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Abstract

The fundamental limits of electronic systems in communication networks motivated
scholars to think of an alternative approach to overcome problems such as demand
for wider bandwidths and heat dissipation. All-optical signal processing is demon-
strated as a potential solution. A major improvement in cost and speed of networking
systems is expected through replacing microelectronics by photonic chips. However,
the variety of operations essential to perform all-optical signal processing cannot be
handled by a single material platform yet. Several III-V semiconductors, such as
AlGaAs, have demonstrated potentials for photonic integration; nevertheless, there
is still lack of data in literature on nonlinear optical properties of these materials.
In this thesis, we extend the quest to evaluate more candidates from this class of
semiconductors. Moreover, we are aiming for demonstrating the potentials of various
[TI-V compounds for nonlinear photonics on-a-chip.

In this thesis, we propose several optical waveguide designs based on quaternary
IT1-V semiconductors AlGaAsSb and InGaAsP. We present modal analysis for waveg-
uide designs and show that effective mode area much less than 1 ym? can be obtained.
We also report specific waveguide designs that display zero-dispersion points at the
specific wavelength ranges of interest. The designed waveguides are thus expected
to demonstrate efficient nonlinear optical interactions. Next step is the fabrication
of these devices with the goal to experimentally assess their nonlinear optical per-
formance. The fabrication process of InGaAsP /InP strip-loaded waveguide is briefly
reviewed. Following that, we report on the first, to the best of our knowledge, demon-

stration of third-order nonlinear optical interactions in InGaAsP/InP strip-loaded
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waveguides. We have performed self-phase modulation, nonlinear absorption mea-
surements, and four-wave mixing experiments at the telecom wavelength range. The
nonlinear phase shift up to 2.5 m has been observed.

Following that, we use Monte-Carlo method for design optimization and tolerance
analysis of a multi-step lateral taper Spot-Size Converter in indium phosphide. An
exemplary four-step lateral taper design featuring 0.35 dB coupling loss at optimal
alignment of a standard single-mode fiber, >7 um 1-dB displacement tolerance in any
direction of in a facet plane, and a great stability against manufacturing variances

demonstrated.
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Chapter 1

Introduction

1.1 Motivation

The breakthroughs in the field of Information Technology since the inception of the
Internet opened up new ways of generation, storage and transmission of massive
amount of data. Recent advances in computer networks along with growing demand
of bandwidth-hungry applications such as video sharing and data collection systems,
has created the demand for higher bandwidth capacities in signal processing. For
instance, according to Cisco Forecast, only monthly global mobile data traffic will be
49 exabytes within the next 5 years, and annual traffic will surpass half zettabyte,
while mobile will represent only 20 percent of IP traffic by then [1]. Aside from
that, the process sizes in electronic systems is hitting their fundamental limits of
a few nanometers which aggravates the problem of heat dissipation. Thsnks to its
potentials with overcoming the fundamental limits of electronics, all-optical signal
processing has been considered as a viable resolution of the problems associated with
electronic bandwidth bottleneck of 40 GHz [2, 3].

Currently, in many data networks, different techniques of electronic signal pro-

cessing are being implemented which requires converting the signal from optical to
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electrical, and then back to optical domain, which is expensive and largely unneces-
sary. All-optical signal processing can potentially liberate us from our dependence on
electronics since the optical signals can be processed in the optical domain without
the need of converting them to electrical signals. One of the key operations of all-
optical signal processing is all-optical wavelength conversion. It is used to transform
optical signal from one wavelength to another without converting them to electrical
domain and back. An important motivation to use optical wavelength conversion is
that unlike electronic transistors, optical methods do not need to switch every bit
of data when handling high bit rates. In optical wavelength conversion, data can be
transformed from one wavelength to another at a high pace [4]. This can be achieved
by using various nonlinear optical effects such as sum-frequency generation followed
by a difference-frequency generation (SFG/DFG), cross-phase modulation (XPM),
and four wave mixing (FWM) [5,6].

All-optical signal processing can be readily achieved by relying on nonlinear optical
interactions. That’s why nonlinear photonics on-a-chip is an important subject of
research and development. However, one of the main barriers on this route is that no
optimal material is chosen yet to perform all necessary functions in order to achieve
all-optical signal processing [7]. Hence, progress and advances in materials with higher
nonlinearities and devices with efficient nonlinear interactions are the key to all-
optical signal processing [8]. Various material platforms have been studied and used
to perform all-optical wavelength conversion. Several studies show the advantages of
silicon for all-optical signal processing [9-11], although efficient light sources cannot
be realized in silicon-based material platform. In such a way, in order to make use
of all-optical signal processing in silicon, a hybrid integration of silicon with III-
V semiconductors is required, which makes integrated optical circuits complex and
expensive. Also, silicon suffer from strong two-photon absorption which leads to free-

carrier absorption. This can limit the efficiency and operation speed of the all-optical
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devices in silicon.

On the other hand, lithium niobate (LiNbO3) exhibits strong 2"¥-order nonlinear-
ity and is suitable for SFG/DFG. The titanium indiffused lithium niobate channel
waveguides are very efficient for coupling into fibers because of their large mode size,
thus providing very low fiber-to-waveguide insertion loss [6,12,13]. However, they lack
the flexibility of design in terms of range of refractive index or wavelengths they can
cover. Besides, lithium niobate is not a suitable material platform for laser sources
or detectors, and hybrid integration is unavoidable.

Another promising material suitable for all-optical devices is chalcogenide glasses.
The optical and physical properties of this class of materials, such as high refrac-
tive index along with low linear and nonlinear loss coefficients, make them suitable
candidates for all-optical signal processing [14,15]. However, they are not suitable
platfoms for active decives. In addition, fabrication of chalcogenide glasses is complex
and expensive.

Among all the studied platforms, compound III-V semiconductors demonstrate
the best potentials for nonlinear photonics devices on-a-chip. This has been read-
ily demonstrated with aluminum gallium arsenide (AlGaAs) which is deemed to
have exceptional nonlinear optical performance for the Telecom C-band wavelength
range [16-18]. The combination of its high Kerr nonlinearity (ny = 1.43x10717 m?*W~!
for TM polarization [19]) together with insignificant nonlinear absorption convince
scholars to consider it as a promising material for achieving all-optical signal pro-
cessing. Nevertheless, AlGaAs is only one of the representatives of the class I1I-V
semiconductor compounds. In this Master’s dissertation, we extend this quest for
more suitable nonlinear optical materials of the class ITI-V. The next section provides

more detail on the motivation behind studying III-V semiconductors.
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1.2 1III-V Semiconductors

Because of unique optical properties of III-V semiconductor compounds, they have
always been the spotlight of attentions, both for academic-scientific scholars, and
for industrial representatives. From scientific point of view, this field has led to
several Noble Prizes in physics - e.g. the Nobel Prize received by Z. Alferov and
H. Kroemer for their pioneering work in developing semiconductor heterostructures
in optoelectronics (2000) [20], and the Nobel Prize awarded to I. Akasaki, H. Amano,
and S. Nakamura for the invention of efficient blue light-emitting diodes, enabling
bright and energy-saving white light sources (2014) [21]. On the application side, the
industrial semiconductor market was worth 43 billion USD in 2016 [22], projected to
become more than 50 billion USD in 2018 [23]. In this section, we intend to explain
why I[1I-V semiconductor compounds deserve this amount of attention and investment
in both science and technology.

This class of semiconductor compounds can be obtained by combining elements
from the columns IIT and V of the pediodic table of chemical elements. Various
combinations of these elements result in semiconductor compounds with a wide range
of valuable optical properties. Most of these semiconductors are capable of emitting
light, 7.e. they are direct-bandgap semiconductors. Moreover, there are different
ITI-V materials with wide range of bandgap wavelengths, from near-UV to near-
IR, enabling light sources emitting different wavelengths. Ternary and quaternary
compounds, achievable by intermixing binary semiconductors, yield an additional
benefit of adjusting the bandgap wavelength, as well as other optical properties, such
as refractive index and susceptibilities, over a wide range of values.

Different studies suggest that III-V semiconductors exhibit strong optical nonlin-
earity. For instance, the third-order nonlinear susceptibility of passive InGaAsP /InP

waveguides is |x®)| ~ 4.2 x 107!° esu at the telecom wavelength [24]. On the
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other hand, the Kerr coefficient of silicon at the telecom wavelength is ny ~ 4.2 X

10~ ecm?/W [25], and the resulting value of |x¥)|, estimated from the equation [26]
ng(ecm?/W) = 0.0395 x |x®|(esu)/n2, (1.1)

where ny is the refractive index of the material, is around ~ 1.1~ esu. A comparison
between the two materials shows that the third-order susceptibility of InGaAsP /InP
is about an order of magnitude higher compared to that of silicon. The ternary
compound AlGaAs, which has been shown to be a promising material for nonlinear
optics, has the Kerr coefficient of ny ~ 1.5 x 107! em?/W [19], resulting in |x®)| ~
4.1 x 10~ esu, a few times greater than that of silicon. In such a way, we can expect
the optical nonlinearity of other I1I-V semiconductors to be relatively high.

Strong nonlinearities usually come along with undesirable effects such as nonlinear
absorption. In ternary and quaternary compounds, one has a good control over
this characteristic. One can change the bandgap wavelength over a wide range of
values merely by adjusting the composition of the material. By shifting the bandgap
wavelength, one can shift the edge of linear and two-photon absorption to a different
wavelength region. Therefore, it is possible to minimize the losses due to linear and
nonlinear absorption for a wavelength of interest. Overall, these benefits of III-V
semiconductors justify our effort at studying their nonlinear optical properties which

largely lack data in literature.

1.3 Applications of III-V Semiconductors

IT1-V semiconductors are in the basis of nearly every optoelectronic device in optical
communications. The use of this class of materials have drawn attentions since the

invention of light-emitting diodes (LEDs). The discovery of minority carrier injections
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and the invention of transistors led to foundation of LEDs and laser diodes [27,
28], which, along side with the important role of III-V semiconductor compounds
in optoelectronic, opened the path for today’s more sophisticated III-V photonic
integrated circuits (PICs). As an example, today, InP-based PICs can fulfill almost all
required functions for optical transmitters and receivers. They are widely fabricated
and used in optical communication industry in the scale of hundreds of elements
on-a-chip [29].

ITI-V semiconductors are made up of many materials with unique electronic and
optical properties. These properties can be modified by applying different techniques
of material growth along with flexibility in design, such as in refractive index, bandgap
or thickness of the material. The ability to tune the material bandgap energy, i.e.
bandgap wavelength, have opened up the way to many present-day commercial de-
vices, such as lasers, modulators, detectors, attenuators, (de)multiplexers, and a va-
riety of waveguides. Different applications can be considered for III-V semiconductor
chips. In this section, we will review the most important ones.

The first application is III-V device technologies for high-speed electronics and
optics. For instance, heterojunction bipolar transistors, and heterostructure field-
effect transistors, which are mostly based on GaAs and InP substrates, are used
for ultra-high-speed electronics. On the other hand, commercially available optical
modulators based on ITI-V semiconductors have shown the modulation capability of
up to 40 Gb/s [30].

The second application widely using semiconductor devices is fiber optics net-
works. Optical communications rely on integrated lasers, modulators, amplifiers and
switches which are used for transmitting and receiving optical signals through fibers.
InGaAsP lattice matched to InP can be suitable for long fiber communications be-
cause of its low loss and low dispersion in the lowest-loss window of the optical fiber.

Additionally, this material supports longer-wavelength (i.e., L-band) operation in
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optical fibers [31].

The third example is solid-state lightning applications. Many III-V-based LEDs
are used for power signaling. One particular particular characteristic material is GaN
used for blue and green LEDs, and also implemented for ultra-violet short-wavelength
emitting [32,33].

Last, but not least, is the optical storage application. Laser diodes are used to
write on all of the common optical storage discs (CD, DVD, and Blu-ray). The shorter
is the wavelength of the laser, the more dense is writing, and the more data can be
stored in the discs. DVDs use red light (the wavelength of 650 nm), while CDs use
780 nm (infrared light). Blu-ray discs, on the other hand, use shorter wavelengths of
405 nm (violet) to store more data, thus demonstrating much more capacity compared
to other discs. Generally, ITI-V compounds GaAs, GaN, and AlGalnP are used for

this application [34,35].

1.4 Objectives

The work reported herein extends prior efforts to find a suitable material platform
that can handle a variety of functions in order to perform all-optical signal process-
ing. From the literature discussed in Section 1.2, the benefits of III-V semiconductor
compounds over other materials are apparent. However, among all III-V semiconduc-
tor compounds, a comprehensive study on nonlinear optical properties of quaternary
ITI-V semiconductors is largely missing in literature. This research studies promising
quaternary III-V compounds for nonlinear optics in four steps: identifying the suit-
able quaternary materials, designing waveguides based on them, wafer growth and
fabrication, and performing optical characterization on the waveguides.

The procedure of identifying suitable quaternary materials includes detecting a

material which provides wide range of refractive indices. Such material also needs to
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avoid linear and nonlinear losses in operational wavelengths. Based on the two above
mentioned criteria, aluminium gallium arsenide antimonide (AlGaAsSb) and indium
gallium arsenide phosphide (InGaAsP) are selected. The details of this process are
discussed in Section 2.3.

The waveguide design analysis aims fulfilling four criteria, which are lattice-
matching condition, single-mode operation of the waveguide, minimization of the
effective mode area, and dispersion management. The purpose of this analysis is
to design passive nonlinear waveguides which are capable of demonstrating efficient
nonlinear effects. An example of efficient nonlinear effect is four-wave mixing, which
is a key process in many all-optical signal processing operations.

The wafer growth was done by Canadian Microelectronics Corporation (CMC)
and the fabrication was processed at Cornell NanoScale Science & Technology Facility
(CNF) at Cornell University and Quantum NanoFab Facility (QNF) at the University
of Waterloo. Due to time constrains of my M. Sc. program, the fabrication was
undertaken by Kashif M. Awan, the PhD candidate of Nonlinear Photonics group at
the University of Ottawa.

In the last step, the optical characterization on the waveguides are conducted in
order to assess the efficiency of the material. For the purpose of this thesis, the optical
characterization has been only performed for InGaAsP /InP waveguides due to time

constrains.

1.5 Outline of the Thesis

Chapter 2 of the thesis describes the crucial criteria for material selection and con-
sidered factors in waveguide design. In Chapter 3, we present the detailed design and
modal analysis of AlGaAsSb and InGaAsP optical waveguides. The wafer growth and

fabrication procedure of the waveguides are briefly reviewed in Chapter 4. Chapter
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5 summarizes the experimental results and linear and nonlinear characterization of
InGaAsP waveguides. Chapter 6 gives an example of one of the most generic building-
blocks used in photonic integrated circuits for transmitters and receivers in optical
fiber communication systems. In particular, we describe our work on the tolerance
analysis of a spot-size converter based on InP technology. Following that, a summary,

conclusions and future work are given in Chapter 7.



