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Abstract

This doctoral dissertation focuses on fabrication processes for integrated photonic
devices based on III-V semiconductors. This work covers a range of III-V materials
and a variety of devices. Initially, design, fabrication and optical characterization
of aluminum gallium arsenide (AlGaAs) waveguides for enhanced optical nonlin-
ear interactions was carried out. Based on our results, we proposed a new type of
waveguide for AlGaAs integrated nonlinear optics. Photonic crystal nanocavities
and waveguides are attractive components for integrated photonic devices, due to
their control over spatial, spectral and dispersion properties of light. Fabrication pro-
cess for high-Q GaAs photonic crystal nanocavities was developed. Design, fabrica-
tion and optical characterization of strip-loaded indium gallium arsenide phosphide
(InGaAsP) waveguides were then carried out to demonstrate the potential of Qua-
ternary III-V semiconductors for integrated nonlinear optics. Self-phase modulation
and four-wave mixing were demonstrated in InGaAsP waveguides and nonlinear
absorption was determined experimentally. Gallium nitride (GaN), due to its wide
band-gap, has plethora of photonics and optoelectronics applications. First demon-
stration of GaN waveguides grown on (-201) β-Ga2O3 (gallium oxide) was carried
out leading to an experimentally determined propagation loss of 7.5 dB/cm. In sum-
mary, this doctoral work presents repeatable and reliable micro and nanofabrication
processes for III-V integrated photonic devices.
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Chapter 1

Introduction

1.1 Integrated photonics

Photonics, also referred to as optics, is the science and engineering of generation,
control and detection of photons for applications; such as manufacturing, medi-
cal imaging, next-generation displays, defense technologies, biometric security, bio-
sensing, image processing, lighting, communications, data storage, astronomy, quan-
tum computing and many more [1–10]. Some of these photonic applications have
already been commercialized; however, a vast majority still await the big leap from
research labs to market, as a commercial product. The biggest hindrance in commer-
cialization of many photonic applications is the cost, complexity and scale of optical
components. Integrated photonics can solve these issues, as photonic integrated de-
vices are compact, robust, economical and scalable. Figure 1.1 shows a comparison
of the dimensions of a setup on an optical table, against a photonic integrated circuit
(PIC) on a chip.

Figure 1.1: Size scale comparison of optical table setup (reproduced
from nanohmics Inc. ) and a photonic integrated chip (reproduced
from M. Soltani, et. al., Nat. Nanotechnol. 9, 448–52 .(2014))

Integrated photonic devices have been demonstrated on a variety of material
platforms, such as semiconductors, oxides and polymers [11–16]. However, semi-
conductors for PIC can be commercialized more readily, due to their compatibility
with existing CMOS fabrication processes, to make use of foundries that are already
established for mass production of electronic devices. This has stimulated research
interest in integrated photonics using silicon, silicon nitride and III-V compound
semiconductors (comprising elements from Group III and Group V of the Periodic

https://www.nanohmics.com/facilities
http://www.nature.com/nnano/journal/v9/n6/abs/nnano.2014.79.html
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Table) such as gallium arsenide (GaAs), aluminum gallium arsenide (AlGaAs), in-
dium phosphide (InP), gallium nitride (GaN), indium gallium arsenide phosphide
(InGaAsP) and others [17–20].

A variety of photonic devices have been demonstrated in integrated systems
over past few decades, by a large number of academic and industrial research groups
engaged in this growing research field. Waveguides, tapers, mode converters, grat-
ing couplers, interferometers, ring resonators, photonic crystal waveguides, pho-
tonic crystal nanocavities, semiconductor lasers, optical detectors, quantum well-
quantum dot emitters, heralded single photon sources, and many more photonic
functionalities have been demonstrated in a wide variety of integrated devices based
on silicon, silicon nitride, GaAs, InP and others [10, 16, 18, 20–31]. Present work fo-
cuses on III-V integrated photonic devices, owing to some of their key advantages
over other competing semiconductor materials.

1.2 III-V integrated photonics

1.2.1 Direct band-gap

The electronic band-gap of a semiconductor is either direct or indirect. The lowest
energy state in the conduction band and the highest energy state in the valence band
are each characterized by a certain crystal momentum (k-vector) in the Brillouin
zone [32]. If the k-vectors at conduction band minima and valence band maxima
are the same, it is called a direct band-gap, else an indirect band-gap semiconduc-
tor. Direct band-gap semiconductors can produce light more efficiently than indirect
band-gap, using the process of radiative recombination, where an electron from the
conduction band annihilates with a hole in the valence band while radiating excess
energy in the form of a photon [32].

Direct band-gap semiconductors support efficient radiative recombination as the
electrons near the conduction band minima have a k-vector similar to the holes near
the top of the valence band maxima. Having same momentum, the radiative recom-
bination in a direct band-gap semiconductor is a two-body problem. In contrary, this
is not the case for indirect band-gap semiconductors, hence for radiative recombina-
tion to occur the process must conserve momentum by the absorption or emission
of a phonon, where the phonon momentum balances the difference in momentum
between the electron and the hole momentum. This makes radiative recombina-
tion a three-body problem for indirect band-gap semiconductors, consequently less
likely to occur in a given time, hence radiative recombination is far slower in indirect
band-gap materials as compared to direct band-gap ones [32]. Applications that re-
quire rapid radiative recombination, such as LEDs (light emitting diodes) and laser
diodes, are based on direct band-gap semiconductors. Figure 1.2 shows a schematic
of a radiative recombination in a direct and indirect band-gap semiconductor.

1.2.2 Material platform for integrated photonics: III-V semiconductors or
silicon

III-V semiconductors have multiple advantages over silicon and its compounds as
a material of choice for integrated photonics. Being direct band-gap semiconduc-
tors, III-V semiconductors lase efficiently as compared to silicon and its compounds,
which have indirect band-gap [32]. These materials are compatible with CMOS fab-
rication, and commercial foundries are already in place for III-V LEDs and laser
diodes. Ternary and quaternary III-V semiconductors further allow for control of
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Figure 1.2: Schematic showing radiative recombination in direct and
indirect band-gap semiconductors. For conservation of momentum,
a phonon is also involved in case of indirect band-gap, resulting in
lower probability of radiative recombination.

both band-gap and refractive index by varying material composition [33, 34]. III-V
semiconductors can also be used for creating quantum wells and quantum dots, un-
like silicon and its compounds. Quantum dots and quantum wells have been shown
to have useful applications in optical emitters, solar cells, biosensing, etc. [35–37].

1.2.3 III-V integrated photonic devices

III-V semiconductors can be used to have sources, detectors and optical signal pro-
cessing components, all on a single chip. Such monolithic integration can make mass
production of integrated photonic devices a reality [38]. The competing technology
is silicon photonics, which still lacks efficient emitters of light, hence currently, sili-
con photonic integrated chips use a III-V laser that is bonded onto the chip [39]. Such
hybrid fabrication scheme is not suited for large scale production, and accuracy of
bonding alignment can also reduce product yield.

III-V integrated devices have been used to demonstrate a variety of photonic
components such as sources, detectors, modulators, interferometers, resonators, fil-
ters, couplers and various nonlinear optical phenomena such as self-phase modula-
tion, second harmonic generation, four-wave mixing etc. [21, 34, 40–43]. Due to a
large number of different III-V compounds as well as device requirements, a variety
of fabrication processes have been used for such devices in literature. This makes
III-V fabrication much more challenging than more standardized fabrication pro-
cesses, such as those used for silicon. In this work a variety of fabrication processes
for III-V semiconductor based waveguides and photonic crystals were developed.
Repeatable and reliable fabrication processes were established during this doctoral
thesis work, that will enable further investigations of linear and nonlinear optical
properties of III-V integrated devices.

1.3 Fabrication of integrated III-V photonic devices

In this work, a variety of top-down fabrication processes have been developed.
Apart from the growth of the semiconductor wafer, fabrication of III-V integrated
photonic devices can be divided in up to three stages. First step is to pattern the
semiconductor with the device layout, termed as lithography. Once pattern is ready,
next step is to transfer this pattern into the semiconductor, this is accomplished by
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etching. If needed, a third and final step of post-processing can be used for reducing
etching roughness and/or passivation of top surface.

1.3.1 Electron beam lithography

Optical and electron beam (E-beam) are the most commonly used types of lithog-
raphy; other less known but experimentally demonstrated lithography techniques
include interference lithography, X-ray lithography, nanoimprint lithography and
scanning probe lithography. In this work, E-beam lithography is used for initial pat-
terning of all the devices. Both positive and negative E-beam resists have been used
in this work. Figure 1.3 shows a schematic of patterning process using positive and
negative E-beam resists.

Figure 1.3: Schematic showing the difference between positive and
negative E-beam resists. For positive E-beam resist, exposed area is
removed, whereas in case of negative E-beam resist, unexposed area
is removed.

E-beam lithography simply consists of scanning a beam of electrons over a sur-
face coated with resist film sensitive to electrons, hence depositing energy in the
desired pattern, resulting in transfer of the pattern to the resist film. Figure 1.4,
reproduced from Thompson et al. shows a simplified schematic of an E-beam lithog-
raphy system [44]. Electrons are generated by thermionic emission and controlled
using deflection coils. Whole chamber is under high vacuum, resulting in long mean
free path for generated electrons. A computer is used to transfer the pattern data—
as defined in the E-beam computer-aided design (CAD)—into the E-Beam resist, by
controlling electron beam via deflection coils and the stage using mechanical drive.
E-beam lithography systems are capable of very high resolutions with minimum fea-
ture size of a few nm, but suffer from low throughput, as it is a sequential patterning
process. Whereas photolithography systems have high throughput, but lower reso-
lution and are preferred for commercial production.

Hard mask was required for some devices in this thesis work, hence E-beam
was first used to pattern silica, which was subsequently used as the mask to etch
pattern into underlying semiconductor. Three different E-beam systems were used
in this work, namely, 100 keV Vistec VB6 system at LMN (INRS, Quebec), 100 keV
Jeol 9500 system at CNF (Cornell, New York) and 30 keV Raith Pioneer system at
CRPuO (University of Ottawa, Ontario). For each fabrication process, first an E-
beam recipe was developed: determining spin conditions for E-beam resist, clearing

http://inf.emt.inrs.ca/?q=en/File_01
http://www.cnf.cornell.edu/cnf5_tool.taf?_function=detail&eq_id=188&gtitle=ELECTRON-BEAM%20LITHOGRAPHY&area=ELECTRON-BEAM%20LITHOGRAPHY&cacName=JEOL%209500&labUser=1&_UserReference=..
http://www.cnf.cornell.edu/cnf5_tool.taf?_function=detail&eq_id=188&gtitle=ELECTRON-BEAM%20LITHOGRAPHY&area=ELECTRON-BEAM%20LITHOGRAPHY&cacName=JEOL%209500&labUser=1&_UserReference=..
https://photonics.uottawa.ca/en/facilities/sem-electron-beam-lithography-raith-pioneer
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Figure 1.4: Simplified schematic of an E-beam lithography sys-
tem [44].

dose and proximity effect correction, and development process, followed by creation
of E-beam patterning CAD files of the intended pattern.

1.3.2 Etching

Once patterned with E-beam, next step is to transfer this pattern into the underlying
semiconductor by etching, a term used for removal of excess material in a top-down
fabrication process, so as to end up with the intended device structure. Etching
can be divided into wet chemical etching and dry etching. Wet chemical etching is
generally isotropic, i.e. etches equally in all directions, hence not suitable for struc-
tures such as ridges or holes with near-vertical sidewalls. Plasma etching is the most
commonly used dry etching process. It can achieve near-vertical etched-facets, and
hence was used for all the devices in this work. Figure 1.5 shows the difference
between wet-chemical etching and plasma etching.

Figure 1.5: Schematic showing wet-etching results in an isotropic
etching, whereas plasma etching is more directional, resulting in
anisotropic etching.

Plasma Etching

Plasma is defined as the fourth state of matter, similar to a gas. It contains equal
number of positive and negative charges; radicals, neutral gas atoms, neutral gas
molecules and photons emitted by excited species. Electrons constitute most of the
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negative species while positive ions form the positive species in the plasma. The
number of electrons is equal to the number of positive ions, hence, plasma is elec-
trically neutral overall [45]. Plasma can be created by applying an external electric
field, strong enough to impart enough energy to bounded electrons in the gaseous
atoms so that they can break free. These free electrons collide with other gas species
resulting in ionization (ions are formed by removing an electron on collision with
the atom or molecule), excitation (results in an excited electron within the atom, it
then relaxes by emitting a photon) or fragmentation (breakup of gas molecule into
radicals or smaller molecules). To give an example of the possible interactions of an
electron with different species, Table 1.1 reproduced from Hays et al. shows some
key reactions within the plasma that comprises of carbon tetrafluoride (also called
tetrafluoromethane), oxygen and argon gases [45].

Table 1.1: Key reactions in argon-oxygen-carbon tetrafluoride
plasma. Similar reactions happen in plasmas based on a different gas
composition [45].

Reaction Example
Positive ionization Ar + e −→ Ar+ + 2e

O2 + e −→ O+
2 + 2e

Dissociative ionization CF4 + e −→ CF+
3 + F + 2e

Fragmentation CF3Cl + e −→ CF3 ++Cle−

C2F6 + e −→ 2CF3 + e
Dissociative attachment CF4 + e −→ CF+

3 + F−

Dissociative ionization with attachment CF4 + e −→ CF3 ++F− + e
Excitation O2 + e −→ O∗2 ++e−

Photoemission O∗2 −→ O2 + hν

O∗2 is the excited state of O2

Etching mechanisms in plasma etching

Plasma etching involves three etching mechanisms: sputtering, chemical etching
and ion-enhanced chemical etching. Figure 1.6 is a schematic showing the three
mechanisms of etching in a plasma etching process [46, 47]. Sputtering involves
only physical etching, i.e. material is removed using kinetic energy of ions that bom-
bard material surface. Chemical etching is very similar to wet etching, only differ-
ence being the use of gaseous form of reactants, involving radicals of plasma gases
used in the etching chemistry. Ion-enhanced chemical etching makes use of both
the ion bombardment and the chemical etching by gaseous radicals. Ion bombard-
ment weakens the chemical bonds of the material to be etched, hence enhancing the
subsequent chemical etching process [46, 47].

The proportion of physical and chemical etching in a plasma etching process
dictates which of the aforementioned etching mechanisms dominate. Sputtering is a
highly anisotropic etching process, however, due to ion-bombardment, it results in
roughness on the etched surface. Whereas chemical etching is primarily isotropic,
but the etched surface is much smoother as compared to sputtering. Ion-enhanced
chemical etching offers a middle ground between sputtering and chemical etching,
a well-balanced plasma etching recipe will primarily involve ion-enhanced chemi-
cal etching, resulting in an anisotropic etching process with bearable etched-surface
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Figure 1.6: Schematic showing etching mechanisms of plasma etch-
ing: sputtering, chemical etching and ion-enhanced chemical etching.

roughness. Current work involves systematic plasma etch recipe optimization re-
sulting in balanced etching recipes for AlGaAs, GaAs, GaN and InGaAsP integrated
photonic devices.

ICP-RIE system

There are a variety of plasma etching systems, classified based on how plasma is
generated and accelerated. In this work, three types of plasma etching systems were
used, namely, ECR (Electron cyclotron resonance etcher), RIE (Reactive ion etcher),
and ICP-RIE (Inductively Coupled plasma reactive ion etcher). However, ICP-RIE
system was the major work horse for etching during the course of the present work.

Figure 1.7 shows a simplified schematic of an ICP-RIE system. Gaseous reac-
tants enter the evacuated chamber through gas inlets on top of the reaction chamber.
Plasma is then generated in these gases by a coil driven by an RF source, also called
ICP generator. Generated plasma has a characteristic color, that depends on the
gas chemistry used for the etching recipe, e.g. the oxygen plasma has a pink color
whereas the chlorine plasma appears purple. Generated plasma is then accelerated
toward the substrate surface to be etched, by a second RF generator, called RIE or
Bias generator. Substrate is mounted on an electrode that is helium-cooled for dissi-
pating heat generated by plasma on the substrate.

The availability of two RF sources in an ICP-RIE system, one for plasma gener-
ation (ICP generator) and the other to control the bias between plasma and sample
(RIE or bias generator), effectively means that one has the luxury of controlling ion
density in the plasma independent of the ion energy, since ion energy is controlled by
a separate RF source. This makes ICP-RIE very attractive for semiconductor device
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Figure 1.7: Simplified schematic of an ICP-RIE system. Plasma is gen-
erated by ICP RF coil using gases in the etching chemistry. Generated
plasma is then accelerated toward helium cooled substrate by RIE
supply to begin plasma etching.

fabrication as it allows more control over the balance between chemical and phys-
ical etching. Hence, ICP-RIE systems were primarily used for most of the device
fabrication over the course of the present work.

1.3.3 Post-Processing

Due to physical etching induced by ion bombardment, plasma etching is known to
cause damage to semiconductor layer, resulting in higher roughness than wet chem-
ical etching [48]. A few published studies have shown that doing a wet-chemical
etching followed by plasma etching can considerably reduce etching roughness, thus
leading to better optical quality, and lower propagation losses [46, 48, 49]. Similarly,
some III-V semiconductors suffer from stoichiometric imbalance due to higher affin-
ity of some elements from their composition to oxygen, as compared to others. GaAs
is one such example: gallium forms oxides more readily than arsenide, so, when it
is exposed to the atmosphere, the purity of the crystal lattice is reduced, leading
to problems for both passive and active devices [46]. Passivation, another type of
post-processing, is employed to avoid such problems [46, 49]. In current work, we
have employed low etching rate wet-etching to reduce etching roughness of GaN
waveguides.

1.4 Thesis layout

Introductory chapter includes the motivation and background of this work, along
with the fundamentals of semiconductor device fabrication. From chapter 2 through
chapter 6, details of specific integrated photonic devices with complete description
of the fabrication process for each device is covered. Chapter 2 covers the design,
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fabrication and characterization of AlGaAs waveguides for enhanced nonlinear opti-
cal effects. Chapter 3 is focused on the fabrication of GaAs photonic crystal nanocav-
ities, designed for High-Q (high quality factor) and small mode volume for photon
polariton blockade, in collaboration with various research groups.

As a representative of quaternary semiconductors, design, fabrication and opti-
cal characterization of InGaAsP waveguides is presented in chapter 4, as a contender
for integrated nonlinear optics, specifically for longer wavelengths with applications
in spectroscopy. Chapter 5 is focused on the first demonstration of GaN waveguides
grown on (-201) β-Ga2O3 (gallium oxide), including the details of waveguide design,
wafer growth and complete fabrication process. Linear optical characterization re-
sults are also included in chapter 5. Optimized design for four-wave mixing is finally
presented, as a future direction for this project.

Chapter 6 provides a brief description of projects other than III-V integrated de-
vices, that were undertaken during the course of this doctoral thesis work. These
include fabrication of plasmonic devices for nanoantennas, slow-light in photonic
crystal waveguides for enhancing spectral sensitivity of an interferometer and post-
process wavelength tuning of silicon photonic crystal slow-light waveguides. Chap-
ter 7 provides a brief summary and conclusion, followed by appendix listing journal
publications, conference proceedings and conference presentations; resulting from
this doctoral thesis work.
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Chapter 2

AlGaAs waveguides for enhanced
nonlinear optical effects

2.1 Nonlinear optics

Nonlinear optics refers to the interaction of light with matter in the regime where the
material response to the applied electromagnetic field is nonlinear in the amplitude
of this field. Nonlinear optical phenomena are only measurable at high light intensi-
ties, whereas at low light intensities, the properties of materials remain independent
of the intensity of the incident light. Due to the requirement of high light intensity,
detailed studies of nonlinear optical effects were only possible after the advent of
lasers, beginning with the discovery of second-harmonic generation by Franken, et
al. in 1961. Lasers were used to experimentally study light-matter interaction in a
variety of material systems, leading to discovery of various nonlinear optical effects.

2.1.1 Light-matter interaction

Optical nonlinearity arises as a consequence of light-matter interaction. To precisely
describe nonlinear optical interactions, let us consider how the dipole moment per
unit volume, or polarization P̃(t) of a material system, depends on the applied opti-
cal field Ẽ(t). In the linear-optics regime, the material polarization depends linearly
on the field strength of the incident light. The relationship between the polarization
and the incident field strength is given by the equation

P̃(t) = ε0χ(1)Ẽ(t), (2.1)

where χ(1) is a proportionality constant known as the linear susceptibility, and ε0 is
the permittivity of free space. In the nonlinear optical regime, the optical response
of a material can be represented as a power series expansion of the polarization P̃(t)
with the strength of the applied optical field Ẽ(t):

P̃(t) = ε0 [χ
(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + · · · ]. (2.2)

Here χ(2) and χ(3) are the second- and third-order nonlinear optical susceptibilities,
respectively. So one can express the polarization as a sum of the linear and nonlinear
contributions,

P̃(t) = P̃(1) + P̃(2)(t) + P̃(3)(t) + · · · , (2.3)

where P̃(1)(t) represents linear polarization, and all higher-order terms (P̃(2)(t), P̃(3)(t),
etc.) are collectively called nonlinear polarization [50].
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2.1.2 Nonlinear optical phenomena

A variety of nonlinear optical phenomena have been demonstrated experimentally,
such as nonlinear optical absorption, self-phase modulation, second-harmonic gen-
eration, third-harmonic generation, cross-phase modulation, four-wave mixing and
sum-frequency generation among others.

Second-order nonlinear optical interactions (also called χ(2) processes) can oc-
cur only in noncentrosymmetric materials. Among these phenomena are the sum-
frequency generation, difference-frequency generation, optical parametric oscilla-
tion and second-harmonic generation. However, third-order nonlinear optical in-
teractions (also called χ(3) processes) can occur for both centrosymmetric and non-
centrosymmetric media. They include Kerr nonlinearities such as self-phase mod-
ulation, cross-phase modulation, four-wave mixing and third-harmonic generation
[50].

Third-order contribution to the nonlinear polarization is given by the relation-
ship

P̃(3)(t) = ε0χ(3)Ẽ3(t). (2.4)

If we consider the simple case of monochromatic applied field

Ẽ(t) = E cos ωt (2.5)

with the constant amplitude E , the third-order polarization can be rewritten in the
form

P̃(3)(t) =
1
4

ε0E3 cos 3ωt +
3
4

ε0χ(3)E3 cos ωt. (2.6)

Here we can see two manifestations of the third-order nonlinearity: the first term of
equation 2.6 represents third-harmonic generation, whereas the second term repre-
sents the nonlinear (intensity-dependent) contribution to the refractive index

n = n0 + n2 I. (2.7)

Here n2 is the Kerr coefficient, given by [50]

n2 =
3

2n0ε0c
χ(3). (2.8)

Four-wave mixing and its applications

Four-wave mixing (FWM) is a third-order nonlinear optical effect. It has numerous
applications, such as, e.g. wavelength conversion, all-optical signal processing and
generation of single photons [34, 51, 52]. Figure 2.1 (a) shows the energy diagram
for a degenerate four-wave mixing process, where two pump photons are absorbed
by the material resulting in the emission of an idler and a signal photon. Figure 2.1
(b) depicts the same process in frequency domain [50].

