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Abstract

A Full-Vectorial Theory of Third-Order Nonlinear Optical Effects in Aluminum

Gallium Arsenide Waveguides

Kyle A. Johnson
Master of Applied Science
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Computer Engineering

University of Toronto
2019

A full-vectorial theory of third-order nonlinear effects is used to derive expressions for
the nonlinear coefficients (NLCs) of waveguide modes in high-confinement Aluminum
Gallium Arsenide (AlGaAs) waveguides. The dependence of the NLCs on the cross-
section and orientation of AlGaAs-on-insulator (AlGaAsOI) waveguides is investigated
via simulation.

The results of the full-vectorial theory are compared to those of various scalar theories
used in previous studies of AlGaAs waveguides. It is found that the scalar theories tend
to underestimate the NLCs for high-confinement AlGaAsOI waveguides. Two of the
three investigated scalar theories do not accurately predict the waveguide geometries
that optimize the NLCs.

Examples of applications of the full-vectorial theory to wavelength conversion are

demonstrated for AlGaAsOI and plasmonic slot waveguides.

i



Acknowledgements

I would first of all like to thank my supervisor Prof. J. Stewart Aitchison for his excellent

advice and guidance throughout my Master’s program and for giving me the freedom to
pursue my constantly changing research interests.

I would also like to thank Prof. Ulf Peschel (Friedrich Schiller University), Prof. C.
Martijn de Sterke, Prof. Guangyuan Li, Prof. Stefano Palombo and Dr. Alessandro Tuniz
(University of Sydney) for helpful discussions, as well as my committee members Prof.
Amr Helmy and Prof. Mo Mojahedi and committee chair Prof. Costas Sarris.

I would like to express my gratitude to Dr. Xiao Sun for demonstrating waveguide
characterization techniques and Dr. Zhongfa (Felix) Liao for teaching me about AlGaAs
waveguide fabrication.

Thank you as well to the Toronto Nanofabrication Facility staff, including Dr. Alexan-
der Tsukernik, Dr. Edward Xu and Yimin Zhou for their advice and time.

Lastly, I would like to thank my parents and family for their love and support through-

out my studies.

11



Contents

Introduction

1.1 Integrated Optics . . . .. .. ..

1.2 Nonlinear Optics . . .. ... ..

1.3 High-Confinement Waveguides . .

1.4 Content of this Thesis . . . . ..

Theory

2.1 Waveguide Modes . . . . . . . ..
2.1.1 Derivation . . . . ... ..
2.1.2  Mode Characteristics . . .

2.2 Nonlinear Coupled Mode Theory
2.2.1 Propagation Equation . .
2.2.2  Nonlinear Polarization . .
2.2.3 Nonlinear Susceptibility .

2.3 Conclusion . . . .. .. ... ...

Single-Mode Nonlinear Coefficient

3.1 Single-Mode NLC Expressions . .
3.2 Geometric Dependence . . . . . .
3.3 Angular Dependence . . . . . ..
3.4 Low Confinement Approximation
3.5 Conclusion. . . ... ... .. ..

Two-Mode Nonlinear Coefficients

4.1 Two-Mode NLC Expressions . . .
4.2  Geometric Dependence . . . . . .
4.3 Angular Dependence . . . . . ..
4.4 Low Confinement Approximation

v

AW N

o -1 -1

11
12
13
15
18

19
19
23
27
28
29



4.5 Higher Order Modes . . . . . . . . . .. .. .o

4.6 Conclusion . . . . . . . . .

5 Comparison To Existing Theories

5.1 Existing Theories . . . . . . . . . . ..
5.2 AlGaAsOI Waveguides . . . . . . . .. ... ..
5.3 Nanowire Waveguides . . . . . . . . .. ...
54 Conclusion . . . . . . ..

6 Applications

6.1 Degenerate Four Wave Mixing . . . . . . . .. . . ... ... ... ....
6.2 AlGaAsOI Waveguide . . . . . . . . . .. ...
6.3 Plasmonic Slot Waveguides . . . . . . . . . . ... ... ..
6.3.1 Plasmonic Waveguide Geometry . . . . . . . . . .. ... ... ..
6.3.2 Nonlinear Performance . . . . . . . . ... ... ... ... ....
6.4 Conclusion . . . . . . . . ..

7 Conclusion

7.1 Future Work . . . . . . ..o
T2 SUMMATY . . . . o oo
Bibliography

48
48
23
95
99

61
61
63
64
65
66
69

71
71
72

74



List of Figures

1.1

2.1

2.2

2.3

2.4

3.1

3.2

3.3

3.4

3.5

Cross section of an AlGaAsOI waveguide with z as the direction of prop-

agation. . . . . . L

The values of f, for AlGaAsOI waveguides with various widths. The mode
was the fundamental TE mode evaluated at a wavelength of 1550 nm. The

height of the waveguide was h =400 nm. . . . . . . . .. ... ... ...

Normalized mode profiles of an AlGaAsOI waveguide with w = 800 nm,

= 600 nm, at a wavelength of A = 1550 nm. Lines denote the edges
of the waveguide core. Top row: TEy mode. Second row: TMgy, mode.
Third row: TE;y mode. Fourth row: TMg mode. . . . . . ... ... ..

Effective indices of the fundamental TE and TM modes of an AlGaAsOI
waveguide with A = 500 nm, A = 1500 nm, and various widths. . . . . . .
Orientation of the waveguide coordinate system (dashed lines) and crystal

axis coordinate system (solid lines). . . . . . . . ... ... ... ... ..

Calculated values for a) yrp and b) vyrps for an AlGaAsOI waveguide at
A=1550nmmand 0 =m/4. . . ...
A.sf (top row), ny (middle row), and ng/neore (bottom row) for the TEq
(left column) and TMyg (right column) modes of an AlGaAsOI waveguide
at A = 1550 nm. The legend in a) applies to all plots. . . . . . . . . . ..
Calculated 7i3/ny (top row), /o (middle row), and §/§ (bottom row) for
the TEq (left column) and TMyg (right column) modes of an AlGaAsOI
waveguide at A = 1550 nm. The legend in a) applies to all plots. . . . . .

Simulated values of f¢7¢ for AlGaAsOI waveguides of various cross-sections.

a) TEg mode. b) TMgy mode. . . . . . . . . .. ... ... ... .. ...

The normalized nonlinear coefficients for the fundamental TE and TM
modes of a high confinement (h = 300 nm, w = 350 nm) and a low
confinement (h = 1500 nm, w = 1750 nm) AlGaAsOI waveguide. . . . . .

vi

10

11

17

23

24

25

26



3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Simulated values of Ay for AlGaAsOI waveguides of various cross-sections.
a) Fundamental TE mode. b) Fundamental TM mode. . . . . . . . . ..

The calculated values of the a) 1212 and b) 71192 for the fundamental TE
and TM modes of an AlGaAsOI waveguide for various geometries calcu-
lated using Egs. (4.12) and (4.19). The parameters used in the simulation
were A=1550nmand @ =7/4. . . . ..o

(12)

The calculated values of a) Ag?f), b) nNT, €) /Tgifg2/Neore and d) 012
for the fundamental TE and TM modes of an AlGaAsOI waveguide with
various waveguide geometries. The parameters used in the simulation were

A = 1550 nm and § = 7/4. The legend in a) is used for all plots. . . . . .

The calculated values of a) ﬁéXPM), b) ﬁgFWM), ¢) di212/0, d) T1122/0, €)

Fi212, and f) F99 for the fundamental TE and TM modes of an AlGaAsOI
waveguide for various waveguide geometries. The parameters used in the
simulation were A = 1550 nm and 6 = w/4. The legend in b) is used for

all plots. . . . . .

The values of the various nonlinear coefficients for high and low confine-

ment AlGaAsOI waveguides as a function of waveguide orientation.

Simulated values of a) Avyi912 and b) Avq199 for the fundamental TE and
TM modes of an AlGaAsOI waveguide of various cross sections evaluated
at A=1550nm. . . . . ...

The ratios of the full and low confinement nonlinear coefficients for the
TEg and TMyy modes of an AlGaAsOI waveguide with A = 1550 nm and
0 = 7 /4. The ratio of height to width is fixed at 4:5. . . . . . ... ...

The values of the various nonlinear coefficients for an Al1GaAsOI waveguide
for various values of h and w. The parameters used in the simulations were
O=m/4,and A =1550nm. . . . . .. ...

The values of the nonlinear coefficients for an AlGaAsOI waveguide as a
function of #. The parameters used in the simulations were A = 300 nm,
w=700nmand A=1550nm. . . . . . ... ...

The values of A~y for various nonlinear coefficients for the T Ey, and TEq
modes of an AlGaAsOI waveguide with varying waveguide width w. The

parameters used in the simulations were h = 300 nm, and A = 1550 nm. .

Vil

37

41

47



5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

6.1

The values of the various published nonlinear coefficients for an AlIGaAsOI
waveguide with varying waveguide width w. The parameters used in the
simulations were A = 300 nm, § = 0 and A\ = 1550 nm. a) TEy mode. b)
TMgo mode. . . . . . . . 53

The simulated values of the various published NLCs for an AlGaAsOI
waveguide with varying waveguide width w. The parameters used in the
simulations were h = 300 nm, # = 0 and A = 1550 nm. a) TE;y mode. b)
TMigmode. . . . . . . . . 54

The simulated values of the various XPM NLCs for the fundamental modes
of an AlGaAsOI waveguide with varying waveguide width w. The param-

eters used in the simulations were h = 300 nm, # = 0 and A = 1550

Diagram of the cross-section of the upper section of a typical AlGaAs

nanowire waveguide. . . . . ... ..o L 56

Diagram of the normalized mode profiles of the fundamental TE and TM
modes of an AlGaAs nanowire waveguide. Parameters used in this simula-
tion were Neore = Reladding = 00 nm, w = 500 nm and A = 1550 nm. Lines
indicate outline of waveguide layers. First row: fundamental TE mode.

