum FSR (F'SR?") which maximizes the channel count (Fig. (9-4))).

ap(RP) x (CRY" — 1) = g (9.2)

Where C' is the constant pointed out in Eq. (9.1, a,(Ry™") corresponds to bending
loss at optimum radius and . corresponds to scattering loss. Increasing the ay,.
decreases the R}” " where the bending loss becomes comparable to the scattering loss
resulting in an increased optimum FSR, F'SR".

If a is assumed to be around 2 dB/cm, which is comparable to the low loss
values reported for SOI waveguides in literature [124-129], the channel count limits
of an athermal SOI ring and a highly confined SOI ring can be compared (Fig. )
The channel count of a highly confined TE cross-section increases with the FSR up
to 46.5 nm (R, = 1.93 pm) due to its low bending loss. On the other hand, athermal
channel TE and athermal channel TM cross-sections show a significant decrease in
the channel count performance beyond an F.SR" of 14.6 nm (R, = 6.22 pym) and
12.25 nm (R, = 7.47 pm) respectively due to the increased contribution of bending
loss (Fig. ) A significant improvement in the channel count, FSR" (36.5 nm
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Figure 9-4: Channel count variation with FSR of various athermal cross-sections
compared with a standard SOI cross-section. For an ag. of 2 dB/cm and a —20 dB
cross-talk, the channel count performance of highly confined SOI TE cross-section is
superior to an athermal cross-section due to low bending loss.

for slotted TE and 30 nm for slotted TM) and footprint (R, = 2.85 pm for slotted TE
and 3.32 um for slotted TM) performances is achieved by using slotted cross-sections
for athermal design. The difference in slope of the linear regime is due to a lower
group index of the slotted waveguide in comparison to a channel waveguide for a given
FSR (Fig. (9-4)). It is important to note that the maximum channel count (chemaz)

in all the cases is well beyond (> 256) what one requires in the immediate future.

9.4 Influence of scattering loss in the athermal de-

sign selection

Considering chcmax as a variable in the figure of merit driving the design selection,
the choice between various athermal cross-sections might be determined by the .
that can be achieved. For a given scattering loss and cross-talk (—20 dB, T ¢ross—taik =
0.01), the athermal slotted TE cross-section has a higher chemax than the athermal
channel cross-sections. However, it is important to realize that chcmax decreases with

increasing a,,. (Fig. (9-5))). In order to achieve a channel count of 256, the loss should
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be less than 2.12 dB/cm for an athermal channel TM cross-section, 2.62 dB/cm for
an athermal channel TE cross-section, 5.05 dB/cm for an athermal slotted TM cross-
section and 6.08 dB/cm for an athermal slotted TE cross-sections. In other words,
the loss threshold for achieving a given channel count is improved by the adoption of

slotted structures for athermal design.
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Figure 9-5: Dependency of maximum channel count (checmaz) on scattering loss for
the athermal cross-sections under study. The chcmax decreases drastically with in-
creasing scattering loss.

9.5 Power handling capacity

The superior footprint performance of a standard SOI cross-section compared to an
athermal cross-section results in a better channel count performance (Fig. (9-4))).
However, the standard highly confined SOI resonator has an inherent limitation in
terms of its power handling capacity. In other words, two photon absorption or
free carrier absorption induced thermal effect at high launch powers, red-shifts the
response of an SOI filter thereby limiting its power handling and data capacity. Such
a limitation is overcome in an athermal design which is unaltered by the TO effects
associated at high power. The power handling capacity can be characterized through
the transmission measurements (Fig. (9-6)) at two different wavelengths, 1536 nm

and 1576.8 nm (closer to the athermal operation point), for different launch power
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levels (from 6 to 28 dBm). Red-shifts in the resonances at high input powers are due to
thermal effects induced by TPA /FCA. The decrease in the resonance shift from 92 pm
(@1536 nm) to 20 pm (@1576.8 nm) for 27 dBm of input power confirms the greater
extent of thermal compensation for a resonance closer to athermal operation (Fig.
(9-6))). There is no appreciable shift in the measured spectral response around 1576.8
nm up to an input power of 18 dBm (Fig. (9-7))). The design of the waveguide can be
optimized to further increase the achieved thermal compensation, thereby enabling
power insensitive operation. High data capacity requiring high power operation can

thus be achieved in an athermal design.
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Figure 9-6: Power-dependent resonance shift is measured for two wavelengths, 1536
nm and 1576.8 nm (around the athermal operation point), at launch powers ranging
from 6 to 27 dBm. Thermal effects, induced by TPA/FCA at high power levels, are
compensated to a larger extent by a resonance closer to athermal operation (1576.8
nm).