FWM is a parametric process: it requires the phase-matching condition to be
satisfied. Phase-matching condition refers to

∆k = 0, (2.9)

where ∆k, for the case of degenerate four-wave mixing [Figure 2.1 (c)], can be defined
as

∆k = 2kpump − ksignal − kidler, (2.10)
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Figure 2.1: (a) Energy level diagram representing degenerate four-
wave mixing, (b) Spectral representation of four-wave mixing and (c)
phase-matching requirement for four-wave mixing.

where kpump, ksignal and kidler, represent the wavevectors of pump, signal and idler,
respectively. Substitution of equation 2.9 and wavevectors in above equation results
in the phase-matching condition in the form of angular frequencies:

2
npumpωpump

c
=

nsignalωsignal

c
+

nidlerωidler

c
. (2.11)

Since the energy conservation holds, the phase-matching condition can be rewritten
as

2npump = nsignal + nidler. (2.12)

However, dispersion makes it impossible to achieve a perfect phase matching, since
the refractive indices npump, nsignal and nidler for the pump, signal and idler wave-
lengths, respectively, are different because of material dispersion (for the normal dis-
persion, the refractive index is an increasing function of frequency). Dispersion can
introduce walk-off between the interacting waves at different wavelengths propa-
gating through a medium, due to wavevector mismatch: ∆k becomes non-zero. This
walk-off reduces the efficiency of the FWM process. For efficient wavelength con-
version, ∆k has to be as small as possible, ideally zero [50].

Nonlinear parameter γ is the figure of merit for the third-order nonlinearity of a
material or device. γ is defined as

γ =
2πn2

Aeffλ0
, (2.13)

where Aeff is the effective mode area of the light propagating in the device and n2 is
the nonlinear refractive index as defined in equation 2.8. It is evident from equation
2.13, that third-order nonlinear optical processes, such as four-wave mixing, will be
maximized with high n2 and a low Aeff. Integrated optical waveguides provide the
advantage of highly confined optical mode, resulting in low Aeff. Such devices are
attractive for applications utilizing nonlinear optical processes, such as all-optical
wavelength conversion[51] and on-chip spectroscopy. These applications are a major
motivation for our research group’s work on III-V passive waveguides.
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Nonlinear absorption

Optical absorption is the process of absorption of a photon by atoms of the medium,
as the radiation propagates through the medium. The medium absorbs energy from
photon for inter or intra-band transitions. Thus for absorption to occur, the pho-
ton energy must be equal or greater than the energy-gap of such transitions. In the
process of nonlinear optical absorption, an atom makes a transition from its ground
state to an excited state by the simultaneous absorption of two or more photons [50,
53]. Two- and three-photon absorption processes are based on the simultaneous ab-
sorption of two and three photons, respectively, in a single event. Nonlinear absorp-
tion has some key applications in fluorescence microscopy and spectroscopy [54–
56]. However, nonlinear absorption reduces the efficiency of other nonlinear optical
effects such as second-harmonic generation or four-wave mixing, as it results in a
loss of the incident optical power. Therefore, both linear and nonlinear absorption
should be minimized for increasing the efficiency of a nonlinear optical process, such
as FWM.

2.2 AlGaAs waveguides for integrated nonlinear optics

III-V semiconductors hold promise for photonic integration, owing to their direct
band-gap and compatibility with CMOS processing. In addition, there is an abun-
dance of different III-V semiconductors with different band-gap wavelengths, rang-
ing from the near-UV (e.g., GaN and related compounds) to the near-IR (InP and
related compounds). This enables on-chip light sources operating at different wave-
lengths, further enhanced by the ternary and quaternary representatives of the class
III-V. Ternary and quaternary III-V semiconductors have the advantage of tuning
the band-gap wavelength, as well as adjusting the optical properties, such as the
refractive index and linear and nonlinear optical susceptibilities, over a range of val-
ues [57]. One can grow layers of varying composition, provided that they are lattice
matched, such that passive and active integrated optical devices can be fabricated
and operated on the same chip (monolithic integration) [33].

Ternary III-V semiconductors are alloys of three elements from the columns III
and V of the periodic table, such as, e.g., AlxGa1−xAs and InxGa1−xAs. One can
change the material composition of the ternary compounds by changing the con-
centrations of the pairs of elements represented by the composition variables x and
1− x. This leads to changes in the band-gap wavelength as well as refractive index
and other optical properties. Similarly, quaternary III-V semiconductors represent
alloys of four III-V elements, such as, e.g. InxGa1−xAsyP1−y. Quaternary composi-
tions allow for adjusting simultaneously the band-gap energy and the lattice con-
stant, due to the presence of two independent variables x and y. Vegard’s law [58]
enables one, to calculate unknown material parameter (the lattice constant or band-
gap energy) for a ternary or quaternary material as a function of composition vari-
able(s) x and y, using the corresponding binary alloy data. As an example, for a
ternary material AlxGa1−x As, band-gap energy EAlxGa1−x As can be interpolated as

EAlxGa1−xAs(x) = xEAlAs + (1− x)EGaAs, (2.14)

where EAlAs and EGaAs are the corresponding parameters of the binary compounds
AlAs (aluminum arsenide) and GaAs (gallium arsenide) [33, 59]. Quaternary semi-
conductors are discussed further in Chapter 4, where we present our work on
InxGa1−xAsyP1−y waveguides.
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AlGaAs waveguides have shown promise for applications in all-optical wave-
length conversion and all-optical signal processing [34, 51, 60]. Being a semicon-
ductor, AlGaAs is compatible with CMOS processing, hence, AlGaAs based inte-
grated optical devices can be scaled to accommodate for commercial volumes. Low
propagation optical losses and tailorable band-gap make it attractive for integrated
nonlinear optics. Aluminum galium arsenide (AlGaAs) is a ternary semiconductor
compound where the concentrations of aluminum (Al) and galium (Ga) can be ad-
justed based on the formula AlxGa1−xAs, such that they make 100% together (e.g.,
GaAs has 100% of Ga, while Al0.5Ga0.5As corresponds to 50% of Ga and 50% of Al).
Different AlxGa1−xAs compositions result in ternary compounds with different op-
tical properties as the composition affects the value of the energy gap. By a proper
selection of the material composition, it is possible to shift the energy gap in Al-
GaAs in such a way that two-photon absorption (TPA) can be made negligible for
the wavelength range centered around 1550 nm (the Telecom C-band wavelengths).
It has been shown in earlier studies [61] that the specific composition that allows one
to achieve this corresponds to Al0.18Ga0.82As.

2.2.1 Optical waveguides

Conduits of dielectric medium surrounded by media with lower refractive indices
form optical waveguides. The underlying principle for optical waveguides is total
internal reflection. One can distinguish between waveguide structures with one-
dimensional and two-dimensional confinement of light. Waveguide structures with
one-dimensional confinement are called planar waveguides, these are slabs of di-
electric conduits sandwiched between two cladding layers, as shown in Figure 2.2.
The diagram shows the propagation of light in a symmetric slab dielectric waveg-

Figure 2.2: Schematic of a symmetric slab dielectric waveguide de-
picting a guided mode bounded due to total internal reflection at the
boundary between the core and claddings with the refractive indices
n2 and n1, respectively.

uide using ray-optics representation. For the total internal reflection at the interfaces
between the core and claddings to occur, it is necessary that the refractive indices of
the core (n2) and the claddings (n1) satisfy n2 > n1. Then the light is transported
in the inner medium with the higher refractive index (commonly referred to as, the
core or the guiding layer), without escaping into the claddings. The slab dielectric
waveguide is called “symmetric” in case when the upper and lower claddings are
made of the same material and, consecutively, have equal refractive indices. Light
traverses waveguides in the form of optical modes, that maintain same transverse
distribution and polarization at all locations along the symmetric waveguide, due
to the self-consistency condition which requires that the wave reproduces itself after
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two consecutive reflections at the core-cladding interfaces. Fields that satisfy this
condition are solution of Maxwell’s equations that satisfy all the boundary condi-
tions, and called eigenmodes (in short, modes) of the optical waveguide [9].

Waveguide modes are discrete with respect to the values of the propagation con-
stants and the angles that the ray makes with respect to the propagation direction. If
a waveguide’s dimensions are relatively small with respect to a specific wavelength,
single-mode operation can be achieved, that allows only for the fundamental modes
to be supported by the waveguide. These modes can be further classified on the ba-
sis of the dominant polarization component into Transverse Electric (TE), Transverse
Magnetic (TM), and Transverse electromagnetic (TEM) modes. TE modes have the
electric field perpendicular to the direction of propagation, with a small component
of the magnetic field in the direction of the propagation. Similarly, for TM modes,
the magnetic field is perpendicular to the direction of propagation with a small com-
ponent of the electric field in the direction of the propagation. In the case of TEM
modes, both the electric and the magnetic field are perpendicular to the direction of
propagation [9].

Dielectric Optical waveguides can be classified into planar and channel waveg-
uides. Planar (also called slab) waveguides only confine light in the y-axis, while
channel waveguides confine light in the direction of both x and y axes, where z-
axis is the direction of propagation. Figure 2.2 shows schematic of a dielectric slab
waveguide, and figure 2.3 shows schematics of commonly used channel waveg-
uides, namely strip-loaded, strip, rib and embedded-strip waveguides [9].

Figure 2.3: Schematic showing commonly used types of channel
waveguides. Strip, embedded-strip, rib and strip-loaded waveguides
are shown where guiding layer is indicated with yellow color.

2.2.2 Group velocity dispersion in waveguides

Group velocity dispersion (GVD) is responsible for the temporal walk-off between
the interacting wavelengths that co-propagate through a medium. The larger the
spectral difference between the interacting wavelengths, the shorter the distance
they travel together in the nonlinear medium before getting separated in time. Hence,
for any parametric nonlinear optical process, the nonlinear conversion efficiency is
reduced due to GVD. Mathematically, GVD is defined as the second derivative of
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the propagation constant β with respect to the angular frequency:

β2 =
d2β

dω2 . (2.15)

Dispersion in an optical waveguide is composed of two contributions, namely:
the material dispersion and the waveguide dispersion. Material dispersion and the
corresponding parameters describing this contribution (the dispersion coefficient D
and GVD) are pre-defined and fixed for a specific material. Waveguide dispersion,
arising from the difference in the propagation constants of the guided wave in the
core and claddings, can be adjusted and even engineered through the design of the
waveguide geometry. If the waveguide core dimensions are larger than the wave-
length, the propagating mode interacts primarily with the core material and expe-
riences insignificant waveguide dispersion. The overall dispersion experienced by
the guided modes in such structures is primarily material [51].

When the dimensions of an optical waveguide are smaller than the wavelength
of light propagating through it, the mode penetrates significantly deeper with its
evanescent tails into the medium surrounding the guiding layer, hence the guided
mode “sees” both the core and a considerable portion of the cladding, making the
waveguide dispersion in such structures significant. In extreme cases, where the
surrounding medium has the refractive index significantly different from that of the
guiding layer (i.e., high index contrast, for example, in the case of the air and semi-
conductor material), the waveguide dispersion could compensate (or even over-
compensate) for the material dispersion [34]. In the range of values where GVD
is approaching zero, the walk-off is minimized, and larger wavelength separation
between the interacting waves is possible. This is necessary for widely tunable para-
metric nonlinear optical interactions, such as tunable four-wave mixing.

2.2.3 Designing III-V channel waveguides

The first step in designing III-V waveguides is to identify the composition of the
guiding layer. As mentioned earlier, we will be using Al0.18Ga0.82As as the core of
our waveguides, to nullify two-photon absorption at 1.55 µm. Next, the composition
of the cladding layers is to be selected, while keeping in mind the requirement that it
must have a lower refractive index than the core layer, and must be lattice-matched
for low-defect growth of the stack. The lattice mismatch between different layers of
a semiconductor structure could result in a poor-quality epitaxial growth, leading
to high defect density and, subsequently, low optical quality. Figure 2.4, reproduced
from Bett, et al. [62], shows a plot of lattice constant as a function of band-gap energy,
for various III-V binary compounds. Lattice is well-matched if the constituent binary
compounds, for a ternary compound, lie on a nearly vertical line on this plot. This
is true for AlAs and GaAs, hence, the two have good lattice matching for all com-
positions, i.e., for all values of x from 0 to 1, inclusive. Similarly, a lattice-matched
substrate is then selected. For AlGaAs, the semiconductor industry standard sub-
strate is GaAs; hence, was selected as the substrate for our wafer designs.

Once the wafer stack composition is fixed, the 2D waveguides can then be de-
signed, based on the design criteria. In this work, all the waveguide designs were
performed using eigenmode solver of Lumerical Mode Solutions, a commercial pho-
tonics design software. The waveguide dimensions are then further optimized—as
per the design criteria—by varying thickness of the stack layers, as well as the width
and etching depth of the waveguide. This is discussed further in subsequent sections
for each type of AlGaAs waveguides.
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Figure 2.4: Plot of crystal lattice constant as a function of band-gap
energy for commonly used binary III-V semiconductors, reproduced
from Bett, et al. [62].

2.2.4 Strip-loaded and nanowire AlGaAs waveguides for nonlinear op-
tics

All-optical wavelength conversion (AOWC) can be an important tool for all-optical
signal processing, which can lead to a realization of higher bandwidth links in opti-
cal networks. AlGaAs waveguides can make AOWC achievable through nonlinear
optical phenomena such as, e.g., FWM. A comprehensive study on FWM in AlGaAs
strip-loaded waveguides has been performed by Dolgaleva, et al. [51]. The character-
istic feature of strip-loaded waveguides is a relatively low refractive index contrast,
resulting in weakly guided modes that propagate in the core region, fully buried un-
derneath the upper cladding. The etching depth in such structures does not extend
beyond the interface between the upper cladding and the core. The guided modes
thus reside in the material and do not “see” much of surface roughness acquired
through the dry etching process. As the result, the propagation loss in strip-loaded
waveguides is relatively low, around 1 dB/cm in AlGaAs waveguides [51]. At the
same time, the relatively weak mode confinement results in relatively large values
of the effective mode area Aeff (see equation 2.16), around 4− 6 µm2, which leads to
a relatively low efficiency of the nonlinear optical processes in such structures. Since
there is no dispersion engineering in these structures, the material dispersion is the
dominant dispersion mechanism, making such waveguides suitable for FWM over
a small range of wavelengths. FWM in AlGaAs strip-loaded waveguides has been
demonstrated over a spectral range of 40 nm at most [51].

A more sophisticated nanofabrication procedure with an optimized dry etching
process enables more quality-sensitive waveguides with ultra compact dimensions,
namely, AlGaAs nanowires. These structures have a much higher refractive index
contrast as the required etching depth extends beyond the guiding layer into the
lower cladding, and the sidewalls of the guiding channel appear to be exposed to
the air. The resulting effective mode area are very small, Aeff < 1 µm2, leading to
higher efficiency of nonlinear optical interactions. At the same time, such structures
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can be dispersion-engineered to have zero-dispersion crossing point in the wave-
length range of interest, e.g., around 1550 nm, leading to a much wider FWM fre-
quency conversion range. However, such devices exhibit much higher propagation
losses, as the guided mode is largely exposed to the fabrication induced sidewall
roughness. A variety of nonlinear optical effects have been demonstrated in Al-
GaAs nanowires [34, 63, 64]. The demonstrated FWM tunability range was close to
100 nm, however reported propagation losses were greater than 1 dB/mm [34].

2.2.5 Proposed compromise: Half-core waveguides

In present work, we propose a new type of AlGaAs waveguide, as a compromise be-
tween strip-loaded and nanowire waveguides, such that it has advantage of either
waveguides i.e. small effective modal area and reasonable propagation loss. This
proposed design has the core half-etched, inspiring us to coin the term half-core
waveguide for this structure. Having half of the core exposed to the air leads to a
relatively strong mode confinement and, at the same time, relatively low propaga-
tion loss. Figure 2.5 shows the schematics of the three waveguide structures: strip-
loaded, nanowire and the proposed compromise, the half-core waveguides. The fig-

Figure 2.5: Schematic of strip-loaded, half-core and nanowire waveg-
uides, with their corresponding mode location.

ure also schematically shows the location of the guided mode in all three structures.
To experimentally investigate our hypothesis, optimized waveguides were designed
for each type of AlGaAs waveguide, fabricated and characterized, as detailed in the
subsequent sections of this chapter.

2.3 Optimized AlGaAs waveguide designs

For an experimental comparison of the three types of AlGaAs waveguides, design
optimization was performed for each waveguide, targeting enhanced nonlinear op-
tical interactions. Wafer composition, layer thickness, waveguide width and height
is parametrized for each type of waveguides. These parameters are then optimized
as per the design criteria, listed in next section. Lumerical Mode Solutions was used
to simulate the waveguide modes; the resulting Electromagnetic field distribution
for eigenmodes was used for computing the effective mode area Aeff for the funda-
mental modes. The expression for the effective mode area, provided by Lumerical,
is

Aeff =

[∫ ∞
−∞

∫ ∞
−∞ |E(x, y)|2 dx dy

]2∫ ∞
−∞

∫ ∞
−∞ |E(x, y)|4 dx dy

; (2.16)
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it matches the definition of the effective mode area for the third-order nonlinear
optical interactions, given in [51]. We have also extracted the values of the GVD (β2)
and the dispersion parameter D, given as

D = −2πc
λ2 β2. (2.17)

2.3.1 Design criteria

The design criteria used for the design optimization of the three types of AlGaAs
waveguides are as listed below:

• Lattice matching and two-photon absorption: As discussed earlier, we need to se-
lect a semiconductor composition for the waveguide fabrication in such a way
that it has all its layers lattice-matched to the substrate. The composition of
the guiding layer is already fixed as Al0.18Ga0.82 As, so as to have the photon
energy at 1.55 µm smaller than one-half of the band-gap energy.

• Single-mode operation: As per equation 2.13, the nonlinear coefficient can be
maximized by minimizing the effective mode area. The effective mode area
is minimum for the fundamental mode. Furthermore, multimode waveguides
can reduce efficiency of the nonlinear conversion process, if portion of the in-
cident optical power is coupled to higher modes. Hence, the designed waveg-
uides have to be single-mode, supporting the fundamental TE and/or TM
modes only.

• Enhancing optical intensity by minimizing Aeff: Apart from using fundamental
mode, one can also increase the refractive index contrast between the epitaxial
layers of the wafer to further reduce Aeff, by picking up the compositions of the
core and claddings (within the range of values allowed by lattice matching and
band-gap energy requirements). Furthermore, one can design the waveguide
geometry in a way that the effective mode area is as small as possible for a
given refractive index contrast, hence maximizing the intensity and enhancing
nonlinear optical interactions.

• Cut-off wavelength: Since these AlGaAs waveguides are designed for four-wave
mixing, having a broad operation wavelength range can provide suitable con-
ditions for broadly tunable FWM. These waveguides are designed to have
wavelength cut-off around 2 µm. Hence these waveguides can be used for
FWM wavelength conversion from 1.55 µm to 2 µm without suffering from
two-photon absorption.

• Dispersion management: FWM is a parametric process; hence, in order to achieve
a broad wavelength tuning range, one needs to make sure that the dispersion
is low and positive in the wavelength range of interest. That is why, fitting the
zero-dispersion point within this range would be beneficial. Dispersion engi-
neering is employed in the cases where high refractive index contrast is avail-
able to achieve zero GVD. This is possible to implement only in the nanowire
waveguide geometry.

2.3.2 Optimized strip-loaded waveguide

The strip-loaded waveguide was parametrized, as shown in figure 2.6, for the opti-
mization simulations. The core concentration of aluminum remained at 18%, while
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Figure 2.6: Schematic of parametrized strip-loaded waveguide,
showing the waveguide variables that can be altered for optimizing
the design.

the aluminum content in the upper and the lower claddings must be greater than
that in the core and less than or equal to 70%. Figure 2.7 shows the change in the
refractive index of AlGaAs with the variation of the aluminum concentration be-
tween 0 and 100% (x = 0 to 1 on the graph) for the wavelength 1.55 µm at room
temperature. It can be seen that, as aluminum concentration increases, the refractive

Figure 2.7: Plot of refractive index as a function of aluminum concen-
tration for AlxGa1−xAs at 1.55 µm at room temperature.

index decreases. Hence, using AlAs will give the highest refractive index contrast



2.3. Optimized AlGaAs waveguide designs 21

(between core and cladding layers) and the best mode confinement; however, alu-
minum is known to oxidize readily when its concentration in AlGaAs exceeds 70%.
To be on the safe side, we kept the maximum aluminum concentration in our design
at 65%. The material dispersion model for AlGaAs at various Al concentrations and
temperatures was adapted from experimental data reported by Gehrsitz, et al. [65].
The effect of the waveguide variables (shown in Figure 2.6) on the mode area is un-
derstood by sweeping one variable at a time and keeping other parameters fixed.
Simulations were carried out to optimize the waveguide design by minimizing Aeff
while maintaining single-mode operation for the operating wavelength range.

The optimization of strip-loaded AlGaAs waveguides began with looking at the
effect of the size of the lip, which is the thickness of the upper cladding that is not
etched away, as shown in figure 2.6. All other variables were kept constant, while
the lip size was varied. The effect of the lip size on Aeff can be seen in figure 2.8,
which shows that a decrease in the lip size results in a decrease of the mode area.
However, etching the upper cladding completely is expected to result in an increase

Figure 2.8: Plot of Aeff as a function of the lip size with all other vari-
ables kept constant, as listed in table 2.1.

of the propagation loss in the waveguide, therefore, a practically achievable lip size
of 100 nm was chosen while keeping in mind that well-controlled etching will be
required to fabricate this design, since there is no etch-stop—a material layer that
is chemically inert to the etching recipe, e.g., silica in case of silicon-on-silica wafers
acts as the etch-stop layer—in this case. The values used for variables, other than lip
size are listed in table 2.1.

The next critical parameter that is required to be minimized is the core thick-
ness. Intuitively, the smaller the waveguide core, the more confined the mode is,
resulting in low Aeff. However, to be able to achieve the minimum possible core
thickness without the loss of guidance, the refractive index contrast between the
core and claddings should be maximized. We were restricted to 400 nm core thick-
ness because any smaller core thickness results in mode cut-off for 2 µm wavelength.
Hence, the core thickness was fixed at 400 nm for the rest of the parameter optimiza-
tion.

The effect of the variation of the lower cladding thickness l on Aeff of the strip-
loaded waveguide was then simulated, the results are shown in figure 2.9 (a); the
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Table 2.1: Waveguide variable definitions and values, used for opti-
mizing lip size, as shown in figure 2.8.

Waveguide parameter value
u (Thickness of upper cladding) 0.7 µm

c (Thickness of core) 0.5 µm
l (Thickness of lower cladding) 4 µm

w (Waveguide width) 1.6 µm
lip (Unetched part of upper cladding) varied

e (Waveguide etching depth) varied, as lip is varied: e = u− lip
All (Aluminum concentration of lower cladding) 65 %
Alu (Aluminum concentration of upper cladding) 50 %

Figure 2.9: Strip-loaded waveguide optimization. (a) Aeff as a func-
tion of the lower cladding thickness. The values of other variables are
fixed as follows: u = 0.7 µm, c = 0.4 µm, lip = 0.1 µm, w = 1.6 µm,
Alu = 50% and All = 65%. (b) Aeff as a function of aluminum concen-
tration in the lower cladding. The values of other variables are fixed
as u = 0.7 µm, c = 0.4 µm, l = 4.0 µm, lip = 0.1 µm, w = 1.6 µm
and Alu = 50%. (c) Aeff as a function of the ridge height, where
ridge = u− lip, and the values of other variables fixed as c = 0.4 µm,
l = 4.0 µm, lip = 0.1 µm, w = 1.6 µm, All = 65% and Alu = 50%. (d)
Aeff as a function of aluminum concentration in the upper cladding;
the values of other variables are fixed: u = 1.0 µm, c = 0.4 µm,
l = 4.0 µm, lip = 0.1 µm, w = 1.6 µm and All = 65%.
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figure caption specifies the parameters used for other variables while l was varied.
It was clearly observed that the lower cladding thickness had no effect on the mode
area; however, the lower cladding thickness was fixed at 3 µm to ensure sufficient
thickness for the guided mode not to leak into the underlying GaAs substrate, which
has higher refractive index than the waveguide core layer. Similarly, the effect of
the aluminum concentration in the lower cladding All can be observed in figure
2.9 (b). It proves that the concentration of aluminum in the lower cladding has a
dramatic effect on the mode area of the waveguide. Therefore, the lower cladding
must be fabricated with the largest aluminum concentration. However, it is known
that aluminum readily oxidizes; hence, a maximum possible value of 65% was fixed
for the lower cladding of the strip-loaded waveguide.