Second row: fundamental TM mode. . . . . . . . . . . . . ... .. ... 57

The longitudinal mode fraction f, of the fundamental TE and TM modes
of an AlGaAs nanowire waveguide as a function of waveguide width. The

parameters used in the simulation were heore = Reiadaing = 500 nm and
A = 1550 nm. a) TEg mode. b) TMgy mode. . . . . . .. ... ... ... 58

The values of the various published nonlinear coefficients for an AlGaAs
nanowire waveguide with varying waveguide width w. The parameters
used in the simulations were heore = Nejgading = 900 nm, 6 = 0 and A =
1550 nm. a) Fundamental TE mode. b) Fundamental TM mode. . . . . . 59

The values of By for an AlGaAs nanowire waveguide with varying waveg-
uide width w. The parameters used in the simulations were h.,.. =
hetadding = 500 nm, 6 = 0 and A = 1550 nm. a) Fundamental TE mode.
b) Fundamental TM mode. . . . . . . . ... ... ... 60

Calculated v and (5 evaluated for TEy mode at a wavelength of 1550 nm
for an AlGaAsOI waveguide with w = 450 nm and varying h. . . . . . . . 63

viil



6.2

6.3
6.4

6.5

6.6

6.7

The calculated conversion efficiency n as a function of waveguide length L
for an AlGaAsOI waveguide with w = 800 nm, A = 250 nm, and a pump
wavelength of A\, = 1550 nm. Perfect phase-matching was assumed.

Cross-section in the x — y plane of a typical AlGaAs PSW. . . . . . . ..
Normalized profiles of the components of the TEq, and TEy; modes of a
PSW with an AlGaAs core, with w = 50 nm and h = 250 nm at A = 1550

Various properties of the fundamental PSW mode at a wavelength of 1550
nm. The plasmonic metal was gold, and the waveguide height A = 250 nm.
a) Nonlinear coefficient 7. b) Absorption loss a. ¢) Effective index n.yy.
d) Group index divided by core refractive index ng/mneope. €) Transverse
mode fraction f,. d) Change in NLC with angle A~. . . . ... ... ..
Calculated values of the various NLCs for the fundamental PSW mode at a
wavelength of 1550 nm. The plasmonic metal was gold, and the waveguide
height was h =250 nm. . . . . . . . . .. .. .o
Calculated values of a) 9,4, and b) L,y of the fundamental PSW mode
at a wavelength of 1550 nm. The plasmonic metal was gold, and the

waveguide height was h =250 nm. . . . .. ... ... ... ...

1X



Chapter 1
Introduction

With the rise of digital technology in modern times, faster, denser data transmission
has become necessary. Optical communication and signal processing has the potential
to provide higher bandwidth and lower power consumption than conventional electronic
methods. Optical signals over fibre are already commonly used for long distance com-
munication and are increasingly used over shorter distances, for example in intra-data
center interconnects [1, 2]. Converting between optical and electrical signals for signal
processing is undesirable due to high energy consumption and large component size, so
it is preferable to perform as much signal processing as possible in the optical domain.
This can be achieved using integrated optical circuits (IOC), which perform signal
transmission and processing on a monolithic chip using optical waves channelled through
waveguides [3, 4]. IOCs have a lower cost, smaller footprint, higher stability and pro-
vide increased optical intensities and longer interaction lengths compared to bulk optics.
However, integrated devices that can perform the necessary functions for optical sig-
nal processing, including signal generation, modulation, multiplexing, and wavelength

conversion, are still under development.

1.1 Integrated Optics

Integrated optical chips can consist of many different materials, including glass or semi-
conductors. A waveguide is defined by a variation in the refractive index n of the chip
material. If a high index material (the "core”) is surrounded by a lower index material
(the "substrate” below and the ”cladding” above the core) it is possible for light to be
trapped inside and propagate through the high index core. In general the index can vary
in three dimensions, however this thesis will mainly be concerned with waveguides that

are invariant in the z (longitudinal) direction, with n varying in the = and y (transverse)
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directions. In such waveguides, the electric field E oscillating at a given frequency wy can

be written in terms of a sum of waveguide modes, where a single mode is given by:

E(r,t) = e(x, y)exp(—iwot + i5o2) (1.1)

where e is the mode profile, r = (x,y, z) is the position, ¢ is time and [, is the propagation
constant. In this thesis, boldface variables are vectors, while subscripted variables, such
as e, denote the components of the vector. The concept of waveguide modes will be
explored further in Chpt. 2.

Integrated optical waveguides are generally vary small, with dimensions on the order
of a few microns down to hundred of nanometers. They are usually fabricated using a
process called lithography, which involves the sequential layering and etching of different
materials. The limits of lithography impose many constraints on the fabrication of optical

circuits and must be considered during the design of waveguide devices.

1.2 Nonlinear Optics

Nonlinear optical processes can potentially perform many of the functions required for
optical signal processing [5, 6], including signal regeneration [7], wavelength conversion
for wavelength division multiplexing (WDM) [8], frequency comb generation [9], and
entangled photon generation [10]. The interaction of an electric field E with matter is
mediated by the polarization P of the medium. In nonlinear materials the polarization

can be expressed as a Taylor expansion:
P = \YIE + xP|E> + \O|E® + ... (1.2)

where x() is the ith order susceptibility [11], which is an (i + 1)th order tensor, and
the vertical bar | denotes tensor multiplication. Typically the nonlinear terms are much
weaker than the linear term and can be ignored. However, for high powers in waveguides
with a small cross-section they can become significant. Second order effects are nonex-
istent in materials that possess inversion symmetry, such as silicon and silica. Third
order effects are present in all materials though the strength of these effects depends on
the material. Effects of the fourth and higher orders are generally ignored in integrated
devices.

Third order nonlinear processes, which involve the third order susceptibility x®) and
depend on the third power of E, involve the interaction of four optical waves with the

nonlinear medium [11]. Common third-order effects include self-phase modulation (SPM)
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and cross-phase modulation (XPM), which modify the refractive index of the medium
in an intensity dependent manner. Another third-order effect is degenerate four-wave
mixing (DFWM), which involves the absorption of two ”pump” photons with frequency
wp, and the emission of ”signal” and "idler” photons with frequencies ws; and w; in a
parametric process obeying conservation of energy (2w, = ws + w;).

There have been many demonstrations of third-order nonlinear devices in various
material systems, including AlGaAs [12, 13, 14], silicon-on-insulator (SOI) [15], and silica
fibres [16].

1.3 High-Confinement Waveguides

Much of modern integrated optics research has focused on the SOI platform due to its low
cost, CMOS compatibility, and the prevalence of silicon fabrication infrastructure from
the integrated electronics industry. However, silicon has some limitations, in particular
an indirect bandgap which makes it a poor material for the creation of light sources or
detectors. These limitations are often surmounted by hybrid integration of III-V semi-
conductors to perform the required active functions, however this introduces additional
fabrication steps. For nonlinear applications silicon is also limited by two-photon ab-
sorption (TPA), a nonlinear process that induces loss that scales with intensity, limiting
the possible power in the waveguide. Due to these drawbacks, research in alternative
material systems for integrated optical circuits continues.

A common material for integrated nonlinear devices is Aluminum Gallium Arsenide
(AlGaAs) [17]. AlGaAs has a high second- and third-order nonlinearity, transparency in
the telecoms wavelength range, and a direct bandgap which is tunable via variation of
the Aluminum fraction, allowing the reduction of TPA [18]. These qualities make it ideal
for nonlinear devices. Second order nonlinear effects in AlGaAs can be used to perform
many of the same functions as third order effects, however due to the phase-matching
requirements complicated structures are required [19], increasing the complexity, and
therefore the cost, of fabrication.

Traditionally, AlGaAs waveguides have been fabricated as ridge waveguides (for ex-
ample [20]), or deep-etched nanowire waveguides (for example [21]). The index change
in the vertical direction in these waveguides is created by varying the Al concentration,
with a higher concentration having lower n. However this variation in n is not very high,
resulting in weak optical confinement in the vertical direction. With a small index con-
trast between the core and the substrate/cladding, the spatial mode profile will not be

well confined in the core and will extend a greater distance into the lower index material.
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In deep-etched nanowire waveguides the horizontal confinement is provided by etching
through the core layer, creating strong confinement in the horizontal direction. However,
there is still low confinement in the vertical direction, and the deep (several micron) etch
also makes it difficult to create some of the structures found in systems with a shallower
etch, for example SOI circuits.

Recently, there has been an increase in interest in high-confinement AlGaAs waveg-
uides, for example suspended AlGaAs [22] and AlGaAs-on-insulator (AlGaAsOI) [23,
24, 25|, which alleviate some of the drawbacks of the ridge and nanowire waveguide ge-
ometries. High confinement waveguides have a small waveguide core cross-section with
subwavelength dimensions, as well as a large refractive index contrast between the waveg-
uide core and the cladding/substrate in all transverse directions. The high confinement of
these systems means a smaller mode effective area, resulting in higher optical intensities
and therefore stronger nonlinear effects. They also have the added benefits of a smaller
device footprint, lower bend losses, and increased dispersion control.

A common approach for modelling nonlinear effects in low-confinement waveguides is
described in [26], which was developed for silica fibres. In low-confinement waveguides the
electric field profile of the modes is primarily in a single, transverse component, mainly
resides in the core, and the group velocity is roughly equal to the group velocity in the
bulk core material. As the confinement of the waveguide is increased these assumptions
are not longer accurate, and therefore a more detailed theory that takes into account

these facts is required for high-confinement waveguides.

1.4 Content of this Thesis

The goal of this thesis is to apply a full-vectorial approach to derive expressions for, and
calculate the values of, the NLCs for high-confinement AlGaAs waveguides. The full-
vectorial approach will take into account the interactions of the various components of
the electric field in the waveguide modes, the unique qualities of the AlGaAs third-order
susceptibility tensor, and the orientation of the waveguide with respect to the AlGaAs
crystal.

Full-vectorial models of waveguide nonlinearities have been developed, primarily for
SOI [27, 28, 29, 30, 31, 32] and silica waveguides [33]. However the third-order suscep-
tibility tensor for AlGaAs is different than that of silica and SOI [34], so a new analysis
is needed for AlGaAs waveguides. Studies of the anisotropy of the AlGaAs third-order
susceptibility tensor have been performed in the past [18, 35|, however they have focused

on plane waves in bulk media or low-confinement waveguides, not in high-confinement
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waveguides where multiple electric field components are involved. The results of these
analyses will be combined with the full-vectorial theory developed for SOI waveguides to
derive expressions for the NLCs suitable for high-confinement AlGaAs waveguides. The
characteristics of this model will be investigated via simulations of AlGaAs waveguides
of various geometries.

The orientation of the AlGaAs waveguide in the plane perpendicular to the growth
direction of [001] will be kept as a variable in the derivation of the expressions for the
NLC. The anisotropy of the nonlinearity of bulk materials like silicon [36] and AlGaAs
[18] has been studied in the past, however the full-vectorial approach of this thesis will
show that the anisotropy of the NLCs is different than that of the bulk material and

depends on the mode profiles involved.