Chapter 2

Material Selection and Design

Criteria

The work discussed in this chapter consists of the following main parts: overview of
some of the important optical properties of I1I-V semiconductor compounds, principle
of operation of waveguides, material selection, and waveguide design criteria. At the
end of the chapter, we provide a background for the relevant nonlinear optical effects.
The discussion of these topics is a prerequisite for waveguide design, which is discussed

in Chapter 3.

2.1 Overview of Optical Propertie of II1I-V Semi-
conductors

In order to be able to identify promising material candidates for nonlinear photonic
devices, it is important to geather the information about optical properties of differ-
ent representatives of III-V semiconductor material group. The review in this sec-

tion consists of important information about the band-gap energies and other optical

10
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properties as functions of alloy composition for different III-V ternary and quaternary
semiconductor compounds.

In Table 2.1, we present experimental values of some characteristics of several I11-
V compounds latticed-match to their substrates (as specified next to each compound).
As an example of use of Table 2.1, let us consider In,Ga;_As,P;_, semiconductor
compound. The table indicates that it is lattice-matched to InP, and it has a direct
bandgap with the energy FEy between 0.75 and 1.35 eV. The specific value of the
bandgap energy is dictated by the molar fraction y of As as it varies from 0 to 1.
The corresponding minimum and maximum values of the refractive index n are also
given for these molar fractions. The lattice matching will be discussed later in this
chapter. Any of the materials shown in Table 2.1 can potentially have applications

for a specific wavelength range, as dictated by its bandgap energy.

In Table 2.2, we summarize some of the III-V semiconductor compounds and
specify the corresponding ranges of their bandgap wavelengths that a material can
have for different compositions. With the help of this table, one can select a material
based on its properties for a specific range of wavelengths. For example, the compound
AlGaAsSb/GaSb, in the range of its compositions, can have bandgap wavelengths in
all the telecom optical wavelength bands. In another example, when it is desirable
to avoid two-photon absorption in the wavelength above 2 um, a material that has a

bandgap wavelength smaller than 1 pum can be selected.



12 2.1. Overview of Optical Propertie of III-V Semiconductors

Table 2.1: Properties of different I1I-V semiconductor compounds

Material Substrate | x y B%I;(;ifp Eo(eV) | Mum) | ni, | ni | ref
GaSh 0 0 D 0.72 172 | 3.72 | 3.90
a 1 1008 I 224 | 055 | 3.20 | 5.49 36
0 |051 D 0.77 161 | 3.55 | 3.78
AlGay-xAsySbyy InP 1 1056 I 2.39 0.51 | 3.06 | 4.88 37
A 0 |0.08 D 0.68 182 | 3.69 | 3.87
o 1 |0.16 I 2.93 0.55 | 3.18 | 5.38
1 0 D 143 | 0.86
ol DA GaAs | g1l 1 D 1.91 0.64 | 3.43 | 3.66 36
Bl —x 'y A51—y p 0.46 | 0 D 0.75 1.65 | 3.11 | 3.59
n 0 1 D 1.35 0.91
GuSh 0 | 001 D 028 | 442 | 347 | 3.63
a 1 0 D 0.72 172 | 3.72 | 3.89 36
047 | 1 D 0.71 1.74
GaxIng_xAsySbi—y InP 1 ]051 D 077 | 1.61 37
A 0 1 D 0.36 | 3.44 | 3.42 | 3.66
nAas 1 ]0.08 D 0.66 1.87 | 3.69 | 3.87
0 | 051 D 190 | 065 |313] 378
T
AlGayIng P GaAs | gs3 | I 2.33 053 | 2.92 | 3.75 | 130
0 | 0.46 D 0.75 1.65 | 3.42 | 3.66
i
AliGayIngxyAs InP 048 | 0 D 1.49 0.83 | 317 | 3.87 | 130
069 0 D 0.51 243 | 3.39 | 3.79
InPyAsySby_x-y InAs 0 1 D 0.36 344 | 342 | 3.65 | 57
0 : D 0.72 172 | 38 | 4.28
AlxGa1_xSb 1 - I 2.97 054 | 313 | 3.37 | 130
0 - D 143 | 086 |332] 358
GaPyAs1 1 - I 92.76 045 | 3.02 | 351 | 30
0 - D 143 | 086 |341] 372
AliGayxAs GaAs 1 - I 3.01 041 | 2.88 | 4.18 | [3C]
0 - D
GayIn;_P GaAs 1 - I ;32 82; 3.05 | 4.54 | [36]
051 | - D ' '
0 - D 017 | 729 |3.95 ]| 5.13
GaIng _Sb GaSh 1 - D 0.72 172|371 | 5.33 | 139
0 - D
Gayln;_4As 1 - D (1)22 855;61 3.64 | 4.51 | [36]
047 | - D ' '
R 0 ; D 323 | 038 | 235 2.77
¢ — AlGa; N 1 - D 5.2 023 | 2.04 | 2.27 | 130
R 0 ; D 342 | 0.36
w — AL.Ga;_,N | ] b g 05 [36]
0 ; D
w — Al In;_ N* GaN 1 ; D 0.7 L7T V914 | 273 38]
o5 | b 6.2 0.2
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* D=Direct band gap. I=Indirect bandgap.

** Nmin 1S minimum refractive index, and n,.x 1S maximum refractive index found in literature

1 The refractive index value is shown for (Al,Ga1_z)o.53In0.47P/GaAs.

1 The refractive index value is shown for (Al,Ga1_z)o.48In0.52 P /InP.

* The ¢— symbol indicates the crystal structure is Cubic. The w— symbol indicates the crystal

structure is Wurtzite.

2.2 Optical Waveguides

An optical waveguide is a structure used for guiding light in a similar manner like metal wires guide
electric charges. An optical waveguide is a building block of any photonic integrated circuit (PIC):
it is used to guide light between its different components; moreover, it is a key building block of
any integrated optical component itself. In principle, a waveguide limits a spatial region for light
to propagate through. The key elements of waveguides are a dielectric medium with high refractive
index, called a core or guiding layer, surrounded by materials with lower refractive indices, known
as claddings. Most of practical waveguide structures exhibit two-dimensional confinement, which
means that the light expansion in two dimensions is limited, and the third dimension serves as
the propagation direction. The light is then guided by the mechanism of total internal reflection.
Basically, there are two classical representations of waveguiding: the geometrical (ray) optics, and
wave optics.

In geometrical optics, the propagation of light can be described using Snell’s law, illustrated
in Figure 2.1. Let us consider a beam of light traversing the boundary between two media with
different refractive indices, n; and ns. According to the Snell’s law, the relationship between the
angles of incidence and refraction with respect to the normal to the interface between the two media,
0; and 0y, is

nq sin(f;) = na sin(6y). (2.1)

If the refractive index of the medium of incidence n; is greater than that of the medium of refraction
ng, at a certain value of the angle of incidence of light onto the interface, the angle of refraction
can reach 90 degrees, so that there is no beam refracted into the second medium. This angle of
incidence is called critical angle. All the beams with the angles of incidence greater than the critical

angle (6; > 0.) experience total internal reflection at the boundary between the two interfaces.



2.2. Optical Waveguides

14

* * * * * * % * N®DO Ny — m
s N* ROV — M
* N Dy — 9
* * * * * * * * sy hurten
* qsed qs* e
* AN, 4 turten
* EAA) sy e vy
* TlsyrdeD
* * * * * * * * qs* ey
% syu[ g tsy* qur
* * * * * * * dul sy T Tureny
x sy®eD d ey
* SYUl
x x * dul lqgtsy T turen
* qsed
* dul A—1 A 1X—T177X
* * * * * % i} syen) Sy dT turted
* * * * * * * Syul
* * * * * * * dul SIqg sy ey
* * * * * * * qsed
wr! wr! wr! wr! wr!
) LT G291 G9g'1 06G'1 .Ei . 9¢'T "
LT oo | eoet | -eaT | - opT @M m@%mm L) Cgpp | (WY | orensqns [BLI0YR I
pueq-f] | pueq-7 | pueq-H | pueq-g Pueq-O

spunoduwod 103oNPUOITWSS A-] [RIOASS JO soguel [jsusppaem despueq :z'g o[qr],




15 2.2. Optical Waveguides

Figure 2.1: Demonstration of the Snell’s law.

This effect is in the basis of waveguiding. In order to guide a beam light in a waveguide, a layer
of higher-refractive-index material should be sandwiched between two layers of lower-refractive-
index materials. Figure 2.2 shows such structure where n; and ny represents refractive indices
of the core and cladding, respectively. The angle the guided wave makes with the normal to the
interface between the core and claddings should satisfy the total internal reflection condition, i.e.,

0; >0.= sinfl(ng/nl).

Figure 2.2: Incident beam undergoes total internal refraction at core-cladding in-
terface. Incident beam is guided by the core only if the angle 6y is not too large.

Acceptance angle is the maximum angle of divergence of the light cone entering the waveguide
core, such that all the light rays within the cone can experience total internal reflection in (can be

guided by) the waveguide. In Figure 2.2, the acceptance angle is denoted by 6p. It can be defined as

3 .2
6 = sin~! (”1”2> : (2.2)

no

in which ni, no, ng are the refractive indices of the core, claddings, and the medium surrounding



16 2.2. Optical Waveguides

the waveguide which is typically the air. The sine of the acceptance angle, sinfy, is known as
the numerical aperture, and is determined by the refractive index contrast between the core and
cladding.

Optical waveguides can be classified based on their geometries. The simplest form of a waveguide
consists of a core sandwiched between the claddings made of the same lower-index material (sym-
metric slab dielectric waveguide). These waveguides confine the light mode in only one direction,
thus exhibiting 1D guidance. The waveguides with 2D confinement can have different geometries
such as rib, ridge, embedded strip, etc. Figure 2.3 shows different type of waveguides based on their

geometries.

Slab Strip Ridge Strip-loaded

(a) (b)

Figure 2.3: Different waveguide geometries. Darker shadings indicate higher refractive
index.

Ncladding

Nsubstrate

Figure 2.4: Schematic of a planar waveguide. A high-index core sandwiched between
two lower index layers.

Geometrical optics shows that light can stay confined within the waveguide only for specific
incident angles. Different angles correspond to different modes. However, when the thickness of the
core is small, i.e., on the scale of a wavelength, one has to resort to wave optics to understand the

waveguiding mechanism. The underlying principles behind waveguiding in all types of waveguides are
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similar. Since it is easier to illustrate these principles while considering a waveguide structure with 1D
confinement, we evaluate guided-wave propagation in a simple slab dielectric waveguide. Consider
a non-magnetic dielectric waveguide where the core layer is sandwiched between two lower-index
layers, as depicted in Figure 2.4. In such a waveguide, an optical mode is the solution of Maxwell’s
equations with the appropriate boundary conditions. For monochromatic waves, modes can be

obtained by solving curl equations driven from Maxwell’s equations for dielectric materials [39]:

VxFE= iw[,LQH
(2.3)
V x H = —iweyn*E

Waveguide modes can be found by solving these equations for each layer. The boundary con-
ditions are tangential components of electric field and magnetic field being continuous at both
interfaces. Thus, waveguide modes are obtained by applying boundary conditions in each layer of

waveguide. Solving following equations will lead to optical modes:

oF OF 0H, OH )

6_yz ~ s ol 8yz ~ 5, = wen'Fe

OE, OE, OH, OH,

=y _ 7T _ H — = FE 2.4
% 5 iwpoH., e oy weon B (2.4)
9% — _a Zw,u'OHy7 e — or = Wwegn Ey

These equations have two sets of polarized solutions: for Transverse Electric (TE) modes where
E, =0 and E, =0, and for Transvers Magnetic (TM) modes where H, =0 and H, =0. The equations
in 2.4 can be solved in each layer separately by using n = ncore = Ncladding = Msubstrate - LI and

TM modes propagation in a dielectric planar waveguide is schematically shown in Figure 2.5

B 1

R

Figure 2.5: Propagation of TE and TM modes along axis z in a planar waveguide.

X

However, in most waveguides, the light confinement happens in two dimensions. The exact
modes of such 2D waveguides cannot be computed easily as there are no pure TE or TM mode.

All modes have some component of E and H in the direction of their propagation. Thus, one has
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to consider vectorial Maxwell’s equations where the scalar approximation does not hold anymore.
That is why, the best and more precise method would be to resort to numerical simulations that can
perform a precise modal analysis. For that reason, we use the commercial software Lumerical Mode
Solutions to design our waveguide structures. In this work, we will be only focusing on two types of
waveguides exhibiting 2D mode confinement, namely a strip-loaded waveguide and a nanowire. The

specifics of these geometries will be provided later in this chapter.

2.3 Material Selection

As discussed earlier, one can have some control over the characteristics of a ternary or quaternary
III-V semiconductor within some parameter space. The ternary compounds can be schematically
represented as A, By_,C, where A, B, and C can be replaced with the appropriate chemical elements
specific to a compound. The parameter z is the mole fraction which can range from 0 to 1. The
properties of such material can be modified by varying z. A quaternary semiconductor compound can
be represented in a similar fashion as A, B1_,Cy, D1y, where A and B are atoms from the column III,
and C and D are atoms from the column V of the Periodic Table. A quaternary compound typically
has two degrees of freedom as the mole fractions = and y of two pairs of elements can now be
adjusted. Therefore, one can expect more flexibility in designing and selecting the optical properties
of the resulting material.

In this work, we study two quaternary III-V semiconductor compounds: Al,Ga;_xAs,Sb;_, and
InyGaj_xAsyPi_y. These compounds are superpositions of several binary compounds. The binary
compounds AlAs, GaAs, GaSb, and AlSb can be alloyed to form quaternary Al,Gaj_xAs,Sbi_y
composition. In,Ga;_xAs,Pi_y is based on GaP, GaAs, InAs, and InP. The parameters z and y
show the mole fractions of Al, Ga, As, and Sb in Al,Ga;_xAs,Sbi_y, and of In, Ga, As, and P in
InyGai—xAsyP1_y, respectively. The concentration of pairs of elements, represented by « and 1 —z,
and by y and 1 — y, sum up to 1. One can change the properties of these quaternary materials by
mutually adjusting the concentrations x and 1 — z, as well as y and 1 — y.

The dependencies of the lattice constant and energy gap on the material compositions of ternary
and quaternary semicon- ductor compounds can be found from Vegard’s law [40] which allows one
to find an unknown parameter (lattice constant or bandgap energy) of a ternary (or quaternary)
compound if the corresponding parameter for its constitutive binary alloys is known. According to

Vegard’s law, an unknown parameter T4 g of a ternary semiconductor compound A, B;_,C can be
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interpolated based on the knowledge of its corresponding binary constituent parameters T4 and

Tpc and the mole fraction x as
TABC(-'L') =aTsc + (1 — -T)TBC- (25)

Similarly, for a A, B1_,CyD1_, quaternary compound, T4pcp can be found from Tac, Tap, Trc,

Tpp, x, and y according to
Tapc(z) = 2yTac +2(1 —y)Tap + (1 — 2)yTpc + (1 —z)(1 — y)Tpp. (2.6)

In Figure 2.3, we display the lattice constants and bandgap energies of AlGaAsSb and InGaAsP for
their different material compositions (different  and y). Each point on the graph represents a binary
alloy. The lines connecting the points represent the interpolation of the corresponding parameters
for ternary compounds, given by Eq. (2.1). For instance, the material AlGaAs is represented by
the line connecting GaAs and AlAs in Figure 1. This line is nearly vertical, which means that
various material compositions of Al,Ga;_,As (represented by different x) are lattice-matched (can
be grown epitaxially on top of each other without tolerating much lattice strain). This is one of the
reasons why AlGaAs is a popular material in photonic integrated circuits. The solid and dashed lines
demonstrate direct and indirect-bandgap compounds. The areas bounded by the lines represent the
corresponding parameters for quaternary materials. In this plot, areas bounded by the red and blue
lines indicate In,Ga;_xAs,Pi_, and Al,Ga;_xAs,Sb;_, parameter space, respectively.