9.6 Aggregate waveguide bandwidth performance

For a given resonance shift (=10 pm), the power handling capacity thus improves 10
folds when going from a standard SOI waveguide design (15.8 mW) to an athermal
waveguide design (158 mW) [130,/131]. As a result, for a given receiver sensitivity,
an athermal add-drop filter can communicate with 10 times more receivers than the

standard highly confined SOI filter. Alternatively, the higher power handling capac-
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ity can also translate as a higher bit rate (higher clockspeed) for a given receiver
sensitivity. It is useful to define the receiver weighted aggregate bandwidth that is
proportional to the product of channel count and the power handling capacity and
treat it as a new figure of merit to compare the various design cross-sections (Fig.
). Assuming a given receiver sensitivity of 100 nW/Gb/s, higher power can either
result in higher number of receivers or higher bit rate. The high power operation of
an athermal WDM link outweighs its footprint limitations as is reflected in its supe-
rior aggregate bandwidth performance compared to a standard SOI WDM link (Fig.
(9-8))). The variation of bandwidth with the FSR is a result of the channel count be-
havior for varying FSR (Fig. (9-4)). The slotted athermal SOI TE cross-section has
a combination of high channel count (Fig. ) and high power capacity resulting
in the highest aggregate bandwidth performance among the athermal designs under

consideration.

9.7 Concluding remarks

From the system design perspective, increasing the add-drop channel count increases
the total bandwidth of an electronic-photonic integrated chip. Silicon based add-drop
filters have a high FSR that enables large channel counts. However, the low confine-
ment of the passive athermal design limits the maximum FSR. This chapter estab-
lishes the existence of an optimum FSR that maximizes the channel count and derives
the governing relation. The high effective index of an athermal slotted cross-section
and the mode-pinning in slot results in its superior bending performance compared to
the channel cross-sections. The channel count performances of four athermal design
choices have been compared for a given channel cross-talk and scattering loss. A
vertically slotted cross-section proves to be the best choice in terms of maximizing
the channel count of an athermal add-drop filter for a given scattering loss. Also, the
strong dependence of maximum channel count on the scattering loss and its influence
in the final design choice is understood. Finally, this chapter shows that the power

advantage of an athermal filter outweighs its channel count limitations resulting in a
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for increasing launch power (Pr) shows no appreciable power-dependent resonance
shift upto 18dBm of Py.
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Figure 9-8: Aggregate bandwidth variation with FSR of the athermal cross-sections
under study compared with a standard highly confined SOI waveguide. The aggregate
bandwidth is proportional to the product of the channel count and the power handling
capacity of a given add-drop filter for a given receiver sensitivity.
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significantly higher receiver weighted aggregate bandwidth compared to a standard
SOI add-drop filter.

The influence of the athermal constraint on the system behavior completes the
study of an athermal photonic circuit in this thesis. The key findings of the thesis

are listed in the next chapter.
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Chapter 10

Key findings and Future work

10.1 Key findings

This thesis has addressed various components of an athermal photonic circuit on a sil-
icon platform. This includes device design, material selection, dielectric encapsulation
for multi-layer stacking, post-fabrication resonance trimming and system integration
of athermal silicon add-drop filters. The key findings in each design space can be

listed as follows:

1. Passive athermal prototype with the lowest reported TO peak shift of 0.5 pm/K
for silicon resonators: The negative TO coefficient of polymers is utilized to

achieve passive thermal compensation.

2. Athermal filter waveguide dimensions depends on the wavelength to be filtered
out: The design rule has an associated dispersion effect that needs to be ac-

counted for in order to achieve the desired confinement factor.

3. Observation and explanation of residual second order effects at very small TO
peak shifts: The dependence of the index of a material with temperature is not
strictly linear and has a quadratic component of the order of 107° — 1076 K2
that becomes significant when dealing with effective index variation of a similar

magnitude. The temperature dependence of the material TO coefficient and
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the core confinement factor was experimentally measured through the quadratic

variation of resonance with temperature of athermal devices.