As the focus of the thesis is on the NLCs, the dispersion, scattering losses, two-photon
absorption, free carrier effects, and Raman scattering will not be investigated. Models
that include these effects have been developed for SOI (see, for example, [27, 28]), which
could be adapted for AlGaAs waveguides. The results for the NLCs presented here could
then be used in this more complete model.

For simplicity, in this thesis the analysis will mainly be focused on a specific type
of AlGaAsOI waveguide, that of a rectangular Aly18GaggeAs core with width w, height
h, completely surrounded by SiOy (see Fig. 1.1). At a wavelength of A = 1550 nm
Alg15Gagg2As has a refractive index of n = 3.28 [37] and SiO, has an index of n = 1.44
38].

The band-gap of AlGaAs increases with increasing Al fraction, reducing the effects of
two-photon absorption. However, this also reduces both the refractive index n and the
Kerr index no, which is undesirable for nonlinear devices. 0.18 is the lowest Al fraction
where TPA is negligible at typical optical powers so it is chosen for the core material.

In Chpt. 1 the motivation for this thesis as well as basic concepts in integrated non-
linear optics and high confinement-waveguides has been introduced. Chpt. 2 will further
introduce the concept of waveguide modes and develop the theoretical framework that
will be used to model third-order nonlinear effects in high-confinement AlGaAs waveg-
uides. Expressions for the nonlinear coefficient for the single-mode case will be derived
and its dependence on waveguide geometry and mode type will be investigated in Chpt.
3. A similar analysis will be performed in Chpt. 4 for the cross-phase modulation and
four wave mixing nonlinear coefficients involved in two-mode propagation in AlGaAsOI
waveguides. In Chpt. 5 the results of our model will be compared to those produced
by other approaches that have been used to model AlGaAs waveguides in the past, for
both AlGaAsOI and AlGaAs nanowire waveguides. In Chpt. 6 the full-vectorial model
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SiO,
Aly 16Gag g, As

= -

Figure 1.1: Cross section of an AlGaAsOI waveguide with z as the direction of propaga-
tion.

will be used to predict the performance of wavelength conversion devices. In Chpt. 7 the

results of this thesis will be summarized and potential directions of future research will
be proposed.



Chapter 2
Theory

In this chapter I will develop the theory of the propagation of electromagnetic fields inside
a high-confinement AlGaAs waveguide. First I will introduce the basics of electromag-
netic propagation in optical waveguides in terms of waveguide modes, ignoring nonlinear
effects. Then I will introduce third-order nonlinear effects as a perturbation to the linear
theory, deriving coupled differential equations describing the change of mode amplitudes
as the modes propagate down the waveguide. I will conclude by discussing the properties
of the AlGaAs third-order susceptibility tensor.

2.1 Waveguide Modes

2.1.1 Derivation

The propagation of electromagnetic fields is determined by a set of coupled differential
equations called Maxwell’s equations. Integrated optics is primarily concerned with ma-
terials with no free charges, free current or magnetization. In this case, Maxwell’s curl

equations take the form:

OH
JE 0P
VXH:&)E—FE (22)

(2.3)

where E is the electric field, H is the magnetic field, P is the polarization of the medium,

o is the permittivity of free space, and g is the permeability of free space.
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Assume the electric field oscillates at a single frequency wy. The complex electric field
therefore takes the form
E(r,t) = E(r)exp(—iwgt) (2.4)

where r = (z,y, z) is the position vector. If the polarization is assumed to be linear,
it is given by P(r,t) = P(r)exp(—iwgt) = eoxV(wo)E(r)exp(—iwgt), where Y1 is the
linear susceptibility of the medium. If these expressions for the electric field and the

polarization are inserted into Maxwell’s curl equations, we obtain:

V x E = ipowoH (2.5)

VxH= —iweeon?(r, wo) B (2.6)

Where n = \/Tx(l) is the refractive index of the medium. A waveguide oriented in
the z direction is defined by n, which will only depend on z,y, and wy. In this case,
different (bounded) solutions to this equation take the form E(™ = (™ (z, y, wo)eiﬁém)z,
and are referred to as waveguide modes [39]. Here Bém) is the propagation constant, e
is the mode profile, and m is a mode index. Note that there can be multiple modes for
a given wy. The different waveguide modes can be found by numerically solving Egs.
(2.5) and (2.6). No exact solutions to these equations for a rectangular waveguide exist,
however there are approximate analytic solutions that can be found, for example, using
Marcatili’s method [3].

Throughout this thesis, Lumerical MODE Solutions finite element method software is
used to simulate the waveguides and determine their mode profiles, propagation constants
and other characteristics. Instead of frequency, the vacuum wavelength A = 27wc/wy is
often used, particularly in the optical and infrared ranges. The analyses in this thesis
will be focused on wavelengths near A = 1550 nm, which is commonly used for telecoms
applications. Unless otherwise specified, the simulations in this thesis will be performed

at that wavelength.

2.1.2 Mode Characteristics

Modes in rectangular waveguides have several common characteristics that are relevant
to the work in this thesis. In general, the dominant component of the mode profile e
will be either the x component, e,, in which case it is referred to as a (quasi-) transverse
electric (TE) mode, or the e, component, in which case it is referred to as a (quasi-)
transverse magnetic (TM) mode. This is sometimes referred to as the ”polarization” of

the mode.
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For waveguides confined in two dimensions the modes are not truly TE or TM modes,
as all of the electric field components will be non-zero (though some components will be
small). However, for simplicity they well be referred to as such in this thesis.

As mentioned previously, for low-confinement waveguides the dominant transverse
component (e, for TE modes and e, for TM modes) will be the only significant component
of the mode profile. For high-confinement waveguides with a small core the magnitude of
the longitudinal (e,) component will increase in magnitude. This can be demonstrated

quantitatively using the longitudinal fraction f, of a waveguide mode [40], defined as

[/ le-[dA (2.7)

S =TTl ¥ leyP + oA

where dA denotes integration over the x — y plane, and the integration symbol without
subscripts [ denotes integration over the entire plane. This is equal to 1 — T, where
T is the transversality of the mode [33]. Using Lumerical MODE simulation software to
evaluate the profile of the fundamental transverse electric (TE) mode of the AlGaAsOI
waveguide at a wavelength of A = 1550 nm, the longitudinal fraction f, for AlGaAsOI
waveguides with various widths was calculated. The waveguide height used was h = 400

nm. The results are shown in Fig 2.1.

04 T T T

03 h

N 0.2 - R

0.1 R

O | | | | |
400 600 800 1000 1200 1400

Waveguide Width (nm)

Figure 2.1: The values of f, for AlGaAsOI waveguides with various widths. The mode
was the fundamental TE mode evaluated at a wavelength of 1550 nm. The height of the
waveguide was h = 400 nm.

Fig 2.1 shows that f, increases with decreasing waveguide width, demonstrating the
increased magnitude of the e, component of the mode profile. It can also be seen that,
when the waveguide width is small enough, the mode profile begins to extend further out

of the waveguide core, and f, begins to reduce.
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Another important concept is that of mode order. Depending on the size and refrac-
tive index profile of the waveguide, there can be several, a single, or no bounded modes
at a given frequency. In general, a larger waveguide has more possible modes. Inside
the waveguide core the dominant component of the electric field will follow a roughly
sinusoidal distribution in both the x and y directions. The number of zeroes in these
distributions denotes the ”order” of the mode. There is one TE (TM) mode with no
zeroes in the e, (e,) profile, which is referred to as the "fundamental” TE (TM), or TEq,
(TMgp), mode. In general, if there are n zeros in the x direction and m zeros in the y
direction in the profile of the dominant electric field component, the mode will be referred
to in this thesis as the TE,,, or TM,,,,, mode. The normalized mode profiles of the TEq,
TMyo, TE g and TM;¢ modes for an AlGaAsOI waveguide with w = 800 nm, A = 600 nm
and A = 1550 nm are shown in Fig. 2.2. The waveguide modes can be normalized in such
a way that the transverse components are purely real and the longitudinal component is

purely imaginary [39].

Re(ex) Re(ey) Im(ez)
0.5 05 05 1
B
TEOO =2 0 0 0 0.8
>
05 05 05 06
0.5 0 0.5 0.5 0 0.5 0.5 0 0.5 :
0.5 0.5 0.5
_ —— 104
™o 5 o 0 - 0
> 10.2
-0.5 -05 -05
05 0 0.5 0.5 0 0.5 0.5 0 0.5 1o
0.5 05 05
T <02
TE10 5 0 0 0
>
0.4
-0.5 05 05
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
05 05 05 06
€
T™M10 = © 0 0 -0.8
> -
05 05 05 -
0.5 0 0.5 0.5 0 0.5 0.5 0 0.5
X (pm) X (pm) X (Hm)

Figure 2.2: Normalized mode profiles of an AlGaAsOI waveguide with w = 800 nm, h =
600 nm, at a wavelength of A = 1550 nm. Lines denote the edges of the waveguide core.

Top row: TEgy mode. Second row: TMgg mode. Third row: TE;y mode. Fourth row:
TM10 mode.
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Another important property of a waveguide mode is the effective index, which in-
fluences the mode’s linear and nonlinear coupling with other modes. It is defined as
Nerr = Poc/wo, where ¢ is the speed of light in vacuum. In general, for a rectangular
waveguide Negdding < Neff < Neore for all bound modes. Higher order modes tend to have
a lower effective index than lower order modes with the same polarization. The calcu-
lated nesp of the fundamental TE (nessrg) and TM (nerr7ra) modes of an AlGaAsOl

waveguide as a function of w with A = 1550 nm and A = 500 nm are shown in Fig. 2.3.

28

26

n eff

24 r

== Fundamental TE mode

== =Fundamental TM mode

22

2 | | | | | | |
300 400 500 600 700 800 900 1000

Waveguide Width (nm)

Figure 2.3: Effective indices of the fundamental TE and TM modes of an AlGaAsOI
waveguide with h = 500 nm, A = 1500 nm, and various widths.

From this figure it can be seen that w > h implies nerrre > Nefrrm, Wwhen w = h,
then nesrre = Neprrm, and w < b, implies neyrre < neprram for AlGaAsOI waveguides.
It is also clear that w has a stronger effect on n.¢rrgp than on nesrrar, though the
effect on nessra is non-zero, particularly at low w. The inverse is true for h. It is also
generally true for most modes that as the dimensions of the waveguide decrease, the n.yy
will decrease.