To determine the right thickness for the upper cladding, we fixed the lip size at
the optimal value of 100 nm. As a result, the variations of the thickness of the upper
cladding were translated into the variations of the height of the ridge. The plot in
figure 2.9 (c) shows the effect of varying the ridge height (equal to u + lip) on Aeff.
An optimal value of around 900 nm was found, leading to u = 1 µm.

Figure 2.9 (d) shows the impact of Alu (the aluminum concentration in the upper
cladding) on Aeff. It is clear from the data that the aluminum concentration in the
upper cladding must be minimized in order to provide the smallest effective mode
area. However, it must be noted that as Alu is reduced to values closer to the alu-
minum concentration of the core layer, i.e. 18%, the mode starts shifting more into
the upper cladding. So in this case, minimum Aeff, is not the only criteria for the
selection of a suitable value for Alu. An Alu value that results in low Aeff, while
keeping the mode confined in the core layer, was to be selected. It was found that
the mode stays within the guiding layer for Alu higher than 30%, resulting in suffi-
cient refractive index contrast between the upper cladding and the guiding layer to
contain the mode within the latter. Based on the simulations, the desired aluminum
concentration in the upper cladding (for the core thickness 400 nm) was 35%.

Figure 2.10: Aeff of strip-loaded waveguide as a function of the
waveguide width, with other variables fixed at their optimal values,
as shown in figure 2.11.

We investigated the effect of the waveguide width on the effective mode area
while all other waveguide parameters were fixed at their optimum values. The result
is shown in figure 2.10. It can be seen from the plot that the effective mode area for
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Figure 2.11: Optimized waveguide parameters for the strip-loaded
AlGaAs waveguide.

both fundamental TM and TE modes reaches its minimum for the waveguide width
around 1 µm. Figure 2.11 shows the schematic of an optimized strip-loaded AlGaAs
waveguide. The simulated intensity distribution for the fundamental TE and TM
modes of the optimized strip-loaded waveguide at 1.55 µm and 2.0 µm are shown
in Figure 2.12. As mentioned earlier, in the design criteria, that we want to have

Figure 2.12: Simulated intensity distribution for the optimized strip-
loaded waveguide: (a) TM mode at 1.55 µm wavelength, (b) TM
mode at 1.55 µm wavelength, (c) TM mode at 2.0 µm wavelength and
(d) TM mode at 2.0 µm wavelength.

wide spectral tunability for our passive devices, hence, even though the design is
aimed for 1.55 µm, but we make sure that the cut-off wavelength is over 2.0 µm. The
designed waveguide had an effective mode area of around 1.1 µm2 for both TE and
TM modes at a wavelength of 1.55 µm.



2.3. Optimized AlGaAs waveguide designs 25

2.3.3 Optimized AlGaAs nanowires

Nanowire waveguides have ultracompact dimensions, which is only achievable by
etching deep into the lower cladding and exposing the core sidewalls to the sur-
rounding medium with a much lower refractive index (e.g., the air). Thus, we have
fixed the aluminum concentration in the core and both claddings at 18% and 65%,
respectively, to create the maximum practically achievable refractive index contrast,
leading to a strong mode confinement. Figure 2.13 shows the variable parameters for
the nanowire waveguide, namely: c (core thickness), u (upper cladding thickness),
l (lower cladding thickness), e (etching depth into lower cladding, i.e., how much
thickness of the lower cladding is etched away) and w (width of the waveguide).

Figure 2.13: Schematic of parametrized AlGaAs nanowire waveg-
uide, showing the waveguide variables that can be optimized in the
design.

The core thickness is an important design parameter of nanowire waveguide.
The effect of the core thickness variation on Aeff was investigated while keeping
other waveguide parameters fixed. The results are shown in figure 2.14 (a) where the
caption has the details of the values of the fixed parameters. The trend suggests that
the best mode confinement is achieved for the core thickness lying between 500 and
700 nm. Similarly, the effect of the variation in the upper cladding thickness has been
investigated while other parameters were fixed. The result is displayed in figure 2.14
(b) where Aeff is plotted as a function of the upper cladding thickness. It can be seen
from the plot that as upper cladding thickness is reduced, the Aeff seems to decrease
as well. This is expected, since, as we approach the case with no upper cladding
(u = 0), we have a higher refractive index contrast, as the top of the guiding layer
is exposed to air. However, for our design, we require an upper cladding to have
a symmetrical mode, this facilitates coupling light into these compact waveguides.
This mode symmetry can be achieved by having similar refractive index contrast
of the guiding layer with upper and lower claddings. We chose a value of 0.4 µm
as a suitable number for our design, as it provides the mode symmetry and is also
practical from the fabrication point of view, since deep plasma etching is known to
be very challenging.

The effect of the etching depth (into the lower cladding) on Aeff was then simu-
lated, as shown in figure 2.14 (c). It can be observed that an increase in the etching
depth reduces Aeff; however, the effect saturates around 0.8 µm, and 0.4 µm etching
depth can result in good confinement, while, at the same time, can be achievable
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Figure 2.14: Nanowire waveguide optimization: (a) Plot of Aeff as
a function of core thickness, values of other variables fixed as: u =
0.8 µm, l = 4.0 µm, e = 0.5 µm, w = 1.0 µm, (b) Plot of Aeff as a
function of thickness of the upper cladding, values of other variables
fixed as: e = 0.5 µm, c = 0.6 µm, l = 4.0 µm, w = 1.0 µm, (c)
Plot of Aeff as a function of etching depth into the lower cladding,
values of other variables fixed as: c = 0.6 µm, l = 4 µm, u = 0.4 µm,
w = 1.0 µm, (d) Plot of Aeff as a function of the waveguide width,
values of other variables fixed as: u = 0.4 µm, c = 0.6 µm, l = 4.0 µm,
e = 0.4 µm.

from the fabrication standpoint (the deeper the etching depth, the more challenging
it is to achieve it). So, an overall etching depth (from the top of the wafer to where
the etching ends) of 1.4 µm was selected for the final design.

Lastly, the effect of the waveguide width on Aeff was simulated, and is shown
in Figure 2.14 (d). The waveguide width of 0.9 µm provides the lowest value of
Aeff, while still maintaining the guidance for the wavelengths up to 2 µm. Figure
2.15 shows the schematic of the optimized AlGaAs nanowire waveguide. The simu-
lated intensity distribution for the fundamental TE and TM modes of the optimized
nanowire waveguide are shown in Figure 2.16 for a fixed wavelength 1.55 µm. The
waveguide has an effective mode area of around 0.5 µm2 for both the fundamental
TE and TM modes at the wavelength of 1.55 µm.

2.3.4 Optimized half-core waveguide

The half-core waveguide can provide a good mode confinement while exhibiting
low propagation losses. In this structure, we etch through half of the core layer
thickness. This improves the mode confinement (as compared to the strip-loaded
waveguide), whereas the area where the mode is exposed to fabrication-induced
roughness (on the etched facet) is smaller than that of the nanowire waveguide. The
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Figure 2.15: Optimized waveguide parameters for AlGaAs nanowire.

Figure 2.16: Simulated intensity distribution for the optimized
nanowire modes at a wavelength of 1.55 µm: (a) TE and (b) TM.

aluminum concentrations in the core and claddings are selected to be 18% and 65%,
respectively, to ensure the maximum refractive index contrast and, hence, a stronger
mode confinement. Figure 2.17 shows the variables for the half-core waveguide
design, namely: c (core thickness), u (upper cladding thickness), l (lower cladding
thickness), e (etching depth into core, i.e. how much thickness of the core-layer is
etched away) and w (width of the waveguide).

To observe the effect of the upper cladding thickness on Aeff of the half-core
waveguide, simulations were performed where all other waveguide parameters were
fixed, as shown in figure 2.18 (a) and specified in the figure’s caption. It can be ob-
served from the results that a smaller value of the upper cladding thickness leads to
lower values of Aeff, however, for the reasons mentioned above for nanowire waveg-
uide design, we selected an upper cladding thickness of 0.4 µm.

The effect of the core thickness variation on Aeff, while other parameters fixed
(as specified in the figure caption), is shown in figure 2.18 (b). It can be concluded
from the graph that a core thickness of 0.6 µm is the optimum: it was observed that
for the core thickness smaller than 0.6 µm the waveguide cannot maintain guidance
for wavelengths up to 2 µm, while for the core thickness larger than 0.6 µm, Aeff
demonstrates a rapid expansion.

As stated earlier, the etching depth was kept constant at half of the thickness
of the core layer. However, we performed an analysis to quantify the effect of the
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Figure 2.17: Schematic of parametrized AlGaAs half-core waveguide,
showing the waveguide variables that can be optimized.

Figure 2.18: Half-core waveguide optimization: (a) Plot of Aeff as a
function of the thickness of upper cladding, values of other variables
fixed as: e = 0.25 µm, c = 0.5 µm, l = 4.0 µm , w = 1.0 µm, (b) Plot of
Aeff as a function of the core thickness, values of other variables fixed
as: u = 0.4 µm, l = 4 µm, e = (c/2) µm, w = 1.0 µm, (c) Plot of
Aeff as a function of the etching depth into core layer, values of other
variables fixed as: c = 0.6 µm, l = 4.0 µm, u = 0.4 µm, w = 1.0 µm,
(d) Plot of Aeff as a function of the waveguide width, values of other
variables fixed as: u = 0.4 µm, c = 0.6 µm,l = 4.0 µm, e = 0.3 µm.

etching depth on Aeff. In these simulations, the etching depth into the core was
varied while other parameters were kept constant. The result is shown in figure 2.18
(c), and the values of the fixed parameters are given in the figure caption. It can be
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seen that, with increasing etching depth, Aeff decreases. But to minimize the effect
of the sidewall roughness, we choose the etching depth to be fixed half-way through
the core layer.

Finally, the effect of the waveguide width on Aeff was studied, and the results
are presented in figure 2.18 (d). The optimum waveguide width for minimizing
Aeff was found to be 1.0 µm. Figure 2.19 shows the schematic of the optimized
half-core AlGaAs waveguide design. The simulated intensity distribution for the

Figure 2.19: Optimized waveguide parameters for AlGaAs half-core
waveguide.

fundamental TE and TM modes of the optimized half-core waveguide at 1.55 µm are
shown in Figure 2.20. The waveguide has an effective mode area of around 0.75 µm2

Figure 2.20: Simulated intensity distribution for optimized half-core
waveguide modes at a wavelength of 1.55 µm: (a) TE and (b) TM.

for both TE and TM modes at the wavelength of 1.55 µm. Clearly, these numbers are
much smaller than those for the strip-loaded waveguide, which has the mode area
of 1.3 µm2, and are slightly larger than those of the nanowires. It is thus expected
that such a waveguide geometry (half-core) can act as a compromise between the
strip-loaded and the nanowire waveguides.
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2.3.5 Dispersion characteristics of the optimized waveguides

In order to compare the dispersion characteristics of the three waveguide designs,
we performed the frequency sweep, and calculated the dispersion parameter D, de-
fined in equation 2.17. We only provide a summary of the dispersion analysis for
the sake of conciseness as this thesis has a broader scope than FWM optimization.
Figure 2.21 shows the dispersion coefficient as a function of the wavelength for each
optimized waveguide design. As discussed earlier, dispersion engineering is only

Figure 2.21: Dispersion plots for optimized strip-loaded, nanowire
and half-core waveguides. Zero-crossing visible for nanowire waveg-
uide.

possible in nanowire waveguides, leading to a design that has zero dispersion. The
half-core waveguide had slightly lower dispersion values compared to those of the
strip-loaded waveguide. However, zero-dispersion could not be achieved in either
half-core or strip-loaded waveguides.

2.4 Fabrication of AlGaAs waveguides

Fabrication of the optimized designs of the three types of AlGaAs waveguides was
then carried out. As a first step, the growth of the designed wafer stacks was per-
formed. Half-core and nanowire waveguides had the same layer stack design, so a
single wafer was grown for the two. To avoid oxidation of AlGaAs, a 0.1 µm-thick
GaAs capping layer was added at the top of both half-core and strip-loaded wafer
stacks, it was also verified by simulations, that addition of this thin layer does not
affect the design of the waveguides. The stacks were grown on GaAs substrate, that
is lattice-matched to AlGaAs epitaxial layers. Figure 2.22 shows the wafer designs
for the strip-loaded and the half-core (same as nanowire) waveguides.

The design and the project proposal was submitted to CMC microsystems’ aca-
demic design competition, and a partial funding was secured for epitaxial growth
of these wafers, after a peer-reviewed proposal approval. These wafers were grown
by CMC microsystems, using molecular beam epitaxy (MBE) in a custom V80 sys-
tem containing a valved cracker source for Arsenic vapor (As2) and conventional

https://www.cmc.ca/WhatWeOffer/ResourceCompetitions.aspx
https://www.cmc.ca/WhatWeOffer/ResourceCompetitions.aspx
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Figure 2.22: Wafer design for strip-loaded waveguide and half-core
waveguide (same wafer used for nanowire waveguides)

effusion cells for the group-III elements (aluminum and gallium). The growths were
performed on 76 mm-diameter, single-side polished semi-insulating GaAs (100) sub-
strates with a 2◦ miscut towards the 110-direction.

2.4.1 Fabrication process

We fabricated the designed waveguide structures using standard electron beam lithog-
raphy followed by dry etching. The steps of the fabrication process are outlined in
Figure 2.23. The epitaxially grown AlGaAs wafer was first cleaved into 15 mm x
15 mm chips. Each chip was then cleaned with acetone and isopropanol, and then
was blow-dried with nitrogen gas. After that, 200 nm thick layer of Silica (SiO2)
was deposited on top of the wafer by Plasma-Enhanced Chemical Vapor Deposition
(PECVD) technique, and then 50 nm of chromium was deposited by sputtering. Fol-
lowing these steps, a 350 nm thick layer of negative-tone E-beam resist maN-2403
was spin coated at a spinning speed of 4000 rpm and ramp of 300 rps, for 1 min,
followed by a pre-bake at 90 ◦C for 1 min. The waveguides were then patterned
into maN-2403, using a 100-kV VB6 electron beam lithography system with a dose
of 210 µC/cm2. In order to make sure that the fabricated structures have the dimen-
sions as per the design, we left some room for fabrication tolerance and errors by
defining the waveguides with a range of different values for the waveguide width,
for each design, e.g., for strip-loaded waveguides, we patterned waveguides with
the widths ranging from 0.7 to 1.1 µm, with an increment of 0.1 µm.

After the E-beam patterning, the E-beam resist was developed in Ma-D 525 de-
veloper (from micro resist technology) for 40 seconds, then rinsed in de-ionized water.
The E-beam-patterned maN-2403 mask was then used to transfer the waveguide pat-
tern into chromium by ICP-RIE. A Trion ICP-RIE system was used for etching the
chromium layer with an existing optimized recipe, with the following parameters:
20 sccm of chlorine and 10 sccm of oxygen at the pressure of 10 mT, with the ICP
and RIE powers of 500 and 120 W, respectively . The chromium mask was then used
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Figure 2.23: Schematic representation of the fabrication process. The
PECVD deposition of a 200 nm thick layer of SiO2 on top of the Al-
GaAs wafer was followed by the sputtering of a 50 nm thick layer of
chromium. After that, a 350-nm-thick layer of maN-2403 was spin-
coated and patterned by E-beam lithography. The maN-2403 mask
was then used to imprint the waveguide profile into the chromium
layer, and the patterned chromium layer was subsequently used as
the mask for etching the SiO2 layer. AlGaAs was finally etched using
the SiO2 mask, with an optimized etching recipe.

to transfer the waveguide pattern into silica with an Oxford 100 ICP-RIE system us-
ing 20 sccm of octafluorocyclobutane (C4F8) and 10 sccm of oxygen at a chamber
pressure of 6 mT, ICP and RIE powers were 1000 W and 300 W, respectively. As a
final step, the silica mask was then used to transfer the waveguide pattern into the
underlying AlGaAs wafer-chip.

2.4.2 Etching recipe optimization

A variety of etching chemistries have been used in literature for III-V semicon-
ductors; the two most common etching chemistries are based on either chlorine or
methane. Methane based etching chemistries provide very smooth etched-profiles,
however, they result in a very low etching rate and also can result in polymer de-
position on the etched facets (sidewalls of the waveguides, exposed after etching)
and chamber walls of the etcher system. Chlorine based etching recipes are pop-
ular as they readily react with AlGaAs resulting in volatile gallium chloride com-
pounds (GaClx), arsenicum chloride compounds (AsClx ) and aluminum chorlide
compounds (AlClx), hence, facilitating the etching of AlGaAs, i.e., resulting in a high
etching rate. Silicon tetrachloride (SiCl4), chlorine (Cl2) and boron trichloride (BCl3)
are commonly used chlorine sources for III-V plasma etching. BCl3 provides con-
trolled etching rate, not as rapid as Cl2 and SiCl4, i.e. BCl3 has lower etching rate
than both Cl2 and SiCl4. It also demonstrates low selectivity of etching rate between
AlGaAs compositions, with varying aluminum concentration. Since the claddings
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and the core layers of our designs have varying aluminum composition, hence, BCl3
chemistry is best suited for non-selective etching of our structures [66].

Past studies have shown that a small percentage of an inert gas can stabilize the
plasma discharges and, hence, can improve repeatability of the etching process [67].
While inert species, such as argon (Ar) or helium (He), do not chemically react with
the III-V compounds, they do, however, etching by physically colliding with the
substrate and knocking the substrate atoms out of their crystal lattice. For etching
AlGaAs waveguides, we added Ar to BCl3. Ar atoms are ionized in the plasma and
are only involved in the physical etching of AlGaAs. If the etching chemistry were
considered as a variable, along with all other ICP-RIE etching parameters, we would
have required 40 etch test runs for complete optimization of this etching recipe, as
shown in table 2.2, generated using Design Expert 11, a design of experiment soft-
ware. Considering material (epitaxially-grown AlGaAs wafers are very expensive),
time and funding constraints, the etching chemistry was not varied for the recipe
optimization. It was fixed as follows: 15 sccm of BCl3 and 5 sccm of Ar, based on
the previous studies of this etching chemistry for etching AlGaAs [66, 68]. Etching
recipe optimization was then carried out for pressure, ICP power and RIE power of
the ICP-RIE process.

Scanning electron microscope (SEM) images were used for a characterizing the
etched-profile. Cross-sectional SEM images obtained using Zeiss Ultra 55 SEM sys-
tem, were used to measure vertical etching rate of AlGaAs and SiO2 mask by mea-
suring the height of the etched structures and the height of the remaining mask.
Etching rates were then calculated using the time duration of each etching run. An-
other parameter that was measured from SEM images was the average sidewall an-
gle with respect to the horizontal. The term average was used here, since, sidewall
angle was not constant, some fluctuations were observed from top to bottom. For
accuracy, three measurements were made, and then an average value was selected
to the nearest degree; considering uncertainty involved. Figure 2.24 shows the con-
vention used for measuring angle on SEM images using image analyzer software:
ImageJ. Same software was used to measure the vertical height of AlGaAs waveg-
uides as well as the remaining etching mask, after calibration with SEM scale bars.
Selectivity is another important etching parameter. Selectivity was calculated using
SEM cross-section images and image analyzer software, as

Selectivity =
Etching rate o f AlGaAs

Etching rate o f SiO2 mask
. (2.18)

High selectivity is desirable when optimizing a plasma etching recipe; however,
the selectivity is, in general, low in dry etching as compared to wet chemical etching
due to physical bombardment by ions. Sometimes Cl2 is added to the BCl3-Ar etch-
ing chemistry to increase the etching rate and, hence, to improve the selectivity [49].
A plasmatherm PT770 ICP-RIE tool was used for etching AlGaAs at CNF (Cornell).
The etching variables, such as pressure (P measured in mT), ICP (power in W, con-
trols plasma density) and RIE (power in W, controls plasma accelaration toward the
substrate), were varied to obtain the required etching depths with near-vertical side-
walls and smooth etched-profiles. To optimize the etching recipe, we kept a constant
etching time duration of 10 min for each etching test run. A systematic study was
done to understand the effect of pressure, ICP and RIE on the etching rate, selectiv-
ity and sidewall angle of AlGaAs waveguides. The pressure was varied from 10 mT
to 25 mT in steps of 5 mT, while other etching variables were kept constant: ICP =
300 W, RIE = 100 W , time = 10 min and etching chemistry of BCl3 : Ar = (15 : 5) sccm,
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Table 2.2: Complete optimization process for AlGaAs etching using
ICP-RIE with an Ar-BCl3 etching chemistry. Values for the flow rates
of Ar and BCl3, P (Pressure), ICP and RIE powers for each etching test
run are shown.

Etch test run No. Ar/sccm BCl3/sccm P/mT ICP/W RIE/W
1 10 5 16.75 238.75 148.5
2 5.0454 9.9546 18.25 345 95
3 0 15 16.75 211.25 52
4 0 15 18.25 299.081 150
5 5.03163 9.96837 10 350 150
6 4.96044 10.0396 15.625 100 50
7 5 10 10.3 212.5 95
8 5 10 10.3 212.5 95
9 9.7 5.3 25 100 150
10 10 5 10 192.5 50
11 0 15 10 256.25 150
12 4.87504 10.125 25 100 113.5
13 4.44021 10.5598 25 305 105
14 10 5 25 350 150
15 2.5 12.5 10 175 50
16 10 5 25 100 50
17 10 5 16.75 106.25 95
18 5.12043 9.87957 10 350 50
19 4.90979 10.0902 25 350 150
20 10 5 10 100 150
21 10 5 10 350 112
22 7.39364 7.60636 17.5 225 71.3026
23 0 15 16.75 346.25 105.5
24 5.18324 9.81676 25 256.25 50
25 0.3 14.7 25 350 50
26 3.1385 11.8615 10 336.25 99.5
27 0 15 24.625 212.5 105
28 4.96398 10.036 18.25 212.5 148
29 0 15 10 100 88
30 10 5 24.7 237.5 95
31 4.99618 10.0038 10 100 150
32 4.96398 10.036 18.25 212.5 148
33 5.0454 9.9546 18.25 345 95
34 0 15 19.375 100 150
35 0 15 10 350 50
36 4.96398 10.036 18.25 212.5 148
37 10 5 19.525 350 50
38 0 15 25 350 150
39 4.87504 10.125 25 100 113.5
40 0 15 25 100 50

for each etching test. After cleaving the etching test sample, cross-sectional SEM im-
ages were used to measure the etching depth (and, consequently, the etching rate
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Figure 2.24: Cross-sectional SEM images of AlGaAs waveguides used
for measuring sidewall angle: (a) shows an acute angle measured
with respect to the horizontal direction along the substrate, whereas
(b) shows an obtuse angle measured with respect to the horizontal
direction along the substrate.

since the etching time was fixed at 10 min), the selectivity (as defined by equation
2.18) and the sidewall angle (using the convention shown in Figure 2.24). The ef-
fect of the variation of the chamber pressure on each of these etching parameters is
presented in Figure 2.25.