The values of lattice constants and bandgap energies of the binary alloys that were used to obtain
the curves in Figure 2.3 are listed in Table 2.3. The binary alloys have zincblende crystalline struc-
ture, so do their corresponding quaternary compounds, In,Ga;_xAs,P1_y and Al Ga;_xAs,Sby_,.
The parameters Fy and Eg( in Table 2.3 represent the energy gaps for the direct I'-valley and
indirect valley of the binary alloy, respectively. Different binary allows have their indirect minima
either on either X or L valleys. For the binary alloys listed in Table 2.3, all the energy bandgaps of
X-valley are smaller compared to those of L-valley. This is the reason why the indirect bandgap is
represented by Eg( , not by EgL .

The starting point in the design and fabrication of an integrated optical device based on ternary
or quaternary ITI-V semiconductor is to define the material compositions of its substrate, upper and
lower claddings, and the guiding layer. These layers should have nearly equal lattice constants which

should also match the lattice constant of the substrate. If the substrate and the layers’ compositions
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Bandgap energy (eV)

54 55 56 57 58 59 6 61 6.2
Lattice constant (A)

Figure 2.6: Lattice constant and band-gap energy for InGaAsP (red line) and Al-
GaAsSb (blue line) quaternary compounds. The lines represent the parameters for
the ternary compounds, and the parameter space bounded by the red and blue lines
correspond to InGaAsP and AlGaAsSb quaternary compounds, respectively. The
solid and dashed lines display direct and indirect-bandgap compounds, respectively.

are selected properly, defect-free epitaxial growth of the layers on top of the substrate is possible.
Otherwise, a lattice mismatch between the layers will lead to a poor-quality, high-defect-density
epitaxial growth. Furthermore, even if the right compositions for a nearly perfect lattice matching
are chosen, a lattice mismatch during the growth process can still occur because of other reasons,

such as temperature variations of lattice parameters.

Table 2.3: Lattice constants and band-gap energies of binary alloys

Material | Lattice constant (A) | Ey (eV) | EF (eV)
AlAs 5.661 3.01 2.15
AlSh 6.135 2.27 1.615
GaP 5.450 2.76 2.261
GaAs 5.653 1.43 1.911
GaSb 6.095 0.72 1.05
InP 5.869 1.35 2.21
InAs 6.058 0.359 1.37
InSb 6.479 0.17 1.63
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One can refer to Figure 2.3 for finding a suitable substrate and lattice-matched layer arrange-
ment. For example, in order to epitaxially grow an AlGaAsSb layered assembly, the options for a
substrate can be AlAs, InP, InAs, and GaSb since all of them have their lattice constants within the
parameter area corresponding to AlGaAsSb quaternary compound (bounded by blue lines). GaAs
and AlISb cannot be substrate candidates for growing AlGaAsSb since there is no quaternary Al-
GaAsSb compositions that could match their lattice constants with those of these binary compounds.
After selecting the substrate, one can then select the compositions of other layers. The correspond-
ing lattice-matched compositions lie on a vertical line (parallel to the Y-axis of the graph), which
passes through the point representing the selected substrate material. In this Master thesis work,
GaAsb and InP are chosen as the substrates for AlGaAsSb and InGaAsP, respectively. As it can
be seen from Figure 2.3, these binary alloys can be lattice-matched with corresponding quaternary
compounds in a relatively wide range of parameters.

After selecting the substrate, the material compositions of different layers should be identified.
There are two main factors to consider when selecting a material composition: the refractive index
contrast that different layets can make with respect to each other, and the bandgap wavelength of
the material. The refractive index of a quaternary compound depends on the mole fractions z and
y. For maximum mode confinement in the waveguide, one needs to maximize the refractive index
contrast between the guiding layer and claddings: An = ncore — Neladding- Another important factor
is related to bandgap wavelength. If the energy of a photon propagating through a semiconductor
material is larger than its bandgap energy, the photon can get absorbed by the electrons residing at
top of the valance band which can then get excited to the conduction band. Therefore, such light can
experience a strong absorption loss in a semiconductor material with the bandgap energy smaller
than the energy of the associated photons. Moreover, if the sum of the energies of two photons is
high enough, they can simultaneously get absorbed by the electrons leading to their excitation to
the conduction band. This nonlinear optical process is called two-photon absorption, and it can
occur when the energy of the photon is greater than half of the semiconductor bandgap energy. To
avoid both linear and two-photon absorptions, the semiconductor bandgap energy should be at least
twice the photon energy, or in other words, the bandgap wavelength should be less than half of the
photon wavelength [19].

In Table 2.4, we present the refractive indices and bandgap wavelengths for InP and GaSb, which
are our selected substrates, and different compositions of InyGaj_xAsyP1_, and Al,Ga;_xAs,Sbi_y

which present the maximum achievable refractive index contrasts. These compositions are lattice-
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matched to their corresponding binary substrates. Looking at the table, one can see the wavelength
boundaries within which In,Ga;_xAs,P;_ and AlyGa;_xAs,Sb;_y are lattice matched to InP and
GaSh, respectively. This table provides the information about the parameter limits for a passive de-
vice operation. For instance, by looking at the table, one can find out that AlGaAsSb allows passive
devices operating in telecommunication C-band since it can have bandgap wavelengths more than
one half of the conventional telecom wavelength 1550 nm. This motivates us to select this material as
a possible alternative to the well-studied AlGaAs. In contrast to Al,Ga;_xAs, AlyGa;_xAs,Sbi_y
has two mole fractions = and y to adjust, thus potentially offering more freedom in fine-tuning its
optical properties such as refractive index. That is why, we believe that studying nonlinear opti-
cal performance of this material at the C-band telecommunication wavelength range is worthwhile.
We have selected the compositions of claddings and core of our AlGaAsSb waveguides taking into
consideration this choice of operation wavelengths.

At the same time, it can be seen from Table 2.4 that InGaAsP is not suitable for passive device
operation in the Telecom C-band because of the characteristic values of its bandgap wavelengths. On
the other hand, integrated passive InGaAsP waveguides can be used in combination with InGaAsP
lasers in order to extend their operational wavelengths to 2000 nm and beyond. InGaAsP has
many applications and can serve both as a laser source and a material for light detection. As an
example, the InGaAsP/InP diode laser finds application as a tunable source for high-resolution laser
spectroscopy in near- infrared spectral region. This sort of spectroscopy can be used in chemical
and biological analysis [41,42]. In addition, there has been much interest in mid-wavelength and
long-wavelength infrared photodetection [43-45]. Complicated structures such as quantum well
infrared photodetectors (QWIP) using lattice-matched InGaAsP/InP has been demonstrated in
long-wavelength infrared detection and has been reported to be more efficient in 1.55 pm compared
to AlGaAs/GaAs QWIPs [43]. It is possible to develop an integrated circuit with laser diodes and
detectors co-integrated along with passive waveguides, using only quaternary InGaAsP based upon
indium phosphide. This is an additional reason why studying the nonlinear optical performance of

InGaAsP passive waveguides could be of practical value.
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Table 2.4: Refractive index at 1550 nm and direct-bandgap wavelength of lattice-
matched AlGaAsSb/GaSb and InGaAsP /InP.

n | A, (nm)
Alo.lGao.gASO.()leo.gg 3.85 1430
AlAsg.08Sbg.92 3.28 550
Ing53GagasAspg Poq | 3.62 1250
InP 3.17 920
GaSb 3.98 1720

2.4 Dispersion

One of the factors that plays an important role in nonlinear optical interactions is group velocity
dispersion (GVD). GVD entails the dependence of the group velocity of light passing through a
medium on its wavelength. Let us assume that there are different pulses with different group veloc-
ities co-propagating through a nonlinear medium. Even if the pulses are launched at the medium
at an exactly the same instant of time, they will lose their temporal overlap after propagating for
distance due to the difference of their group velocities in the medium. This effect is called tem-
poral walk-off, and it limits the efficiency of the nonlinear optical interaction between the medium
and the two pulses [46]. GVD is responsible for the temporal walk-off between the wavelengths
co-propagating through the optical waveguide. The larger the spectral difference between the inter-
acting wavelengths, the shorter the distance they travel together before they separate. GVD can be
defined as the derivative of the inverse group velocity with respect to the angular frequency, or, in
other words, as the second derivative of the phase constant [ with respect to the angular frequency:
0 1 o (0 0?

52:&0%28w<85) :87(4)62' (2.7)

Another important parameter characterizing the dispersion of light as it propagates through an
optical waveguide is the dispersion parameter D that has two contributions. The first contribution
to D is due to the fact that the refractive index of the material varies with optical frequency (or
wavelength) which causes the group velocity to vary. This is referred to as material dispersion,
and the associated dispersion parameters are fixed for a specific material. The second contribution,
known as waveguide dispersion, involves the dependence of the propagating beam’s group velocity
on the waveguide geometry. The waveguide dispersion arises from the difference in the refractive

indices and group velocities that the propagating wave “sees” as it passes through the core and
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claddings. Optical waveguides with larger dimensions mostly exhibit the material dispersion; the
waveguide dispersion in them is insignificant [7].

In a different limit in which the dimensions of the waveguide are relatively small compared to
the wavelength of the guided light, the confinement of the light within the core becomes looser. The
mode can then penetrate into the media surrounding the guiding layer (the claddings and air). In
this case, both the material and waveguide contributions to the overall dispersion parameter D are
of significance. When both the contributions are present, they are not necessarily additive, and can
cancel the effect of each other. When the surrounding medium has the refractive index notably
different from that of the guiding layer material, the waveguide dispersion can compensate, or even
overcompensate the material dispersion [47]. This can result in zero-dispersion wavelength region
that can significantly enhance the nonlinear interactions. In this case, the temporal walk-off become
insignificant, and the spectral difference between the interacting beams that still results in efficient
nonlinear optical interactions can become very large. This is mostly desirable for widely tunable
nonlinear optical interactions, such as four-wave mixing.

In this study, we have performed a dispersion analysis for both InGaAsP /InP and AlGaAsSh/GaSb

optical waveguides which will be discussed in Chapter 3.

2.5 Waveguide Design Criteria

In this section, we will evaluate and summarize the factors that one needs to take into consideration
for designing a nonlinear passive waveguide. The aim is to design a waveguide, capable of demon-
strating efficient nonlinear effects such as wavelength conversion, which plays a key role in all-optical
networks. To secure efficient nonlinear optical interactions, first step is to maximize the efficient

nonlinear coefficient, given by [48]:
o 27’(712
Mg’

(2.8)

in which ngy is the Kerr coefficient (nonlinear refractive index) of the waveguide, A is the wavelength

of light traveling through the waveguide, and A.g is the effective mode area. A.g is defined as

U f |E(x, y|2dxdy}

Aot =
ff f f |E(z, y)|* dz dy

(2.9)
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where E(z,y) is the electric field amplitude [16].Aeg depends on the waveguide parameters such as
core-cladding index contrast and dimensions of the structure. It can vary from values less than 1
pm? to more than 10 um?, depending on the waveguide design. Below we summarize the criteria

for designing a waveguide.

2.5.1 Lattice matching

As discussed earlier in this section, layers of different material compositions grown on top of each
other epitaxially are chosen to match their lattice constants in order to minimize the film stress. In
general, trying to grow layers of unmatched lattice constants on top of a substrate, cause strained
or relaxed growth and lead to inter-facial tension. Such deviations can cause changes in the optical
and electrical properties of the film. In practice, it is almost impossible to have a perfectly matched
lattices. However, in many applications, nearly matched lattices are desirable to minimize the
defects.

If the lattice mismatch between the substrate and the film grown on top of the substrate is large,
the film material needs to strain to accommodate the lattice structure of substrate. If the thickness
of film exceeds a critical value, the dislocation defects at the interface will form a relaxed epitaxy
and the film layer returns to its initial lattice-structure above the interface [49]. Figure 2.7 shows

the schematic of a strained, relaxed, and lattice-matched structure.
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Figure 2.7: Figure shows the growth of a film over a substrate while the epitaxy is
(a) lattice-matched, (b) strained, and (c) relaxed.



26 2.5. Waveguide Design Criteria

The lattice mismatch is typically defined by Aa/a, wheer a is the lattice constant and Aa is the
difference between the lattice constants of the film and substrate. Aa/a of 0.06% for the growth
of Ing 53Gag.47As on InP substrate using liquid-phase epitaxy has been reported [50]. This value is
reported to be Aa/a ~ 0.4% [51] for the growth of InGaAsP on InP using supercooling technique.
A similar study done for the growth of AlGaAsSb on top of GaSb shows a lattice mismatch of
0.13% [52]. The reported values for lattice mismatch are relatively small, resulting in low-defect-

density epilayers. Hence, these semiconductor compounds can be suitable for photonics applications.

2.5.2 Wavelength range of operation

While adjusting the composition for matching the lattices of layers, one should also consider the
bandgap energy of the guiding layer (corresponding to the lattice-matched composition). The cri-
terion for the band-gap wavelength of a semiconductor material requires that the photon energy of
the light should be below the half band-gap energy of the material. In such way, it is possible to
decrease the effect of two-photon absorption.

Two-photon absorption is usually a significant problem in the design of all-optical devices. If
the energy difference between lower and upper states of the atom is equal or less than sum of the
energies of two photons, an electron residing at valance band can absorb the photons in the process of
two-photon absorption and traverse the bandgap. At low intensities, this absorption is much weaker
than linear absorption (including only one photon). However, since this nonlinear process depends
on the square of intensity, it can dominate over the linear absorption at high intensities. A schematic
of this process is shown in figure 2.8(a). Two-photon absorption can be completely eliminated by
using a material in which the lowest energy level stays more than 2hv above the ground state, as

shown in figure 2.8(b).

2.5.3 Minimization of the effective mode area

In general, one of the terms used to judge the strength of nonlinearity of a device, is effective mode
area. One of the outcomes of a small effective mode area is that the optical intensity for a given
power level becomes high. In this case, nonlinearities become significant. Also, smaller mode areas
indicate strong guiding of the mode in the waveguide core. However, in some applications, using
optical fibers with large mode area is more desirable because in such fibers the optical intensity in

not high enough to cause any significant nonlinearities, thus increasing the optical reach of such
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(a) (b)

Figure 2.8: (a) Two-photon absorption process. (b) Two-photon absorption can be
eliminated when the laser frequency lies below half-band-gap of the material.

fiber communication system and increasing the optical power value for the damage threshold. Some
of these fibers are a matter of interest for high-power applications such as amplification of intense
optical pulses [53,54].