With a basic understanding of waveguide modes and their properties, the theory of

third-order nonlinear effects in high-confinement waveguides can now be developed.

2.2 Nonlinear Coupled Mode Theory

The equations required to describe how different waveguide modes interact through the
third-order nonlinearity will now be derived. A formalism that takes into account the full-
vectorial nature of the waveguide mode and can be generalized to any number of modes

at different frequencies is required. There are several examples of theoretical frameworks
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for vectorial nonlinear pulse propagation designed for different situations, primarily for
SOI [28, 29] and silica [33] waveguides. Some examples make simplifying assumptions,
such as focusing on pulses centered at a single frequency [31, 33|, quasi-continuous wave
(quasi-CW) pulses that ignore dispersion effects [32], or single spatial modes [30]. As far
as I am aware, a full-vectorial approach has not been applied to AlGaAs waveguides in

the literature.

In general, in these treatments the electric field is written as a superposition of waveg-
uides modes whose complex amplitudes are coupled through the various nonlinear effects,
changing their magnitudes and phases as they propagate down the waveguide. For sim-
plicity, the focus of this thesis will be on quasi-CW modes at wavelengths near A = 1550
nm in AlGaAs waveguides. Under the quasi-CW approximation, the electric field in the

time domain can be written:

(z,y, S exp(iB 2 — iwiMt) + c.c. (2.8)

Z \/_
where c.c. denotes the complex conjugate, and N, is a normalization constant:

1
=3 / / (e™ x h*™ 4 e*™ x h(™) . zdA (2.9)

such that |A,|* is the optical power in the nth mode. The magnetic field H is similarly
defined:

Z \/_ h(” (x y,w((] ))ea:p(@ﬁo z— zw(() " t) + c.c. (2.10)

Here h(™ is the magnetic field mode profile of the nth mode.

2.2.1 Propagation Equation

To determine how the mode amplitudes vary along the waveguide due to nonlinear effects,

the starting point of this derivation will be the propagation equation from [32]:

E 4¢—// e ™ (r) - PN (v, w,)exp(—iB{" z)dA (2.11)

where the integration is over the entire x — y plane, the * denotes complex conjugation,

and PV (r,w,) is the nonlinear polarization at a frequency w,, given by:
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PYE(r,t) = %Z[PNL(I", wp)exp(—iwnt) + PN (v, —w, )exp(iwnt)] (2.12)

n

This equation (or equations very similar to this) can be derived directly from Maxwell’s
equations [31, 41] or using the reciprocity theorem [28, 29, 33].

Due to the quasi-CW approximation the dispersion effects or the shock term seen in
other treatments are not included. In Alg13GaggaAs TPA is negligible at A = 1550 nm
so nonlinear absorption and free carrier effects can be neglected as well.

If the model is to be used for shorter pulses, dispersion effects would need to be
included. The distance at which dispersion becomes significant is given by the dispersion
length Lp = T¢/|B2|, where Ty is pulse duration and (3, is the group velocity dispersion
parameter [26]. Typical |f;] values for the fundamental TE mode AlGaAsOI waveguides
with w = 0.5 — 1 microns are on the order of 1 ps?/m, so for a waveguide with length
L = 0.01 m, dispersion becomes significant at a pulse duration of around Ty = /L|52| =
0.1 ps. For a derivation of a full-vectorial model that includes dispersion effects, see [29].

Eq. (2.11) determines how the amplitudes of the modes change as they propagate
down the waveguide in the z direction. To explicitly determine the right hand side an
expression for the nonlinear polarization PV’ in terms of the mode amplitudes A, is

required.

2.2.2 Nonlinear Polarization

For simplicity, the electric field is rewritten as:

" (x,y)exp(— @w(() 't + ZBO z) + c.c. (2.13)

zr<

= Z E™ (r)exp(—iwt) (2.14)

where the complex conjugate term of term n is indexed as the corresponding negative
integer, —n. This means wé_n) = —w(()n) and EC™ = E*™_ Note that this sum could
include modes with the same frequency but different spatial distributions as well as modes
with similar mode profiles but distinct frequencies.

It will be assumed that the nonlinear polarization is due to electronic transitions and
therefore is instantaneous. In general, for electric fields consisting of a sum of monochro-

matic waves the components of the third-order nonlinear polarization at frequency w( n)
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are given by [42]:

PV (1, ") —soZKx ) B @B @B () (2.15)
pqr

where (pgr) indicates a sum over distinct combinations of modes where w(()p ) —l—w(()q) —i—wé’“) =

w(()n), and the vertical bar | denotes tensor multiplication. K is a degeneracy factor that
accounts for the different permutations of the frequencies, as well as the various 1/2
factors from the definitions of the polarization and electric field. Note a subtle difference
between the treatment here and that of [42]: in that textbook the summations are over
distinct frequencies, while in this derivation the summations are over modes that may or
may not have the same frequency. The spatial dependence of the polarization and the
electric fields is also included here. Inserting Eq. (2.14) into Eq. (2.15) gives an expression

for the p component of PVE:

PNL(I' won) —60 Z A A A

—————exp(i
(oo / NpNg N,

X 5 N2, 2, )Pl

aBy

P 5+ 657)
(2.16)

(r)
5

where X a8, are the elements of the fourth-rank tensor x®). The integrand in Eq. (2.11)

can therefore be written as:

A ALA,
& PN (r, o eap(—ifl" ) =ep S K~

(pgr) VNNNT
» (2 () *(n)()()()
666'7

X E:Xuaﬂw Wo awo ,Wo Wy e e
paBy

X exp( ( (”) +/30 _’_B(Q) —f-ﬁ(r)) )
(2.17)

The terms where w®, w? and w” are all positive result in third harmonic generation.

However, due to the phase mismatch (see Chpt. 3), these terms will in general be
insignificant and can therefore be neglected. Only terms including one negative frequency

and two positive frequencies will have a small phase mismatch. Taking the negative
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(p)

frequency to be wg’, the integrand can be written:

ArALA,
&) PV (r, o eap(—iff"2) = 0 Y K—

(pqr) Vv NpNglN:

X Z X iy w((] ),w(() )’wéq)jw(() ))62(")62(”)6(;)63’") (2.18)

pa By

x exp(i(=5y" = B + 56" + B )z)

now with the sum over only positive mode indices in (pgr). Note that, due to the fact

®)

that the first frequency wy ’ is taken to be negative, this expression includes the complex

)

conjugates of A, and e, Inserting this into Eq. (2.11) gives:

0A,
0z

=1 Z ’y”quA;AqATexp(iAﬁnpqrz) (2.19)

(pgr)

where

Kwngo (1) @) () e(n) (o) o) o
Tnpgr = NN, N,N, Z //Xuaﬁfy Wy ,wo ,wp” 5 W )eM( ea(p)eﬁ eg)dA (2.20)

are referred to as the nonlinear coefficients (NLCs) and AS,pqr = (n +60 + 5
is the phase mismatch.

The NLCs are important parameters that denote the strength of the different non-
linear interactions between the modes. Accurately determining their value is crucial
for predicting the performance of nonlinear devices. Investigating their dependence on
waveguide geometry will be the focus of much of this thesis. For an in-depth study of

various third-order nonlinear effects and the roles played by the NLCs, see [26].

2.2.3 Nonlinear Susceptibility

To evaluate the NLCs an expression for the third-order nonlinear susceptibility X ,qsy is

required. As previously mentioned, TPA is negligible at A\ = 1550 nm in AlGaAs if the

Al fraction is greater than 0.18. Therefore, x5, Will be taken to be purely real.
AlGaAs has cubic symmetry so there are four independent elements of X a8+ Xezzz,

Xazyys Xayeys a0d Xzyye [18]. The tensor can therefore be written as [33]:

XuaBy = XaayyOuadpy + XayzyOusdary + XayyrOurOas

(2.21)
+(erw:p - Xm:ryy - wamy - Xryym)éuaﬁw
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where 6;; is the Kronecker delta.

With this frequency ordering, Xzyzy = Xayys by permutation symmetry, assuming that

w(()q) ~ w(()r) [35]. This equation can then be written in terms of anisotropy parameters

used for relating the tensor elements in AlGaAs [35]:

_ —9
o — Xzzzx Xzzyy Xzyzy (222)
Xzzzx
TTTT TTYY 2 YT
5= X + Xaayy — 2Xayay (2.23)
2Xxx:c:c

The parameter o is a measure of the anisotropy of the material and ¢ is referred to as
the induced birefringence, which denotes the difference in SPM strength between linearly
and circularly polarized light [18]. In general, o is negative, implying the nonlinearity
is weakest when the electric field is oriented along a crystal axis. In this work we will
take the values of ¢ = -0.54 and § = 0.18 for Alj15GaggoAs, which were obtained via
SPM and XPM experiments [20]. However, there are several different values obtained for
these parameters in AlGaAs from experiment and theory [18]. For example, theoretical
predictions based on low-temperature band structure data for light at the half-band gap
energy of GaAs give 0 = —0.82 and § = 0.08 [34], suggesting more experimental and

theoretical work is needed to determine these parameters to a higher accuracy.

It is common to write the susceptibility element Y., in terms of the Kerr index no
USING Xzoze = gaocnzm, where ny is evaluated along the [001] axis of the crystal lattice.
Strictly speaking ns will depend on all of the frequencies involved. However, there is not
sufficiently detailed experimental evidence to include this dispersion in our model. We
will assume it is constant, and take ny to be ny = 1.43 x 10717 m?/W [18] at wavelengths
close to A = 1550 nm. Note that n, is found for both the TE and TM modes of a [001]
grown wafer in [18] . The ny for the TM mode must be used, as this is the value for fields

oriented along the [001] axis.

Writing the tensor in terms of the parameters ny, 0 and 0 gives:

4 o
Ny = geocn2n2 ( (5 — 5) 0008
(2.24)

| —

o
+ (1 —0— §> (5/436&7 + 5#75%) + ‘ﬂsuaﬂv)
However, this tensor is expressed in the coordinate system of the cubic crystal lattice of
AlGaAs. The susceptibility tensor will change depending on the orientation of the waveg-

uide coordinate system and the coordinate system of the lattice. The tensor elements in
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the waveguide coordinate system are written as [27]:

4 o 1 o
X = 5500013 ( (6- 5) 10l + (1-0- 5) (8,80ary + Oyuy00cs)
(2.25)

t+o Z Ry RgalRqp qu)
q

where R is the rotation matrix that converts vectors in the waveguide coordinate system
to that of the crystal, and ¢ = 1, 2, 3.