As the chamber pressure was increased, the collision mean free path of the gas
phase species and ions reduces, hence, increasing the proportion of chemically reac-
tive species available for chemical etching and reducing the number of ions available
for physical etching [47, 69]. At lower chamber pressure values, physical etching
dominates due to the larger mean free paths for the ions. As the pressure was in-
creased, the etch rate initially increased up to the point where the pressure reached
20 mT, and then the etch rate started to reduce with further increase of the pres-
sure. This reduction happens because when the chamber pressure reaches too high
values, the collisions and inter-reactions between the reactive species reduces the
reactions with the material to be etched (AlGaAs in this case) [47]. It can be seen
from figure 2.25 (b) that, as the pressure was increased, chemical etching was en-
hanced, resulting in higher selectivity. The sidewall angle depends on the balance
between the physical and chemical etching as well as how rapidly the etching mask
is eroded (Etching of mask results in the mask edges being removed, leading to re-
duction in the width of the pattern). Low mask erosion results in better verticality of
the sidewalls, whereas, increased mask erosion reduces sidewall verticality, hence,
not desirable. Since the physical etching dominates at lower chamber pressures, the
sidewall angle increases due to the mask erosion, as shown in figure 2.25 (c). A
chamber pressure of 15 mT was chosen as the optimum value since it resulted in the
selectivity and AlGaAs etching rate values suitable for the required etching depth,
as per our waveguide designs, while maintaining a smooth etched-profile and pro-
viding nearly vertical sidewalls.

In order to understand the effect of the ICP power on the etching parameters, all
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Figure 2.25: The effect of the chamber pressure on the etching pa-
rameters, while all other etching variables were kept constant: ICP =
300 W, RIE = 100 W , time = 10 min and etch chemistry of BCl3 : Ar
= (15 : 5) sccm. The effect of varying pressure on: (a) etching rate of
AlGaAs, measured in nm/min, (b) selectivity between AlGaAs and
SiO2 mask, and (c) sidewall angle of AlGaAs waveguides is shown.
The lines are drawn to guide the eye.

other etching variables were kept constant: P = 15 mT , RIE = 100 W , time = 10 min
and the etching chemistry of BCl3:Ar = (15:5) sccm, while the ICP power was varied
from 150 W to 350 W in steps of 50 W. The effect on the etching rate, selectivity and
sidewall angle were as shown in figure 2.26. Since the ICP power is responsible for
the generation of plasma in the etching chamber, its increase resultes in an increase
of the degree of ionization, i.e., more ions become available for physical etching. This
results, in turn, in an increased radical production, and, hence, in the enhancement
of the chemical etching as well. Thus, an increase in the ICP power has resulted in
an increase in the etching rate, as shown in figure 2.26 (a). Similarly, for the effect of
the ICP power on the selectivity, as shown in figure 2.26 (b), the selectivity initially
increased with an increase of the ICP power due to an enhanced AlGaAs etching
thanks to the abundant chlorine and methane radicals. However, as the ICP power
was increased further, the selectivity dropped due to an enhanced physical etching,
which resulted in a rapid mask erosion due to the increased density of ions. It can
be seen from figure 2.26 (c) that the sidewall angle reduced with an increase of the
ICP power. This is due to an enhancement of the chemical etching at higher ICP
power, resulting in an increase in the undercut of the waveguides, and, hence, in
the acute (or decreasing) sidewall angles. An ICP power of 200 W was chosen as
the best option, since it resulted in near-vertical waveguide sidewalls with a high
etching rate and a high selectivity.

RIE power is another important etching variable as it dictates the proportion of
the physical etching in an ICP-RIE etching recipe. To obtain an optimized value for
the RIE power for AlGaAs structure, the RIE power was varied from 50 W to 150 W
in steps of 25 W, while all other etching parameters were kept fixed: P = 15 mT, ICP
= 200 W, time = 10 min and etching chemistry of BCl3:Ar = (15:5) sccm. The effect of
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Figure 2.26: Effect of the ICP power on the etching parameters, while
all other etching variables were kept constant: P = 15 mT, RIE = 100 W,
time = 10 min and etching chemistry BCl3:Ar = (15:5) sccm. The effect
of varying ICP power on (a) the etching rate of AlGaAs, measured
in nm/min, (b) the selectivity between AlGaAs and SiO2 mask, and
(c) the sidewall angle of AlGaAs waveguides is shown. The lines are
drawn to guide the eye.

the RIE power variation on the etching rate, selectivity and sidewall angle has been
studied, and is presented in figure 2.27. The AlGaAs etching rate increased with the
increase of the RIE power, due to enhanced physical etching: the ions acquired a
higher kinetic energy due to a larger bias between the plasma and the sample. The
higher kinetic energy results in higher ion velocities and, hence, in a higher physical
etching rate. Similarly, for the effect of the RIE power on the selectivity, figure 2.27
(b) shows that the selectivity dropped significantly as the RIE power increased. This
is related to the fact that, as RIE power increases, the physical etching is enhanced,
reducing the etching selectivity as it removes both the SiO2 mask and AlGaAs at
the same rate (an example of a purely physical etching process is ion milling, and it
has a very low selectivity, if any, between the mask and the material to be etched).
The effect of the RIE power on the sidewall angle is displayed in figure 2.27 (c). The
sidewall angle increased from an acute to an obtuse angle with the increase of the
RIE power (see figure 2.24 for SEM analysis of the sidewall angles). This can be
understood as follows: initially, with an increase in the RIE power, the directional
(anisotropic) etching is achieved, leading to nearly-vertical sidewalls. However, as
the RIE power increases further, the mask erosion leads to larger sidewall angles.
Based on these results, 75 W was chosen as the RIE power for etching the final sam-
ples as it provides nearly vertical sidewalls with good selectivity and etching rate.

Once an optimized etch recipe for AlGaAs was reached, the etch time required
for each type of waveguides was computed, and the final samples were etched. It
is important to point out that, due to the non-selective etching of AlGaAs (irrespec-
tive of Aluminum concentration) by the BCl3 etch chemistry, the same etch recipe
worked equally well for different wafer compositions. We thus used the same etch
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Figure 2.27: Effect of the RIE power on the etching parameters, while
all other etching variables are kept constant: P = 15 mT, ICP = 200 W,
time = 10 min and etching chemistry of BCl3:Ar = (15:5) sccm. The
effect of the RIE power variation on: (a) the etching rate of AlGaAs,
measured in nm/min, (b) the selectivity between AlGaAs and SiO2
mask, and (c) the sidewall angle of AlGaAs waveguides is shown.
The lines are drawn to guide the eye.

recipe for all three types of AlGaAs waveguides, namely: the strip-loaded, half-core
and nanowires. It is also important to note that the process of recipe discovery (the
term commonly used by process engineers for recipe optimization), as presented
here, is more suitable for an etching system with multiple users, working on a va-
riety of materials and etching chemistries. This exposure of the etching-chamber
to a variety of materials and etching chemistries (as was the case for the CNF ICP-
RIE system, since it was used for a wide variety of III-V semiconductors) results in
the etching-chamber conditions (materials deposited on chamber walls) changing
over time. This variation is taken care of, as we optimized one etching parame-
ter at a time, resulting in any changes of the etching-chamber being included in
the optimization process. Figure 2.28 shows the SEM cross-sectional images of the
strip-loaded, the half-core and the nanowire waveguides as etched by the optimized
recipe, with the following etching parameters:

BCl3 : Ar = (15 : 5) sccm, P = 15 mT , ICP = 200 W and RIE = 75 W

2.4.3 Sample preparation for optical characterization

The fabricated AlGaAs waveguide samples had 12-mm-long waveguides, with at
least 3-mm-long, 2-µm-wide coupling regions followed by tapers connecting the
coupling waveguides to the actual waveguides (with the designed width). The cou-
pling regions were required, due to the fact that, it is challenging to couple light into
a waveguide with the width smaller than 1 µm, which is the case for some of our
waveguides. The schematic layout of each waveguide is shown in figure 2.29 (a),
and the cross-sectional SEM image is shown in figure 2.29 (b).
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Figure 2.28: Cross-sectional SEM image of: (a) AlGaAs strip-
loaded waveguide, (b) AlGaAs half-core waveguide and (c) AlGaAs
nanowire waveguide. All scale bars represent 500 nm.

Figure 2.29: (a) The top-view of the layout for each waveguide on
the sample, showing coupling waveguides, tapers, actual waveguide
and end-facets after cleaving. (b) Cross-sectional SEM image of the
end facet of a half-core waveguide; the scale bar represents 500 nm.

We used edge-coupling for the optical characterization of the fabricated waveg-
uide samples. In order to perform an edge-coupling, the waveguides need to be
well cleaved to be exposed to a focused laser beam. Cleaving is the process of break-
ing a semiconductor piece into smaller pieces in a controlled way by a small scribe
made with a diamond-edged cleaver. The lattice-matched III-V stacks were cleaved
along their crystal planes. Therefore, the outcome of such a cleaving process is well
cleaved waveguide structures with atomic-level-smooth facets, which is highly de-
sirable for the edge coupling of light. Hence, no post-cleaving edge polishing was
required for obtaining quality facets.

2.5 Optical characterization

To experimentally prove that half-core waveguides can provide advantages of both
nanowire and strip-loaded waveguides, linear optical propagation losses of the fab-
ricated AlGaAs waveguides were measured using Fabry-Perot method [70].
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2.5.1 Fabry-Perot method

In Fabry-Perot method of propagation loss measurement, it is assumed that each
waveguide acts as a Fabry-Perot cavity for the light propagating back and forth and
getting reflected at each waveguide’s facet interface with the air. Therefore the same
procedure used in resonators is followed in order to calculate the propagation loss.

The overall loss in these waveguides comprised of the propagation loss Lprop,
the coupling loss due to the mode size and shape mismatch between the free-space
focused laser beam and waveguide mode Lcoupl, and the Fresnel reflection loss Lref:

Lt = Lcoupl + 2Lref + LpropL, (2.19)

where L represents the overall length of the waveguide, and the propagation loss
was measured using the Fabry-Perot loss measurement technique, which will be
discussed further.

On our waveguide samples, we had a variety of waveguide structures, to facili-
tate the propagation loss measurement. The different waveguide structures included
on each sample are schematically presented in figure 2.30. The reference waveguide,

Figure 2.30: Schematic representing different types of waveguide
structures for each waveguide width, fabricated on all samples: (a)
Reference waveguide, which is a 2 µm-wide straight waveguide, (b)
taper-to-taper waveguide, the 2 µm-wide coupling waveguide is ta-
pered down to a desired width and then tapered up to 2 µm im-
mediately (for the measurement of the loss due to the tapered re-
gions), (c) tapered waveguide where the coupling region tapered
down to the width of the designed waveguide which now has some
non-zero length, and then there is an inverse taper back to the cou-
pling waveguide width, and (d) non-tapered waveguide, which is a
straight waveguide with the designed width.

shown in figure 2.30 (a), was a 2 µm wide coupling waveguide (needed to facilitate
light coupling into waveguides less than 1 µm wide). The 2 µm coupling waveg-
uide was tapered into the actual waveguide width (as per design), via a 200 µm long
taper. To measure the taper losses, taper-to-taper waveguides were included for
each waveguide width, as shown in figure 2.30 (b). The actual waveguides, as per
designed waveguide widths, were included in two forms: firstly with a coupling
region [shown in figure 2.30 (c)], and then, as a straight waveguide [non-tapered
waveguide, as shown in figure 2.30 (d)].



2.5. Optical characterization 41

The Fabry-Perot measurements were performed on the transmission data ob-
tained using the optical setup (presented later). Figure 2.31 shows the Fabry-Perot
resonances, observed for 2 µm wide reference waveguides, of the strip-loaded waveg-
uide sample. Propagation losses were calculated using Fabry-Perot analysis, by first

Figure 2.31: Measured transmission power, as a function of wave-
length for 2 µm-wide reference waveguide on strip-loaded sample.
Tmax, Tmin and ∆λ calculated using these plots for Fabry-Perot calcu-
lations.

measuring the length of the waveguide (L), using a vernier caliper. ∆λ—the free
spectral range of the fabry-perot cavity (straight waveguides, in this case)—is then
determined experimentally, from the transmission measurements, as labeled on Fig-
ure 2.31. The effective refractive index (neff) is then calculated using free spectral
range relation

∆λ =
λ2

2neffL
. (2.20)

The linear loss coefficient (α), is defined as

α =
1
L

ln(
1−
√

1− K2

RK
), (2.21)

where, the facet reflectivity (R) is defined as

R = (
neff − 1
neff + 1

)2, (2.22)

and, the peak-to-peak transmission coefficient (K), is defined as

K =
Tmax − Tmin

Tmax + Tmin
(2.23)

[70]. The maximum and minimum transmission (Tmax and Tmin, respectively), were
experimentally determined, as shown on Figure 2.31. Experimental values of K, R
and L, are then substituted into equation 2.21, to obtain the propagation loss coeffi-
cient, α.
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2.5.2 Optical setup

Propagation losses were measured for both TE and TM polarizations. In order to
perform the loss measurement, we have excited the fundamental TE and TM modes
in our waveguides. Figure 2.32 shows the optical setup used for measuring the re-
quired parameters. A tunable cw semiconductor laser, Santec TSL 710, was used

Figure 2.32: Schematic of the optical characterization setup, used for
measuring the propagation loss by Fabry-Perot method. The inset
displays the image of a guided mode as seen on the IR camera.

as the light source for the Fabry-Perot loss measurement in the wavelength range
around 1550 nm. The light from the laser source was first coupled into a single-
mode SMF28 fiber, and then collimated for free-space coupling into the waveguides.
The collimated laser beam was then polarized (TE or TM) using a half-wave plate
and a polarizing beam splitter. The polarized light was then butt-coupled into the
waveguide using a 40×microscopic objective mounted on a 3-axis micrometer cou-
pling stage. The light was then coupled out of the waveguide with a 20× micro-
scopic objective. An IR photodetector was used to measure the optical power at
the waveguide output, as the function of wavelength. Fabry-Perot loss analysis was
then performed for each type of waveguide [70].

2.5.3 Experimentally determined propagation loss

The Fabry-perot method, described in Section 2.5.1 , and the optical setup as shown
in figure 2.32 were used to experimentally determine propagation loss for strip-
loaded, nanowire and half-core waveguides. Waveguides with a variety of widths
were characterized for both TE and TM polarizations. Since Fabry-perot method is
more accurate than using taper-based calculations (using coupling waveguides and
equation 2.19, hence, only straight (non-taper) waveguides were used for the loss
measurements. Table 2.3 summarizes the results of the loss measurement for each
type of waveguide. We were not able to measure the optical losses for 0.7 µm-wide
nanowire waveguides as we were unable to couple light into those, due to the fact
that these devices had very high propagation losses (which is typical of the smaller-
width nanowire waveguides).
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Table 2.3: Measured propagation loss α in dB/cm for each type of Al-
GaAs waveguides for different waveguide widths. Losses are mea-
sured for both TE and TM polarizations.

Type of waveguide waveguide width in µm αTE in dB/cm αTM in dB/cm
0.9 1.25 1.30
1.0 1.18 1.22

Strip-loaded 1.1 1.10 1.20
1.2 1.12 1.21
0.7 - -
0.8 12.95 12.26

Nanowire 0.9 11.0 10.60
1.0 11.2 10.70
0.8 2.10 1.85
0.9 1.70 1.65

Half-core 1.0 1.63 1.47
1.1 1.64 1.44

2.6 Conclusion and future work

Figure 2.33 shows the picture summary of this work, using SEM images of the fab-
ricated waveguides, along with the values of the effective mode area obtained from
the simulations, and the experimentally measured propagation loss values for TE
polarization of the optimized design of each type of AlGaAs waveguide. These re-

Figure 2.33: Cross-sectional SEM image of AlGaAs (a) strip-loaded
waveguide, (b) half-core waveguide and (c) nanowire. Each bar rep-
resents 0.5 µm. The values of the effective mode area and experimen-
tally measured propagation losses are also shown for each waveguide
design.

sults prove our hypothesis that half-core etched waveguide can provide good con-
finement (as compared to strip-loaded waveguides) with lower propagation loss (as
compared to nanowire waveguides). We thus conclude that such waveguides can be
suitable for all-optical wavelength conversion applications. However, since half-core
waveguides cannot be dispersion-engineered, such waveguides are only suitable for
the applications that require small frequency conversion range, such as telecommu-
nications. For the applications that require wide tuning range (above 100 nm), Al-
GaAs nanowire waveguides are the best option.

Our intended future work on AlGaAs waveguides for integrated nonlinear op-
tics, includes, developing post-processing wet chemical techniques—for reduction
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of propagation losses—and chemical passivation—to make the samples less suscep-
tible to aluminum oxidation. Furthermore, the difficulty faced in deep plasma etch-
ing of these structures, and the low refractive index contrast between the guiding
layers and the cladding layers of our wafer design, shows that this multilayer ar-
rangement is not the best approach for achieving compact and efficient integrated
AlGaAs waveguides, with enhanced nonlinear optical effects. Instead, an alternative
approach of using ’AlGaAs on insulator’, arrangement can work better, as shown by
Pu, et al. [71]. Such an approach, is feasible from the fabrication point of view, due
to shallow etching requirement, and results in compact waveguides with low effec-
tive modal areas, and possibility of dispersion engineering. We plan on testing such
AlGaAs-on-insulator waveguides in near-future. Our simulations show an effective
mode area, as small as 0.12 µm2 for the TE mode of the waveguide structure shown
in figure 2.34. Since the core layer is only 300 nm thick, so the required etching
depth is also 300 nm—as compared to the required etching depth of 1400 nm, for the
layered nanowire structure.

Figure 2.34: AlGaAs on insulator waveguide design (a) schematic
showing the dimensions of the waveguide design, (b) Simulated in-
tensity distribution for the waveguide dimensions shown in (a), at
wavelength 1550 nm.
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Chapter 3

Fabrication of GaAs-AlGaAs
photonic crystals

3.1 Photonic crystals: Semiconductors of light

The concept of photonic crystals was in itself a revolution introduced by Yablonovitch
in his seminal paper [72], where he also coined the term semiconductors of light.
Yablonovitch pointed that the refractive index of the material should alternate pe-
riodically between high and low values, on a distance scale of the order of half of
the wavelength of light in the composite medium, to enable strong Bragg reflec-
tion effects. He further stated that such periodic dielectric structures can inhibit the
propagation of light through the composite medium to such an extent that it would
become, in principle, impossible for light—within a designed wavelength range—to
propagate in any direction within the composite material [72, 73]. This omnidirec-
tional stop-band behavior of light in such composite materials could be best under-
stood as being analogous to the behavior of electrons in single-crystal semiconduc-
tors, hence the term photonic crystals (PC). It must be emphasized here that the be-
havior of light under these circumstances is a wave-propagation phenomenon in the
form of generalized Bragg diffraction, rather than a form of photon (i.e. particle-like)
behavior [72, 73].

The wavelength range covered by these stop-bands depends on the choice of
direction with respect to the defining axes of the photonic crystal and selection of the
periodicity scale. When the periodic refractive index variation is sufficiently large,
full photonic bandgap (PBG) phenomena can be observed. Due to the analogy of
PCs with semiconductors, the behavior of light is characterized by band structure.
Furthermore, concepts from solid-state theory such as densities of states are also
adaptede in describing the optical properties of PCs [73].

After Yablonovitch’s break through paper, another important early work about
PCs was published by Sajeev John [74]. It discussed the possibility of localized states
by introducing defect within PCs, hence foretelling later demonstrations of photonic
crystal waveguides and cavities in PC structures. This work was of large importance
as it explained how the propagation of light is determined by periodic structuring of
a medium and how light propagation can be radically modified by the introduction
of defect states in this periodic bulk PC [74].

3.1.1 2D photonic crystals

The most general case of a PC structure was observed in “3-space”, i.e., a lattice
with a three-dimensional periodicity. However, a large fraction of the effects as-
sociated with PCs can be understood by examining the effect of periodicity in a
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two-dimensionally periodic structure (2D PCs), thereby neglecting the third dimen-
sion for simplicity, and also making it realizable, from the device fabrication point
of view [73, 75]. Figure 3.1, reproduced from Joannopoulos, shows schematics of
1D, 2D and 3D PCs [76]. 3D PC structures, operating at optical wavelengths, have

Figure 3.1: Schematic representations of photonic crystal lattices with
(a) 1D, (b) 2D and (c) 3D periodicities [76].

been fabricated [77, 78]; however, they lack reproducibility and require highly com-
plicated fabrication process. Most importantly, 3D PCs lack design versatility re-
quired to implement functional devices [75, 79]. Furthermore, such a fabrication ap-
proach is not suitable for mass production of PC-based devices. On the other hand,
2D PC structures are more suitable for controlled fabrication using existing mature
nanofabrication techniques (especially since the advent of electron beam lithogra-
phy and deep-ultraviolet photolithography). This made 2D PCs more attractive for
both applications, as well as fundamental studies, as compared to their 3D counter-
parts [75, 79].

2D PCs in semiconductor media have been studied extensively. They are com-
monly known as PC slabs. They consist of a 2D periodic array of structural features,
made from an otherwise uniform thin layer (hence the term slab) of a dielectric ma-
terial (semiconductors and polymers are commonly used). Light is laterally con-
fined due to the structural properties of PC (PBG effect), whereas in the direction
perpendicular to the propagation of light, the confinement is achieved by total in-
ternal reflection (refractive index contrast, or simply waveguiding effect). Therefore,
the dielectric layer from which the PC is made, must have a higher refractive index
(RI) than the surrounding material [79]. The two most commonly used structural
arrangements of 2D slab PCs are: a periodic lattice of high-RI pillars in a low-RI
background material, and a periodic lattice of low-RI holes within a high-RI slab
(semiconductor material in case of our study). The schematics of these two geome-
tries are shown in figure 3.2, reproduced from [79].

3.1.2 Defect modes in PC slabs

2D PCs take advantage of their photonic band gap and the engineering of defect
modes within it, to form low-loss nanophotonic components that can control spec-
tral and spatial properties of light [80, 81]. These nanophotonic components include,
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Figure 3.2: Schematics of 2D PC slab geometries, representing: (a)
a square lattice of high-RI pillars in low-RI air, and (b) a triangular
lattice of low-RI holes in a high-RI dielectric layer [79].

optical resonators with large quality factors (high-Q) and sub-wavelength mode vol-
umes, and high-confinement slow-light waveguides (with precise control over dis-
persion properties) [80–86]. Significant amount of work has been done on the devel-
opment of the fabrication processes that faithfully reproduce the PC designs.

Bulk PCs can be used for guiding light, through a line defect. The simplest PC
waveguide consists of a bulk PC with one row of holes missing. This row of missing
holes, represents a defect from the standpoint of the periodicity of the PC structure,
and can guide light. The light is bounded by the PBG on either side of this defect.
Figure 3.3 (a) shows SEM top-view image of bulk silicon PC, whereas Figure 3.3 (b)
shows a line-defect resulting in a PC waveguide. The SEM images are taken from our

Figure 3.3: Top-view SEM images of (a) bulk silicon PC, (b) line-
defect, resulting in silicon PC waveguide. All scale bars represent
500 nm.

work on slow-light in silicon PC waveguides [48]. Similarly, one can confine light
in all directions, effectively creating a cavity. The simplest cavity in case of a slab PC
is H1 nanocavity, where one hole is missing in the bulk PC. Once light is coupled
to this point-defect, it is trapped due to the PBG and by total internal reflection,
hence resulting in high-Q nanocavities. Other popular and useful PC nanocavities
include, the L3 (3 missing holes form the cavity) and the H0 (none of the holes are
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missing, instead, the defect is created by changing periodicity of a cluster of holes)
PC nanocavity.

3.2 Polariton quantum blockade in a photonic dot

Numerous PC nanocavity designs have been demonstrated, including the aforemen-
tioned; H1, H0 and L3 nanocavities [81, 83]. The density of states has a peak at the
defect in the bulk PC for such nanocavities, where, the defect mode cannot propa-
gate through the rest of the crystal, since its frequency lies within the PBG [76]. One
can intuitively consider the crystal boundary as a highly reflective mirror. Once a
mode is excited in the defect, light can be trapped there for an extended time (many
number of field oscillation cycles). This results in very high values of the quality fac-
tors of PC nanocavities, and, at the same time, in a very small mode volume. It must
be noted here, that high quality factors can only be achieved, if the fabrication of the
PC nanocavities results in high fidelity to the design, i.e., homogeneous bulk PC as
per the designed dimensions, with vertical sidewalls and smooth etched facets.