4. Co-polymer cladding provides an extra degree of freedom to design n and TO
independently: The material design space was explored by analyzing two silicon-
polymer composite structures, deposited using iCVD, pPFDA and p(PFDA-
co-DVB), for thermal compensation. This work shows that for a fluorinated
acrylate polymer, reducing the C-F bond density decreases the molar volume
and increases the refractive index. The TO coefficient of the co-polymer can
be designed by choosing a cross-linker of a desired thermal volume expansion

coefficient.

5. Hermetic sealing using dielectric cap encourages the possibility of multi-layer
stacking on polymer clad devices: This is carried out by a low temperature HD-
PCVD technique to retain the polymer functionality. The deposited dielectric
layer prevents oxygen diffusion into the polymer thereby ensuring robust perfor-
mance of the polymer cladding. Stiffer dielectrics also improve the mechanical

stability of the polymer-dielectric bi-layer stacks.

6. Thin photosensitive layer of AsyS3 enables visible light trimming for fabrication
tolerances: Athermal behavior requires that the thickness of As,S3 inter-clad is
of the order of 10’s of nanometers to ensure mode expansion into the polymer
over-cladding. This work shows that the photo-sensitive behavior is enhanced
for thickness values that are less than the absorption length due to uniform
absorption of the entire film. Further, the annealing of As,S3 densifies the film
towards equilibrium stoichiometry (thereby eliminating the red-shift) and locks
the photo-sensitive response to one trimming direction. The photo-volume ex-
pansion of As,S3 under visible light illumination decreases its refractive index.
Furthermore, the optimization of AsySs thickness is desired to retain the ather-

mal behavior after resonance trimming.

7. The high power handling capacity of athermal rings outweighs its low FSR
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thereby enabling higher aggregate bandwidth compared to conventional rings:
Positive-negative TO composite structure is not influenced by thermal effects
induced at high launch powers. This combined with superior bending per-
formance of the athermal slotted cross-section is shown to have the highest

aggregate bandwith density.

10.2 Future work

10.2.1 Design of athermal higher order filters

Higher order ring filters are preferred for DWDM application due to their flat pass
band and steeper roll-off (Section . For a given effective TO coefficient of the
waveguide and a given transmission loss and radius of the rings, the resonance wave-
length of both 1st order and 2nd order filters (mid-point of the pass band) shift by
the same extent (Fig. (10-1)). However, 2nd order ring has a flatter and broader
pass band, which could be more robust to small temperature fluctuations as opposed
to the first order filters. For instance, if a 2nd order filter is designed to have a

0.04 nm pass band (Fig. (10-2)), it provides the desired transmission behavior over

Pass bandwidth (in nm)
TO resonance shift (in nm/K)

a wider temperature range (AT (in K) = ) as opposed to a
single ring filter that has a much smaller pass-band. The next step would involve

fabrication of athermal higher-order filters and validation of the simulation results.

The passive athermal design rule involves expanding the mode into the cladding,
thereby constraining the minimum achievable bending radius (or the maximum FSR)
due to a large bending loss at low radius. Bending loss simulations (Fig. (9-2))
indicate that the maximum achievable FSR is around 16 nm for an athermal first-
order ring filter (channel cross-section). It is desirable to design filters with an FSR
of around 30 nm for DWDM applications with large channel counts (32/64). The
vernier effect in higher-order filters can be leveraged to address the FSR limitation of

an athermal first-order filter.

141



Slope: 0.82 pm/K

* 2nd order
1st order

I I I I I I I I I ]
1537 720 50 60 70 80 20 100

40
Temperature C C)

Figure 10-1: The simulated resonance shift of a 1st order and 2nd order filters with
the same effective TO coefficient, loss and ring radii. The effective TO resonance
shift is the same in both cases ruling out any unexpected effects arising due to higher
order behavior in second order ring.
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Figure 10-2: The simulated transmission spectrum of 1st and 2nd order filters (with
the same effective TO) at 2 different temperatures (25°C and 125°C) shows the pos-
sibility of robust performance of 2nd order filters to small temperature fluctuations

due to wider pass band. The Tolerable temperature fluctuation (AT (in K)) is given
b Pass bandwidth (in nm)
Y TO resonance shift (in nm/K)
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Athermal vernier filters

al b1

—— —

t1,k1
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Figure 10-3: Schematic of a vernier filter configuration with 2 coupled rings of different
radii (rl and r2). Owing to different radii, both the rings have different FSR. The
resonance of such a double-ring configuration is satisfied only when a given wavelength
satisfies the resonance in both the rings.