AlGaAs wafers are often grown in the [001] direction. Waveguides created on such
wafers can be oriented in any direction in the plane formed by the [100] and [010] direc-

tions. The rotation matrix for the crystal growth direction [001] is:

cos(f) 0 sin(0)
Rjooy(0) = |sin() 0 —cos(6) (2.26)
0 1 0

where the angle 6 is the angle between the propagation axis (z) of the waveguide and the
[010] crystal axis (see Fig. 2.4).

Figure 2.4: Orientation of the waveguide coordinate system (dashed lines) and crystal
axis coordinate system (solid lines).

With this rotation matrix, along with Eq. (2.19) and Eq. (2.25), expressions for the
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propagation of the mode amplitudes A, (z) in Eq. (2.8) can now be derived if the modes

involved are specified.

2.3 Conclusion

In this chapter, the basic concepts of waveguide modes were introduced and a full-
vectorial theory of quasi-CW mode propagation in waveguides consisting of a material
with cubic symmetry was described. Treating the third-order nonlinearity as a perturba-
tion coupling the linear modes of the waveguide, propagation equations for an arbitrary
number of modes with different spatial distributions and frequencies were derived. The
third-order susceptibility tensor of AlGaAs was discussed for an arbitrary waveguide

orientation in a wafer with a [001] growth direction.



Chapter 3
Single-Mode Nonlinear Coefficient

In this chapter the full-vectorial theory developed in the previous chapter will be used
to derive explicit expressions for the NLCs involved in single-mode propagation. The
numerical value of this single-mode NLC will be obtained via simulation for the funda-
mental TE and TM modes of AlGaAsOI waveguides to investigate its dependence on

waveguide height A, width w and orientation 6.

3.1 Single-Mode NLC Expressions

Dropping the mode index subscripts/superscripts for simplicity, the electric field for a
single mode is given by:

1 A(z)
2 VN
With only one mode propagating in the waveguide, there is only one term on the right
hand side (r.h.s.) of Eq. (2.19):

E(r,t) = e(x,y)exp(—iwet 4+ ifyz) + c.c. (3.1)

0A
5 = iy|APA (3.2)
where ]
WoE
16;)\[(2) Z //Xuaﬁw Woj; w07w07w0>6 erege dA (3.3)

HaBy

where K = 3/4 [42] has been used. This differential equation has the solution:
A(z) = A(0)exp(iv]A(0)*2) (3.4)

19
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This indicates that the nonlinearity will impart a power-dependent phase shift on the
mode, referred to as self-phase modulation (SPM). The NLC ~ will be referred to as the
single-mode NLC. Note that, as will be discussed in a Chpt. 6, this NLC will also be used
in the case of several modes with the same spatial profile but different carrier frequencies

to determine the strength of SPM, cross-phase modulation (XPM) and four wave mixing
(FWM).

If dispersion and group velocity terms are included, and a change of variables is used to
convert the coordinate system to the pulse frame, this equation becomes the well-known
nonlinear Schrodinger equation (NLSE):

0A i3y 0% A

= Tt N APA 3.5

55 5 g7z T lAl (3.5)
where T is the time coordinate in the pulse coordinate system and [, is the group velocity
dispersion (GVD).

NLCs in general can be calculated directly using Eq. (2.20), though in some cases an
explicit expression in terms of the mode profile components can be derived to help gain
a deeper understanding of what influences the strength of nonlinear effects inside the
waveguide. For the single mode case, a relatively simple expression for v can be derived
for AlGaAs waveguides fabricated in a wafer grown in the [001] direction. Inserting Eq.
(2.25), along with Eq. (2.26), into Eq. (3.3), gives:

v = 4;22’&2 // n?n, ((5 - %) le-ef? + (1 - %) le|! + aB(e)) dA  (3.6)

where |e-e|? = (e-e)(e*-e*) and |e|* = (e-e*)(e-e*). B(f) is the angle-dependent term

given by:

B(0) = Z ZRq#RqaRqﬂquezezeﬁev
*10‘57 “ X (3.7)
= 7 (cos(40) +3)(lea" + [ea]") + S (1 — cos(48))[exle= | + ey [

where the fact that the modes of a non-absorbing waveguide can be written in such a
way that the transverse components are entirely real and the longitudinal component
is entirely imaginary has been used [39]. Note that only the #-dependent B term will

be different for the various wafer growth directions, but the other terms will remain the
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same. This can be algebraically simplified to:

in?(20
- [ (Uei“—a (T2 e = e+ 2Pl

— 46 (|ex|* + |€y|2)|6z|2> dA

(3.8)

The normalization constant can also be approximated as [43]:

//exh*—i—e x h) - szN”f’gO // n?le|?dA (3.9)

where v, is the group velocity of the mode, the integral is over the entire z —y plane, and
we have assumed A(dn?/d\) << 2n?. To verify this approximation, the ratio between
the right and left sides of the above equation was calculated for the fundamental TE
mode of an AlGaAsOI waveguide for various w up to a micron. The ratio for this
range of w was approximately 0.96-0.97. The expressions for the NLCs that use this
approximation (including the two-mode XPM and FWM NLCs, derived in Chpt. 4)
will tend to overestimate the true value of the NLC. For higher accuracy, expressions
that do not make this approximation, such as Eqgs. (3.6) or (3.3) can be used instead.
The approximation could also be reversed by multiplying the calculated NLC with the
appropriate factor from Eq. (3.9). Throughout this thesis, unless otherwise specified
I will use Eq. (2.20) to calculate the NLCs without making the approximation in Eq.
(3.9).

Inserting this into the expression for v gives:

(J] n2lePdA) (JT n2leld Ay
g JLAntna(le.] + |€y|2)|ez|2dA>

S’L?’L2
7—k0n2<ﬂ wnafel'dA _Jf nPna((U5E (e, P = e + 2len e, P)dA

(3.10)

(/] n?le?dA)?

where ky = wy/c is the vacuum wavenumber and n, = ¢/v, is the group index. Eq. (3.10)
can be further simplified into a more intuitive expression if some assumptions are made.
Assuming the waveguide consists of a single nonlinear core with index n = n.... and Kerr
index ny surrounded by a cladding with negligible Kerr index, and the waveguide mode
is quasi-TE or quasi-TM such that [[,, |e,|*|e,[*dA ~ 0 (here NL indicate integration



CHAPTER 3. SINGLE-MODE NONLINEAR COEFFICIENT 22

over the nonlinear core), v can be written as:

2 N
ng k’ong
= —_— 3.11
K INL (ncore > Aeff ( )

where 7y, is the mode overlap with the nonlinear core:

B [y (n*lel*)?dA

- 3.12
L= (n2]e]2)?dA (3.12)
Acsy is the effective area, which is defined here as:
(f[ n*le*dA)?
A, 3.13
=TT (n2]e]?)2dA (3.13)
and 75 is the effective Kerr index of the mode:
in?(20 -
iz = ng (1 - a%() - 45) (3.14)
where @ is the effective anisotropy of the waveguide mode:
5 = o lleal” = le-VdA (3.15)
JJr lel*dA '
and similarly ¢ is an effective o:
2 2 2
- 2|F + L|fdA

ffNL le[*dA

Subscripts have been added to the integrals to make clear whether the integral is over
the nonlinear core (indicated by N L) or the entire z —y plane (indicated by co). Writing
~ in this way clarifies what influences its value: the size of the mode profile and therefore
the intensity for a given power (A.ss), how much of the mode profile overlaps with the
nonlinear section of the waveguide (1xy,), and the group velocity enhancement (n,/ncore)-
The effective Kerr index 75 is modified by the orientation of the waveguide 6 and the

relative strengths of the different electric field components.

Similar expressions to Eq. (3.11) have been found using a full-vectorial approach
before, for example in [31, 32, 33, 43]. In particular, the dependence on n,, A.sr and nny,
are well known, though various definitions of A s are used in the literature. However, to

the best of my knowledge, the expressions for fy, &, and § have not been found before.



CHAPTER 3. SINGLE-MODE NONLINEAR COEFFICIENT 23

3.2 (Geometric Dependence

The dependence of the single-mode NLC ~ on AlGaAsOI waveguide geometry will now be
investigated. The value of ~ for the TEy (TMgg) mode, which will be referred to as yrg
(yrar) was calculated using Eq. (3.11) for an AlGaAsOI waveguide with various values
of height h and width w at A = 1550 nm and 6 = 7 /4. The results are shown in Fig. 3.1.

In general, reducing the size of the waveguide core will increase v by reducing A.r; and

a) b)
700 r 600
== Height = 250 nm N == Height = 250 nm
600 == =Height = 500 nm 500 M == =Height = 500 nm
Height = 750 nm \ Height = 750 nm
< 5007 < N
& -~ £ 400¢F ~
- ~ -
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< ~ <
w -~ E 300t ~ ~
= 300" S & >
-~ ~
— —
200+
100 ' ' ' ' 100 ' ' ' '
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Waveguide Width (nm) Waveguide Width (nm)

Figure 3.1: Calculated values for a) yrg and b) yry for an AlGaAsOI waveguide at
A = 1550 nm and 0 = /4.

increasing n,. However when the core becomes too small and the mode profile begins to
expand into the cladding, nyy and n, will begin to decrease, reducing . This behaviour
can be seen in more detail in Fig. 3.2, where the calculated A.sr, Ny and ngy/neore are
shown for the fundamental TE and TM modes. From Fig. 3.2 a) and b) it can be seen
that A.¢y generally decreases as h or w are reduced, with a stronger dependence on the
dimension perpendicular to the polarization of the mode (h for the TE mode and w for
the TM mode). This pattern is reversed if the waveguide core becomes too small, at
which point the mode profile begins to spread out into the cladding, increasing Acy;y.
This occurs at dimensions of around \/nope.

This effect can also be seen in Fig. 3.2 ¢) and d), where 7y, is plotted for the TEq
and TMg modes, respectively. 1y, is roughly equal to unity until the dimension parallel
to the polarization decreases below approximately 400 nm, at which point 1y begins to
decrease. This is especially evident for ny; of the TMyy mode for the waveguide with
h = 250 nm, which is much lower than ny; for the waveguides with A = 500 nm or
h = 750 nm.