PC nanocavities are ultra-compact and frequency-selective, hence, they have
been proposed as optical devices whose function is to selectively drop (or add) pho-
tons with various energies from (or to) optical communication traffic. They can fa-
cilitate the development of all-optical circuits incorporating a variety of nanopho-
tonic components, including photonic bandgap waveguides and resonators [81]. PC
nanocavities also provide possibility of strong light-matter interaction, due to high
intensities building up within a very small cavity volume. This makes them an ideal
system to study light-matter interaction, and also a platform for applications depen-
dent on strong light-matter interaction, such as creation of polaritons.

3.2.1 Polaritons

An exciton is an optically active dipole that results from the Coulomb interaction
between an electron in the conduction band and a hole in the valence band. Quan-
tum wells embedded in PC nanocavities operating in the strong coupling regime
of the light–matter interaction can give rise to new eigenmodes, called polaritons,
generated due to the interaction of excitons and photons, as shown in Figure 3.4 re-
produced from Kasprzak, et al. [87]. Recent advances in nanofabrication techniques
have enabled the fabrication of high-quality photonic dots that can confine photon
without spoiling the strong coupling with the quantum well exciton. This way, po-
laritons are produced that are confined in all three dimensions, with a large vacuum
Rabi splitting [87, 88].

It has been theoretically shown, by Verger, et al. [87, 88], that if the photonic con-
finement volume (of a cavity with an embedded quantum well) is small enough,
the presence of just one polariton can block the resonant injection of a second po-
lariton, as the polariton-polariton interaction shifts the resonance frequency by an
amount on the order of the linewidth of the nanocavity or by even more. The emit-
ted light is, therefore, strongly anti-bunched. With a pulsed laser as an excitation
source, such a system (nanocavity with resonant embedded quantum well) can be
used as a single-photon light emitter, with a radiative emission time on the order of
a few ps, hence making it highly attractive for high-speed quantum computing and
communications [88].
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Figure 3.4: Schematic representation of the creation of polaritons in
an optical cavity. It shows a Fabry–Perot resonator with two Bragg
mirrors at resonance with the excitons in the quantum well, resulting
in the generation of polaritons [87].

3.2.2 Proposed device

We propose to experimentally demonstrate the predictions made by Verger, et al. [88].
Since a quantum well is a primary requirement for the generation of excitons and,
subsequently, polaritons, we decided to use III-V semiconductors-based PC nanocav-
ities. Furthermore, for having high refractive index contrast, an air-slab was re-
quired, i.e., a material system was needed that can easily be undercut selectively
(etching underlying layer without etching the slab). since we require a high-Q nanocav-
ity, we had to select a semiconductor material system that has well-established fab-
rication process (resulting in low defects, hence, lower losses and higher Q). Among
III-V semiconductors, GaAs fits these requirements very well. Hence, GaAs was se-
lected as the material for the slab, with embedded In0.03Ga0.97As quantum well and a
sacrificial layer consisting of Al0.80Ga0.20As, which can selectively be etched for cre-
ating GaAs air-bridge. Figure 3.5 shows the schematic of our proposed wafer stack
design for a polariton blockade device.

This work is a collaborative effort of five research groups. Prof. Savona’s group at
EPFL (Switzerland) worked on the design of the PC nanocavities. H0, H1 and L3 PC
nanocavities were designed using a genetic algorithm. The design goal was to have
a reasonably high-Q while keeping a mode profile without spoiling strong coupling
between the confined photon and the quantum-well exciton [89]. The wafer stack
was grown via MBE technique by Prof. Imamoglu’s group at ETHZ (Switzerland).
The initial characterization of quantum wells performed to measure the quantum
well band-gap was also carried out at ETHZ. Prof. Antonio Badolato, Prof. Dolgaleva
and Prof. Boyd’s research groups collaborated on the fabrication of the nanocavities
at CNF (Cornell). The ultimate optical characterization is to be carried out by Prof.
Badolato’s group.

Since the work is still in progress, we cannot provide the actual design parame-
ters in this thesis. The designs were created using genetic algorithm, similar to the
H1 cavity design shown in Figure 3.6 reproduced from Prof. Savona’s work [89].
The hole translations (as compared to standard H1 cavity) were optimized using a
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Figure 3.5: Schematic representation of the designed wafer stack for
the polariton blockade device. In0.03Ga0.97As quantum wells are em-
bedded within GaAs slab, whereas Al0.80Ga0.20As is used as the sac-
rificial layer.

Figure 3.6: Schematic representation of the design variables S1, S2
and S3 that were optimized for the final PC H1 nanocavity design. A
similar optimization was carried out for H0 and L3 nanocavities [89].

genetic algorithm, similar design optimizations were performed for H0 and L3 cav-
ities.

3.3 Fabrication of GaAs-AlGaAs photonic crystal nanocavi-
ties

Due to sub-100 nm dimensions and the requirement of near-vertical and smooth-
etched facets, the fabrication process was expected to be challenging, requiring many
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test samples. At the same time, Molecular Beam Epitaxial growth of III-V epitaxial
layers with embedded quantum wells is also time consuming and requires highly
skilled personnel. To avoid added cost of using these embedded quantum well sam-
ples for the optimization of the fabrication process, growth of similar wafer stack (as
shown in figure 3.5), without the quantum well, was carried out at EPFL (Switzer-
land) using MBE system of Prof. Imamoglu. The wafer growth was performed by
Prof. Antonio Badolato. These samples were then used for optimization of the E-
beam lithography, plasma etching recipe and the post-processing.

Figure 3.7: Schematic representation of the process flow used for
the fabrication of III-V nanocavities. Samples were first coated with
around 500 nm of Zep520a resist. The resist was then patterned by E-
beam lithography and developed. The pattern was then transferred
into GaAs layer by plasma etching. An undercut of Al0.80Ga0.20As
was then carried out using Hydrofluoric acid. The remaining resist
was then removed, leaving behind the air-bridge nanocavity.

Figure 3.7 shows the overall fabrication process flow. MBE-grown wafer was
diced into chips of roughly 1× 1 cm. After cleaning the samples with acetone, IPA,
and blow-drying them with nitrogen, the spin-coating with Zep520a—a positive-
tone E-beam resist—was performed. Patterning was then done using E-beam lithog-
raphy, followed by mask development and then ICP-RIE etching of GaAs-AlGaAs.
After the etching was completed, the sacrificial layer of AlGaAs was removed us-
ing hydrofluoric acid (HF), for creating an air bridge. Finally the remaining resist
was removed. The details of recipe discovery at each fabrication step are presented
below.

3.3.1 Optimizing E-beam lithography recipe

The first step in the fabrication process was to develop an E-beam lithography recipe
for the designed PC nanocavities. Our target hole radii ranged from 40 to 50 nm for
different designs. It is very important to ensure the uniformity of the hole radii
across the photonic crystal; furthermore, the circularity of the patterned holes also
affects the nanocavity mode. In short, the aim of the E-beam lithography step is to
pattern the resist with circular holes (cylinders, if considered in 3D) of uniform radii
(as per the design). The uniformity of dimensions and how accurately a circle can be
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patterned at such small scales (sub-100 nm) depends on the capability and stability
of the E-beam lithography system. For this reason, we chose CNF nanofabrication
facility for the fabrication of these devices with one of the best E-beam lithography
tools in North America, a 100-kV Jeol 9500 system.

The photonic crystal patterns consist of holes etched into the slab, so, a positive
E-beam resist was most suitable. Zep520a was chosen as it is considered one of the
best E-beam resists for its high resolution, high sensitivity, dry-etch resistance, ease
of development and reliability [90]. It is also known that Zep520a does not deteri-
orate after spinning and also after development, hence, the time between the spin-
coating and exposure, as well as time between exposure and development, and the
time between the development and etching become noncritical. Having said that,
repeatability is imperative for any fabrication process, and it can only be achieved
by following exactly the same procedure for each fabrication run. Hence, over the
course of the fabrication process development in this work, the samples were spun,
baked, exposed and developed without any long time delays, on the same day. Once
the resist is developed, it becomes stable and can be used for etching when needed.

For E-beam lithography recipe development, once a resist has been selected, the
next step is to decide the required resist thickness. The required GaAs etching depth
was 140 nm, with the hole radii ranging from 40 to 50 nm, so, a suitable Zep520a
thickness that can last the time required to etch these structures was established. We
chose Zep520a thickness of around 500 nm. To achieve this resist thickness, a spin-
ning recipe development was carried out. Test samples of 1 cm x 1 cm were first
cleaned using acetone and IPA, followed by drying using nitrogen. Spin trials were
then carried out on these samples, by varying the spin speed and then measuring
the resist film thickness. The film thickness was measured using filmetrics F20 sys-
tem (based on the principle of thin-film interference). The spinning recipe specified
below has resulted in approximately 510-nm-thick Zep layer:

Spin-coating at 2200 rpm for 60 sec with a ramp of 300 rps, and baked at 170◦C for
2 min.

Once the resist thickness and spinning recipe are finalized, the next step in E-
beam lithography recipe development is the required clearing dose—the minimum
electron energy required for clearing the E-beam resist for a given development time
and feature size—is to be determined. To find the clearing dose for our patterns, we
first had to fix the resist development process. The development of E-beam resist
refers to the process in which the polymer is removed from regions that are not
needed (for the case of a positive resist, from the exposed region). We used the com-
mercial Zep520a developer, Zed50, which is an n-amyl acetate solution. Trials were
performed to find the required time to completely remove the exposed areas. To re-
move the debris of the resist, MIBK-IPA (Methyl isobutyl ketone-Isopropyl Alcohol)
mixture was used. The application of the mixture was followed by a rinse of the
sample in IPA and by blow-drying it with nitrogen. The final development recipe
used was as stated below:

45 sec in Zed50, 30 sec in MIBK:IPA = 1:3, and 30 sec in IPA, then blow-drying with
N2.

Once the development process was finalized, the dose test was then carried out,
by sweeping the E-beam dose over a wide range (centered around the clearing dose
numbers provided by the resist manufacturer). E-beam dose was varied from 200
to 400 µC/cm2 in steps of 10 µC/cm2. Cross-sectional SEM imaging was used to
inspect the test samples and to determine the minimum dose value for which all
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of the resist was cleared. Figure 3.8 shows three cross-sectional SEM images for
determining the clearing dose. It can be seen that the dose values used for figure 3.8

Figure 3.8: Cross-sectional SEM images showing the process adopted
for determining the clearing dose for E-beam lithography. (a) and
(b) are underexposed, hence, the resist is not completely removed,
whereas (c) represents the case of clearing dose, as it is the minimum
dose required to completely remove the resist. All scale bars represent
100 nm.

(a) and figure 3.8 (b) do not completely clear the resist; however, the dose used for
the case of figure 3.8 (c) clears the resist completely. The dose tests have shown that
the clearing dose was 330 µC/cm2 for 510-nm-thick Zep520a, developed as stated
above, for the feature sizes of our designs.

A Proximity Effect Correction (PEC) is another important aspect to be considered
for E-beam lithography recipe development. PEC originates due to the forward-
scattering of electrons in the E-beam lithography resist and backscattering of the
electrons from the underlying substrate. The electron scattering leads to undesired
exposure of regions, which otherwise, were not supposed to be exposed. This unde-
sired exposure occurs in regions adjacent to those exposed by E-beam lithography
(as per the intended design), leading to changes in the dissolution rate of the resist,
and subsequently, changes the pattern from the intended design [91, 92]. This leads
to a deviation of the shape as well as size of the pattern from the intended design
and, therefore, it is not acceptable, especially for demanding patterns such as the
ones required for this project. Periodic structures at close proximity suffer the most
from the Proximity Effect.

The scattering of electrons, resulting in the proximity effect, has been shown to
be a convolution of the E-beam dose distribution of a pattern with a proximity func-
tion [92, 93]. The proximity function—also commonly referred to as point spread
function (PSF)—is radially symmetric and predicts how the electron energy is dis-
tributed throughout the E-beam resist, when a single point is exposed. Once this
effect is modeled, it can be reduced or corrected by appropriate measures, including
physical and/or software-based techniques [94]. For this work we modeled the PSF
for our wafer stack and resist thickness using the commercially available software
Tracer. The results were then applied as a correction, called PEC, to the original dose
pattern using E-beam lithography file generator software Beamer. We did not ob-
serve any measurable difference between the patterns with and without PEC, as was
inspected using SEM. This is primarily due to the fact that high voltage acceleration
E-beam lithography systems (like the 100-kV system that was used in our studies)
yield negligible scattering within the resist [94]. Nevertheless, PEC was used for the
rest of the E-beam exposure in this project.

The finalized E-beam patterning recipe was then used for patterning PC nanocav-
ity designs. Top-view SEM imaging was used to inspect the variation in the hole
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radii and also circularity of the patterned holes. Images (such as the one shown in
figure 3.9) were analyzed using scripts developed in ImageJ software, for statistical
analysis of patterned samples. Table 3.1 shows the values of the patterned holes, as

Figure 3.9: Top-view SEM image, representing one of the sample im-
ages used for analysis of hole-radii uniformity and circularity. Scale
bar represents 500 nm.

observed using top-view SEM imaging. It can be seen that the actual hole size is
larger than the target size (As designed in the E-beam CAD files). The variation in
the hole radii was modest, with a standard deviation of 1.2 nm. It must be noted here
that the target hole size is to be calibrated again, once an etching recipe is finalized,
since etching further increases hole radii. This process of quantifying the required
calibration is commonly called radius reduction test, by the photonic crystal experi-
mentalists’ community.

Table 3.1: The target radius as defined in the E-beam pattern CAD
file, the measured radius after the development, as seen from the SEM
top-view images, and the standard deviation (σ) of the statistical anal-
ysis of the hole radii using ImageJ script analysis on the top-view SEM
images.

Target hole radius/(nm) SEM top view mean radius/(nm) σ/(nm)
44.0 49.5 1.3
46.0 54.5 1.2
48.0 63.4 1.2

3.3.2 Optimizing plasma etching recipe

Plasma etching for this project was extremely challenging, due to the small dimen-
sions, three different materials within the wafer stack (GaAs, InGaAs and AlGaAs)
and the etching depth requirement of minimum 140 nm with such small hole sizes. It
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is important to recognize that small gaps result in very low etching rate and, hence,
low selectivity. As an example of this reduced etching rate for small gaps, figure
3.10 shows the cross-sectional SEM image of an AlGaAs slot waveguide, that we
etched in a single step. It can be seen from figure 3.10, that the etching rate is many
times higher for the waveguides as compared to the small gap. Apart from this chal-

Figure 3.10: Cross-sectional SEM image of the plasma etching of an
AlGaAs slot waveguide. The etching rate within the small gap is very
low, compared to the etching rate of the larger waveguides. Scale bar
represents 1 µm.

lenge of etching small gaps, this project was further complicated by the requirement
of smooth and vertical sidewalls. To achieve such precise plasma etching, several
etching test runs were required, for optimizing the process.

The etching recipe development was carried out at CNF (Cornell), using a PT770,
ICP-RIE system. This tool was heavily used for a variety of III-V materials. This
variation in materials results in variations in the chamber condition, leading to non-
repeatability of developed recipes. a 10-minute Oxygen clean, followed by 10-minute
conditioning, was a routine used before running the etching test. This was done
to minimize chamber-condition variations. However, due to the requirement of a
high-precision etching, we still observed that the recipes developed were not repeat-
able from day to day. To counter this problem further, the facility operators were
requested for allocating blocks of time for developing this recipe, during which
no other user had access to the system. As the recipe parameters were tuned, the
chamber-condition did not vary, thus facilitating making the recipes as repeatable as
possible.

One factor, overlooked by many plasma etching process developers (in an aca-
demic research setting), is the thermal effect on the etching rate and the recipe. We
used small pieces of semiconductor chips for the etching tests, however, etching
systems are built for wafer-scale etching. A 4-inch sapphire wafer was used for
mounting these small chips using ultrahigh vacuum thermal gel. This gel helps in
transferring heat from the chip to the underlying sapphire wafer, which is, in turn,
cooled by the backing helium flow. The amount of gel, the size of the sample and its
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position on the mounting wafer affect the heat transfer, which, in turn, leads to the
variation in the chemical etching rate. There is no easy solution to this problem; the
best thing that can be done is to use roughly the same-size pieces of semiconductor
for the etching tests and the final samples. Furthermore, placing the samples at ap-
proximately the same location on the mounting wafer and using similar amount of
gel for each etching run, can also help in keeping the thermal transfer consistent for
all the etching runs, hence making the recipes as repeatable as possible.

During the etching recipe optimization, the etching chemistry was fixed as BCl3:Cl2
= (3:4) sccm, where chlorine was added to the recipe in order to achieve a higher
etching rate and to improve the selectivity. Recipe discovery was done in a similar
manner, as detailed in section 2.4.2, i.e., while keeping all the parameters constant
and observing the effect of the variation of one parameter at a time on the etching
rate, the sidewall angle and roughness. Figure 3.11 shows SEM cross-sectional im-
ages of four different etching runs, carried out during the recipe optimization. The

Figure 3.11: Cross-sectional SEM images of four different etching test
runs. The examples illustrate the following situations: (a) Angled
sidewalls, (b) some undercut, resulting in rounded profile at the base
of the holes, (c) improved but still not nearly-vertical sidewall angle,
(d) nearly-vertical smooth sidewalls and successful achievement of
the minimum required etching depth of 140 nm. All scale bars repre-
sent 200 nm.

etching recipe used to obtain the result shown in Figure 3.11 (d) resulted in required
etching depth, nearly-vertical and smooth sidewalls. This recipe was used for etch-
ing final samples, ICP-RIE parameters are as shown below:

BCl3:Cl2 = (3:4) sccm, ICP = 200 W, RIE = 100 W, P = 15 mT, time = 80 sec.

3.3.3 Post-processing

In order to produce the air bridge, undercut is to be performed as the post-processing
step after the dry etching. The undercut results in the removal of the sacrificial layer,
which is Al0.80Ga0.20As. Hydroflouric acid selectively attacks AlGaAs, removing it
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from the GaAs substrate. This process is especially efficient when a high proportion
of aluminum is present. Time trials were performed to determine the required time
for completely removing sacrificial layer in a controlled manner. To have a controlled
etching, a 10% HF solution in water was used. We determined from our trials that 90
seconds were sufficient in order to completely remove the 1-µm-thick Al0.80Ga0.20As
layer. A few earlier studies report that rinsing the sample with potassium hydroxide
(KOH), after HF undercut, smoothens the undersurface of the slab and also removes
any leftover debris. After multiple attempts to follow this suggestion we concluded
in our finding that KOH does not improve the undercut profile. It rather worsens
the smoothness of the underside of the GaAs slab. Figure 3.12 (a) shows the tilted
cross-sectional SEM image of the GaAs slab after the undercut, whereas Figure 3.12
(b) shows the effect of treating it with KOH. It can clearly be observed that KOH
post-treatment has resulted in some debris build up beneath the slab. Hence, KOH
post-treatment was not used for the final samples.

Figure 3.12: Tilted cross-sectional SEM images of the GaAs slab: (a)
after HF undercut, (b) after post-undercut KOH treatment, and (c)
after post-undercut resist removal

After the undercut has been performed, the slab is ready for optical character-
ization. However, in order to have air on both sides of the slab, we need to strip
any remaining resist. In order to remove the developed Zep520a, we used 1165
Remover from microposit. It consists of a variety of organic solvents including N-
methyl-2-pyrrolidine. As the final step of the fabrication process, the samples were
kept in 1165 heated at 90 ◦C for 10 minutes. Figure 3.12 (c) shows the tilted SEM
cross-sectional image of the GaAs slab after the resist removal. No leftover debris
was observed, either on the top or on the bottom of the slab, hence, a pre-ashing or
post-ashing (oxygen plasma etching, commonly used to remove resist debris) was
not deemed necessary. To verify that ashing was not required indeed, ashing trials
were carried out in order to observe whether there is any noticeable effect of ashing
using SEM imaging. No difference was observed, hence, ashing was not used for
the final samples.

3.4 Conclusion and further work

In this work we engineered a repeatable fabrication process—comprising E-beam
lithography, plasma etching and wet-chemical post-processing—for GaAs PC nanocav-
ities. Figure 3.13 (a) summarizes the final fabrication process used for the fabrication
of GaAs PC nanocavities, and the final H1 and L3 fabricated samples, are shown in
Figure 3.13 (b) and Figure 3.13 (c), respectively. The fabrication process was engi-
neered from scratch and demonstrates etching profiles that are smooth and verti-
cal, matching the required design dimensions. The optical characterization of these



58 Chapter 3. Fabrication of GaAs-AlGaAs photonic crystals

Figure 3.13: Summary of the overall fabrication process development.
(a) Process flow summary with cross-sectional SEM images for each
step. The scale bars represent 100 nm. (b) Top-view SEM image of the
final fabricated H1 PC nanocavity, and (c) Top-view SEM image of the
final fabricated L3 PC nanocavity. Scale bars for (b) and (c) represent
1 µm.

samples is currently in progress in Prof. Antonio Badolato’s laboratory. This initial
characterization will be helpful for optimizing the design and fabrication process be-
fore we repeat it for the wafer with embedded quantum well, leading to an on-chip
polariton-blockade device.
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Chapter 4

InGaAsP/InP waveguides for
integrated nonlinear optics

Quaternary III-V semiconductor materials have been widely used for laser sources
and detectors. However, their nonlinear optical properties remain largely unex-
plored, while the materials definitely hold promise for nonlinear photonics on-a-
chip, owing to their exceptional properties: CMOS compatibility, strong nonlinearity
and possibility of combining light sources, passive components and detectors on the
same chip. In this work we experimentally study Indium Gallium Arsenide Phos-
phide (InGaAsP), for applications in integrated nonlinear optics—as a representative
of quaternary III-V semiconductor materials.

In this project, I collaborated with Shayan Seidi and Lilian Sirbu, to design In-
GaAsP/InP strip-loaded waveguides for enhanced Kerr nonlinearity. The designed
waveguides were then fabricated, with a detailed study of plasma etching of Indium-
based III-V semiconductor compounds. The fabricated devices were then optically
characterized, for the experimental demonstration of their nonlinear optical proper-
ties, in collaboration with Shayan Saeidi, Payman Rasekh and Alperen Tüğen.

4.1 InGaAsP: A quaternary III-V semiconductor

InxGa1−xAsyP1−y has the binary compounds GaP, GaAs, InAs, and InP in the basis.
The parameters x and y represent molar fractions of In, Ga, As, and P. The relative
concentrations of the pairs of elements represented by x and 1− x, and by y and
1− y, add up to 1. One can change the material compositions of the quaternary
compounds through mutually adjusting the concentrations of the pairs of elements
represented by x and 1− x, and by y and 1− y. One can clearly see that such a ma-
terial has two degrees of freedom in x and y, and, hence, more flexibility in adjusting
the optical characteristics as compared to ternary III-V semiconductors such as Al-
GaAs. The dependencies of the lattice constant and energy gap on the material com-
positions of ternary and quaternary semiconductor compounds can be found from
Vegard’s law [59], as detailed in subsection 2.2.3 earlier, using equation 2.11. Figure
4.1, reproduced from a 1981 paper by A. G. Foyt, shows the lattice constants and
band-gap energies of InxGa1−xAsyP1−y [95]. The points represent the values of the
lattice constants and band-gap energies of the binary semiconductors (as marked on
the diagram), and the lines represent the interpolation of the corresponding param-
eters for ternary compounds, extracted using Vegard’s law [59]. The areas bounded
by the lines represent the corresponding parameter space for the quaternary com-
pound, in this case InxGa1−xAsyP1−y. The solid and dashed lines indicate direct and
indirect band-gap compounds. The complete methodology used for optimized Kerr
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Figure 4.1: Lattice constants and band-gap energies of
InxGa1−xAsyP1−y and constituent binary compounds [95].

nonlinearity in passive III-V quaternary waveguides can be found in our recently
published design paper [33].