The passive athermal design employed in this thesis can be extended to design
athermal vernier filters. A vernier filter in an all-pass configuration consists of 2
coupled rings of different radii that get information from an input bus waveguide (Fig.
(10-3])). Owing to different radii, both the rings have different FSR. The resonance
of such a double-ring configuration is satisfied only when a given wavelength satisfies
the resonance in both the rings. Hence, the resultant F'S R, ¢ nier Of the vernier filter
is given by F'SRyernier = m-FSRy = n- F SR, [132], where m and n are integers. So,
it is possible to leverage the interference effects of a coupled ring system to address
the FSR limitation of an athermal single ring filter.

The design approach involves starting with two rings of comparable radii (r1=6
pum, 2= 6.25 pm). An asymmetry in the coupling conditions of the 2 rings (Fig.
3)) requires r2 to be slightly different from rl to ensure resonance matching between

the rings. Considering the same loss in both the rings (ol = a2 = 5 dB/cm, the
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vernier filter system can be analyzed in a manner similar to the scattering matrix
approach described in section (3.1.1)) assuming k1=0.09 and k2=0.03 (Fig. ((10-3))).
The transmission spectrum of such a system has an FSR of 17.8 nm (Fig. (10-4))).

1 LY A W R
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02k l Ratio (ACRR) =4.95 dB :
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Figure 10-4: Transmission of a double ring system in an all-pass configuration where
rl= 6 pm, r2= 6.25 pm, k1= 0.09, k2= 0.03 and transmission loss of both the rings,
al = a2 equals 5 dB/cm.

Considering DWDM applications where the desired FSR is 30 nm, having a trans-
mission peak at 1530.6 nm (Fig. (10-4)) can result in unwanted filtering (cross-talk)
of adjacent channels by the add-drop filter. This cross-talk can be quantified by Ad-
jacent Channel Rejection Ratio (ACRR in dB) defined as 10 log(%), where Pi530.6
and P50 are the powers transmitted at 1530.6 nm and 1512.8 nm respectively.
The current design has an ACRR of 4.95 dB. The first step involves increasing the
transmission (suppressing the resonance) at 1530.6 nm thereby increasing the ACRR.
This involves optimization of r2. The transmission at 1530.6 nm increases with r2
and saturates at 0.8 for r2 = 11.6 pm (Fig. (10-5))). However, beyond 11.6 um, the
ACRR decreases drastically thereby fixing the optimum r2 at 11.6 pm (Fig. ([10-6)).

The maximum ACRR is still around 8.6 dB for r2 = 11.6 um (Fig. (10-6))).
The next step involves maximizing the ACRR by optimizing the ring-bus coupling
coefficient (k1) and ring-ring coupling coefficient (k2) (Fig. (10-3))). Pis306 reaches
a peak of 0.9622 at k2=0.025 for various values of k1 (Fig. (10-7))). Though Pis530.6
increases beyond k2=0.04 and saturates at 0.99 beyond k2=0.08, we choose k2=0.025
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Figure 10-5: Power transmission at 1530.6 nm increases with r2 and saturates at 0.8
for r2=11.6 pum.
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Figure 10-6: ACRR increases with r2 and reacheas a maximum at 9.3 dB for r2=11.2
pm before decreasing for any further increase of r2.
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as the optimum value as it corresponds to a lower coupling loss (lower k corresponds
to a lower coupling loss and a higher Q factor of the ring). Finally, the optimum k1
is found to be 0.065 (Fig. for an optimized r2=11.6 gm and k2=0.025, where
the ACRR reaches a maximum value of 25 dB.
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Figure 10-7: Transmission at 1530.6 nm reaches a peak of 0.9622 for k2=0.025 for
various values of k1. It decreases beyond k2=0.025 before increasing around k2=0.04
and saturating beyond 0.08 at a power transmission of 0.99.
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Figure 10-8: ACRR reaches a maximum of 25 dB for k1=0.065, k2=0.025 and r2=11.6
.

The ACRR variation with r2 (Fig. (10-9))) reveals that the maximum value is 25
dB for r2 = 11.6 pm. As a consequence of the high ACRR (25 dB), the FSR of the
new design is found to be around 36.2 nm (Fig. (10-10))). The realized FSR is higher
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than the desired value of 30 nm. The final parameters of the optimum vernier filter

can be listed as:
1. r2: 11.6 pm
2. k1: 0.065
3. k2: 0.025
4. ACRR: 25 dB
5. FSR: 36.2 nm

The future direction involves fabrication of the proposed vernier filters and validat-
ing the improved FSR performance of athermal vernier filters. This thesis concludes
with the proposal of another possible future direction involving athermal all-optical

orthogonal frequency division multiplexing.