Similar to nyr, The group index n, for the TE (TM) mode is largely independent of
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Figure 3.2: A.sf (top row), nyy (middle row), and ny/nee (bottom row) for the TEqq
(left column) and TMyo (right column) modes of an AlGaAsOI waveguide at A = 1550
nm. The legend in a) applies to all plots.

h (w) (see Fig. 3.2 e), f)), but increases as the direction parallel to the polarization of
the mode is decreased. This changes when the waveguide dimensions are reduced below
around 400 nm, when the mode profile begins to spread out of the core and n, starts to
decrease.

The unique aspects of the AlGaAs tensor are contained in my. Calculated values
for Ty /ny, @/0 and 0/6 for the TEg and TMgy modes at A = 1550 nm for AlGaAsOI
waveguides with 6 = 7/4 are shown in Fig. 3.3. In this figure it can be seen that 725 /ns,
&/o and /9 for the TEg mode depend strongly on w but only weakly on h, while the
opposite is true for the TMyy mode.

From Fig. 3.3 ¢) it can be seen that @/o for the TEy mode is approximately equal
to unity for waveguides with a w larger than a micron, but begins to decrease as w is

reduced. For the TMgy mode, on the other hand, /o is negligible for waveguides with
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Figure 3.3: Calculated 73/ny (top row), /o (middle row), and §/§ (bottom row) for
the TEgy (left column) and TMgg (right column) modes of an AlGaAsOI waveguide at
A = 1550 nm. The legend in a) applies to all plots.

h > 500 nm, but reaches a value of approximately 0.26 when h is reduced to 250 nm.
This is due to the fact that o is proportional to the integral of (|e,|* — |e.|?)?. In
general, the magnitude of the e, component increases when decreasing the waveguide
dimension perpendicular to the dominant electric field component of the mode. This can
be demonstrated using a modified expression for f,. Note that in Egs. (3.15) and (3.16),
the integrals are only over the nonlinear core. The equation for f, is modified to include

integrals over the core, giving f<o:

core __ ffNL |6Z‘2dA (3 17)
’ S lel?dA '

The calculated values of f{° for the fundamental modes of an AlGaAsOI waveguide

with A = 1550 nm are shown in Fig. 3.4.
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Figure 3.4: Simulated values of "¢ for AlGaAsOI waveguides of various cross-sections.
a) TEg mode. b) TMgy mode.

This shows how the magnitude of e, in the waveguide core is mostly dependent on

the dimension of the waveguide parallel with the mode polarization.

TE modes have a strong e, component which means an increase in |e.|? leads to an
overall decrease in the integral of (|e,|? — |e.|?)?. For a TM mode the e, component is
negligible and therefore (|e,|* —|e.|*)? ~ |e.|*. This means that reducing h, and therefore

increasing |e,|?, will lead to an overall increase in @ for the TMgy mode.

As can be seen in Fig. 3.3 d) and e) the opposite is true for 6/6 which is proportional
to the integral of (|e,|? + |e,|?)|e.|>. This means increasing |e.| will increase & for both

fundamental modes.

From Fig. 3.3 a) these effects on &,0 combine to decrease T3 with reduced w for
the TEqgy mode. Changing h has little effect. For the TMyy mode, decreasing h will
decrease Tz, while changing w has little effect. The overall change in 75 is around 10%.
By comparing Figs. 3.1, 3.2, and 3.3 it can be seen that, for a given 6, the value of v is

largely dependent on A.¢f, nyz and n, rather than 7.

Note that, though the focus of this thesis is on AlGaAs, the expressions for v derived
here are valid for any material with cubic symmetry. They can be used, for example,
for silica waveguides by setting 6 = 1/3 and o = 0, in which case they can be reduced
to expressions derived in [33]. We can see from Eq. (3.10) in this case there will no
angular dependence for 7, as expected for an isotropic material. The anisotropy of silicon
waveguides is usually expressed using the factor p = 1 — o = 1.27 [31] at a wavelength of
1550 nm. If Kleinmann symmetry is applicable, 6 = 1/3 + ¢/6 [44]. With these values,

these expressions for v can be used for SOI waveguides as well. However, for silicon
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waveguides various other effects, such as TPA and free carrier effects, should be included

in the propagation equation [31].

3.3 Angular Dependence

How ~rg and ~7j; depend on waveguide orientation # will now be examined. From Eq.
(3.11), the angular dependence of « on 6 is entirely determined by a term proportional
to sin?(20). This means that v will increase as # increases from 0 to 7/4, then decrease
again as ¢ goes from 7/4 to w/2. This can be seen in Fig. 3.5, where simulated yrg and
yrun values for high confinement (A = 300 nm, w = 350 nm) and low confinement (h =
1500 nm, w = 1750 nm) AlGaAsOI waveguides at A = 1550 nm are shown as a function
of . The NLCs were calculated using Eq. (3.3), and are normalized to their value when

6 = 0. Physically this is because the e, and e, components are directed off the crystal

1.3 T
— 1 (high confinement)
125 . n
- =Y (high confinement)
12+ T (low confinement) |
—_——Tr (low confinement)

Normalized NLCs

0 /8 /4 37/8 /2

Figure 3.5: The normalized nonlinear coefficients for the fundamental TE and TM modes
of a high confinement (h = 300 nm, w = 350 nm) and a low confinement (h = 1500 nm,
w = 1750 nm) AlGaAsOI waveguide.

axes when @ = 7/4, which increases v due to the anisotropy of the AlGaAs x©® tensor.
We can see from Fig. 3.5 that the variation with 6 is high for vy and negligible for
vy in a low-confinement waveguide. As discussed above, this is due to the fact that
le.| = 0 in a low confinement waveguide, so @ ~ o for the TEy mode and @ ~ 0 for
the TMyo mode. As the confinement of the waveguide is increased, |e,| increases as well,
leading to a decrease in @ for the TEy mode and an increase in @ for the TMg, mode.
This leads to a lower change in v7r and a larger change in vy, as 6 is increased from 0

to m/4, as seen in Fig. 3.5.
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The magnitude of the angular dependence of v can be quantified by defining the

normalized maximum change in v with 6 as A~:

_0=m/4)—1(0=0) _ o
Ay = (0 =0) T 2(1— 4)

(3.18)

The magnitude of this variation could be important for quasi-phase matching broadband
FWM processes, as suggested in [45]. From these expressions it can be seen that, for
low-confinement waveguides where |e,| =~ 0, Ayrp ~ —0/2 and Ay ~ 0.

The quantity A~, calculated using Eq. (3.3), is plotted for the fundamental TE and
TM modes at A = 1550 nm for various waveguide cross-sections in Fig 3.6. From this
figure it can be seen that, due to its dependence on & and 6, Ay depends strongly on the
dimension parallel to the dominant component of the electric field in the mode, and only
depends weakly on the perpendicular direction. For large w, A~ for the fundamental TE
mode approaches around 0.25, then as w decreases A~y decreases as well, approaching
0.125. For the fundamental TM mode, A~ is negligible for large h, but approaches 0.09

as h is reduced.

a) b)
03; 0.1,
0087
025 o
L = 0.06 1 = Height = 250 nm
= 02 [ == =Height = 500 nm
< <] 004 - Height = 750 nm
0.15 = Hegight = 250 nm
== =Height = 500 nm 0.02 —
Height=750nm| | = T T = = = = = = -
0.1 : : : : 0 : : :
400 600 800 1000 400 600 800 1000
Waveguide Width (nm) Waveguide Width (nm)

Figure 3.6: Simulated values of Ay for AlGaAsOI waveguides of various cross-sections.
a) Fundamental TE mode. b) Fundamental TM mode.

3.4 Low Confinement Approximation

In the low-confinement limit, either e ~ e,X (for a TE mode) or e =~ e,y (for a TM
mode). This is also known as a ”"scalar” approximation. Under this limit the mode

profile is almost entirely contained inside the waveguide core. When these approximations
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are applied to Eqgs. (3.12)-(3.16), along with the additional assumption that material

dispersion is negligible, the following low confinement approximations are obtained:

nnp — 1 (3.19)

Ay — —(%‘f;"fﬁ) (3.20)

Ng — Neore (3.21)

& — o(TE),0(TM) (3.22)

00 (3.23)

Ty — g (1 . JW) (TE), ns(TM) (3.24)

where e, is the dominant transverse electric field component (e, for a TE mode and e,
for a TM mode). From these results the low-confinement expressions for the NLC of the

fundamental modes, v£& and v£§;, are found:

Lo _ g B Usz'n2(29) [[ lez*dA
V7'E = kong (1 5 ) ([T ]e.PdA) (3.25)

LC _ J/ ley|'dA
Vrar = k0n2W (3.26)

These expressions can be compared to those found using the scalar approximation in
[26]. The expression for 72} is identical. The expression for 47 has an extra factor of
(1 —0sin*(20)/2) to account for the anisotropy of the AlGaAs tensor. In Fig. 3.5, it can
be seen that for the low confinement waveguide v varies by around 26%, as would be

expected according to Eq. (3.25).

3.5 Conclusion

In this chapter explicit expressions for the single-mode NLC in terms of the mode profile
components were derived. Its dependence on waveguide cross-section geometry and ori-
entation for the fundamental TE and TM modes have been investigated via simulation.
It was found that increasing the confinement of AlGaAsOI waveguides will decrease the
effective anisotropy @ of TE modes but increase @ of TM modes. Low-confinement, scalar
approximations to the NLCs were also found.

The results presented in this chapter show that care must be taken to properly opti-
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mize the waveguide cross-section geometry for nonlinear devices. There are many factors
that play a role in determining the values of the NLCs, including A.sf, np, ng, and
0, which must be considered when designing an AlGaAsOI waveguide for nonlinear ap-
plications. In general, it was found that the NLCs increase with decreasing waveguide
cross-section until the mode profiles begin to spread into the cladding, decreasing the

nonlinearity.



Chapter 4
Two-Mode Nonlinear Coeflicients

In this chapter, the case of two modes with different spatial mode profiles at the same
frequency wy propagating in a high-confinement AlGaAsOI waveguide will be considered.
This scenario has applications in, for example, correlated photon generation [46] or in-
termodal FWM applications [47]. The interactions between the two modes will lead to
two new nonlinear coefficients corresponding to cross-phase modulation (XPM) and four
wave mixing (FWM). These NLCs will have a different dependence on the waveguide

geometry and tensor elements than the single-mode NLC ~.