Referring to Equation 2.8, one can conclude that it is possible to maximize the nonlinear coef-
ficient by minimizing the effective mode area. There are different ways to minimize Aeg. One can
increase the refractive index contrast between core and claddings by picking up suitable compositions
of the epilayers, in accordance with the values within the range of lattice matching and bandgap
energy requirements. Furthermore, one can design the waveguide geometry and pick its dimensions
in order to obtain the effective mode area as small as possible.

As mentioned above, one can maximize the waveguide nonlinear coefficient by minimizing the
effective mode area. The effective mode area is the smallest for the fundamental mode. That is
the reason why one has to ensure that the designed waveguide is single-mode, guiding only the

fundamental TE and/or TM modes.

2.5.4 Dispersion management

Dispersion management is a term used for tailoring and engineering the dispersion properties of a
device to enhance some particular functions. As discussed earlier, this can be done through properly
selecting a material or choosing suitable dimensions of the waveguide. One of the possibilities of
dispersion management is dispersion compensation. It is possible to cancel out different forms of
dispersion in a waveguide to produce zero GVD frequencies. The importance of this matter can be

seen in various nonlinear effects such as four-wave mixing (FWM) [55].
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Let us consider the FWM effect in its simplest form, where the frequencies of the two pump
photons are the same, i.e., wp=wp1=wp2. There is also a signal wave which has the frequency w;
different from that of the pump. The interaction between these three photons (with the frequencies
Wp1, wWp2, and wy) gives rise to the fourth photon, known as the idler photon with the frequency w;.
The value w, dictates the frequency of the generated idler beam w; by the relationship 2w,=ws+w;.

This interaction is schematically shown in Figure 2.9.

2W,= Wt W;

Figure 2.9: Simple form of four-wave mixing process.

It is desirable to enhance the spectral distance between signal and idler waves in order to have
more efficient four-wave mixing. This can be done by matching the operational wavelength w, with
the zero-GVD wavelength. Therefore, we will have near-zero dispersion at wavelengths around w,
and the material see the same dispersion and index at frequencies ws and w;. It is possible to achieve
zero GVD point at wavelength of interest by dispersion engineering, which is feasible in waveguides

with sub-wavelength dimensions.

2.6 Studied Waveguides

In this study, we propose two designs of passive optical waveguides in both AlGaAsSb and InGaAsP.
One hase relatively large dimensions and provides mainly material dispersion. In such a waveguide,
a strip of the guiding layer (core) is confined between the claddings. This waveguide is referred to
as strip-loaded waveguide. The reason why we are interested in strip-loaded structures is that the
modes are well confined in the guiding layer and they do not sense much of fabrication imperfections

or the epitaxial defects in the wafer growth and etching processes. Thus, the propagation loss is
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expected to be much lower for these waveguides. For example, the propagation loss reported for
AlGaAs strip-loaded waveguides is ~ 1 — 3 dB/cm [7].

The other design is a deeply-etched waveguide with sub-micron dimensions, referred to as
nanowires. The propagation losses of the nanowires are expected to be much higher [16, 47, 56].
It can arise from different sources such as substrate leakage, exposure of optical mode to the side-
wall roughness, or epitaxial defects. The propagation losses reported for AlGaAs nano wires are
around ~ 6 — 10 dB/cm [16]. However, the dispersion management is possible in nanowires, which
leads to efficient nonlinear optical interactions and widely tunable FWM. Moreover, very small ef-
fective mode area (less than 1 um?) can be achieved in nanowires which will strongly enhance the
nonlinearity of the waveguide. A schematic of strip-loaded and nanowire waveguides can be seen in

Figure 2.10.
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Figure 2.10: Types of studied waveguides: (a) nanowire and (b) strip-loaded.

2.7 Nonlinear optical effects

Nonlinear optical effects occur as a result of the nonlinear interaction of high-intensity light with a
medium that it passes through. These effects are considered as ”"nonlinear” since they occur when
the material’s response to an optical field depends in a nonlinear manner on the amplitude of the
optical field. The nonlinear response of the material can be observed when the applied optical field
has sufficiently high intensity. At low intensities, the linear response dominates over the nonlinearity,
so, the latter one cannot be observed.

To have a better and more accurate perspective, consider the relationship between the polar-

ization of a material P(t) and the strength of an applied optical field E’(t) In the case if the input
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field has a low intensity, this relation can be described linearly as [26]

P(t) = eoxWE(t), (2.10)

where the constant y(!) is the linear susceptibility of the material, and € is the permittivity of free
space. However, in a nonlinear regime, where the applied intensity is sufficiently high, this response

can be described as a Taylor series expansion of the polarization P(t) with the field strength E(t):

P(t) = eo[XVE(t) + xPE2(t) + xOE3(t) + x\VE () + ...]. (2.11)

The x(™ is referred to as n — th order nonlinear optical susceptibility of the medium. Conse-
quently, we refer to P(”)(t) = eox(”)E"(t) as n'"-order nonlinear polarization, which can be related
to a particular nonlinear optical process. The physical processes that occur due to a second-order
nonlinear polarization P® are likely to be different from those happen as a result of a third-order

3) . For example, the second-order susceptibility x(?) is responsible for three-

nonlinear polarization P(
wave mixing processes such a second-harmonic generation (SHG), difference-frequency generation
(DFQG), or sum-frequency generation (SFG) [5]. On the other hand, the third-order susceptibility
x®) is responsible for effects such a four-wave mixing (FWM) and self-phase modulation (SPM),

which occur as a result of the intensity-dependent refractive index of the material. We discuss some

of nonlinear optical effects that are of importance for the present study in following sections.

2.7.1 Self-Phase Modulation

Self-phase modulation (SPM) is a nonlinear optical process whereby an intensive beam of light
propagating through a medium changes the propagation conditions to itself through interacting
with the medium nonlinearly. This effect is accompanied by an intensity-dependent variation of the
refractive index of the medium which is called optical Kerr effect. This variation causes a phase
shift in the optical beam, resulting in the changes of the beam’s spectral shape.

The intensity-dependent variation of the refractive index can be described as

n(t) = no(t) + naol, (2.12)

where ng is the linear refractive index, ns is the nonlinear refractive index, often referred to as the
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Kerr coefficient, and I represents the optical intensity. The nonlinear phase shift acquired by the

optical beam propagating through a medium is given by

oNL(t) = noko LI, (2.13)

where kg = 27/\, and L is the length of the medium. As a result of the time-dependent phase
change, the spectrum of the transmitted beam will be modified and might undergo changes (e.g.,
most typically, broadening) compared to that of the incident beam. Figure 2.11 shows schematically

the SPM process.

v

|

Figure 2.11: Self-phase modulation (SPM).

SPM has many applications such as optical switching [57] and spectral supercontinuum genera-
tion [58]. In general, the Kerr nonlinearity has been beneficial for different optical signal processing

methods such as wavelength conversion.

2.7.2 Four-Wave Mixing

Four-wave mixing (FWM) is a nonlinear phenomenon that appears as a consequence of the third-
order optical nonlinearity. In this effect, two or three different frequency components propagating
through a nonlinear medium generate new frequency components. This nonlinear process is paramet-
ric [59], meaning that the conservation of energy holds between the participating photons. Assume
that there are three input optical beams with three distinct frequencies wy, we, and wg, entering the
material and interacting with it. The nonlinear variation of the refractive index results in the four-
wave mixing effect accompanied by the generation of a new frequency wy (w1 + we — w3 = wy). This
process is called non-degenerate four-wave mizring because all four frequency components partici-

pating in the process are different. Figure 2.12 illustrates non-degenerate four-wave mixing process.
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Figure 2.12: Generation of new wavelengths via non-degenerate four-wave mixing.

A degenerate four-wave mizing can also occur, where the frequencies of two input photons are
identical, such that there is a single pump beam donating two photons for each act of four-wave
mixing, and a signal input frequency component distinct from the pump frequency. Two photons
are taken away from pump: one for amplifying the signal wave, and one for generating a new idler
frequency on the other side of the spectrum. A degenerate four-wave mixing in an optical waveguide
is demonstrated in Figure 2.13. The frequency of the generated idler photon can be described as
follow:

Widler = 2Wpump — Wsignal (214)

FWM is a phase-sensitive process. To obtain an efficient FWM, there should be nearly zero mis-
match between the relative phases of the interacting beams. One can minimize the phase mismatch
by matching the pump wavelength with a zero-dispersion wavelength. FWM can find applications
in phase conjugation [60], supercontinuum generation [61], optical image processing and holographic

imaging [62] in addition to all-optical signal processing application targeted by the present study.
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Figure 2.13: Degenerate four-wave mixing in a nonlinear optical waveguide.



Chapter 3

Waveguide Design

In this chapter, we will present waveguide designs, including their geometries and compositions, for
both AlGaAsSb and InGaAsP. Here we discuss two types of waveguides with different geometries.
One type is strip-loaded waveguide, which is a strip of a higher-refractive index core confined between
cladding layers with an index difference to form the guiding channel. In such a waveguide, the core
layer is not etched throug, and the upper cladding is etched partly. The second waveguide geometry
is called nanowire made of the guiding layer confined between cladding layers, all three of which are
etched through. The nanowire can have waveguide widths much narrower compared to those of the
strip-loaded waveguides. The two waveguide geometries are compared through simulations in this

chapter.

3.1 AlGaAsSb Waveguides

AlGaAsSb multilayer IT1I-V semiconductor wafers can be grown via metalorganic chemical vapor
deposition (MOCVD), or by molecular beam epitaxy (MBE). The first method entails gas phase
transform of the material which will be deposited on the substrate. The deposition will eventually
occur via a chemical reaction on the substrate. MBE can be an alternative to MOCVD. It is an
epitaxy method for thin-film deposition of crystals. It takes place in specific chambers under high
temperatures to ensure a fully dust-free environment. In general, MBE is a more common way to
grow III-V wafers, and this technique has been used for the growth of our wafers. The wafer growth

and fabrication processes will be discussed in next chapter.

34
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As discussed earlier, the lattice matching of different layers can be achieved by choosing a proper
composition of a pair of elements in the quaternary compound. Following the mentioned criteria, a
suitable material composition was selected for the core and cladding layers. The substrate GaSb was
chosen for both the waveguide designs which are the strip-loaded waveguides and the nanowires, and
the rest of the layers were chosen for each waveguide geometry to be lattice-matched to substrate.
Once the lattice-matched compositions were determined, the dimensions of the waveguides were
selected in a way to minimize the effective mode area for the fundamental TE and TM modes.
For this purpose, we used a commercial mode solver Lumerical MODE Solutions, and modified the
waveguide parameters while tracking the value of the effective mode area. In the following sections,

we discuss the waveguide designs for both strip-loaded waveguide and the nanowire.

3.1.1 AlGaAsSb nanowire

Figure 3.1 represents the structure of AlGaAsSb nanowire waveguide along with its dimensions and
material composition. The guiding layer is chosen to have the composition of 60% of aluminum
since its bandgap energy is large enough to avoid both the linear and nonlinear absorption at the
wavelength 1550 nm. The corresponding refractive index is 3.52 at A = 1550 nm. In order to have
a large refractive index contrast with the guiding layer, we chose the compositions of the claddings
to be Al goGag.18AS0.0759b0.093. The refractive index associated with this composition is 3.29, which
leads to the index contrast of An = 0.23. On the other hand, the substrate material GaSb has
the refractive index of 3.98 which is much larger than the refractive index of the core. This could
lead to a mode leakage into the substrate, and to the loss of guidance. To avoid this situation, the
thickness of the lower cladding was chosen to be 3 um, which is large enough in order to prevent
the mode leakage to the substrate. For the simulations, the etch depth of the waveguides was fixed
at 1.2 um, so that the mode confinement at the core is strong and there is no mode leackage to the
high-index substrate. By the etch depth, we mean the height from the top of upper cladding layer
down to where the etching stops. The widths of the nanowires varied between 200 and 1200 nm. In
this range, we expect a strong mode confinement and single-mode operation. Table 3.1 represents

the summary of the structural and material parameters of the waveguides.
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Figure 3.1: The structure of the designed nanowire. The compositions of the up-
per cladding, the guiding layer, and the lower cladding are AlggoGag 18AsS0.075b0.903,
Alo.ﬁGa0_4AS0.05Sb0.95, and A10.82G30.18A80.07Sb0.93, respectively. "W” denotes the
width of waveguide.
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Table 3.1: Material parameters and layer thicknesses of AlGaAsSb wafer for nanowires

Composition Thickness | E, g n
(nm) (eV) | (nm)
Upper 300 1.95 636 | 3.29
Alp g2Gag.18A80.075b0.93
cladding
Guiding 400 1.61 770 | 3.52
Alp 6Gag.14Asp.055b0.95
layer
Lower 3000 1.95 | 636 | 3.29
Alp g2Gag.18A80.075b0.93
cladding
GaShb 0.72 | 1722 | 3.98
Substrate




37 3.1. AlGaAsSb Waveguides

In Figure 3.2, we show the intensity distribution for the fundamental TE and TM mode in
nanowire. In the simulation, the waveguide width is fixed at 700 nm. The effective mode areas
achieved for TE and TM modes are 0.33 and 0.41 um?, respectively. These small values (< 1 pum?)

promise of a good nonlinear optical performance.
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Figure 3.2: Intensity distributions of the fundamental TE and TM modes in Al-
GaAsSb nanowire with the width of w = 700 nm. The effective mode areas of the
TM and TE modes are 0.41 ym? and 0.33 um? for the nanowires, respectively.

3.1.2 AlGaAsSb strip-loaded waveguides

Figure 3.3 shows the structure of the designed strip-loaded waveguides. These waveguides have
larger dimensions, and they are thus expected to have lower propagation loss compared to that of
the nanowires. Similarly to the nanowires, the composition of the guiding layer was chosen to be
Alp ¢Gag.4Asg.055bg.95 to make sure that the bandgap energy is large enough to avoiding linear and
nonlinear absorption while still having a high index contrast with the claddings. The composition
of the upper and lower claddings are Alg.g6Gag.34AS0.065b0.94 and Alg.goGag.18A80.075b0.93, respec-
tively. The corresponding refractive indices are 3.48 for the upper cladding, and 3.29 for the lower
cladding. This leads to the index contrast of An = 0.04 between the core and upper cladding, and
An = 0.23 between the core and lower cladding. The reason for the small index contrast between

the core and upper cladding is to obtain a more circular mode profile. It is expected to increase
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Figure 3.3: The structure of the designed strip-loaded waveguide. The com-
positions of the upper cladding, the guiding layer, and the lower cladding are
Alp.66Gao.34A80.065b0.94, Alo.sGag.aAsg055bo.gs, and AlggaGag1sAse.orSho.gs, respec-
tively.

the efficiency of coupling between the waveguide and the beam from free-space or the optical fiber
by a minimization of the mode shape mismatch. On the other hand, the relatively high refractive
index contrast between the core and the lower cladding could help one to achieve a stronger mode
confinement, and hence, to prevent the mode leakage into substrate. Also, the thickness of the lower
cladding is sufficiently large (3 pm) to avoid the mode leakage. In the simulations, the etch depth
of the waveguide was fixed at 0.5 pm, while the widths vary from 600 to 1600 nm. Table 3.2 shows
the important parameters for Al1GaAsSb strip-loaded waveguides.