4.2 Waveguide designs

The first step of designing an integrated optical waveguide based on a III-V semi-
conductor is to define a layered arrangement that would include upper and lower
claddings, and a guiding layer. The overall approach is similar to that outlined ear-
lier, for the case of AlGaAs waveguides in Chapter 2. The wafer stack, comprised
of the lower cladding, the guiding layer and the upper cladding, can be grown epi-
taxially, nearly defect-free, on top of an appropriate binary substrate that can be
lattice-matched with the compositions of the layers. The lattice mismatch between
different layers of a semiconductor structure could result in a poor-quality epitaxial
growth, leading to a high defect density. The lattice mismatch ∆a/a of 0.06% (where
a is the lattice constant and ∆a is the difference between the lattice constants of the
epilayers) for the growth of In0.53Ga0.47As on InP substrate using liquid phase epi-
taxy (LPE) has been reported by Kuphal, et al. [96]. Similarly, Feng, et al. reported the
lattice mismatch ∆a/a ' 0.4% for the epitaxial growth of InGaAsP on InP substrate
by supercooling technique study [97]. These evidences prove experimentally that
InGaAsP can be grown on InP substrate, with a negligible lattice mismatch.

In order to identify the options for a substrate and lattice-matched layered ar-
rangement, one can refer to the diagram in figure 4.1. One can select a specific bi-
nary substrate on which a quaternary compound will be grown; InP was selected as
the substrate for InGaAsP strip-loaded waveguides. By selecting the substrate, we
fixed the value of the lattice constant that the layers of our quaternary compound
should match. The corresponding material compositions that are lattice-matched to
the substrate, lie on the vertical line traced parallel to Y-axis of the graph through
the point representing the selected substrate material in figure 4.1.
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Table 4.1: Material parameters of InGaAsP wafer for strip-loaded
waveguides

InGaAsP waveguides Composition Eg (eV) λg (nm) n
Upper cladding InP 1.34 925 3.17
Guiding layer In0.63Ga0.37As0.8P0.2 0.85 1459 3.58
Lower cladding InP 1.34 925 3.17
Substrate InP 1.34 925 3.17

Once the desired substrate material is selected, the next step is to identify the
material compositions of the guiding layer and claddings for future wafer growth.
A core layer with a composition In0.63Ga0.37As0.8P0.2 was selected to minimize two-
photon absorption at longer wavelengths, and to ensure lattice matching with InP
substrate. For increasing the refractive index contrast, we select InP as the lower
and upper cladding material. Table 4.1 presents the material composition, refractive
indices and band-gap of each layer of the designed wafer for InGaAsP/InP strip-
loaded waveguides. Table 4.1 makes it clear that InGaAsP is not suitable for passive
devices at the Telecom wavelengths; however, InGaAsP passive nonlinear waveg-
uides can be used in combination with integrated InGaAsP lasers to extend their
range of operation to longer wavelengths (2000 nm and beyond). Such sources can
be of interest in spectroscopy and environmental sensing [98, 99], this was the main
motivation of this study on the nonlinear optical properties of InGaAsP.

Once the wafer layer stack was finalized, waveguide simulations were carried
out, using a design methodology similar to that outlined earlier in section 2.3 for the
case of AlGaAs waveguides. Lumerical mode solutions was used to obtain waveg-
uide parameters resulting in low Aeff and a single-mode operation in the wavelength
range from 1.55 to 2.75 µm. Design iterations resulted in the waveguide dimensions
as shown in Figure 4.2 (a). The mode evolution as we increased the wavelength from
1.55 to 2.75 µm is shown in Figure 4.2 (b).

4.3 Fabrication

As the first step in the fabrication process, the designed wafer layer stack was first
commercially grown using Metalorganic Chemical Vapor Deposition (MOCVD). For
the lithography part of the top-down fabrication process, the standard E-beam lithog-
raphy was adopted. Initial attempts were made using 200-nm-thick hydrogen
silsesquioxane (HSQ) as the mask; however, the mask was completely eroded before
the required etching depth was achieved. A 500-nm-thick layer of Zep520a was then
tested as an etching mask; however, that test failed as well due to running out of
Zep520a mask before the required etching depth was achieved. These initial tests
have shown that the etching recipe for InP has low selectivity. Hence, the required
mask needs to be more etch-resistant than the aforementioned E-beam resists. Such
etch-resistant masks are commonly known as hard masks. Silica was selected as the
hard mask for this project, since it is etch-resistant to chlorine based etching recipes
and also has higher melting (re-flow) point compared to polymer-based optical or
E-beam resists. The further process was developed to pattern a hard mask using
E-beam lithography.
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Figure 4.2: (a) Schematic of the designed InGaAsP strip-loaded
waveguide with InP claddings and the composition of the guiding
layer In0.63Ga0.37As0.8P0.2, (b) Intensity distributions of the funda-
mental TE mode of an InGaAsP strip-loaded waveguide with the
width of w = 1700 nm at different wavelengths. The evolution of
the fundamental TE mode is shown as the wavelength increases from
1550 to 2750 nm.

4.3.1 E-beam lithography for hard mask

HSQ—a negative-tone E-beam resist—was used for patterning the waveguides. As
a first step, 1 cm × 1 cm chips were diced from the InGaAsP/InP wafer. They were
then cleaned using acetone and IPA, and then were blow-dried using nitrogen. The
chips were then coated with 300 nm of silica using an existing Plasma-Enhanced
Chemical Vapor Deposition (PECVD) recipe. A 40-nm-thick layer of chromium was
deposited on top of the silica layer by electron beam evaporation. XR-1541 (com-
mercially available HSQ solution) was then spun coated at 1000 rpm for 60 seconds,
with an acceleration of 60 rps, resulting in a 180-nm-thick resist layer.

The patterning of the coated wafer with waveguides was performed with a 100-
kV Jeol 9500 electron beam lithography system, at CNF (Cornell). Based on the
simulation results, the target waveguide width was 1.7 µm. However, in practice,
it is very difficult to achieve the exact targeted waveguide dimensions in fabrica-
tion due to a variety of fabrication errors. That is why, waveguide patterns with the
widths ranging from 1.1 to 2.1 µm, with a step size of 0.1 µm were used in order to
ensure that there is at least one width that corresponds to the design. In addition,
operating with a range of waveguide widths can help one to experimentally verify
that 1.7-µm-wide waveguide has, indeed, the best experimental performance. HSQ
was exposed using an E-beam dose of 950 µC/cm2. The resist was then developed
for 10 min in MIF 300 solution (2% solution of Tetramethylammonium hydroxide
in water developed by Merck). The development was followed by a rinse in run-
ning de-ionized water, then by blow-drying with nitrogen gas. Once developed, the
HSQ mask was cured at 170 ◦C for 1 hour, to enhance its etch resistance. HSQ mask
was then used to transfer the waveguide pattern into underlying chromium layer
using ICP-RIE process. Next, the etching of the chromium and then silica layers was
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performed, and the waveguide pattern was transferred into the silica layer. Finally,
the silica mask was used to transfer the waveguide pattern into InP layer. Etching
test samples were patterned using this process, as summarized in figure 4.3, to opti-
mize ICP-RIE process for InP. Once the etching test samples were patterned, ICP-RIE
process was then developed for InP.

Figure 4.3: The developed fabrication process flow for strip-loaded
InGaAsP/InP waveguides.

4.3.2 Low-temperature etching of InGaAsP/InP

Plasma etching of semiconductors containing indium is known to be challenging [100,
101]. The majority of the reported studies on InP plasma etching used high tem-
peratures of the substrate—ranging from 120 ◦C to over 200 ◦C—to achieve high
etching rate and sidewall verticality of InP [100, 101]. However, the ICP-RIE system
for III-V semiconductors at CNF (where the devices for other projects were fabri-
cated) does not have the capability of substrate heating. A more detailed literature
survey has brought up a study reporting room-temperature etching of InP using
Methan-Hydrogen-Chlorine (CH4-H2-Cl2) etching chemistry for the etch rates close
to 1 µm/min [102]. Plasmatherm770 ICP-RIE system at CNF had all the required
gases, so, the etching trials were performed, starting with the same etching parame-
ters as outlined in the earlier study [102]. The total of 15 etching trials were carried
out with the etching parameters varying in a broad range; however, for all the pa-
rameter sets the etching rate was very low, unlike what was reported in the earlier
study [102]. The reason has been discussed profoundly in other literature sources,
linking low etching rate of Indium-based semiconductors at low temperatures to the
fact that the etching by-product, InClx, is not volatile unless the substrate is heated
to 150 ◦C.
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4.3.3 Plasma-heated etching of InGaAsP/InP

Since the CNF III-V etcher has no heating capability for substrates, we attempted
to elevate the substrate temperature using plasma heating [103]. An etching test
sample was placed on a sapphire mounting wafer, but no ultrahigh vacuum thermal
gel was placed between the sample and the backing wafer. This has resulted in the
reduction of heat dissipation from the sample; hence, in a temperature increase and
enhanced InClx removal. We did observe an increase in the etching rate, owing to the
plasma-heating of InP, however, the results were not repeatable, and the achieved
etching depth was still lower than the targeted value 0.9 µm. Therefore, this method
was deemed inappropriate for the final sample. Figure 4.4 (a) shows the SEM cross-
sectional image of one of the etching trials performed at room temperature with
CH4-H2-Cl2 etching chemistry, whereas Figure 4.4 (b) shows the SEM cross-sectional
image of the etching performed at an elevated temperature using plasma heating.

Figure 4.4: Cross-sectional SEM images of etching tests using CH4-
H2-Cl2 chemistry: (a) Etching done at room temperature, and (b)
Etching at elevated temperature, using plasma-heating. All scale bars
represent 500 nm.

Searching for an alternative fabrication facility that could provide heating option
for etching, we came across Quantum Nano Centre (QNC), Waterloo. QNC has an
oxford plasma ICP-RIE system, capable of heating the substrate up to 60 ◦C. Fur-
thermore, the helium cooling of the mounted substrate can be turned off, allowing
further increase in the substrate temperature. The etching trials were then carried
out at QNC using this plasma heated etching strategy. Twelve etching trials were
carried out while tuning the etching parameters in a similar manner as described in
earlier chapters. An acceptable etching recipe was then fine-tuned and used for the
final InGaAsP/InP strip-loaded waveguide sample. Figure 4.5 shows SEM cross-
sectional images and atomic force microscopy (AFM) scans of two of those etching
trials. An improvement in the sidewall angle and in the roughness of the etched
profile can clearly be seen from the two AFM scans. A detailed analysis of the ICP-
RIE parameter sweep is not presented here, since we are planning to publish it first,
as we are not aware of any systematic study of plasma-heated etching of InP in lit-
erature. After etching the final sample, the sample was cleaved in preparation for
the optical characterization. The final sample containing InGaAsP/InP strip-loaded
waveguides was etched using ICP-RIE recipe as shown below:

CH4:H2:Cl2 = (4:7:8) sccm, ICP = 2000 W, RIE = 65 W, P = 4 mT, time = 82 sec.
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Figure 4.5: Cross-sectional SEM images of the etching tests with CH4-
H2-Cl2 chemistry: (a) AFM scan of the initial etching trial of InP,
showing a high surface roughness induced by the etching. Its cross-
sectional SEM image is shown in (c). (b) AFM scan of an etching trial
of InP after parameter improvement, showing significantly reduced
surface roughness. Its cross-sectional SEM image is shown in (d). All
scale bars represent 500 nm.

4.4 Optical characterization

Fabrication of InGaAsP/InP strip-loaded waveguides was followed by their optical
characterization. Propagation loss was measured first, and then nonlinear optical
characterization was performed. Two-photon absorption measurements, self-phase
modulation and four-wave mixing results are presented in this thesis.

4.4.1 Optical propagation loss measurement

The first step in assessing the performance of an integrated optical device is the prop-
agation loss measurement. Overall optical loss can be obtained by taking a ratio be-
tween the measured optical power at the output and at the input to the waveguide.
The overall loss—comprised of the propagation loss Lprop, the coupling loss due to
the mode size and shape mismatch between the free-space focused laser beam and
waveguide mode Lcoupl, and the Fresnel reflection loss Lref—was measured to be
around 18 dB. The propagation loss was measured using the Fabry-Perot loss mea-
surement technique, as described in detail in section 2.5 [70]. The corresponding
measurement setup is shown in Figure 2.32. The measured values of the propaga-
tion loss were around 2.7 dB/cm for the fundamental TE mode, and 2.4 dB/cm for
the fundamental TM mode of a 1.7-µm-wide waveguide.
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4.4.2 Two-photon absorption measurements

The nonlinear optical characterization was carried out in collaboration with Pay-
man Rasekh and Shayan Saeidi. The schematic of the experimental setup used to
carry out nonlinear optical characterization of InGaAsP/InP waveguides is shown
in Figure 4.6. The four-wave mixing (FWM) experiments require two laser sources:

Figure 4.6: Experimental setup used for the nonlinear optical char-
acterization of InGaAsP/InP waveguides. The whole setup, as dis-
played here, was used for FWM experiments, while TPA and SPM
measurements were performed without the optical arm highlighted
by the dashed box (the “Mixing Arm”, that contains cw laser).

a pulsed pump laser and a cw signal laser. Self-Phase modulation (SPM) and Two-
Photon absorption (TPA) measurements require only a pulsed laser, so, the cw laser
arm, as shown in the setup schematic with a dashed box, was not used for TPA and
SPM. The nonlinear optical setup is further described below.

We used two laser sources in our FWM experiments: a high-peak-power pulsed
pump and an amplified tunable cw signal. The pump was obtained from the opti-
cal parametric oscillator (OPO), pumped by a mode-locked Ti:Sapphire laser with a
repetition rate of 76 MHz. The system produced a pulsed output at 1570 nm with
the pulse duration of 3 ps. The cw signal was obtained from a combination of a tun-
able low-power cw laser and a high-power (up to 2 W) erbium-doped fiber amplifier
(EDFA), operating in the wavelength range between 1535 and 1565 nm. In each of
the pump and the signal optical arms, a combination of a half-wave plate and a
linear polarizer was used to independently control their polarizations. The pump
and signal beams were combined at a 50% non-polarizing beam splitter, and were
coupled into the waveguide using butt-coupling with a 40× microscopic objective.
We used a Xenics infrared camera to observe the mode profile at the output of the
waveguide. The optical power was measured by the detectors with power meters,
and the spectra at the input and output of the waveguide were recorded using a
Yokogawa AQ6370 optical spectrum analyzer.

In order to measure the two-photon absorption coefficient of the InGaAsP/InP
waveguide, we used the nonlinear transmission (NLT) method, also known as non-
linear absorption experiment [104]. Following that method, the power transmitted
by the waveguide was measured as a function of the optical power at the waveg-
uide’s input. The results are shown in Figure 4.7 (a), where we plot the transmitted
power as a function of the average power launched into the waveguide for both
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TE (asterisks) and TM (triangles) polarizations. The characteristics at higher input

Figure 4.7: (a) Output vs. input power for TE and TM polarized light.
One can see the saturation behavior due to nonlinear absorption. (b)
The TPA coefficient α2 can be obtained by the best line fit to the exper-
imental data (Gradient of the line fitted to experimental data points.

powers are largely nonlinear, which indicates the presence of nonlinear absorption.
Since we have been operating above half-band-gap (the wavelength 1568 nm falls
within the region of strong two-photon absorption because the value of the band-
gap wavelength corresponds to 1450 nm), this observation is intuitive.

In order to extract the value of the TPA coefficient α2 from our measurements,
we start with the equation for the intensity evolution in a medium with TPA [105]

−dI
dz

= αI + α2 I2. (4.1)

Here α represents the linear absorption coefficient, and I denotes the intensity. This
equation is satisfied by

1
T

= e(αL)
(

Leff

Aeff
α2Pin + 1

)
, (4.2)

where T refers to the power transmission ratio (Pout/Pin), Leff = [1− exp(−αL)]/α
is the effective length, L is the length of the sample, and Aeff is the effective mode
area defined as

Aeff =

[∫ ∞
−∞

∫ ∞
−∞ |E(x, y|2 dx dy

]2∫ ∞
−∞

∫ ∞
−∞ |E(x, y|4 dx dy

(4.3)

in terms of the electric field E(x, y) for the third-order nonlinear optical interac-
tions [106]. The values of the effective mode area were obtained from the modal
analysis performed with Lumerical Mode Solutions and correspond to Aeff = 1.64 µm2

for the fundamental TE mode and Aeff = 1.10 µm2 for the fundamental TM mode
at the wavelength 1568 nm. The TPA coefficient can be obtained by measuring the
power transmission ratio for different values of the input power and fitting it with
equation 4.2. In Figure 4.7 (b), we plot the reciprocal transmission as a function
of the coupled-in peak power (the peak power right at the entrance to the waveg-
uide). The experimental data are shown in Figure 4.7 (b) with points, while the line
represents the best linear fit to the data. The gradient of the line fitted to the experi-
mental data points is proportional to α2. The calculated value of the TPA coefficient
is ∼ 15 cm/GW, which is approximately one quarter of the corresponding value
reported for InGaAsP/InP multi-quantum-well waveguides [107]. This discrepancy
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can be attributed to the fact that the density of states in quantum wells near the band
edges is larger compared to that of a bulk semiconductor material. Moreover, due
to the difference in the material compositions in the two studies, one cannot expect
TPA coefficients with exactly the same values from the two measurements.

4.4.3 Self-phase modulation

After TPA, self-phase modulation experiments were carried out. The objective was
to achieve a large nonlinear phase shift. For this experiment, we used the pulsed
laser source only. We have performed the measurements of the spectra collected at
the output of the waveguide at different levels of the incident power as shown in
Figure 4.8. The legend in the figure shows the values of the coupled-in peak power

Figure 4.8: Spectral broadening and the nonlinear phase shift ac-
quired by the beam propagated through the waveguide due to self-
phase modulation. The legend shows the coupled-in power values
and the estimated values of the nonlinear phase shift φNL next to the
curves representing the corresponding spectra.

and estimated nonlinear phase shift next to the lines representing the correspond-
ing spectra [108]. The spectral broadening with the increase of the incident power,
that represents the manifestation of SPM, can be clearly observed from the graph.
The maximum nonlinear phase shift that we were able to observe at 40 W of the
coupled-in peak power was φNL = 2.5π, as estimated from the observed spectral
characteristics at the output of the waveguide [108]. Despite the strong TPA, nonlin-
ear phase shift is significant and indicates the presence of strong Kerr nonlinearity.
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Indeed, based on our estimates of the phase shift, and using

φNL = n2k0LI (4.4)

that relates the nonlinear phase shift φNL and the Kerr coefficient n2 for SPM, we
obtain the value n2 ≈ 10−13 cm2/W for our waveguide [50]. This compares well
with the reported values n2 = 1.5 × 10−13 cm2/W for Al0.18Ga0.82As [106], which
has been proved to be an efficient material for nonlinear photonics, and silicon n2 =
4.2× 10−14cm2/W at the telecom wavelength [109].

We now have sufficient information in order to characterize the nonlinear optical
performance of the InGaAsP/InP strip-loaded waveguides in terms of the figure of
merit F, expressed as [61]

F =
n2

λ0α2
, (4.5)

and the nonlinear coefficient γ, defined as

γ =
2π n2

λ0 Aeff
. (4.6)

The figure of merit characterizes the potentials of the material itself for the nonlinear
optics at the specific wavelength λ0, while the nonlinear coefficient describes the per-
formance of the nonlinear optical waveguide characterized by its effective mode area
Aeff at the wavelength λ0. The nonlinear optical performance of a waveguide is best
when both the parameters are maximized, which can be achieved by a proper selec-
tion of the material (for the figure of merit), and by a proper design of the waveguide
(for the nonlinear coefficient). For a nonlinear material to be considered efficient, the
condition F > 1 must be satisfied. Based on the measured and estimated values of
n2 and α2 in our experimental study, InGaAsP has F ≈ 0.043, which is consistent
with the fact that the operation wavelengths 1530–1570 nm fall within the range of
strong two-photon absorption. The nonlinear coefficient γ ≈ 36.85 m−1W−1, char-
acterizing the performance of the InGaAsP/InP waveguides as nonlinear devices, is
almost three times larger than that of similar devices based on AlGaAs [51]. This
can be attributed to the fact that we have designed our InGaAsP/InP waveguides
in a way that their effective mode area is minimized to the level of under 2 µm2,
compared to the values over 4 µm2 reported in [51]. It is thus possible to exploit the
full potential of such waveguides by a proper selection of the operation wavelength
which, in our case, should be close to 2 µm.

4.4.4 Four-wave mixing

As the final step in our nonlinear optical characterizations, we have performed FWM
experiments with our InGaAsP/InP waveguides. In this experiment, the whole
setup as shown in Figure 4.6, including both laser sources, was used. The pulsed
pump and amplified cw beams were mixed at the beam splitter, and then were
free-space-coupled into the waveguide. The values of the coupled-in power at the
waveguide’s entrance were estimated to be 9 W for the peak power of the pump,
and 0.5 W for the average power of the cw signal. The pump laser wavelength in
our experiment was centered around 1568 nm, while the cw signal, amplified with
an EDFA, was tuned in the range between 1545 and 1560 nm.The spectrum at the
output of the waveguide had an extra frequency component generated by the pro-
cess of four-wave mixing where two pump photons with the frequency ωp and one
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signal photon with the frequency ωs interacted with the nonlinear optical medium
to give rise to a single idler photon with the frequency ωi: 2ωp −ωs = ωi.

In Figure Figure 4.9, we show the results of the spectral measurements for differ-
ent wavelength combinations of the pump and the signal. The generated idler peaks

Figure 4.9: Wavelength conversion by FWM for pump wavelength
fixed at 1568 nm and different cw signal wavelengths (narrow peaks
on the left side). The generated idlers, corresponding to cw peaks,
can be seen on the right side (at longer wavelengths). For the signal
at 1551 nm (green), one gets the strongest idler. As the signal goes far
from this wavelength, the conversion efficiency decreases.

corresponding to different cw signal peaks can be seen on the longer-wavelength
side with respect to the pump. The results displayed in Figure 4.9 were obtained for
the fundamental TM modes (for both pump and signal beams): similar effect has
been observed for the fundamental TE mode, but the FWM efficiency was lower in
this case due to the fact that the TE mode has a larger effective mode area and, hence,
exhibits a smaller nonlinear coefficient.

The characteristics that we have observed in our experiment are comparable to
those demonstrated with AlGaAs waveguides of similar geometry [51]. The overall
conversion range (the difference in wavelength between the maximally separated
signal and idler spectral components) was λi − λs = 45 nm, limited by the mate-
rial dispersion which is the dominant dispersion mechanism in strip-loaded waveg-
uides [51]. Indeed, the material dispersion of InGaAsP in the vicinity of 1568 nm is
Dmat = −19500 ps/nm/km, while the simulated overall dispersion with the waveg-
uide contribution taken into account is around Dtot = −17200 ps/nm/km. The
latter value is only slightly offset with respect to the very high value of the material
dispersion and lends to the characteristic dispersion length, defined as

LD =
T0

Dtot ∆λmax
(4.7)

in terms of the pulse duration T0 and maximum wavelength separation between the
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pump and signal ∆λmax ≈ 22 nm, comparable with the length of the waveguide. The
waveguides have the length L = 5 mm, while LD ≈ 8 mm. The lack of dispersion
management in our devices thus contributes to the very low efficiency and limited
tuning range of the FWM process.