4.1 Two-Mode NLC Expressions

The first scenario that will be examined is that of the fundamental TE (index of 1) and
TM (index of 2) modes. This is the same situation that was studied using full-vectorial
models in SOI waveguides in [31] and fibre waveguides in [33].

Consider Eq. (2.19), with n,p,q,r as 1 or 2, where 1 corresponds to the TEy mode
and 2 corresponds to the TMyy mode. Because the modes have the same frequency the

conservation of energy condition —w +w® 4w )

= w{" is automatically satisfied for all
mode combinations. There are in total eight terms in the (pgr) sum of Eq. (2.19) for two
modes with the same frequency. If we assume that the waveguide geometry has reflection
symmetry in the x and y directions, as is the case with the AlGaAsOI waveguide, the
fundamental mode profiles will have certain symmetries (see Fig. 2.2). The dominant
components (e, for the TEy and e, for the TMyy mode) are even functions of x and
y. The e, profile for the TEqy mode is an odd function of x and an even function of
y, and vice versa for the TMyy mode. The non-dominant transverse components (e, for
the TEq and e, for the TMyy mode) are odd functions of both x and y but they are

negligible, even for high-confinement waveguides. This means that the low-confinement

31
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// e . e dA o by (4.1)

still holds for the fundamental TE and TM modes in a waveguide with this symmetry.
Due to this fact, the NLCs that contain odd numbers of either of the modes, such as

Y1112 OF Y1222, Will be approximately zero. These terms can therefore be neglected [31].

orthogonality relation

For waveguides that lack this symmetry, such as fibres, these terms must be considered,

as they were in [33].

With this in mind, from Eq. (2.19) the following propagation equations are obtained:

04,

B, i71111|A1|2A1 + i271212|A2|2A1 + W1122A§A>{6_i2Aﬁz (4.2)
87;2 = i2000| Aa[* As + 272121 | A1 [ As + i2011 AT Aje®SP (4.3)

where A3 = B (wy) — B®(wp) is the phase mismatch. The factor of two in the second
term on the r.h.s. has been included to allow for better comparison to the case of multiple
modes with the same spatial profile. Note that if the modes had different frequencies,
the last term on the r.h.s. would not exist, but the others would be the same.

From Eq. (2.20) and the expression for x,as, it can be seen that, if the modes have
the same frequency, vi212 = Y2121 and Y1122 = 7Y39y1- Simulations show that in general
Im(y1122) << Re(v1122) so it will be assumed that 71190 = Yo011-

Similar propagation equations to this have been previously derived [48], with the
dispersion terms included. The main difference between our model and the previously
studied cases is in different definitions of the NLCs. For low-confinement isotropic waveg-
uides such as silica fibres, it is often assumed 71111 = 72200 = 371212 = 371192 [26] or
Y1111/ Y1212 = Y202/ Vo121 [48], however as shown below this is not the case for AlGaAsOI
waveguides.

The first term on the r.h.s of Eqgs. (4.2) and (4.3) is the self phase modulation (SPM)
term which will induce a phase shift dependent on the power of the mode. This induces
a power-dependent phase shift in the temporal domain. The second term represents
cross-phase modulation (XPM), which is similar to SPM but depends on the power of
a different mode. The last term on the r.h.s. is the four wave mixing (FWM) term,
which represents a transfer of energy between the pulses. Which direction the energy is
transferred depends on the phase of this term. If the phase mismatch AfS is large the
phase will change rapidly, causing the direction of power transfer to change quickly as
well. This prevents a significant transfer of power from one mode to the other. If the

process is "phase-matched” (Af =~ 0) then the power transfer from one mode to the
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other can accumulate over a large distance, resulting in a large total power transfer.

The strength of these different terms is determined by the different NLCs involved.
The NLCs 7,15, where i = 1,2, correspond to SPM. From Eq. (2.20):

3wogo (i) (0) o () o 1)
Viiii = T Z // me M a 5 ey dA (4.4)

' pafy

This is the same expression as v from the previous section, evaluated for mode ¢. This
means that v1111 = yrp and Y9000 = Y. Results from the previous chapter, including
the different ways of writing this factor, therefore also apply here.

The XPM NLC is 71212, given by:

3&)50 ) (1) (2)
Y212 = 16V, Ny az //Xwﬁv €, e, ey e dA (4.5)

Inserting Eq. (2.25) into this expression gives:

800)0 // 5 ) |e |
n°n - =
Y1212 = 4/LOCN1N2 2

(4.6)

+(1/2) <1 —0- %) ([eM]?|e® ] + e® - e ®?) + 031212(9)> dA
where |e) . e@2 = (e*) . e*@)(e) . e®@)) and |eV) . e* @2 = (V) . e@)(eV) . e*()).
Note that the integral is over the square of the dot products of the two modes, so these
terms will not integrate to zero, despite Eq. (4.1). The angle-dependent term Bjgqy is

given by:

1

Biara(0) =7 (cos(40) + 3) (e P[ef " + [V el [?) + [ef e} I @)
| .

+ 5 (1= cos(40)) (e el + | [*[eV]7)

If the two modes under consideration are low confinement TE and TM modes the terms
involving dot products between the mode profiles will be approximately zero. For high
confinement waveguides the overlap between the e, components will become significant
and these terms must be considered.

The (1/2)(1 — 0 — Z)|eV|*|e?|? term is the only term that does not depend on an
overlap between the mode profile components of the two modes. In a low-confinement
waveguide, if the modes have different polarizations this will be the only significant term.

In terms of the susceptibility tensor elements, it is proportional to (1/2)(1 —d — %) =
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Xayzy/ Xzzzz- FOU an isotropic material Xuyey/Xzzze = 1/3, and the expression 271919 =
2791111/3 from [26] is recovered (recall the extra factor of 2 in front of 741912 in Eqs. (4.2)
and (4.3)).

Bi212(0) will only be significant if there is overlap between the modes or if the e,
components of the mode profiles are significant. This means there will be no angular
variation in 7;212 for the fundamental TE and TM modes in a low confinement waveguide,
but the magnitude of the angular variation will increase as the e, components of the
modes increase.

The last term in Eqgs. (4.2) and (4.3) represents four wave mixing (FWM). The FWM
NLC 71192 is given by:

3&]80 ) ( ) ( )
V1122 = 16N1N2 QZ // Xuaﬂv u €y ‘€5 €y dA (4.8)

Inserting Eq. (2.25) gives:

_ Gowo _g e M) (e® . o@
Y1122 = 4uocN1N2 //n Na 5 ) ( )(e ) (49)

1—5— 2)( (1) g2 +aB1122(8)>dA

1

Buiza(f) =7 (cos(40) + 3) (e *[ef [ + [V [*[e ) + e [*lef?? (4.10)
. .

— 7 (1= cos(40)) (el e ” + [ef? el | — defDelle(el?)

where the symmetry properties of the mode profile has been used to eliminate some terms
in Bi122(0). Here, and in the rest of this thesis, I have written the imaginary component
of eg), I m(eg)), as simply el due to the fact that the longitudinal component of the mode
profile is purely imaginary. The e, components always appear in a product with other e,
components, so their complex nature can be accounted for by including a negative sign
in front of the term they appear in. For example, the last term in B9 was rewritten as

follows:

4eMeMeP e — 4eM (i m(eM))el? (iIm(el?))

0))es
= —e(Im(el)el (Im(el?)) (4.11)
(

x2)€Z2)

— —4e(DeMe

It can be seen that the first term in the integrand of Eq. (4.9) is the only term that does
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not depend on overlap between the modes. In a low-confinement waveguide, this will be
the only significant term if the modes have different polarizations. In terms of the tensor
elements, this term is proportional to (§ —0/2) = Xaayy/Xazzzz- FOr an isotropic material,
Xzzyy/Xzzzz = 1/3, and the relation 71120 = 71111/3 from [26] is recovered. Similar to
Bi212, Bi122(0) will only be significant if there is overlap between the mode profiles or

the e, component is large in magnitude.

Similar to the single-mode NLC , 71912 and 71122 can be refactored into more intuitive
forms. Using Eq. (3.9) the normalization factors N; and N can be rewritten in terms of
the group indices of mode 1 and mode 2, n, and ng, respectively. Then, assuming the
waveguide consists of a single nonlinear core with core index n... and neglecting a term

involving the integral of 261» )eé )eg(, )6(2) Y1212 can be written as:

(12) Thg1Tg2 komy M)
Y1212 = NN g Zz . 102 (4.12)
core eff
where the nonlinear overlap of the two modes with the core is:
n(m) _ ffNL(n2|e(1)‘2)(n2‘e(2)|2)dz4 (4 13)
M [ (2eM]2) (n2]e®]2)dA '
the combined effective area of the two modes is:
A(l?) _ (ff n2|e(1)|2dA)(ff n2|e(2)’2dA) (4 14)
I [[(n2e®?)(n2]e®2)dA '
the effective Kerr index of the XPM process is:
- sin?(20
ﬁéXPM) = N2 <1 — 4012 — 512127(> — F1212> (4.15)
where the effective § of the two modes is:
(2) (1) (2)y,1) (2)
5., _5ffNL eMe? + elMel ez ez dA (4.16)

[Tz leV e PdA

where again e{” are the imaginary parts of the z component of e®, i.e. e = Im(e® - 2).

The effective anisotropy of XPM between the two modes is:

(e - 1P ><\e P — e ?)dA
1212 — ffNL |e |e(2 |2dA

(4.17)



CHAPTER 4. Two-MODE NONLINEAR COEFFICIENTS 36

A new factor Fig15 is introduced here due to the mismatch in the mode’s spatial profiles:

1 o
F :—(1 5 —)
1212 = 5 + +2
iME: (1,0 _ @) +(€§1>6<2>_eg>€§ N2 4 (Del — De@2q4 4
18
[Tz leMPle®RdA (4.18)

2 2dA
_ <+5+ )ffNLle @)
2 Sy 1e]? |e )|2dA

Using the same approximations, a similar procedure can be performed to obtain the

following expression for v1199:

(12) Mg1Mg2 kom. S
71122 = ?7NL 92 4 2(12) (419)
ncore A
eff
where the effective Kerr index of the FWM process is:
- sin?(20
ﬁgFWM) =Ny (1 — 4019 — 51122# — F1122) (4.20)
where 015 is the same as above, G129 iS given by:
1 (1 (2 1) (2 1) (2
(P — (e (e — e ) +2(ck Vel —DelPpdd o)
1122 ffNL e 2[cC)2dA .
and Fiq9o is given by:
1
F
1122 — ffNL |e 2 |2dA
/ /N (145 5) (e — B (el - ) (422

—_ (D2 _ (1) (2)
(1 5+2>( ey )2dA

Note that if equal mode profiles are assumed for the two modes, i.e. e = e® then
each factor is equal to the corresponding factor for the single-mode case, except for Fiaqo

and F'190 which equal zero.