Figure 3.4 shows the intensity distribution of fundamental TE and TM modes for AlGaAsSb
strip-loaded waveguide. The corresponding values of the effective mode areas are 1.4 and 1.13 um?
for TE and TM mode, respectively. To the best of our knowledge, these values are much smaller
than any effective mode area reported for a strip-loaded III-V semiconductor waveguide. Thus, we

can expect to see more efficient nonlinear optical performance with our improved designs.

3.1.3 Simulations and Results

We carried out a modal analysis of the fundamental TE and TM modes for both the strip-loaded
waveguides and the nanowires with the widths ranging between 200 and 1200 nm for strip-loaded
waveguides, and 600 to 1600 nm for the nanowires. Figure 3.5(a) shows the effective mode area

as a function of the waveguide width for a fixed wavelength of A = 1550 nm. One can clearly see



39 3.1. AlGaAsSb Waveguides

Table 3.2: Material parameters and layer thicknesses of AlGaAsSb wafer for strip-
loaded waveguides

Composition Thickness | Ej g n
(nm) (eV) | (nm)
Upper 600 1.71 725 | 3.48
claggin o Alp 66Gag.30A80.065b0.94
Guidi 500 1.61 770 | 3.52
lual y;lg Alp 6Gag.1Asp.055b0.95
L 3000 1.95 636 | 3.29
C1a(()jv$; o Alp 82Gag.18A80.075b0.93
Substrate GaShb 0.72 | 1722 | 3.98

two regimes on the graph. In the first regime, the effective mode area increases monotonically with
the waveguide width. This regime corresponds to the waveguide widths of 300 nm and above for
the fundamental TE mode, and 200 nm and larger for the fundamental TM mode. In this regime,
the mode is well confined within the guiding layer. In the second regime, where the widths of the
waveguide are less than 300 nm for the TE and 200 nm for the TM modes, a different trend can be
observed. The effective mode area increases with the decrease of the waveguide width. The reason to
this behaviour is that the waveguide width becomes so small that the fundamental mode gradually
approaches its cut-off, thus loosing its confinement in the core and spreading to the surrounding
regions. This regime is also referred to as the cutoff regime. This trend is more observable for the
TE mode since this mode is more dependent on the waveguide width. The minimum effective mode
area around ~ 0.2 um? was achiever for the nanowires with the widths around 300 nm.

In Figure 3.5(b), we plot the effective mode area for the fundamental TE and TM modes of an
AlGaAsSb strip-loaded waveguide as a function of the waveguide width at the fixed value of the
wavelength A = 1550 nm. One can also distinguish the cutoff regime in this graph; however, it is
not as pronounced as that of the nanowires. Our modal analysis indicates that the smallest effective
mode area around 1.2 pm? in a strip-loaded waveguide can be achieved for the fundamental TM
mode at the waveguide width 900 nm. For the fundamental TE mode, the minimum effective mode
area ~ 1.4 um? corresponds to the waveguide widths between 1100 and 1200 nm. Since we intend

to minimize the propagation loss by using relatively larger dimensions, 1100 nm seems to be a more
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Figure 3.4: Intensity distributions of the fundamental TE and TM modes in Al-
GaAsSb strip-loaded waveguide with the width of w = 1100 nm. The effective mode
areas of the TM and TE modes are 1.13 ym? and 1.4 um?, respectively.

suitable choice for the width of the designed strip-loaded waveguides.

To carry out the dispersion analysis, we used the method of second-order polynomial interpola-
tion to perform the curve fitting of the GVD data points obtained from Lumerical Mode Solutions.
In order to evaluate the accuracy of interpolation results, a statistic parameter coefficient called the
coefficient of determination, also known as R?, is used [63]: the higher is the value of R?, the better
is the fit. The values of R? in our studies were greater than 90% for each curve, indicating a good
agreement between the data and the fitted curves.

In Figures 3.6 and 3.7, we present the dispersion analysis for both types of waveguides. Figure 3.6
shows the GVD dependencies on the wavelength for the fundamental TE [part (a)] and TM [part
(b)] modes of a nanowire, respectively. We can see that it is possible to set the zero dispersion point
for TE polarization at 1550 nm by varying the waveguide width. The wavelength corresponding to
zero GVD point increases with the increase of the waveguide width. However, in the case of TM
polarization, GVD values are larger and positive, which means there is no potential for dispersion
management.

Figure 3.7 represent GVD dependencies for the fundamental TE [part (a)] and TM [part (b)]
modes of a strip-loaded waveguide. Zero dispersion cannot be achieved in strip-loaded waveguides
because the material dispersion in these structures is dominant. Therefore, GVD values are more

positive and large for both the TE and TM polarizations.
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Figure 3.5: Effective mode area as a function of waveguide width at the wavelength

1550 nm for (a) AlGaAsSb nanowire, and (

b) AlGaAsSb strip-loaded waveguide.

The rectangular and triangular points represent the fundamental TE and TM modes,

respectively.
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Figure 3.6: GVD as a function of wavelength for different values of AlGaAsSh
nanowire widths: (a) for the fundamental TE mode, (b) for the fundamental TM

modes. Solid lines show the data fit.

3.2 InGaAsP Waveguides

In this section, we present the design of InGaAsP nanowires and strip-loaded waveguides suitable

for wide-range wavelength conversion. Ultimately, this kind of waveguides can be monolithically co-

integrated with InGaAsP laser sources to extend their operation ranges to the wavelengths 2 ym and

longer. In the following sections, we will discuss the

waveguides.

design of InGaAsP nanowires and strip-loaded
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Figure 3.7: GVD as a function of wavelength for different values of AlGaAsSb strip-
loaded waveguide width: (a)for the fundamental TE mode, (b) for the fundamental
TM mode. Solid lines show the data fit.

3.2.1 InGaAsP Nanowires

Figure 3.8 shows the waveguide geometry [part (a)] and the evolution of the fundamental TE mode
as a function of wavelength [part (b)] in an InGaAsP nanowire. All the parameters, including the
waveguide dimensions and the material compositions, are selected in accordance with the criteria
described in Chapter 2. We were able to demonstrate guided modes in the range of wavelength
between 1550 and 2750 nm.

As illustrated in Figure 3.8(a), the guiding layer was chosen to have 63% of indium to minimize
the linear and nonlinear absorption at large wavelengths (around 3 pum). Due to the range of the
badngap energies of various InGaAsP compositions, some two-photon absorption in telecom c-band
will always be present. The cladding material was chosen to be InP so that we have a high refractive
index contrast with the core for better mode confinement. The refractive index of the core is 3.58
at wavelength A\ = 1550 nm and 3.37 at A = 2750 nm. The refractive index of InP claddings is 3.17
at A = 1550 nm and 3.11 at A = 2750 nm. This yields the refractive index contrast of An = 0.41
at A = 1550 nm, and An = 0.26 at A = 2750 nm. In order to minimize the required etch depth
during the fabrication process, the thickness of the upper cladding was set to 0.3 pm. The ultimated
required etch depth for the nanowires was 2 pm. Figure 3.8(b) shows the intensity distribution of
the fundamental TE mode for a 800-nm-wide waveguide at different wavelengths. As it can be seen
from the figure, the mode expands as the wavelength increases. The calculation of the effective
mode area indicates that A.g changes from 0.38 to 0.7 um2 for the fundamental TE and from 0.43

to 0.85 pum? for the fundamental TM modes while the wavelength varies from 1550 to 2750 nm.
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Figure 3.8: (a) Schematic of the designed InGaAsP nanowire with InP claddings and
the composition of the guiding layer Ing3Gags7AsgsPo2. (b) Intensity distributions
of the fundamental TE mode of an InGaAsP nanowire with the width of w = 800 nm
at different wavelengths. The evolution of the fundamental TE mode is shown as the
wavelength increases from 1550 to 2750 nm.

Table 3.3 shows a summary of structural and material parameters of an InGaAsP nanowire.

3.2.2 InGaAsP Strip-Loaded Waveguides

The material composition of InGaAsP strip-loaded waveguides was selected to be the same as for
the nanowires in order to maximize the refractive index contrast between the core and claddings
while minimizing the linear and nonlinear absorptions. In Figure 3.9(a), we illustrate the schematic
of the designed strip-loaded waveguide. The thickness of the guiding layer was set to 0.4 pm in
order to minimize the effective mode area. The etch-depth of the strip-loaded waveguide was fixed
at 0.9 pm. In figure 3.9(b), we show the evolution of the guided fundamental TE mode as the
wavelength spans from 1550 to 2750 nm, for a waveguide with the width of 1.7 pm. The effective
mode area calculations have shown that A.g varied from 1.79 to 4.49 um? for the fundamental TE
mode, and from 1.03 to 4.34 um? for the fundamental TM mode as the wavelength was changed
from 1550 to 2750 nm. Table 3.4 shows the summary of the material and structural parameters of

an InGaAsP strip-loaded waveguide.
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Table 3.3: Material parameters and layer thicknesses of InGaAsP wafer for nanowires

Composition Thickness | E, g n
(nm) (eV) | (nm)

Upper InP 300 1.34 | 925 | 3.17
cladding

Guidin 700 0.85 | 1459 | 3.58
] & Ing 63Gag.37AsgsPo 2

ayer

Lower InP 1000 1.34 | 925 | 3.17
cladding

Substrate InP 1.34 925 | 3.17

3.2.3 Simulations and Results

In Figure 3.10, we plot the effective mode area for the fundamental TE and TM modes as a function
of wavelength for (a) an InGaAsP nanowire, and (b) an InGaAsP strip-loaded waveguide. As it
can be seen from the figure, the effective mode area in both types of waveguides increases with
wavelength. The fundamental TM mode in InGaAsP nanowires experiences a more significant
increase with the wavelength compared to that of the fundamental TE mode as the TM mode has
a weaker confinement in such waveguides.

The group velocity dispersion of InGaAsP waveguides with different widths is shown in Fig-
ure 3.11. The GVD as a function of wavelength for the fundamental TE and TM modes of InGaAsP
nanowires is shown in Figures 3.11(a) and (b), respectively. It can be seen that from the graph
that the TE mode in the nanowires has zero-dispersion points in the wavelength range between 1700
and 2300 nm. The GVD as a function of wavelength for the fundamental TE and TM modes in
strip-loaded waveguides is shown in Figures 3.11(c) and (d), respectively. One can see from the
figure that GVD for these waveguides can be reduced significantly compared to its material value,
although it remains nonzero for this geometry. The relatively high R? values of more than 0.85
indicate a good agreement between the curves of Figure 3.11, and the data points obtained from

Lumerical solutions.
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Figure 3.9: (a) Schematic of the designed InGaAsP strip-loaded waveguide with InP
claddings and the composition of the guiding layer Ing 63Gag 37AsgsPo2. (b) Intensity
distribution of the fundamental 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.

Table 3.4: Material parameters and layer thicknesses of InGaAsP wafer for strip-
loaded waveguides

Composition Thickness By Ae n
(nm) (eV) | (nm)
Upper InP 1000 1.34 | 925 | 3.17

cladding

Guiding | Ingg3GagsrAspsPos 400 0.85 | 1459 | 3.58
layer

Lower InP 1000 1.34 | 925 | 3.17
cladding

Substrate InP 1.34 | 925 | 3.17
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Figure 3.10: Effective mode area as a function of wavelength: (a) for an InGaAsP
nanowire with the width 800 nm, (b) for an InGaAsP strip-loaded waveguide with the
width 1700 nm. The rectangular and triangular points represent the simulated values
of the effective mode area for the fundamental TE and TM modes, respectively. The
solid line is the quadratic interpolation of the data.
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Figure 3.11: GVD as a function of wavelength for different values of InGaAsP waveg-
uide widths as specified in the legend: (a), (b) for the fundamental TE and TM modes
in a nanowire, and (c), (d) for the fundamental TE and TM modes in a strip-loaded
waveguide, respectively. Solid lines indicate the fit.



Chapter 4

Fabrication of InGaAsP /InP

Strip-loaded Waveguides

In the previous chapters, we proposed the measurements of the nonlinear optical responce of In-
GaAsP and AlGaAsSb passive optical waveguides. AlGaAsSb has the potentials of applications
in optical communication networks, while InGaAsP optical waveguides can potentially extend the
operation range of the common InGaAsP laser sources to the longer wavelengths. In Chapter 3,
we have presented several waveguide designs based on these materials, together with the modal and
dispersion analysis. The next step is to develop the fabrication process for high-quality and low-
defect-density integrated optical waveguides based on these materials, and then to experimentally
measure their nonlinear optical properties.

At this stage of the project, all four wafers for the four waveguide structures, two based on
InGaAsP and two based on AlGaAsSb, have been grown. The wafer for InGaAsP nanowires was
grown via molecular beam epitaxy (MBE), and the rest of the wafers, namely: the AlGaAsSb
wafers and InGaAsP wafer for strip-loaded waveguides, have been grown via metalorganic chemical
vapour deposition (MOCVD). Due to the time constrains of my M.A.Sc. program, so far, we have
only performed experiments with InGaAsP strip-loaded waveguides. We thus focus mostly on the
fabrication process of these structures in this chapter. The fabrication was undertaken by Kashif

M. Awan, a Ph.D. candidate working under Drs. Dolgaleva’s and Boyd’s supervision.

48



49 4.1. Fabrication Process

4.1 Fabrication Process

4.1.1 Wafer Growth

The first step in the waveguide fabrication process is the growth of a vertically layered structure called
wafer. There are two conventional methods of growing III-V semiconductor wafers: metalorganic
chemical vapour deposition (MOCVD), and molecular beam epitaxy (MBE).

In MOCVD process, one can grow layers by depositing thin layers of atoms on a semiconductor
substrate. The thickness of each layer can be controlled to obtain a material with a specific optical,
thermal or electrical properties. The principle of MOCVD is as follows: the atoms supposed to
be added in crystal are combined with organic gas molecules and passed over a hot semiconductor
wafer. The heat splits the molecules and deposits demanded atoms on the semiconductor surface.
This process is repeated layer-by-layer, and the lattice structures of these layers are perfectly aligned
with the semiconductor substrate. The most common organometallic precursors used for the growth
of InGaAsP on InP substrates are Trimethylindium (TMIn), Trimethylgallium (TMGa), Phosphine
(PH3), and Tertiarybutyl phosphine (TBP). MOCVD takes place in cold wall reactors where many
chemical reactions happen both in the vapor phase and at the growing surface. The MOCVD growth
process can fall into four regimes: a reactant input regime where the chemical sources are used; a
reactant mixing regime where the adduct and elimination reactions lead to a formation of polymer;
a boundary layer regime above the substrate where the diffusion to the substrate and heating lead
to pyrolysis; and finally the epitaxial growth on the substrate surface [64]. Since these processes
may involve toxic gases, the growth chambers are very high-quality and expensive.