We next estimate the FWM conversion efficiency obtained in our experiment.
Here we define the conversion efficiency as the ratio between the generated idler
power and the output cw signal power, estimated from the spectral measurements.
Here, the maximum conversion efficiency of ∼ −50 dB was achieved. As a compar-
ison, the value of −38 dB has been reported for AlGaAs nanowires with engineered
dispersion, ultracompact mode with Aeff < 1 µm2, and managed two-photon ab-
sorption [34].

4.5 InGaAsP/InP nanowire waveguide fabrication

As discussed extensively in Chapter 2, nanowire waveguides enhance nonlinear
Kerr effect due to the higher intensity of light (arising from lower Aeff). Furthermore,
nanowire waveguides can be dispersion-engineered, leading to enhanced FWM due
to better phase-matching. Nanowire waveguides were designed and patterned us-
ing the fabrication process described in figure 4.3. Fabrication tests were recently car-
ried out, using in-house SAMCO ICP-RIE system at CRPuO (uOttawa). This etching
system had an added feature of substrate heating. Initial trials were done at varying
temperatures and etching parameters. Figure 4.10 (a) shows the schematic of the de-
sign of InGaAsP/InP nanowires, whereas Figure 4.10 (b) and (c) show two etching
trials performed at different temperatures using the following etching recipe:

Cl2:BCl3:Ar = (1:2.5:1) sccm, ICP = 60 W, RIE = 20 W, P = 0.20 Pa, time = 4 min.

It can be clearly seen from Figure 4.10 that heating the substrate results in reduction
of etching-induced roughness, as well as improves the selectivity and etching rate of
InP. More trials are presently being performed to optimize the process further, and
to fabricate the final InGaAsP/InP nanowire samples for optical characterization.

Figure 4.10: (a) Schematic representation of the designed In-
GaAsP/InP nanowire waveguide. Cross-sectional SEM image of
etching trial for InGaAsP/InP nanowire waveguides carried out at
a temperature of (b) 90 ◦C, and (c) 150 ◦C. All scale bars represent
500 nm.
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4.6 Conclusion and future work

In conclusion, this was an exhaustive study encompassing design, fabrication and
optical characterization of InGaAsP/InP waveguides. Figure 4.11 provides a picture
summary of the fabrication process, showing the hard mask patterning followed by
three different approaches for InP plasma etching, explored in this work. we report

Figure 4.11: Summary of the fabrication processes developed for In-
GaAsP/InP waveguides. All scale bars on the cross-sectional SEM
images represent 500 nm.

on the first measurements of the nonlinear absorption coefficient, self-phase mod-
ulation and four-wave mixing in InGaAsP/InP strip-loaded waveguides. We have
observed the nonlinear phase shift of 2.5π in our SPM experiments, and the over-
all FWM conversion range of 45 nm, limited by the material dispersion and strong
two-photon absorption. The TPA coefficient value was measured to be 15 cm/GW.
Despite the presence of this loss mechanism, the nonlinear optical performance of
our devices was comparable to that of the better-studied AlGaAs waveguides with a
similar geometry [51]. This study represents the first set of proof-of-principle exper-
iments aiming at demonstrating the pontentials of InGaAsP for nonlinear photonics
on-a-chip. The next step would be the follow-up study performed at longer wave-
lengths such that the effect of TPA can be mitigated. This would allow one to exploit
the full potential of InGaAsP for passive nonlinear optical waveguides capable of
demonstrating wavelength conversion in the frequency range beyond 2 µm.

As a future goal, we are working on the optimization of the nanowire plasma
etching process, for fabrication of InGaAsP nanowire waveguides, and, subsequently,
intend to optically characterize InGaAsP integrated optical waveguides with engi-
neered dispersion in order to expand the FWM wavelength conversion window [33].
Such waveguides, combined with integrated InGaAsP lasers, can open new spectral
windows for all-optical signal processing and on-chip spectroscopy applications.

To conclude, the reported study has confirmed that III-V semiconductors are well
suited for nonlinear photonics. The abundance of different kinds of III-V semicon-
ductors indicate that these materials can constitute a bank of excellent nonlinear



4.6. Conclusion and future work 73

optical platforms covering the entire spectral window between UV and IR.
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Chapter 5

GaN waveguides on (-201)-oriented
β-Ga2O3 substrate

5.1 GaN: a wide band-gap semiconductor

Gallium Nitride (GaN), a wide-band-gap (band-gap energy of 3.4 eV for Wurtzite
GaN) semiconductor with high electron velocity and chemical and thermal stabil-
ity [110], has attracted immense research interests for its many commercial applica-
tions, such as solid-state lighting, high-power and high-frequency electronics, and
blue semiconductor lasers [2, 111–113]. Similar to other III-V semiconductor plat-
forms [34, 42, 43], high-optical-quality GaN is also expected to become a suitable
candidate for integrated nonlinear photonic circuits for a wide range of applications
spanning from all-optical signal processing to quantum computing. Integrated non-
linear optical waveguides based on GaN can exhibit correlated photon pair genera-
tion through spontaneous nonlinear optical processes, thus representing potentials
for on-chip quantum sources in the visible and telecommunication spectral ranges.
Despite the commercial production of GaN devices, this material still lacks a suitable
substrate that would allow for a reduction of structural defects, such as high densi-
ties of threading dislocations (TDs) and grain boundaries [114–116]. These defects
act as non-radiative recombination centers [117], thus deteriorating the optical qual-
ity of the epitaxially grown GaN layer. Recent studies have shown that GaN grown
on (−201) β−Ga2O3 has a much lower lattice mismatch of 4.7% as compared to 14%
for GaN grown on Sapphire (Al2O3) [118, 119].

This chapter details the realization of integrated optical waveguides based on
GaN on (-201) β−Ga2O3. Using the parameters of the grown GaN wafer, the design
of rib waveguides for the C-band telecommunication wavelength range centered
around 1550 nm was performed with Lumerical Mode solutions. The design served as
the guideline for the subsequent waveguide fabrication, followed by the wet-etching
post-processing and experimental measurement of the propagation loss. This is the
first, to the best of our knowledge, report on the realization of GaN integrated optical
waveguides on Ga2O3 substrate. Passive optical waveguides represent key building
blocks of integrated photonic circuits, and this work can act as a stepping stone in the
realization of integrated optical devices based on GaN on β−Ga2O3 for nonlinear
photonics and optoelectronics applications.

5.2 GaN growth on (-201)-oriented β−Ga2O3

The wafer growth was carried out by our collaborator Prof. Iman Roqan from King
Abdullah Unuiversity f Science and Technology (KAUST), Saudi Arabia. GaN was
epitaxially grown on (-201) β−Ga2O3 with the use of triethylgallium and ammonia
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as source gases at 400 mbar in a Metalorganic Chemical Vapor Deposition (MOCVD)
chamber. An approximately 9-nm-thick GaN buffer layer was first grown on top of
a (−201) β−Ga2O3 (we will further use the notation Ga2O3 for the sake of brevity)
at the temperature of 500 ◦C. On top of the buffer layer, the growth of a 3.5-µm-thick
GaN epitaxial layer of higher optical quality has been performed at 1100 ◦C.

A detailed comparison of the material properties of the resulting wafer and com-
mercially available GaN grown on Al2O3 (Sapphire) has been reported in [118]. The
XRD rocking curve (RC) showed a superior GaN quality with a small full width
at half maximum (FWHM = 330 arcsec), which is a typical FWHM value of high-
quality GaN wafer [119]. XRD RC results indicated low threading dislocation den-
sity (TDD), dominated by screw and mixed type dislocations [118]. The TDD and the
type of dislocations were confirmed by atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM) analysis (TDD was on the order of 108 cm2 [118,
119]). To the best of our knowledge, this is the best RC FWHM value for GaN
obtained for materials grown on a Ga2O3 substrate. X-ray diffraction measure-
ments have shown a much lower value of the lattice mismatch (only 4.7%) between
Ga2O3 and the GaN film, compared to the 14% of lattice mismatch between Al2O3
and GaN [118]. The photoluminescence study reported in [118] has confirmed that
the GaN on Ga2O3 wafer has higher photoluminescence yield than GaN grown on
Al2O3. AFM measurements have shown the root mean square (RMS) surface rough-
ness as low as ∼ 0.3 nm over 400 µm2, and ∼ 0.17 nm over 25 µm2, indicating a
significantly smoother surface compared to that of the commercial state-of the-art
GaN grown on sapphire [118, 119]. The XRD, TEM and AFM results indicated that
the (−201) β−Ga2O3 is the best orientation for GaN growth. We used the GaN on
Ga2O3 wafer, characterized in [119], in our experimental studies reported hereafter.

5.3 Design of strip-loaded GaN waveguides

The first step in determining the suitability of GaN grown on Ga2O3 for integrated
photonic applications is to attempt the realization of waveguides in such a wafer.
Using Lumerical Mode Solutions, rib waveguides were designed with the material pa-
rameters corresponding to those of the grown GaN on Ga2O3 wafer and the target
operation wavelength 1550 nm. The effect of chromatic dispersion was taken into
account by using the reported chromatic dispersion characteristics of GaN [120] and
Ga2O3 [121]. Figure 5.1 shows the dimensions of the designed waveguide along with
the simulated intensity distribution of the fundamental TE mode for the waveguide
width of 1.5 µm. We obtained from the simulations the values of the effective refrac-
tive index, neff = 1.964, and effective mode area, Aeff = 3.80 µm2, for the fundamen-
tal TE mode of the waveguide shown in Figure 5.1.

5.4 Fabrication of strip-loaded GaN waveguides

The designed waveguide structures were fabricated using standard E-beam lithog-
raphy followed by dry etching and post-processing. The steps of the fabrication
process are outlined in Figure 5.2. The patterning process is similar to the one used
for InGaAsP waveguides, as described in chapter 4, however, the thicknesses of the
silica and chromium layers were increased. An increased thickness leads to a thicker
final mask, which was required as GaN is known to be an etch-resistant material, re-
sulting in low etching selectivity.
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Figure 5.1: Intensity distribution of the fundamental TE mode in the
designed GaN-on-Ga2O3 waveguide

Figure 5.2: Schematic representation of the fabrication process. The
PECVD deposition of a 400-nm-thick layer of SiO2 on top of the GaN
wafer was followed by an E-beam evaporation deposition of a 50-nm-
thick layer of Chromium. After that, a 200-nm-thick layer of HSQ was
spin-coated and patterned by E-beam lithography. The HSQ mask
was then used to imprint the waveguide profile into Chromium, and
the chromium was then used as a mask for etching the SiO2 layer.
GaN was finally etched through the SiO2 mask.

5.4.1 Lithography and plasma etching

The GaN on Ga2O3 wafer was first diced into 1 cm x 1 cm chips. These chips were
then cleaned with acetone and isopropanol, and then blow-dried with Nitrogen gas.
After that, a 400-nm-thick layer of Silica (SiO2) was deposited on top of the wafer by
Plasma-Enhanced Chemical Vapor Deposition (PECVD) technique, and then 50 nm
of chromium was deposited by E-beam evaporation. Following these steps, a 200-
nm-thick layer of HSQ E-beam resist was spin-coated and pre-baked at 170 ◦C. The
waveguides were then patterned using 100-kV Jeol 9500 E-beam lithography system
with a dose of 950 µC/cm2. In order to make sure that the fabricated structures
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have the dimensions as per the design (the waveguide width around 1.5 µm), and to
leave some room for fabrication errors, the waveguides were patterned with slightly
different widths within the range of the desired value, from 1.3 to 1.7 µm, with the
increment of 0.1 µm. After the E-beam patterning, the E-beam resist was developed
in MIF 300 (2% tetramethylaemmonium hydroxide) for 10 min, then rinsed in de-
ionized water, and cured on a hot plate at 170 ◦C for 1 hour. The E-beam-patterned
HSQ mask was then used to transfer the waveguide pattern into chromium by ICP-
RIE. A Trion etcher was used for etching the chromium layer with an optimized
recipe with the following parameters: 20 sccm of chlorine and 10 sccm of argon at
the pressure of 50 mT, with the ICP and RIE powers of 200 and 80 W, respectively.
The chromium mask was then used to transfer the waveguide pattern into silica
with an Oxford 100 ICP-RIE system using 20 sccm of difluoromethane (CH2F2) and
80 sccm of helium at the pressure of 4 mT, 3000-W ICP and 60-W RIE powers. The
silica mask was finally used to transfer pattern into GaN.

Figure 5.3: SEM images of three GaN ICP-RIE experimental trials.
Each scale bar represents 1 µm. The etching recipes and parameters
for each of the trials are summarized in Table 5.1.

The GaN was etched with Plasmatherm PT770 ICP-RIE system at CNF (Cornell).
In order to optimize the etching recipe, a systematic parameter sweep, as described
in detail earlier in chapter 2, has been performed. The swip involves varying one
etching parameter at a time, while keeping the rest of the parameters unchanged,
which resulted in the optimization of the parameter values. Figure 5.3 shows scan-
ning electron microscope (SEM) images of the outcomes of three etching trials with
different parameters, as outlined in Table 5.1. A Zeiss Ultra 55 SEM was used with an

Table 5.1: Etching parameters and properties of the etched-profile,
namely, the etching rate, selectivity compared to silica, and side wall
angle, presented for the three trial etching recipes with the resulting
SEM images shown in Figure 5.3.

Trial
Etching parameters Etching rate of

GaN (nm/min)
Selectivity
to silica

Side wall
angle (deg)

(a) Ar:BCl3:Cl2 = 5:8:20 sccm,
P= 5 mT, RIE = 25 W, ICP = 400 W 150 5:1 75

(b) Ar:BCl3:Cl2 = 5:8:20 sccm,
P= 5 mT, RIE = 80 W, ICP = 400 W 275 4:1 79

(c) Ar:BCl3:Cl2 = 5:8:20 sccm,
P= 5 mT, RIE = 80 W, ICP = 250 W 250 8:1 79

accelaration voltage of 3 keV for cross-section imaging of the cleaved GaN waveg-
uides. The etching rate of GaN, the selectivity (defined as the ratio of the etching
rates of GaN and silica), and side wall verticality (defined as the sidewall angle with
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respect to the normal to the substrate’s surface) were measured using SEM imaging
of the resulting waveguide cross-sections.

As the RIE power was increased from 25 W [trial (a) in table 5.1 to 80 W [trial (b)
in table 5.1], the sidewall verticality has been improved from 75 to 79◦, and the etch-
ing rate increased from 150 to 275 nm/min. On the other hand, the selectivity re-
duced from 5:1 to 4:1 due to the increased influence of the physical (non-selective)
etching mechanism because of the higher DC bias between the generated plasma
and GaN surface [17]. As the next step in adjusting the etching recipe, ICP power
was reduced from 400 W [trial (b)] to 250 W [trial (c)], which resulted in a slight
reduction of the etching rate, but improved the selectivity from 4:1 to 8:1 due to the
reduced plasma density [47]. The final optimized etching recipe has the following
parameters:

BCl3:Cl2:Ar = (8:20:5) sccm, ICP = 250 W, RIE = 80 W, P = 5 mT

These parameters yielded the GaN etching rate of 250 nm/min, selectivity 8:1 com-
pared to PECVD Silica, and the sidewall verticality of 79◦.

The SEM images reveal some bump-like structures on the front surface of the
waveguides [see Figure 5.3 (a) and Figure 5.3 (b)]. These are an artifact of SEM,
arising, most probably, from charging. Another possible reason of some of these
features is imperfections associated with cleaving the GaN sample, when preparing
for SEM imaging.

It has been reported in multiple studies that plasma etching induces roughness
on the etched surface due to the physical bombardment of the surface caused by the
accelerated ions [46, 48]. Wet-chemical etching does not involve any ion bombard-
ment, and hence there is no plasma-induced surface roughness expected from this
process. A wet-chemical post-processing step involving chemical etching of plasma-
damaged top surface of GaN waveguide can reduce the ICP-caused roughness, and
hence the light scattering as it propagates through the waveguide. The optical prop-
agation losses are thus expected to be lower in the post-processed samples. These ar-
guments served as the motivation for the wet-chemical post-processing of our GaN
waveguides.

5.4.2 Wet-chemical post-processing and surface roughness measurements

In this study two well-known wet etchants suitable for GaN, potassium hydrox-
ide (KOH) [122] and tetramethylammonium hydroxide (TMAH) [123], were used.
TMAH has shown more reduction in the waveguide sidewall roughness as com-
pared to that observed with KOH. ICP-RIE-etched GaN waveguide samples were
wet-etched in 25% solution of TMAH at 80 ◦C for 5 min, and then were rinsed in
de-ionized water. Anisotropic etching property of the TMAH solution improves
surface morphology by preferentially etching the side slopes until the slopes are
removed entirely, resulting in a smooth and vertical surface [123]. For our GaN
samples, Ga-polar (0001) plane was nearly unaffected by the etchant, whereas N-
face plane was etched rapidly, which resulted in nearly vertical etched-facet. After
the wet etching, the remaining silica mask was stripped by treating the sample with
10% hydroflouric acid (HF) for 3 min and rinsing it with de-ionized water. Figure 5.4
summarizes the overall fabrication process showing SEM cross-sectional images of
(a) etched silica mask, (b) GaN waveguide after plasma etching, (c) GaN waveguide
after post-processing using TMAH, and (d) the final GaN waveguide after stripping
silica mask.
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Figure 5.4: Cross-sectional SEM images of (a) silica mask after E-
beam lithography and plasma etching of chromium and silica, (b)
GaN waveguide etched using the optimized etching recipe, (c) GaN
waveguide after TMAH post-processing (the side wall of the etched
waveguide became nearly vertical), and (d) the waveguide after strip-
ping the silica mask with hydrofluoric acid. Each scale bar represents
1 µm.

In order to confirm the reduction in the sidewall roughness of the post-processed
etched waveguide surface, atomic force microscopy (AFM) analysis of the GaN wa-
verguide sidewall before and after the post-processing was performed, using a Park
NX10 AFM to quantify the impact of the wet-etching process on the surface rough-
ness of the GaN waveguides. Figure 5.5 shows the 3D AFM plots of the etched
GaN sample before [Figure 5.5 (a)] and after [Figure 5.5 (b)] the post-processing. To
simplify the comparison, we used the same Y-axis scale for both the plots. It is ob-
vious from the figure that there is a dramatic reduction in GaN surface roughness
as the consequence of the chemical post-processing. The AFM data demonstrate
the reduction of the root-mean-square roughness more than 4 times after the post-
processing: the characteristic size of the sidewall imperfections had reduced from
1.13 to 0.23 nm.

5.5 Optical characterization

The fabricated GaN sample was cleaved on both ends and lap-polished for butt-
coupling the light into and out of the waveguides. The Fabry-Perot loss measure-
ment technique—as described in detail in section 2.5 along with the measurement
setup shown in Figure 2.32 [70]—was used to quantify propagation loss . We mea-
sured the propagation loss of around 7.5 dB/cm for the fundamental TE mode in
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Figure 5.5: 3D AFM plots of a 2 ¯m× 2 ¯m region of GaN surface: (a)
before the post-processing, (b) after the post-processing.

a 1.5-µm-wide GaN waveguide on Ga2O3. We were unable to observe any light
guidance in the waveguides not treated with the chemical post-processing due to
their higher propagation loss. This further confirms that the post-processing has
improved the quality of the structures.

Experimental studies on GaN slab waveguides have shown a relatively low prop-
agation loss ranging from 0.6 dB/cm to 3 dB/cm [124, 125]. However, a limited num-
ber of experimental studies, performed with GaN channel waveguides, have shown
the measured values of the propagation loss at 1550 nm ranging from 18 dB/cm to
34.4 dB/cm [21, 126, 127] for a variety of substrate materials, such as sapphire, sil-
icon, and aluminum nitride. There is a single study reporting the propagation loss
as low as 1 dB/cm for a GaN ridge waveguide on sapphire [128]. However, the
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reported waveguide structure was largely multimode with the waveguide width of
10 µm, as opposed to the 1.5 µm used in the present study. Our measured prop-
agation loss value of 7.5 dB/cm compares well to these published studies, which
confirms that Ga2O3 substrate holds promise for the growth of GaN with improved
optical quality.

Futile attempts were made to observe SPM in these waveguides. We attribute
this to high propagation loss and large Aeff, resulting in a reduction of the efficiency
of the Kerr nonlinearrity, making it indistinguishable in spectrum analysis.

5.6 Conclusion and future work

In this work, we report on the design and fabrication of GaN waveguides on Ga2O3
substrate, presenting the growth of the wafer, the design and the fabrication of the
GaN strip-loaded waveguides, and their subsequent wet-chemical post-processing
resulting in the reduction of the surface roughness. The fabricated post-processed
waveguide displayed the propagation loss of 7.5 dB/cm which compares well with
other available studies. To the best of our knowledge, there are no reports on the
realization of GaN waveguides on Ga2O3 substrate. Our experimental effort has
confirmed that this substrate material holds a lot of promise for integrated photonic
devices based on GaN. The future improvements to the fabrication process can lower
the defect density and propagation loss, thus making it possible to exploit valuable
properties of GaN in a variety of integrated photonics applications.

We intend to carry this work further by the growth and fabrication of optimized
nanowire designs for GaN waveguides on Ga2O3 substrate. These compact waveg-
uides can be utilized for integrated nonlinear optics over a broad spectral range,
enabling applications ranging from quantum computing to all-optical signal pro-
cessing.



82

Chapter 6

Miscellaneous projects

This chapter contains a brief description of projects associated with materials other
than III-V semiconductors, that were undertaken during the course of this doctoral
thesis work. The first of these, is the work on slow light tuning and applications
of silicon photonic crystal waveguides (SPCW) [48, 129]. This work was performed
together with Dr. Sebastian Schulz and Dr. Jeremy Upham. The second stream of
projects is nanofabrication of plasmonic structures and metasurfaces. Plasmonic
nanoantennas and metasurfaces were designed to experimentally observe a vari-
ety of optical effects. Only the fabrication aspect of these plasmonic devices will be
discussed here.

6.1 Slow-light in silicon photonic crystal waveguides

Two-dimensional photonic crystals (PC) take advantage of their photonic band-gap
and the engineering of defect modes within it to form low-loss nanophotonic com-
ponents [72, 74, 80–83, 130–133]. These components include optical resonators with
large quality factors and sub-wavelength cubed modal volumes [82, 134], high-
confinement slow-light waveguides [84], and precise control over dispersion [85,
135, 136]. Significant efforts [137–139] have gone into the development of fabri-
cation processes that faithfully reproduce the PC designs. Particular attention has
been paid to refinements of the E-beam lithography processes [140] and plasma etch-
ing [138] steps, to limit both the offsets and random variations of the hole size, shape,
and position, as well as sidewall roughness. Despite such efforts, certain deviations
from the design are inevitable in fabricated samples, such as variation in substrate
thickness and run-to-run differences during the fabrication, leading to systematic
hole radii deviations, that result in a shift of the operating wavelength [141]. These
variations necessitate a broad range of lithography doses, hole sizes, and lattice con-
stants to be written on each sample to ensure that even a single device can be opti-
cally characterized at the intended wavelengths. Obtaining a device at the correct
operation wavelength is particularly important for slow-light PC waveguides be-
cause dispersion engineering to increase the slow-down factor of a waveguide will
consequently decrease the bandwidth over which slow-light can be observed [135].