10.2.2 Athermal all-optical orthogonal frequency division mul-
tiplexing
All-optical OFDM receiver

An all-optical orthogonal frequency division multiplexing (AO-OFDM) has been pro-
posed as an attractive solution to overcome the speed limitations of electronic dig-
ital signal processing (DSP) based fast fourier transform/inverse fast fourier trans-
form (FFT/IFFT) [133,/134]. An all-optical discrete fourier transform (DFT) (Fig.
(10-11(a))) can be performed by integrated passive optical components with an ap-
propriate temporal delay and phase shifters. AO-OFDM receivers based on NxN
multi-mode interference (MMI) splitters (Fig. (10-11(b)])) coupled with delay lines
and phase shifters [133], arrayed waveguide gratings (AWG) [134], asymmetric Mach-
Zehnder interferometers (AMZI) [135,/136] and two-stage cascaded AMZIs [137] have
been demonstrated. All the proposed devices require careful design of the optical de-

lay lines and the phase shifters to achieve the desired FFT operation. This includes
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Figure 10-9: ACRR variation with r2 confirms the optimized vernier filter design
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Figure 10-10: Transmission spectrum of optimized vernier filter in all-pass configura-
tion where r2=11.6 pym, k1=0.065, k2=0.025. Final ACRR is 25 dB and FSR is 36.2
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robust performance under temperature fluctuations that can alter the optical path
length of the receiver circuit. For instance, an increase in the temperature increases
the index of array waveguide and the slab region thereby altering the phase shift
response in addition to limiting the channel spacing of the AWG based AO-OFDM
receiver in [134]. Similarly, the design of NxN MMI splitters (Fig. (10-11(b)|)) for
simultaneous demultiplexing of N subcarriers in [133] requires port dependent phase
change to get the desired frequency response at the output ports. Even though the
MMI splitter is not as sensitive as a ring resonator to temperature changes since the
MMI operates based on the interference between the modes, the design rule calls for
a definite phase relation at the input ports. Any temperature change affects all the
optical delay lines by the same extent thereby preserving the relative temporal delay
among different paths. However, the operation of TO phase shifters might have to
change dynamically to account for the TO induced variations in temporal delay in
each arm to maintain the desired phase relation at the input port of the NxN MMI.
Further, the footprint associated with the TO phase shifters limit the density of inte-
gration. We propose an athermal NxN MMI splitter based AO-OFDM receiver with

athermal optical delay lines that would be robust to temperature fluctuations.

VOA =

i=1
o L. DS [

i=N——
(a) (b)

Figure 10-11: [10-11(a)| Schematic of all-optical DFT circuit (reproduced from [133]).
10-11(b)| Schematic of NxN MMI (reproduced from [133]).

Athermal NxN MMI splitter based AO-OFDM

The proposed passive athermal solution is an extension of this thesis work based on
polymer claddings with a negative TO coefficient. The silica core choice has an inher-
ent advantage of a low TO coefficient (1x107° K1) that provides a lot of freedom for

polymer choice whose TO coefficient can vary between —1x 104 K= - —4x107* K L.
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For instance, polymers based on fluorinated polyimide or perfluorocyclobutyl (PFCB)
aryl ether polymers with high decomposition temperatures (around 400 - 450°C) can
be chosen to be compatible with CMOS back-end process flow. The athermal oper-
ation of the optical delay lines ensures a stable temporal relation between the input
ports of an NxN MMI splitter. However, FF'T requires the addition of a phase shifter
in each delay line to induce a desired phase shift to maintain the phase relation at
the input port of the MMI splitter. Athermal design rules out the possibility of a TO
phase shifter and invokes the need for an alternative phase shifter design. We propose

following solutions from material and design perspectives to overcome this problem:

1. Material solution: As mentioned above, the passive thermal compensation of
silica based core can be realized by most polymer materials. The requirement
of phase modulation and athermal operation motivates the need for an electro-
optic (EO) polymer cladding with sufficient TO coefficient (< —1 x 107> K~1).
Both these requirements can be met by poling the polymer cladding locally
with non-linear optic (NLO) chromophores. Successful incorporation of NLO
chromophores in a high T, polyimide host has been demonstrated to exhibit
EO effect with long term stability at high temperatures [56]. The scattering
loss associated with such a composite has been minimized by controlling the
homogeneity of chromophore dispersion before and after the poling. Hence,
while optical delay lines with polyimide cladding are athermal, EO based phase
shifters can be realized locally by poling polyimide with NLO chromophores. It
is important to understand that the athermal requirement fixes the confinement
factor in the silica core and the polymer cladding. So, the magnitude of EO
based phase shift is limited by the extent of light in the polymer cladding.
However, this limitation can be overcome by extending the length of such a
modulator. A similar approach is also possible with PFCB as the host polymer
for NLO chromophores. Finally, the trimming of such devices for fabrication

variation can be carried out by UV curing of the polymer layer.

2. Design solution: Alternatively, a silica based ring coupled to each delay line
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fulfils the requirement of phase shifting. The ring parameters can be chosen
based on the desired phase shift in each delay line. Further, the dispersion
associated with the phase shift in each delay line can be tailored by choosing
a cascaded ring system. Also, it is important to realize that the TO response
of the ring is influenced by the waveguide dispersion. However, the athermal
operation of silica waveguides is achieved for fairly large waveguide dimensions
(due to the low TO coefficient of silica) where the dispersion of the TO response
might not be significant over the wavelength range of interest. Finally, the FSR
of the ring is determined by the radius which is limited by the bending loss of the
silica ring. However, an alternative design scheme involving slotted rings can
overcome this limitation. Further, the resonance variation due to the fabrication
tolerance of the rings can be trimmed by UV curing of polymer cladding (most of
the polymer materials are sensitive to UV radiation). Finally, one can envision
simultaneous demultiplexing and phase modulation using rings thereby ruling

out the need for MMI based demultiplexing.

Athermal AO-OFDM transmitter

At the transmitter side, the main optical components of AO-OFDM are laser source

and modulator.

1. Athermal laser source: Increasing the temperature of a laser material decreases
its band gap thereby shifting the central wavelength of the gain spectrum to
longer wavelengths. Conventionally, a laser source is maintained at a constant
temperature using a thermo-electric cooler to overcome this limitation. How-
ever, an on-chip WDM laser based of germanium is desired to have a stable
emission wavelength spectrum without a lot of control overhead. The passive so-
lution to temperature dependent material gain spectrum involves mode-locking
the laser output by a suitable cavity design resulting in a frequency comb gen-
eration [37]. The octave spanning frequency comb spectrum using silica based
toroidal resonators and silicon nitride based micro-resonators utilizing optical

parametric oscillation have been demonstrated [37]. Also, the TO coefficients
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of both silica and silicon nitride can alter the emission wavelength spectrum
with varying temperature depending on the device’s resonance. Our proposed
passive athermal solution can be extended to frequency comb generation us-
ing silica/silicon nitride based resonators. Thus a stable emission spectrum is
maintained at all temperatures when a continuous laser source (germanium) is
amplified (Optical amplifier) and transmitted through an athermal silica/silicon
nitride resonator that creates a temperature independent frequency comb. The
low confinement requirement of athermal design is not a concern for the comb
generation as the resonators have large bending radii to meet the desired high
Q and low FSR of the comb. However, the bandwidth of the frequency comb
is limited by the dispersion of the cavity. Hence, the dispersion compensated
resonator design is desired to increase the bandwidth. Additionally, the disper-
sion compensation solution should be consistent with the desired cross-section
for athermal behavior. Finally, the design solution should also address the dis-
persion of the TO response of the ring. Solutions involving cascaded rings can
provide more controlling parameters while optimizing the dispersion character-

istics of such a system.

. Athermal modulators: Lastly, the need for athermal operation of active devices
like modulators becomes extremely relevant while considering ring modulators
whose spectrum changes with temperature. The aforementioned material de-
sign solution can be extended for a silica core based EO ring modulator with
NLO chromophore poled polyimide cladding. On the other hand, athermal sili-
con based EO ring modulators might require reactive ion etching (RIE) through
the polymer cladding layer and electro-less deposition of copper vias (low tem-
perature deposition) to create a metal contact with Si core. This requires care-
ful selection of polymer cladding and optimization of processing techniques for

polymer etching and metal deposition techniques.
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