MBE is an epitaxy method for thin-film deposition of crystals. This process takes place in
ultra-high vacuum (UHV) chambers, under high temperatures. Using the UHV chambers not only
will result in a complete dust-free environment, but guarantees material purity. In this process, like
MOCVD, the starting point is the base semiconductor material referred as the substrate. After
heating the substrate to hundreds of degrees, precise beams of molecules are fired to the surface of
the substrate from guns known as effusion cells. The molecules land on the surface, condense and
build up the thin-layers gradually, and eventually form the crystal.

From the commercial and technical perspective, there has always been a debate which technology
works better. However, for certain applications, the specific requirements define the superiority of a
technique. For instance, MOCVD has more flexibility for sources and the reactor configuration can

be modified, while MBE has less setup variability. One the other hand, MBE has a higher cost of the
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material growth. MOCVD can process many wafers simultaneously, while MBE involves the growth
of a single wafer. MOCVD is relatively fast while MBE is a very slow process [65]. Also, MBE is
more precise compared to MOCVD in terms of controlling the thickness of each layer [66]. In our
project, the InGaAsP epitaxial layers were grown via MOCVD on InP substrate. In the following

subsection, we describe the steps of the fabrication process of InGaAsP strip-loaded waveguides.

4.1.2 Waveguide Fabrication

Once the InGaAsP/InP wafer is grown, the waveguide structures can be defined. The overall fabri-
cation process of our structures was based on electron beam lithography and dry etching. It can be
viewed as a step process in the following manner.

First, the wafer was cleaned with acetone and blown-dried with Nitrogen gas. Following that, the
wafer was coated with 400 nm of silica using plasma-enhance chemical vapor deposition (PECVD)
method. A 40-nm-thick layer of chromium was deposited by electron beam (e-beam) evaporation.
As the next step, we used the e-beam lithography technique, where a focused beam of electrons was
used for creating patterns on the wafer covered with a 200-nm-thick layer of hydrogen silsesquiox-
ane (HSQ) e-beam resist. Then, the waveguides were patterned using a 100-kV Jeol 9500 e-beam
lithography system. The waveguide design for the experiments was based on our simulation results.
The targeted waveguide width was 1.7 pum; however, in order to take into consideration fabrication
tolerances, we also placed on the sample the waveguides with the widths varying from 1.1 to 2.1 pm.
The patterning of the waveguide was carried out at Cornell Nanofabrication Facility (CNF). After
the e-beam patterning, we developed the e-beam resist via immersing the sample in MIF 300 for 10
minutes, then rinsed the wafer and cured it at 170°C for 1 hour. This step was followed by using
the e-beam-patterned HSQ mask to transfer the pattern to chromium by reactive ion etching with
inductively coupled plasma (ICP-RIE). A Trion etcher was used for etching the chromium layer.

Etching InP-based materials requires dry methods that rely on ICP-RIE. This process is chal-
lenging since the chemical reaction byproducts associated with InGaAsP require high temperature
to leave the surface of the material. This could not be achieved at CNF as their etcher does not
have the heating option. On the other hand, in Quantum Nano Centre (QNC) at University of Wa-
terloo, an Oxford ICP 100 system is being used that has the possibility of turning cooling system off
during etching. Using this system, the chromium mask was used to transfer the waveguide pattern

into silica. Finally, the silica mask was used to transfer the waveguide pattern to InGaAsP. Using
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this system, the etch parameters were optimized, and the first batch of InGaAsP/InP strip-loaded

waveguides was fabricated. In Figure 4.1, we summarize the fabrication process of these waveguides.

Deposit of 50

Deposit of 400 nm Chromium
nm SiO, by by E-beam
PECVD evaporation

Spin coat 200
nm H5Q

Pattern by
E-beam

S —

Develop resist

L —

-
“

Plasma etch
Chromium in
ICP-RIE

ICP-RIE etching ICP-RIE etching

of 8i0, ( of InP

Figure 4.1: Schematic of the fabrication process used for strip-loaded InGaAsP waveg-
uides. Silica and Chromium were deposited on top of the InP wafer, followed by the
patterning of the waveguides with HSQ resist and e-beam lithography. The pattern
was transferred first into the chromium mask, then the chromium was used as a mask
to transfer the pattern into the silica, to prepare a hard mask for etching InGaAsP.
After etching silica, InGaAsP was etched using the ICP-RIE technique.

Figure 4.2 shows the SEM (scanning electron microscope) image of the waveguide cross-section
after all the fabrication steps were completed. At the inset of Figure 4.2, we show the guided
fundamental TE mode profile after the light coupling into the fabricated InGaAsP /InP waveguide.

The light wavelength in the experiment was A = 1.55 pm.
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Figure 4.2: SEM image of the strip-loaded InGaAsP waveguide cross-section. The
scale bar represents 1 um. The inset shows the image of the guided mode at the

wavelength A = 1550 nm, captured by an IR camera at the waveguide output.

4.2 Loss Measurement

After the waveguides were fabricated, the sample was cleaved to get prepared for optical charac-
terization. The first step in the assessment of the quality of the fabricated waveguides is the loss
measurement. This section aims at describing this crucial step that gives an idea about the sample
quality.

We have characterized the total insertion loss of the straight InGaAsP strip-loaded waveguides.
The overall insertion loss is comprised of different loss contributions, such as the propagation loss,
coupling loss and the reflection loss. The relation between these sources is described by the equation
below:

Ltotal = Lcoupl + 2Lref + LpropL7 (41)

where Liotq) is the total loss which can simply be obtained by measuring the power launched to and

transmitted by the waveguide (and taking their ratio), Lpyop is the propagation loss, and L represents
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the sample length, which is 1 cm in this case. Ly.op can be determined using the Fabry-Perot loss
measurement technique. Reflection loss from interfaces, 2L..f, happens because of the refractive
index difference between the semiconductor material and the surrounding medium (air). Finally the
coupling loss, L¢oupl can be estimated by subtracting the propagation and reflection losses from the
total loss using Equation (4.1). The total loss and its contributions are discussed below.

The first step is to estimate the total insertion loss for our waveguide. This can be determined
by comparing the power at the input and output of the waveguide. If the power at the input of
the waveguide is P;,, and the power measured at the output of waveguide is Py, then the total
insertion loss is given by 101og( P,/ Pout). For the targeted waveguide width 1.7 pm, this value was
measured to be around 18 dB.

The next step is to measure the propagation loss which can be determined by the Fabry-Perot
loss measurement [67]. The loss measurement involves launching a beam into the waveguide from a
tunable laser source, and taking the measurement of the output power as the function of wavelength.
The schematic of setup is demonstrated in Figure 4.3. In our experiment, a Santec TSL-710 was
used as the tunable source. The laser beam was coupled into the waveguide through a microscopic
objective, and the wavelength sweep in the wavelength range around 1600 nm with the overall sweep
range 1 nm and the sweep step of 1 pm has been performed to measure the output power as the
function of wavelength. Figure 4.4 shows the power of the output beam as a function of wavelength

for the waveguide width of 1.7 pm.
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Figure 4.3: Experimental arrangement of propagation loss measurement using Fabry-
Perot method.

The data analysis performed according to the following method returns the values of the propa-

gation loss of the waveguide. The equation relating the loss coefficient « to the waveguide length L,
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Figure 4.4: Output power as a function of wavelength for InGaAsP strip-loaded
waveguide with the width of 1.7 pm.

facet reflectivity R and the ratio of minimum-to-maximum power ( is given by Equation (4.2) [67].

_ L BOHVO (4.2)

L' 1=V

The value of R can be obtained using Equations (4.3) and (4.4),

Neff — 1 2
= © 4.3
R () (43)
)\2
= 4.4
A 2Tleﬂ'L’ ( )

while ¢ is given by the power contrast Ppin/Pmax- The values AN, Ppin, and Ppax can be found in
Figure 4.4.

Table 4.1 shows the measured propagation loss for both TE and TM fundamental modes for
different waveguide widths. We can see that the smaller waveguides have larger propagation losses;
on the other hands, the larger waveguides have larger effective mode areas which results in less

efficient nonlinear optical interactions.
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Table 4.1: Propagation loss for the fundamental TE and TM mode in InGaAsP
strip-loaded waveguides

Waveguide | a (dB/cm) | a (dB/cm)

width (pum) TE ™
2.1 2.28 2.24
1.9 2.38 2.30
1.7 2.77 2.43
1.5 3.53 3.54
1.3 4.07 4.20
1.1 4.52 4.59

Following the propagation loss measurement, we estimate the reflection loss which happens at
the interface between the air and material. At this interface, a fraction of the beam is reflected back
to the source. This phenomenon is known as ”Fresnel loss”. In our the case, where the laser beam

is coupled into the waveguide with no incident angel, Fresnel reflection can be estimated by

R= (”2_”1>2 : (4.5)
N9 + Ny
where 1y and no denote the refractive indices of air and the material, respectively. The reflectivity
at the interfaces between InGaAsP and air is estimated to be 30%.

Finally, the coupling loss can be estimated by subtracting the propagation and reflection losses
from the overall insertion loss. The coupling loss is due to a mode size and shape mismatch when the
light gets coupled in and out of the waveguide by an objective. For the waveguide width of 1.7 pm,
the overall insertion loss is around 18 dB, which is the sum of the propagation loss 2.7 dB/cm, the
reflection loss of ~ 5.3 dB, and the coupling loss. Using Equation (4.1), the coupling loss is estimated
to be ~ 10 dB.

In the following chapter, we discuss the experiment on the assessment of the nonlinear optical

performance of InGaAsP /InP strip-loaded waveguides.



Chapter 5

Nonlinear Optical Performance

In this chapter, we describe the results of our experimental studies on the third-order nonlinear
optical interactions in InGaAsP/InP strip-loaded waveguides. In these experiments, we used the
waveguide structure and the material composition that were discussed in previous chapters. In this
chapter, we describe our results of nonlinear absorption measurement at the wavelength 1570 nm.
In this study, we have demonstrated self-phase modulation with a nonlinear phase shift up to 2.5,
and four-wave mixing with a signal-to-idler conversion efficiency of around 50 dB. The details of
these experiments are provided below.

InGaAsP is generally not suitable for passive devices in the telecom wavelength range due to
relatively small energy gap values. However, we have performed our experiments at the telecom
wavelengths because of the availability of the equipment and measurement tools for this range of

wavelengths.

5.1 Nonlinear Optical Interactions in InGaAsP Strip-

Loaded Waveguides

There is much interest and investment in studying nonlinearities of semiconductor optical waveguides
because of their potentials in all-optical signal processing. Optical waveguides which have high
refractive index contrast between the core and their claddings have relatively small mode areas

leading to better light confinement. In addition, the smaller mode areas amplify optical field intensity
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in the waveguide and, consecutively, the strength of nonlinear optical interactions.

Apart from the optical intensity and the strength of the material nonlinearity, there are other
factors influencing nonlinear optical interactions in a waveguide. Omne of the dominant factors,
strongly limiting optical switching and waveguide performance for quantum optics applications, is
two-photon absorption (TPA). As discussed in previous chapters, it is desirable to set the bandgap
wavelength of the material less than half of the operational wavelength. This way, bandgap energy
is more than twice the photon energy, and the parasitic effects of TPA can be eliminated. However,
some materials such as InGaAsP cannot wipe the influence of TPA out at the telecom C-band. This
is because they have their bandgap energy (< 1.34 €V in the case of InGaAsP) near the operational
photon energy at 1550 nm (0.8 eV). TPA of silicon waveguides at A = 1.5 ym was found to be
0.45 cm/GW [68]. The influence of TPA on the nonlinear optical performance of AlGaAs/GaAs
waveguides has been at the telecom wavelength has been discussed [7,19,56]. TPA of InGaAsP multi-
quantum-well waveguides has been reported to have a value of 60+£10 cm/Gw at 1.55 ym [69], which
is much larger compared to those of AlGaAs and silicon.

Another important nonlinear optical effect that occurs in a waveguide is self-phase modulation
(SPM). This effect involves spectral changes (breoadening) and nonlinear phase shift acquired by
the optical beams propagating through a waveguide. A nonlinear phase shift of 7 has been reported
for silicon waveguides at 60 W input peak power [68]. This value increases to ~ 2.5 for InGaAsP
multi-quantum-well waveguides at the input peak power of 3.8 W [69].

In this section, we briefly summarize the structure and properties of the InGaAsP waveguide
that was used for the nonlinear optical experiments in this thesis work. Following that, we will
discuss the experimental setup and characterize the nonlinearity of InGaAsP /InP optical waveguide
in terms of TPA and SPM at the telecom wavelength. To the best of our knowledge, there has
been no experimental work on measurement of TPA coefficient for nonlinear passive InGaAsP /InP

waveguides.

5.1.1 Waveguide Structure and Properties

The design and choice of the material composition for InGaAsP/InP waveguides was discussed in
detail in Section 3.2. The structure of the waveguide used in our experiments is shown in Figure 5.1.
This waveguide has relatively large dimensions and is known as strip-loaded waveguide. We are

interested in such waveguides mainly because of their low propagation loss. The thickness of the
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guiding layer is set to 0.4 pum in order to minimize the effective mode area. The effective mode
area calculated using the commercial software Lumerical Mode Solutions was around 1.7 p m? at
the telecom wavelength 1550 nm. The composition of the guiding layer was Ing ¢3Gag.37As0.8Po.2
with the refractive index of 3.58 at 1550 nm [70]. The refractive index of InP claddings is 3.17 [71]
which gives the index contrast of 0.41 between the core and claddings at 1550 nm. Such waveguide
is capable of guiding light from the telecom wavelengths to around 3 u [72]. The wafer was grown
through molecular beam epitaxy (MBE) and then patterned via electron beam lithography. We

etched the sample using a reactive ion etching with inductively coupled plasma (ICP-RIE). We

1.7 pm
fum InP 0.9 um
0.4 pm [ In, ;G2 57A8, 5P 2
InP

Figure 5.1: Structure and dimensions of InGaAsP/InP strip-loaded waveguide.

describe below our nonlinear optical experiments performed with the waveguide structure described

herein.

5.1.2 Two-Photon Absorption

Figure 5.2 shows the experimental setup that we used for measuring the two-photon absorption
coeflicient and for SPM experiments. As the light source, a mode-locked Ti:Sapphire laser with
a repetition rate of 76 MHz has been used to pump the optical parametric oscillator (OPO). The
wavelength of the Ti:Sapphire laser was set to 830 nm, and the output of the OPO was tuned to
1570 nm. The pulse durations of the laser was around 3 ps. A linear polarizer was used in order
to set the input polarization either to TE or to TM, while a half-wave plate in combination with
the linear polarizer allowed to change the input optical power in our experiment. The laser beam
was butt-coupled to the waveguide with the use of an objective lens with magnifying power 40x.
The guided mode was captured and observed with the help of an infra-red camera. To measure

the TPA coefficient 85 of the sample, we use the nonlinear transmission (NLT) method, also known
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as nonlinear absorption experiment [73]. NLT, along with z-scan experiment, is one of the most
efficient ways to measure TPA coefficient. In this method, the transmitted output power is carefully
measured as the input power at the entrance to the waveguide varies. The incident and transmitted

powers are measured with a pair of photodetectors.