This work investigates the use of inexpensive wet etching steps as a post-processing
technique to tune the operating wavelength of slow-light PC waveguides in a silicon
substrate. Similar post-processing approaches have been applied to devices made of
III–V semiconductors [142], as well as in silicon PC nanocavities [143]. Our work
demonstrates that this approach can predictably blue-shift the inherently narrow
bandwidth of silicon slow-light PC waveguides to a desired operating wavelength.
Tuning to the desired operating wavelength through optical characterization and
post-processing significantly reduces the necessary size of parameter sweeps and
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shortening expensive write times. It could also help accelerating the device devel-
opment, such as delay lines or four-wave mixing waveguides for optical signal pro-
cessing. Most importantly, post-processing can increase the yield of devices with
slow-light waveguides per process run.

6.1.1 Fabrication of devices

To experimentally test this approach, we fabricated slow-light PC waveguides in Si,
based on a W1 dispersion engineered waveguide with a lattice constant a = 416 nm,
a typical air hole radius of 123.6 nm (0.297a), and shifting of the nearest and next-
nearest hole rows to the line defect waveguide along the direction of the line defect
by −40 nm (−0.096a) and 8 nm (0.019a), respectively. The PC waveguides were fab-
ricated on a SOITEC silicon-on-insulator wafer comprising a 210-nm thick Si layer
on 2 µm of silica. The pattern was exposed on Zep520A electron beam resist using
a 30-keV RAITH E-Beam lithography system and subsequently was transferred into
the silicon layer using electron cyclotron resonance (ECR) etching with a fluorine-
based chemistry. Freestanding PC waveguides were created by removing the buried
silica beneath the photonic crystal using HF. Figure 6.1 summarizes the fabrication
steps. Subsequently, post-processing was carried out as detailed below.

Figure 6.1: Schematic of the process flow used for the fabrication of
silicon photonic crystal waveguides. The E-beam resist Zep520a spin-
coated and subsequently patterned by E-beam lithography. Silicon
was then etched using ECR system. The remaining E-beam resist was
stripped and, finally, the undercut was performed, where silica was
removed using HF.

6.1.2 Post-process wavelength tuning of silicon photonic crystal slow-
light waveguides

The post-processing method used for controlled removal of Si layers from the sur-
faces of the PC device provides a consistent reduction of the slab thickness and en-
largement of air holes. Both these modifications contribute to a blue shift of the
slow-light region. The process is based on previous work by Song, et al. [143] on
PC nanocavities. As the first step, the outer layer of Si is oxidized, resulting in the
formation of thin SiO2 layer that is subsequently removed by a selective wet etching.
Oxidation is performed by an immersion of the PC sample in a solution of 1 part 30%
hydrogen peroxide (H2O2) and 8 parts water (20 ◦C) for 60 s. After that, the sample
is rinsed in deionized water (20 ◦C) for 60 s and dried with nitrogen. To selectively
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etch the oxidized surface of the device, i.e., the SiO2, the device is placed in dilute
hydrofluoric acid (1% HF, 20 ◦C) for 180 s, then rinsed in deionized water and dried
with nitrogen as before. Figure 6.2 shows a schematic of a single post-processing
H2O2-HF cycle. A repetition of the whole cycle removes additional Si layers and
results in further blue shift of the slow-light region.

Figure 6.2: Schematic of the post-processing steps on a PC waveg-
uide. Oxidation is performed using H2O2, followed by a water rinse.
To etch the oxidized layer, a diluted HF was used. This step was fol-
lowed by a second water rinse.

6.1.3 Measurements

We characterize this change in hole radii by inspecting approximately 250 holes with
a scanning electron microscope (SEM) before and after 7 post-processing cycles. Fig-
ure 6.3 shows exemplary SEM images of the PC air holes before the post-processing
and after 7 cycles of the process, along with the statistical hole-radii analysis. This
analysis confirms the removal of silicon due to our H2O2-HF process as the average
hole-radius increases from 102 to 110 nm after 7 H2O2-HF cycles. This increase is
significantly larger than the variation of radii for each set of SEM images (the stan-
dard deviation of radii is 3.00 nm and 1.56 nm for 0 and 7 cycles, respectively). The
reduction in the standard deviation after 7 cycles suggest an improvement in the
uniformity of the air holes.

Group index measurements for these devices were performed via Fourier trans-
form spectral interferometry (FTSI). A schematic of the characterisation setup is
shown in Figure 6.4 (a), which consists of a Mach–Zehnder interferometer with the
slow-light PC in one arm. The transmitted light is resolved using an optical spec-
trum analyzer (OSA) [144]. Figure 6.4 (b) shows group index measurements for the
same PC waveguide device after 0, 2, 5, and 7 H2O2-HF cycles. Each cycle blue-
shifts the operating wavelength by 1.6 ± 0.1 nm, except for the first cycle, which
results in a more pronounced shift. The first cycle also removes residues from the
resists, any native oxide that has grown during the wafer storage, and other impu-
rities, hence, leading to a larger shift of 4.9 ± 0.2 nm. The group index spectrum
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Figure 6.3: (a) Scanning electron microscope (SEM) images of PC
holes before and after 7 post-processing cycles. Both images were
taken at the magnification of 5,000. (b) A comparison of the hole
radii from such images suggests an increased hole radius after the wet
chemical etching, which is supported by a statistical analysis across
multiple such images.

Figure 6.4: Experimental confirmation of the operation wavelength
shift. (a) Schematic of the characterization set-up. (b) A comparison
of theoretical (dashed lines) and experimental (solid lines) group in-
dex curves for a slow-light photonic crystal waveguide after 0, 2, 5,
and 7 H2O2-HF cycles. The slab thickness and hole-radius were var-
ied correspondingly, starting from the as-fabricated design, to obtain
the theoretical curves for 2, 5, and 7 cycles, while all other parame-
ters were held constant. This confirms that this process can be used
to tune the operating wavelength as per the requirements by varying
the number of cycles.
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after 7 cycles shows some increase in the noise level as the grating couplers used to
couple light from the optical fiber into the waveguides showed a reduction in the
transmission power since they were blue-shifted by the post-processing. Such a re-
duction in transmission could be resolved by selecting the starting grating coupler
design to target the intended operating wavelength, as they have a bandwidth of at
least 35 nm [145]. It is also evident from Figure 6.4 (b) that post-processing cycles
increase the slope of the dispersion curve. To understand this further, modeling of
the characterized PC waveguides was carried out using the MIT plane wave band
solver MPB [146].

The photonic band-gap simulations for each case were performed in 3 dimen-
sions using MPB. For the initial, “as etched” case, the hole radius was set to 123.6 nm
and the slab thickness to 210 nm, consistent with the design of the fabricated device.
The dashed line overlapping the “as etched” experimental curve in Figure 6.4 (b)
shows that the theoretical and experimental data match, without any free param-
eters. To model the device response after 2 cycles of the post-processing, the hole
radius was increased by 1.5 nm, and the slab thickness was reduced by 3 nm. For all
subsequent cases, the hole radius was increased by 0.25 nm, and the slab thickness
was reduced by 0.5 nm per cycle. Again, no free fitting parameters were required to
match the simulated group index curves to the measured results shown in Figure 6.4
(b). The simulations accurately reproduce both the shift in the operating wavelength
and changes in the shape of the group index curves, suggesting that, except for the
first cycle, each H2O2-HF cycle removed on average 0.25 nm from all exposed sur-
faces of the silicon PC. Given that the lattice constant of crystalline silicon is 0.54 nm
and the nearest neighbor separation between silicon atoms is 0.23 nm [147], this sug-
gests that, on average, a monolayer of silicon is being removed per cycle.

We demonstrate that a simple wet chemical process consisting of controlled ox-
idation and subsequent oxide removal can be used to stepwise tune the operating
wavelength of slow-light PC waveguides after device fabrication and initial opti-
cal characterization. Repeat cycles of this post-processing procedure can be used to
achieve precise control of the final operating wavelength of PC waveguides since
each cycle blue shifts the operating wavelength by 1.6 ± 0.1 nm, excluding the first
cycle. Such a blue shift is consistent with the removal of silicon during the chemical
etching, and our theoretical modeling confirms this behavior. The excellent agree-
ment between the theoretical and experimental data indicates that it is possible to
predetermine the number of processing cycles required to shift a device to the de-
sired wavelength. In principle, cycles could be repeated until the suspended struc-
ture collapses. Of course, as with dose sweeps, shifting of the operational bandwidth
by this post-processing will slightly change the performance of the device. How-
ever, because the silicon removal process is uniform across all surfaces, this change
is utterly predictable and can be incorporated into the design so that the device op-
eration is not compromised while shifting the operational bandwidth. This simple
method reduces the impact of variations in the slab thickness or systematic devia-
tions of the hole-radius during fabrication, hence increasing the yield of slow-light
PC waveguide fabrication. Initial evidence shows an improvement in the hole uni-
formity, suggesting that further investigation may be able to quantify the influence
of different disorder sources (e.g., surface roughness versus hole size disorder) on
propagation loss in slow-light PC waveguides [148–153].



6.2. Fabrication of plasmonic nanostructures 87

6.1.4 Enhanced spectral sensitivity of a chip-scale photonic-crystal slow-
light interferometer

We collaborated with Prof. Robert Boyd’s University of Rochester group members,
Omar S. Magaña-Loaiza and Boshen Gao, to experimentally demonstrate that the
spectral sensitivity of a Mach–Zehnder (MZ) interferometer can be enhanced through
structural slow-light. We observe a 20-fold resolution enhancement by placing a
dispersion-engineered, slow-light, photonic-crystal waveguide in one arm of a fiber-
based MZ interferometer. The spectral sensitivity of the interferometer increases
roughly linearly with the group index, and we have quantified the resolution in
terms of the spectral density of interference fringes. These results show promise of
the use of slow-light methods for developing novel tools for optical metrology and,
specifically, for compact high-resolution spectrometers. Slow-light PC waveguides
were designed, fabricated and characterized in a similar manner as outlined above.
A detailed discussion and analysis can be found in our published work [129].

6.2 Fabrication of plasmonic nanostructures

The electromagnetic properties of metal/dielectric interfaces have attracted a huge
amount of research interest, since the pioneering work of Mie (for small particles)
and, later, Ritchie (for flat interfaces) [154, 155]. The ability of plasmonic structures
to sustain coherent electron oscillations, also known as surface plasmon polaritons
(SPPs), results in a high confinement of electromagnetic fields to the metallic surface.
This has been intensively studied, both in light of the fundamental physics involved
and for applications such as surface-enhanced spectroscopy and enhancement of
nonlinear light generation [156–159]. The electric-field enhancement around metal
nanostructures was found to be crucial for a variety of applications, such as, e.g.,
spectroscopy, biosensing, data storage and solar cells [158, 160].

Recent developments in the field of nanofabrication, most notably, E-beam lithog-
raphy and ion-beam milling, together with modern nanocharacterization techniques
and the emergence of quantitative electromagnetic simulation tools, led to a renewed
interest in the field of SPPs. This interest was further enhanced due to potential ap-
plication of SPPs in sub-wavelength optical devices that can enable miniaturization
of optical components, on a similar dimension scale as electronic components, i.e,
to the sub-100 nm scale [161]. The basic physical processes that enable light local-
ization and guidance in such structures are the aforementioned SPP excitations, and
this subfield of optics is commonly referred to as plasmonics [159].

Currently, there are a number of plasmonics research projects being pursued un-
der the supervision of Prof. Dolgaleva and Prof. Boyd. The primary interest is in the
study and applications of the strong light-matter interactions that exist in plasmonic
structures (single nano-particles, arrays and meta-surfaces). Some of these projects
required fabrication of 20-nm-thick gold nano-particles, arrays and meta-surfaces on
silica (without addition of any adhesion layer). We developed a lift-off process for
the fabrication of these structures, which will be explained further; however, since
the design work for these structures is beyond the scope of this thesis work, it is not
included herein.
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6.2.1 Bilayer lift-off process

Metal nanopatterning is commonly done using either a pattern-etching process, or a
pattern-lift-off process. Pattern-etching processes are the ones used for all the struc-
tures that have been discussed thus far in this thesis work. When it comes to met-
als, plasma etching can induce roughness and defects. Hence, it is not suitable for
defect-sensitive devices, such as plamonic nano-antennas. In the case of lift-off, the
desired pattern is first written on an E-beam resist, followed by the development of
the pattern. Metal thin-film is then deposited (commonly used thin-film deposition
techniques for metals are thermal evaporation, E-beam evaporation and sputtering)
on this E-beam mask. As a final step, the E-beam mask is removed (commonly used
fabrication terminology is “stripped”) using suitable wet-chemical process. This
process of resist removal removes all the metal from the sample, other than what
is deposited within the gaps of the E-beam mask (patterned as per the design). Two
most commonly used lift-off techniques are single-layer lift-off and bi-layer lift-off.
As the names suggest, the difference between these two methods is the number of
resist layers that are used. For high-resolution patterns, bi-layer is known to work
much more efficiently as compared to single-layer lift-off. Polymethyl methacrylate
(PMMA) is a commonly used E-beam resist for the lift-off processes. It is preferred
due to its superior resolution, wide range of solution concentrations (e.g., 2% PMMA
solution results in thinner resist layer, as compared to 4% PMMA solution), range of
molecular weights and ease of stripping (typically performed using acetone). Figure
6.5(a) shows the schematic of a single-PMMA-layer lift-off process, whereas Figure
6.5(b) presents a schematic of bi-PMMA-layer lift-off process. The creation of the lip,
due to the difference in the thicknesses of first and second PMMA layer, makes the
bi-layer process more suitable for plasmonic nanostructures, hence, this process was
chosen for the fabrication of our plasmonic samples.

Figure 6.5: Schematics of two common types of lift-off processes: (a)
a single-layer lift-off process, (b) a bi-layer lift-off process.

As the first step, 2 cm × 2 cm chips were diced from fused silica wafer, cleaned
using acetone and IPA, and then were blow-dried using nitrogen. A 2% wt PMMA in
anisole solution, with a molecular weight of 450,000, was used for the bottom resist
layer. The diced silica samples were spin-coated at 5000 rpm for 60 seconds with an
acceleration of 300 rps, and then baked at 180 ◦C for 30 minutes, which resulted in a
50-nm-thick bottom resist layer. Similarly, a 2% wt PMMA in anisole solution, with
a molecular weight of 950,000, was used for the top resist layer. The top layer was
spin-coated at 7000 rpm for 60 seconds, with an acceleration of 300 rps, which re-
sulted in a 25-nm-thick TOP resist layer. A non-conductive substrate, such as silica,
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can result in charge buildup during E-beam exposure (commonly termed as charg-
ing). To avoid charging effect during E-beam lithography of our plasmonic nanos-
tructures, espacer, a water-soluble conductive polymer solution, was spin-coated at
2500 rpm for 25 seconds with an acceleration of 300 rps. The plasmonic nanostruc-
tures were then patterned using 30-kV Raith E-beam lithography system (CRPuO,
uOttawa) with a dose of 550 µC/cm2.

After the patterning, the samples were rinsed in de-ionized water to remove the
espacer layer, and post-baked on a hot plate at 80 ◦C for 1 hour. The resist was
then developed for 2 minutes in 3:1 MIBK-IPA (Methyl isobutyl ketone-Isopropyl
Alcohol) mixture at 20 ◦C, followed by IPA rinse. With the PMMA bi-layer pattern
prepared, metalization was then carried out. An Angstrom Nexdep evaporator was
used for thermal evaporation of 20 nm gold. As a final step of the fabrication of
plasmonic nanostructures, the lift-off of PMMA was performed using acetone.

6.2.2 Structural proximity error correction for E-beam lithography

Proximity error in E-beam lithography has been discussed earlier (Section 3.3.1), in
the context of its effect on nearby structures; however, for the case of the plasmonic
structures, due to the small scale of sub-100-nm, intra-structure proximity effect is
more pronounced [136]. This intra-structure proximity effect results in a low fidelity
between the designed plasmonic structures and the fabricated ones. It is also to be
noted that E-beam lithography systems can resolve circular structures more accu-
rately, as compared to structures with sharp edges, such as rectangles and triangles
with sub-100-nm resolution. This is due to more accurate beam sweep technique
used for circles, where the electron beam spirals inward or outward to resolve a cir-
cle. This represents the main reason why the structural proximity effect correction
(PEC) used for countering intra-structure proximity effects was not required for the
case of our sub-100-nm photonic crystal holes (as discussed in Chapter 3). However,
the designed plasmonic nanoantennas were geometrical shapes with sharp edges
(bars, split-rings, L-antennas and triangular nanoantennas), hence, the structural
PEC was applied.

Fabrication test runs showed that, without applying the structural PEC, sharp
edges could not be resolved. Figure 6.6 (d) shows the top-view SEM image of nano-
bar antenna array, fabricated using our bi-layer lift-off process and the uncorrected
bar structure, as shown in Figure 6.6 (a). It was evident from this test that without
structural PEC, sharp edges could not be resolved, and they came out as rounded
edges. It has been shown in earlier studies that structural PEC by the addition of
small “serifs” can improve the fabrication fidelity of nanobar antennas, resulting in
sharper edges [136, 162, 163].

We utilized a similar approach for our various plasmonic structures. Test runs
were done to determine the size of the serifs for the best fabrication fidelity for each
plasmonic structure design. As an example of this structural modification, Figure
6.6 (b) shows how square serifs were added at the edge of the original structure, as
shown in Figure 6.6 (a). The overlapping area between the serifs and the bar re-
sults in the polygon shown in Figure 6.6 (c). This polygon is patterned in order to
obtain nanobars with sharp edges. We found that the serif squares with the side
of 15 nm produce the best result for our nanobar antennas with the dimensions of
200 × 120 nm. The top-view SEM image of the fabricated and PEC-corrected nano-
bars is shown in Figure 6.6 (e).
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Figure 6.6: Structural PEC on nanobar antennas: (a) uncorrected bar
structure, as designed in the E-beam CAD file, (b) addition of squares
at the edges, centered at each edge of the nanobar, (c) PEC-corrected
structure: overlap of the bar and the serif squares, (d) top-view SEM
image of nanobar antenna array fabricated using the structure shown
in (a), and (e) top-view SEM image of the nanobar antenna array fab-
ricated using the PEC-corrected structure, as shown in (d).

6.2.3 Fabricated plasmonic devices and future work

Using our bi-layer lift-off process and structural PEC technique, as explained above,
we fabricated a variety of plasmonic nanostructures, consisting of 20 nm gold on
silica. Figure 6.7 presents the top-view SEM images of various nanoantennas that
we fabricated. These include nanobars [as shown in Figure 6.7 (a), single antennas,
as well as arrays of nanobars, dimensions and periodicity varied as per the designs],
split-ring resonators [as shown in Figure 6.7 (b)], triangular nanoantenna arrays [as
shown in Figure 6.7 (c), arrays with various sizes and periodicities were fabricated],
nanodiscs [as shown in Figure 6.7 (d), no structural-PEC was required for nanodiscs,
proving that the E-beam lithography system is well-suited for patterning circular
structures] and gap-antennas [as shown in Figure 6.7 (e), currently, the smallest gap
resolved using our fabrication process is 60 nm].

Our plasmonic fabrication process has been successfully implemented to fabri-
cate a variety of nanoantenna structures. We are currently fabricating a few samples
based on these structures for optical characterization, and also working on engineer-
ing our process for resolving gap-antennas with the target gaps as small as 20 nm.
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Figure 6.7: Top-view SEM images of 20 nm gold-on-silica plasmonic
structures: (a) nanobar array, (b) split-ring resonator array, (c) trian-
gular nanoantenna array, (d) nanodiscs of various diameters, (e) plas-
monic gap antenna with a 60-nm gap.
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Chapter 7

Conclusion

This doctoral dissertation presented fabrication processes, and their engineering
methodology, for a variety of integrated photonic devices, primarily based on III-
V semiconductors. We presented strip-loaded and nanowire aluminum gallium
arsenide (AlGaAs) waveguide designs for enhanced optical nonlinear interaction.
Based on these two designs, we proposed a novel design of half-core waveguide,
with low propagation loss and high optical intensity, arising from low effective mode
area. The three AlGaAs waveguide designs were then optimized, fabricated and op-
tically characterized. The results confirm our hypothesis that the half-core waveg-
uides are a compromise design with the propagation loss similar to that of strip-
loaded waveguides, and the effective mode area much smaller compared to that
of strip-loaded waveguides. Our results show that AlGaAs half-core waveguides
can provide more efficient nonlinear optical interactions, compared to strip-loaded
waveguides.

We then described the fabrication process for high-Q gallium arsenide photonic
crystal nanocavities designed for an experimental study of polariton-blockade ef-
fect. A repeatable fabrication process comprising electron beam lithography, plasma
etching and wet-chemical post-processing was engineered. The fabricated photonic
crystal nanocavities are currently undergoing optical characterization for further de-
sign iterations.

Design, fabrication and optical characterization of strip-loaded indium gallium
arsenide phosphide (InGaAsP) waveguides were then carried out to demonstrate
the potential of quaternary III-V semiconductors for integrated nonlinear optics. We
presented the first demonstration of self-phase modulation and four-wave mixing in
InGaAsP waveguides. Two-photon absorption was also experimentally measured
for InGaAsP. A variety of plasma etching techniques were presented for plasma
etching of indium phosphide, namely, room-temperature etching, heated-substrate
etching and plasma-heated etching. We are currently in the process of fabricating
dispersion-engineered InGaAsP nanowire waveguides, suitable for four-wave mix-
ing with a wide spectral tunability.

We then presented our experimental work on gallium nitride waveguides (GaN).
GaN’s wide band-gap makes it a very attractive material platform for integrated
photonic devices. GaN has many photonics and optoelectronics applications, such
as, e.g., lasers and LEDs. However, GaN suffers from growth imperfections, lead-
ing to very high propagation losses. We presented the first demonstration of GaN
waveguides grown on (-201) β-Gallium Oxide (Ga2O3), experimentally shown to
have better optical quality than GaN grown on Sapphire. Patterning process, plasma
etching and a wet-chemical post-processing technique were presented for the fabri-
cation of low-loss GaN waveguides on β-Ga2O3. The propagation loss for these
waveguides was experimentally determined to be 7.5 dB/cm, which is lower than
in other reported studies on GaN channel waveguides. We intend to carry this work
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further with the growth and fabrication of optimized nanowire designs for GaN
waveguides on Ga2O3 substrate. These compact waveguides can be utilized for in-
tegrated nonlinear optics over a broad spectral range, enabling applications ranging
from quantum computing to all-optical signal processing.

We also presented two project streams that are not related to the broader theme
of this work, which is III-V integrated devices. The first is our work on silicon pho-
tonic crystal waveguides. We presented our published studies on a wet-chemical
post-processing method for spectral tuning of slow light photonic crystal waveg-
uides. The fabrication process and the details of the post-processing were presented,
along with the optical characterization and simulation results. We have experimen-
tally demonstrated that repeat cycles of our post-processing procedure can be used
to achieve a precise control over the final operating wavelength of PC waveguides,
since each cycle blue-shifts the operating wavelength by 1.6 ± 0.1 nm, excluding the
first cycle. We used similar devices to experimentally demonstrate that the spec-
tral sensitivity of a Mach–Zehnder (MZ) interferometer can be enhanced through
structural slow light. We observed a 20-fold resolution enhancement by placing a
dispersion-engineered, slow-light, photonic-crystal waveguide in one arm of a fiber-
based MZ interferometer. The second stream of projects, unrelated to III-V semicon-
ductors, was our work on the fabrication of plasmonic nanostructures. We presented
a bi-layer lift-off process and a structural proximity effect correction technique, for
the fabrication of a variety of plasmonic nanostructures. Our fabricated structures
included nanobars, nanodiscs, split-ring resonators, triangular nanoantennas and
gap-antennas, with sub-100-nm dimensions. All of these structures were fabricated
in 20 nm gold-on-silica, without any adhesion layer. We are currently working on
engineering this process to resolve gap-antennas with gaps as small as 20 nm.

In summary, this doctoral work presented repeatable and reliable micro and
nanofabrication processes for III-V semiconductor integrated photonic devices.
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