Ti:Sapphire Opti()c:clilln;[;r?etric \
Mode-locked laser (0PO)

| | Half-wave plate

| | Polarizer

Coupling Stage

IR Camera[ | it _— e s ;
Sample
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Fiber Coupler Fiber Coupler

Spectrum
Analyzer

Figure 5.2: Experimental setup for the measurement of two-photon absortion and
self-phase modulation of InGaAsP /InP strip-loaded waveguide.

Figure 5.3 represents the transmitted power as a function of the average launched power into
the waveguide for both TE and TM polarizations. The points represent the measured values on
the output power, and the solid and dashed lines represent the least-square fit to the experimental
data for TM and TE polarizations, respectively. The experimental curves exhibit strong saturation
behavior which is an indication of the nonlinear absorption. At high input powers, the optical
limiting behavior is obvious, which is caused by TPA and free-carrier absorption. TPA is the result
of proximity of the band-edge (1.45 pm) to the operational wavelength (1.58 pm). The free carriers
generated via TPA can absorb certain amount of photons by linear absorption. These free carriers

also limit the nonlinear optical performance of the waveguide at the experimental wavelength range.

The measurement results showin in Figure 5.3 were used to extract the value of the TPA coef-
ficient B2. We start with the equation relating the optical intensity of the incident beam I with the

distance the beam has traveled through the waveguide z [74]:

dI
- ol BoI?. (5.1)
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Figure 5.3: Output vs. input power for the TE and TM fundamental modes.

Here « represents the linear absorption coefficient. This equation can be satisfied by [69]

1 L
T = e(aL)TiﬁQPi7L + e(aL)7 (52)

in which T refers to the power transmission ratio (Pout/Pin), Lest = (1—exp(—al))/a is the effective
path length, L represents length of the sample, and Aqg is the effective mode area.

The TPA coefficient can be obtained by carefully measuring the transmission for different input
powers and fitting Eq. 5.2 to these results. Figure 7 shows the reciprocal transmission as a function
of the input peak power. The experimental data are indicated with the black points. The gradient
of the line fitted to experimental data points is proportional to 85. Therefore, the TPA coefficient 85
can be obtained by the best line fit to the experimental data, as shown in Figure 5.4 with the solid
lines. The intercept of the line with the vertical axis demonstrates the linear loss of the waveguide.
The calculated TPA coefficient has the value of ~ 15 cm/GW. For comparison, our value of (s is

almost one quarter of the value reported for InGaAsP/InP multi-quantum-well waveguides [69].

5.1.3 Self-Phase Modulation

As discussed earlier, SPM is the change in the phase of the launched optical pulse into the medium,
due to the nonlinearity of the material medium. As a result, the spectrum of the pulse after its

propagation through a nonlinear optical medium will be generally broader than the spectrum of the



61 5.1. Nonlinear Optical Interactions in InGaAsP Strip-Loaded Waveguides

400

300

200

1/Transmission

100

0 10 20 30 40
Input peak power (W)

Figure 5.4: Reciprocal transmission vs. incident peak power.

launched pulse. For our experiments with SPM we use the same setup as we displayed for TPA
measurement (see Figure 5.2). The intensity of the input pulse can be controlled via an optical
attenuator to compare the spectra of the transmitted pulses at different intensities. As we discussed
in Section 5.2.2, an optical limiting behavior was observed at high input intensities, which is mostly
caused by TPA. The free carriesrs generated via TPA can influence the nonlinear performance of the
device. In the absence of free carriers, spectral broadening of the pulse is expected to be symmetrical
as the input power increases, however, this in not the case here.

Figure 5.5 represents the spectra measured at the output of the InGaAsP/InP strip-loaded
waveguide, recorded for different values of the input peak power. The spectrum at the bottom
represents the lowest-power output spectrum, and the uppermost spectrum shows the spectrum
corresponding to the highest power launched into the waveguide. As the incident optical power
increases, moving from the lower to the upper trace, the spectral broadening becomes evident. This
broadening is a manifestation of the self-phase modulation experienced by the optical beam prop-
agating through the InGaAsP/InP waveguide. The values of the nonlinear phase shift acquired by
the optical beam after propagating through the waveguide, estimated from the recorded spectra [48],
are shown in the legend of Figure 5.5. Despite the fact that the nonlinear absorption was strong, the
nonlinear phase shift up to ~ 2.57 at the input peak power of around 40 W has been observed. For

comparison, a nonlinear phase shift up to 67 was observed in AlGaAs strip-loaded waveguides [7].
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The nonlinear phase shift in chalcogenide glass waveguides was found to be 1.57 [14].
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Figure 5.5: Self-phase-modulation experimental data. The launched pulse intensity
increases from bottom to top. The nonlinear phase shift of up to 2.57 has been

observed at the input peak power of 40 W.

Using the results of the spectral measurements, presented in Figure 5.5, we can now estimate
the value of the Kerr coefficient ns for our waveguide. The intensity-dependent nonlinear phase shift

on1, due to SPM is given by [26]
ONL = nokoLl, (5.3)

in which kg = 27/, L is the sample length, and I is the incident beam intensity. This equation was
used in order to estimate the value of the Kerr coefficient of InGaAsP /InP strip-loaded waveguides

in our experiment. The calculated value of the Kerr coefficient was on the order of 10713 ¢cm?/W.
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On the other hand, the ny value of Aly 18Gag.goAs, which is the benchmark material for nonlinear
integrated optical devices based on III-V semiconductors, is around 1.5 x 10713 cm?/W [19]. The
Kerr coefficient of silicon was reported to be 4.2 x 10714 ¢cm? /W at telecom wavelength [25]. Our
value of ng is similar to the one measured for AlGaAs. Thus, one can expect that the nonlinear
optical performance of our waveguides could be comparable to that of AlGaAs waveguides, albeit a
different spectral range (outside the TPA zone) is explored.

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 [75]

UP)

F= 5.4
ooy (5.4)
and the nonlinear coefficient v, defined as
2T no
= . 5.5
Y= N A (5.5)

The figure of merit characterizes the potentials of the material itself for the nonlinear optics at the
specific wavelength Ap, while the nonlinear coefficient describes the performance of the nonlinear
optical waveguide characterized by its effective mode area A.g at the wavelength Ag. The nonlinear
optical performance of a waveguide is best when both the parameters are maximized, which can be
achieved by a proper selection 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 ny and as in our
experimental study, InGaAsP has I’ ~ 0.043, which is consistent with the fact that the operation
wavelengths 15301570 nm fall within the range of strong two-photon absorption. The nonlinear
coefficient v ~ 36.85 m~!W~1, characterizing the performance of the InGaAsP/InP waveguides as
nonlinear devices, is almost three times larger than that of similar devices based on AlGaAs [7].
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 yum?, compared to the values over
4 pm? reported in [7]. It is thus possible to exploite the full potential of such waveguides by a proper

selection of the operation wavelength which, in our case, should be close to 2 um.
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5.1.4 Four-Wave Mixing

Four-wave mixing experiments is the central part of the demonstrations of the nonlinear optical
performance of InGaAsP /InP strip-loadede waveguides. This effect can be useful in many all-optical
signal processing operations such as wavelength conversion, optical time-division (de)multiplexing,
ete [76,77]. We have successfully realized such an experiment.

An efficient FWM is more likely to be achieved in the absence of nonlinear absorption. Although
this is not the case for our waveguides at the telecom wavelength range, one can expect that the
small effective mode area of our waveguide can compensate for the adverse effect of TPA on the
efficiency of the FWM.

Prior to recording FWM data collected from our waveguides, we first maximized the four-wave
mixing signal by setting the right experimental conditions. We used the same setup as that built for
SPM and TPA measurements, with the only difference of adding the second optical beam, consisting
of a tunable CW laser amplified by an erbium-doped fiber amplifier (EDFA). The resulting setup is
demonstrated in Figure 5.6. The beams from the OPO (pump) and the EDFA (signal) are coupled
into the waveguide by being mixed at a non-polarized 50-% beam combiner cube. The polarization
states of the two beams were controlled independently via two sets of polarizers in combination with

half-wave plates, inserted in each beam.
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Figure 5.6: Experimental setup for FWM measurements.

In Figure 5.7, we show the outcome of the measurements, obtained for a 1.7-pm-wide ~ 5-mm-
long strip-loaded waveguide with the pump wavelength centered at 1568 nm and the cw signal tuned

between 1544 and 1569 nm. In this figure, we show the combined output spectra of the pump and
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cw signal at the output of the waveguide. These spectra indicate the presence of an extra spectral
component, the generated idler peak, resulting from the four-wave mixing interactions (highlighted
with the red shaded area). According to the simulations discussed in Chapter 3, TE-polarized
beam demonstrates a smaller dispersion at the telecom wavelengths compared to that of the TM
polarization. On the other hand, the effective mode area for the TM-polarized light is smaller; thus,
the FWM efficiencies for both the polarizations are more or less the same. Here, we present the
FWM for TM polarized beam in Figure 5.7.

The characteristics that we have observed in our experiment are comparable to those demon-
strated with AlGaAs waveguides of similar geometry [7]. The overall conversion range (the dif-
ference in wavelength between the maximally separated signal and idler spectral components) was
Ai — As = 45 nm, limited by the material dispersion which is the dominant dispersion mechanism
in strip-loaded waveguides (see the arguments provided in [7]). Indeed, the material dispersion of
InGaAsP in the vicinity of 1568 nm is Dy,a¢ = —19500 ps/nm/km, while the simulated overall dis-
persion with the waveguide contribution taken into account is around Doy = —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

To

Lp=———7—7#—+
P Dtot A>\max

(5.6)

in terms of the pulse duration Ty and maximum wavelength separation between the pump and signal
Alpax = 22 nm, comparable with the length of the waveguide. The waveguides have the length
L =5 mm, while Lp ~ 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 also measured the maximum tuning range for our waveguide. We define the tuning range
as the difference in the wavelength between the cw signal and the generated idler. Based on the
data presented in Figure 5.7, the maximum tuning range that can be achieved in our waveguide is
around 45 nm, which is similar to the values reported for AlGaAs strip-loaded waveguides in [7].
The other important factor to be considered is the achievable FWM conversion efficiency. By the
conversion efficiency, we mean the ratio of the generated idler power to the output cw signal power.
The maximum conversion efficiency of ~ —50 dB was achieved. The value of —38 dB was reported
for AlGaAs nanowires [16] in the wavelength range where two-photon absorption was negligible. We

need to emphasize that, in general, nanowires exhibit more efficient optical nonlinearity compared
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to strip-loaded waveguides due to the possibility of dispersion engineering and even more compact
mode size in them. However, the values we have achieve for our InGaAsP strip-loaded waveguide are
comparable to those reported for well-studied AlGaAs strip-loaded waveguides. In our experiment,

the limiting factor was the strong TPA in the telecommunication wavelength range.
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Figure 5.7: Four-wave mixing experimental data. The pump wavelength was fixed
at 1568 nm, and the signal wavelength was tuned in the range between 1544 and
1559 nm. The corresponding generated idlers are highlighted with shaded area.



Chapter 6

Study of a Spot-Size Converter for
the Taper-Assisted Vertical

Integration Platform in InP

So far in this thesis, we have been focusing on identifying promising ITI-V semiconductors for non-
linear photonics, and on assessing specific materials for applications in photonic integrated circuits
and optical communication networks. In this chapter, we will discuss a realistic commercial material
platform which finds many applications in integrated optics (primarely in optical communications).
Through the term of my Master’s program, I had an opportunity to gain experience that extends
beyond the academia research. I had a chance to collaborate with Intengent I1II-V Photonics Com-
pany under the supervision of Dr. Valery Tolstikhin. We conducted a research on one of the most
generic building-blocks of Taper-Assisted Vertical Integration (TAVI) photonic integrated circuits
for transmitters and receivers in optical fiber communication systems: a spot-size converter based
on InP technology. TAVI, in general, is defined by building lateral tapers in a specially designed
multilayer epitaxial structure. In the case of spot-size converter, this structure permits an adiabatic
transition of guided light from the semiconductor waveguide to the optical fiber, or vice versa. In
this study, we describe our work on the optimization and tolerance analysis of such structure.
Light coupling between an indium phosphide (InP)-based photonic integrated circuit (PIC)

and a standard single-mode fiber (SSMF) is a well known problem that requires attention. The
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primary reason to that is a mode size and shape mismatch between a PIC waveguide (PWG) and
a standard single-mode fiber (SSMF) optical modes. The former is usually much smaller and has
either rectangular or elliptical shape, whereas the latter is relatively large and circular in shape.
For this reason, direct coupling between the two requires focusing with a precise alignment, while
the overall coupling efficiency is still humpered by a significant coupling loss due to the mode shape
mismatch, and by a low displacement tolerance. One of the best solutions to the problem is to
implement a spot-size converter (SSC) that transforms the PWG mode to be closely matched with
the SSMF mode at the chips facet. The particular designs and implementations of such an on-
chip SSC depend on the PIC integration platform and fabrication process [78,79]. In any case,
an SSC performs a gradual expansion of the PWG mode in vertical (along the epitaxial growth
axis) and lateral (in the plane of the epitaxial growth) dimensions, such that it matches the SSMF
mode at the facet. One possible approach is based on the use of a diluted coupling waveguide
(CWQG) with the optical mode closely matching that of the SSMF, and an evanescent field coupled
to it [80]. Then, by lateral down-tapering the PWG, an adiabatic transition of the guided light
from the PWG into the CWG (or vise versa) can be achieved, thereby reducing the problem to that
of the CWG-to-SSMF coupling. The performance of an SSC in terms of the coupling loss and the
displacement tolerance depends largely on the design of the PWG, the CWG, and the taper. It has
been shown that using a multi-step lateral tapering between the PWG and the CWG provides an
efficient solution to the coupling problem, and is fully compatible with the taper-assisted vertical
integration (TAVI) platform a regrowth-free photonic integration technology, in which functional
waveguides are vertically integrated within a common epitaxial structure, while adiabatic vertical
transitions between them are achieved by means of their lateral tapering [81].

Even though the concept of the multiple-step lateral tapering SSC and its natural suitability
for a vertical integration with other PIC elements are well established, there has been no report on
exploration the limits, nor optimization, nor tolerance analysis of such a design. In this chapter, we

address these issues by using statical Monte-Carlo simulations.

6.1 SSC Base Structure

In the TAVI-based PICs, the functional waveguide devices, active (such as lasers or photodetectors)
and passive (such as beam or wavelength splitters/combiners), are coupled to passive waveguides

for on-chip optical interconnecting and routing. Therefore, PICs input/output optical ports should
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also be connected to the passive waveguides. If properly designed and processed, such waveguides
both feature low propagation loss and are suitable for taper-assisted coupling to the diluted CWG.

A generic frame of SSC consists of a multilayer structure. It is epitaxially grown on a semi-
insulating (SI) or an unintentionally doped InP substrate in one epitaxial growth step and consists
of only two semiconductor materials: InP and quaternary InGaAsP, lattice-matched to InP. These
materials have different bandgaps and hence different refractive indices; the refractive index of InP is
lower compared to that of InGaAsP. Single-mode vertical guiding in PWG is achieved by sandwiching
a relatively thick InGaAsP layer between two InP layers. To achieve the same in a diluted CWG
having much bigger mode size, much thinner InGaAsP layers can be interleaved with thicker InP
layers, together acting as a diluted CWG core. This layer structure allows for a four-step lateral
taper. The resulting waveguide structure is schematically depicted in Figure 6.1, where the light-
blue colored layers indicate the quaternary InGaAsP and the dark-blue colored layers indicate InP.
The top-to-bottom structure consists of: (i) PWG the shallow-etched (etch does not penetrate the
quaternary waveguide core) ridge waveguide; (ii) Transition Waveguide 1 (TWG1) the deep-etched
(the etch goes through the quaternary waveguide core) ridge waveguide; (iii) Transition Waveguide
2 (TWGE2) the shallow-etched (the etch does not penetrate the GalnAsP-InP diluted waveguide
core) ridge waveguide (special case of the more general rectangular waveguide, where the etched core
layer is located above the cladding); (iv) Coupling Waveguide (CWG) the deep-etched (the etch
goes through the GalnAsP-InP diluted waveguide core). In reality, all four lateral guides may not be
present simultaneously in any device cross-section, but their relative position in the layer stack still
follows the schematics of this sketch. Such an SSC is a rather complex device with a performance
defined by an interplay of its many design parameters that outline vertical and lateral guiding in
the four-step lateral taper SSC. While the design optimization target low SSMF-to-PWG coupling
loss and high SSMF displacement tolerance is clear, it is hard to expect that it could be met by
lining up that many design parameters intuitively. On the other hand, the design of experiment
would be a cumbersome and expensive task to undertake, since there are not just many layout
variances (which could be combined on the same epitaxial wafer), but also many epitaxy designs
(which require different epitaxial wafers) should be explored. Hence, an adequate numerical method

of optimization of the base SSC design is needed.
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Figure 6.1: Schematic cross-section of the PWGCWG twin-guide SSC featuring four-
step lateral taper. In reality, all four lateral guides may not be present simultaneously
in any device cross-section, but their relative position in the layer stack still follows
the schematics of this sketch.

6.2 Design Optimization

As discussed in the previous section, the TAVI SSC is an intricate device and its performance relies on
many design parameters, e.g., epitaxial layer refractive indices and layout dimensions. Each random
combination of these parameters can significantly alter the performance of the device. Therefore,
achieving the optimized design, meaning the minimal loss at best alignment, can be tricky and
is not only based on intuition. However, the optimization problem can be approached based on
Monte-Carlo simulation, which is commonly used to model the probabilities of different outcomes of
a process. Similar methods based on randomly generating initial population of individuals, such as
genetic and evolutionary algorithms, have been implemented for optimization of on-chip photonic
devices [82,83]. In this study, we evaluate the coupling loss, defined as the mode overlap of SSC
and SSMF at the facet of the device, as the SSC performance feature. The thickness of the epitaxial
layers and the widths of the transition waveguides have the most contribution to the coupling loss,
and are considered as the key design parameters in our study. The Monte-Carlo simulation is done by
assigning each key design parameter a uniformly distributed value over a specific range of variance.
Subsequently, random sets of design parameters can be generated, and the coupling efficiency can

be calculated for each of them. By running over 1000 simulations, we narrow down the range of
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design parameters to those yielding the least coupling loss, which is 0.35 dB. The coupling losses
were calculated by an overlap integral between the fiber mode and the field at the input of SSC.
The layered structure of the optimized SSC cross-section at the facet is shown in Table 6.1. In this
structure, there are total number of 23 layers (excluding the substrate). The CWG core layer is a
combination of interleaving InP and GalnAsP layers. With the N GalnAsP layers having the same

thickness while the thickness of N-1 InP layers between them can vary.

Table 6.1: Layer structure of the optimized four-step lateral taper SSC

Layer # Description t (um) ni310
1 P PWG-AWG 0.527 3.2026
Separation

2 GalnAsP PWG Core 0.405 3.2565

3 InP CWG-PWGE 0.254 3.2026
Separation 1

4 GalnAsP Etch Stop 0.005 3.2140

5 P CWG-PWG 0.232 3.2026
Separation 2

6 GalnAsP CWG Core 1 0.032 3.2565

7 InP inter-CWG Separationl 0.361 3.2026

8 GalnAsP CWG Core 2 0.032 3.2565

9 InP inter-CWG Separation 2 0.456 3.2026

2N-+2 GalnAsP CWG Core N-1 0.032 3.2565

2N+43 | InP inter-CWG Separation N-1 | 0.36140.095(N-2) | 3.2026

2N+4 GalnAsP CWG Core N 0.032 3.2565

2N-+5 InP Buffer 0.3 3.2026

The layout, as shown in Figure 6.2, is crafted in a way that the end-to-end insertion loss remains
low through the propagation of the launched beam. The field simulations were performed with a
three dimensional (3D) finite difference beam propagation method using RSoft computer-assisted
design (CAD) beam propagation method (BPM). The evolution of the beam thorough the structure
is demonstrated in Figure 6.3 (a). The total length of SSC, meaning the distance between the
straight sections of CWG and PWG, is considered to be 1400 um. The assumption for the SSC
length is reasonable, because it is neither too short to have an incomplete mode conversion, nor too
long to significantly increase the radiation loss. A power conversion efficiency of 95% was obtained
through the simulation.

The gradual change of the effective index as a function of the propagation distance, as shown in
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Figure 6.3 (b), indicates the smooth adiabatic transition of the guided mode from SSMF to the device
WG with the small-size optical mode. The flat-index regions at both ends of the plot correspond to
the straight sections of CWG and PWG.

___4

TWG2

.

Figure 6.2: Schematic top layout of the four-step lateral taper SSC featuring the
PWG, TWG1, TWG2, and CWG with the cross-sections outlined in Figure 6.1.
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6.3 Tolerance Analysis

We also studied the tolerance of the optimized cross-section and layout. We used the commercial
software PhoeniX OptoDesigner to perform this simulation. Figure 6.4 shows the contour map of
the coupling loss as a function of fiber displacement with respect to the optimal alignment. In this
analysis, the fiber is moved horizontally and vertically at the facet of the SSC. One can see from
the plot that the fiber displacement sensitivity for the coupling loss of 1 dB (i.e., ~79% coupling
efficiency) is limited horizontally to a displacement of around 6.5 ym in both directions. However,
an asymmetric behavior with respect to a vertical displacement can be seen, which is due to the lack
of vertical symmetry in the structure. The 1 dB coupling loss penalty is limited to around 8-pm
displacement in downward direction, and to around 7 pgm in upward direction. It can be seen that
the SSC has higher tolerance laterally. The reason is that the SSC mode is compressed vertically
between the air above and the InP substrate below. On the other hand, the structure is assumed
to be infinite in the lateral dimension. The total end-to-end loss of the SSC as a function of the
horizontal and vertical displacement of the fiber with respect to its optimal position is represented
in Figure 6.5. It can be seen from the figure that the 1-dB loss displacement tolerance is around

10 pm and 7 pm in the horizontal and vertical directions, respectively. At the optimum position
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Figure 6.3: (a) SSC structure with contour plots of the propagating filed. (b) Effective
index change through the structure.

the total loss is around 0.5 dB. The shape of the tolerance profile remains approximately the same
when the polarization of the input beam changes.

We have also studied the tolerance of the optimized SSC design to manufacturing errors. The
tolerance can be defined mainly by two factors: the epitaxial structure variance, in particular, the
material composition and the thickness of layers, and the wafer fabrication variance, notably, the
PWG ridge width. Therefore, we studied conservative fabrication tolerances of different parame-
ters, including the material composition of the quaternary layers represented by the range of their
refractive indices, the thickness of all quaternary and most of the InP layers, and the width of PWG
ridge at the taper tip. Each of these factors are considered as a random parameter over a certain
tolerance range. For all the parameters, a Gaussian distribution with a standard deviation equal to
one half of the tolerance range, is assumed.

To conduct the tolerance analysis in the presence of the manufacturing errors, we performed a

Monte-Carlo process of randomly varying the variable parameters, calculating the performance in
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Vertical misalignment (pm)

Honzontal misalignment (um)

Figure 6.4: Coupling efficiency as a function of the horizontal and vertical misalign-
ment. The mode overlap between the fiber and SSC at the best alignment is around
92%.

terms of coupling loss for each combination of the parameters, and estimating the probability of the
outcome events. Figure 6.6 shows the histogram of the results along with their estimated cumulative
distribution function (CDF). From this figure, it can be interpreted that the best alignment yields
the coupling loss of around 0.2 dB. In addition, one can see from CDF that almost 90% of the events

will have coupling loss less than 1 dB.

6.4 Conclusions

In conclusion, a multiple-step lateral taper SSC design compatible with the regrowth-free TAVI
platform based on InP is proposed, optimized, and evaluated with regards to its key performance
features and stability against manufacturing tolerances. By using the Monte Carlo method for
multiple parameter optimization and tolerance analysis, it is shown that the four-step lateral taper
SSC is capable of as low as 0.35 dB coupling loss, and has as high 1-dB displacement tolerance as

47 pm, while remaining fairly stable against manufacturing imperfections.
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Chapter 7

Summary

Because of the growing consumption of internet bandwidth and the expanding demand for bandwidth-
hungry applications, the conventional techniques of optical signal processing electronically can no
longer be fully practical. On the other hand, the process size in electronics is already approaching
the fundamental limit of a few nanometers, and the more frequent transistor switching aggravate the
problem of heat dissipation. All-optical signal processing can be a solution to overcome these limi-
tations, which can be implemented only by relying on nonlinear optical interactions. As discussed in
Chapter 1, in general, it is interesting to study III-V semiconductor materials for integrated optics
since they demonstrate high nonlinearity. The purpose of this thesis is to identify new promising
material candidates, out of class of III-V semiconductors, for nonlinear photonic devices on-a-chip.

As the first step of this long-term study, we identified two interesting material candidates: the
quaternary compounds AlGaAsSb and InGaAsP. This thesis work is limited to consideration of
these two materials, and four waveguide design based on them. Although there is no sufficient data
on the nonlinear optical performance of AlGaAsSb and InGaAsP, based on the available partial
information, we expect the strength of the nonlinear optical interactions in these compounds to be
comparable to that observed earlier in AlGaAs waveguides. AlGaAsSb waveguides have potentials
of application in the telecom wavelength range, while InGaAsP nonlinear waveguides are expected
to extend the operation range of the existing InGaAsP laser sources to longer wavelengths. We
present several waveguide designs based on these materials. Numerical calculations and modal
analysis were performed to determine the waveguide dimensions for a single-mode operation. The

dispersion characteristics of the fundamental TE and TM modes inside the waveguides show that

7
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the nanowires can exhibit zero-dispersion points at the wavelengths of interest. We show that it is
possible to minimize the effective mode area and group velocity dispersion by a proper design.

As the next step in this study, the wafer for InGaAsP nanowire have been grown via molecular
beam epitaxy (MBE) and the rest of wafers, AlGaAsSb wafers and InGaAsP strip-loaded, have been
grown through metalorganic chemical vapour deposition (MOCVD) per our designs. Following the
wafer growth, the fabrication of InGaAsP/InP strip-loaded waveguides has been performed. The
fabrication technique was based on electron-beam lithography and dry etching.

Finally, the nonlinear optical performance of InGaAsP/InP strip-loaded waveguides has been
demonstrated experimentally. We report the first measurement of the nonlinear absorption coeffi-
cient of InGaAsP/InP strip-loaded waveguides (82 &~ 15 cm/GW), and the first self-phase mod-
ulation (SPM) experiment demonstrating the nonlinear phase shift of up to 2.57 (observed at
the coupled-in peak power of 40 W). We have also estimated the nonlinear refractive index of
In,Gai_,AsyP;_,/InP with = 0.63 and y = 0.8 at the telecom wavelength A = 1550 nm to be
10713 ecm?/W. The results of our study suggest that this material might not be the best candidate
for all-optical signal processing in the telecom wavelength range, but can be a suitable choice for
longer wavelengths where the photon energy lies below the half-bandgap energy of the material. A
combination of such waveguides with integrated InGaAsP lasers can potential extend their operation

range to beyond 2 pum.

7.1 Future Work

Within this master thesis, we have designed four types of waveguides: strip-loaded waveguides and
nanowires based on InGaAsP/InP material platform, and similar waveguide structures based on
AlGaAsSb materials. All four wafers for the four waveguide structures have been grown. Due to a
limited time frame of the program, we have performed the nonlinear optical characterization of one
type of waveguides only, namely: the strip-loaded InGaAsP /InP waveguides. The obvious next step
is to perform the waveguide fabrication and nonlinear optical characterization for the remaining three
designs: InGaAsP /InP nanowires, and AlGaAsSb strip-loaded waveguides and nanowires. This work
is in progress but lies outside the planned work for this thesis. The idea and approaches outlined
in this thesis work have paved the way for further assessment of quaternary III-V semiconductor
compounds for their nonlinear optical performance.

Semiconductor waveguides are cables routing optical signals on a semiconductor chip. The
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waveguides are building blocks of various integrated photonic devices, such as modulators, switches,
and converters with suitable applications in telecommunication and other areas. As discussed earlier
in the thesis, III-V materials have strong nonlinearity which can make them efficient in nonlinear
optical interaction. Additionally, the availability of mature methods for fabrication processes, e.g.
epitaxial growth and selective etching, offer significant advantages over some rival materials such
as, e.g., chalcogenide glass. For these reasons, interest in use of III-V semiconductor waveguides,
specifically quaternary compounds for the reasons mentioned earlier, grows continuously. But still,
the advantages of these waveguides can become offset by different obstacles, which need to be dealt

with. Some of the possible directions of what the continuation of this work can involve are as follow:

e The efficiency of a III-V semiconductor devices for nonlinear optical interactions can be ham-
pered by a high insertion loss. The insertion loss of a device can consequently reduce the
transmission length of an optical signal in a communication system, which is highly undesir-
able. The total end-to-end insertion loss is constituted mostly by coupling loss, propagation
loss, and polarization-dependent loss (PDL). Since semiconductor integrated optical devices
such as optical waveguides, spot size converters, or multiple quantum well devices are the
most generic elements in photonic integrated circuits, it is crucial to have a low insertion loss
on the optical path from the laser in free-space or fiber, to the passive waveguides. A study
can be conducted to find optimum designs and fabrication approaches for such structures to
have low propagation loss and PDL, along with high tolerance to the fiber misalignment with

the semiconductor chip.

e The efficiency of ITI-V semiconductor waveguides rely on other factors beside the insertion
loss. One of the greatest obstacles is the large size of semiconductor chips (> 1 cm). One
of the advantages of III-V integrated devices is the possibility of monolithic integration of
them which costs less compared to individual components assembly and hybrid approaches.
However, conventional semiconductor devices are usually limited by the bend size [84], and
the compromise between the propagation loss and the bend size needs to be found. The trade-
off between the propagation loss and bend size of the device can be an important subject to

study.
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