Similar to the single-mode NLC case, the dependence of the NLCs on A 12) 77]\}% and

the group indices are well-known. The novelty of the NLC expressions found here lies in

(XPM) (FW M)

the expressions for the effective Kerr indices 7, and 7, and the various factors

they contain, which, to the best of my knowledge, have not previously been written in
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this way.

4.2 Geometric Dependence

The values of 1912 and 71199 for the TEy and TMy, modes for various waveguide ge-
ometries will now be investigated. Simulations of AlGaAsOI waveguides were performed
using Lumerical MODE Solutions software to determine the mode profiles e)(z, ). The
results were used to calculate the NLCs 1212, Y1122 using Eqs. (4.12) and (4.19) for various
waveguide cross-sections with a crystal growth direction of [001], a waveguide orientation
of § = m/4 and a wavelength of A\ = 1550 nm. The results are plotted below in Fig.
4.1. The SPM NLCs 71111 and 79999 for the same waveguide geometries were already

examined in the previous chapter and are not included here.

a) b)

300 140 r , i~

RN Height = 250 nm Height = 250 nm

250 | \ == =Height = 500 nm == =Height = 500 nm

\ Height = 750 nm 120 Height = 750 nm

~
~
~
~
~
-~
50 : : : - 60 - - \
400 600 800 1000 400 600 800 1000

Waveguide Width (nm) Waveguide Width (nm)

Figure 4.1: The calculated values of the a) 41912 and b) 71192 for the fundamental TE
and TM modes of an AlGaAsOI waveguide for various geometries calculated using Eqs.
(4.12) and (4.19). The parameters used in the simulation were A = 1550 nm and 6 = 7 /4.

The qualitative behaviour of 1912 and ;199 is similar to that of y7g and vy, from
the previous section. They increase with decreasing width until reaching a maximum, at
which point they begin to decrease as the mode profiles begin to spread into the cladding.
With h = 250 nm there is a decrease in 1129 when compared to a waveguide with h = 500
nm, and 7p212 is roughly the same as with A = 500 nm for w > 400 nm.

By comparing Figs. 3.1 and 4.1 it can be seen that the SPM coefficients are higher than
the XPM and FWM coefficients. This is due to the lack of significant overlap between
the fundamental TE and TM modes. The SPM coefficients only involve a single mode,
so all of the terms in the integrals in Eq. (3.10) are significant. 7212 is roughly twice the

magnitude of 71199, but they reach maximums at different waveguide dimensions.
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The calculated A&Qf),ng\}? /Tg1Mg2/ Ncore and 312, which are common to both 7919

and 71199, for an AlGaAsOI waveguide with A = 1550 nm and 6 = 7/4 are shown in Fig.
4.2.
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Figure 4.2: The calculated values of a) Ag?f), b) 77](\}?, ) /Mg1Ng2/Neore and d) 019 for

the fundamental TE and TM modes of an AlGaAsOI waveguide with various waveguide
geometries. The parameters used in the simulation were A = 1550 nm and 6 = 7 /4. The
legend in a) is used for all plots.

As they involve both the TEy, and TMy, modes, Agff) and 775\}? depend on both
waveguide width w and height h. From Figs. 4.2 a) and b), as the core size decreases,
Aélf? decreases and ng\}? is roughly unity until dimensions are reduced below around
500 nm and the mode profile begins to spread into the cladding, at which point Agff)
begins to increase and 77](\}? drops. The product of the group indices of the two modes
N [Neore I Fig. 4.2 ¢) is a combination of the individual group velocities whose
properties were discussed in the previous chapter. The 615 term, shown in Fig. 4.2 d), is

negligible due to the weak eg(ll) and e'? mode profile components.
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The calculated values for ﬁgXPM) /Tlg, ﬁgFWM) /nz, 61212/0', 51122/0', F1212, and F1122

for the TEgy and TMgy modes of AlGaAsOI waveguides at A = 1550 nm and 6 = «/4

are shown in Fig. 4.3.

=== Height = 250 nm
= == =Height = 500 nm
Height = 750 nm — - -

0.45 : : : ' . : : : '
400 600 800 1000 400 600 800 1000
) Waveguide Width (nm) d) Waveguide Width (nm)
c
1
B B
e e
5 505
IS IS
04— : : : 0! e T T T
400 600 800 1000 400 600 800 1000
) Waveguide Width (nm)
e
0.5

400 600 800 1000 ' 400 600 800 1000
Waveguide Width (nm) Waveguide Width (nm)

Figure 4.3: The calculated values of a) ﬁgXPM), b) ﬁgFWM), ¢) Ti212/0, d) T1122/0, €)

Fi212, and f) Fig9 for the fundamental TE and TM modes of an AlGaAsOI waveguide
for various waveguide geometries. The parameters used in the simulation were A = 1550
nm and 0 = 7/4. The legend in b) is used for all plots.

From Figs. 4.3 a) and b), it can be seen that the effective Kerr indices ng< M) /n2

and ﬁéFWM) /ns display more complicated behaviour than the single-mode 7,. In the
XPM case, the effective Kerr index is approximately 0.525, except for large widths and
low height. This is due in part to the complicated behaviour of 71515 shown in Fig.
4.3 ¢). Unlike the other effective anisotropies, @212 is negative. This is because 71129
is proportional to the integral of (|e”]2 — |eM2)(|eP 2 = [e[2). If mode 2 is a TM
@)

mode then el ~ 0, and therefore the integral of (|e§;2)\2 — lez”|?) is negative. As long

as (|ef”|2 — |eV[2) is positive, as it is if mode 1 is the TEqgy mode, then o125 will be
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negative. Due to this fact, in order to maximize XPM effects 6 should be zero.

In terms of magnitude, with a large h both el? and e!? are low, and therefore so is
T1122. Reducing h to 250 nm increases the magnitude of e,(f) and 7199 increases. As w is
reduced, 71190 approaches zero due to the fact that |e§1)| is increasing, which decreases
(e — 1),

The Fia12 factor, shown in Fig. 4.3 e), has a value of around 0.35-0.45, and decreases
with a reduction in waveguide width or height.

The effective anisotropy for the FWM NLC G199, shown in Fig. 4.3 d), is mostly
independent of w. It increases with decreasing h, reaching values of around 0.250 with
h = 250 nm. It is positive due to the extra term involving the integral of (eg})eg) —
6,(31)6;2))2 compared to the XPM effective anisotropy (see Eq. (4.21)).

The Fi199 factor, shown in Fig. 4.3 f), is higher than Fjs1, with a value of around
0.6-0.85. With a waveguide height of h = 500 nm or h = 750 nm Fj 9o increases with
a decreasing width w. For a waveguide with h = 250 nm, however, Fj155 has a value of
around 0.8-0.85, and decreases with decreasing w. The combined behaviour of 71195 and
Fi199 lead to the values of néFWM) seen in Fig. 4.3 b).

From Figs. 3.2, 3.34.2, and 4.3 it can be seen that Agff), 77](\}? and | /Mg1Mg2/Neore do
not significantly differ from the corresponding single-mode factors A.sf, Ny, ngl /n? .
and nZ,/n2,,. for the fundamental TE and TM modes of the AlGaAsOI waveguide. The
decrease in the magnitude of 71912 and 71190 when compared to the single-mode NLC ~
is largely due to the decrease in their respective effective Kerr indices, and in particular

to the F1212 and F1122 terms.

4.3 Angular Dependence

The dependence of the XPM and FWM NLCs on 6 will now be examined. 7912 and
Y1122 for the fundamental TE and TM modes at A = 1550 nm of high-confinement (h =
300 nm, w = 350 nm) and low-confinement (A = 1500 nm, w = 1750 nm) waveguides are
shown in Fig. 4.4 as a function of §. The NLCs are normalized to their value where 6 =
0. For the rest of this thesis, Eq. (2.20) was used to calculate the full-vectorial NLCs,
instead of the approximate formulas such as Egs. (3.11), (4.12), and (4.19).

It can be seen from this figure that ;210 and 71199 display little angular variation for
the low-confinement waveguides due to the low effective anisotropies 1212 and G199 in
low-confinement waveguides. For high confinement waveguides, 71212 decreases slightly

and 71120 increases significantly by a factor of around 1.35 when 6 varies from 0 to /4.

_ ~Y1212(0=7/4)—v1212(0=0

) _
~1212(6=0) and Avy1192 =

Similarly to the single-mode case, I define Avyi912
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Figure 4.4: The values of the various nonlinear coefficients for high and low confinement
AlGaAsOI waveguides as a function of waveguide orientation.

(6=m/4)—y1122(6=0) :
Sy From Ea. (46)

T1212 T1212
A = — — ~ — 4.23
T 2(1 — 512 — F1212) 2(1 - F1212) ( )

where 815 was neglected due to its low value, and likewise

01122

A e
Y1212 2(1 — F1122)

(4.24)
This behaviour can be investigated in detail by plotting the calculated values of Avp919
and A~;199 for the fundamental modes of an A1GaAsOI waveguide at A = 1550 nm, found
using Eqgs. (4.5) and (4.8) (see Fig. 4.5).

When compared to Fig. 3.6, it can be seen that they display different behaviour than
the SPM NLCs. The variation in XPM, A~i912, generally follows the same pattern as

T1212/0, as Fia12 does not significantly vary with these waveguide geometries.

It can also be seen that A~;j90 increases as h decreases, and reaches up significant
values up to 0.65 when h = 250 nm. With A = 250 nm, A~v;192 decreases with smaller w,
but displays the opposite behaviour for A = 500 nm or h = 750 nm, increasing slightly
as w decreases. As 71192 does not vary significantly with w (see Fig. 4.3 d)), this is due
to the behaviour of Fjj9o with respect to w (see Fig. 4.3 f)). From these figures and
Eq. (4.24) it can also be seen that the high value of Av195 is not due to a high value of
1122, which only reaches values up to around 0.30, but due to the high values of F}i99

for waveguides with a low h.
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Figure 4.5: Simulated values of a) Avj912 and b) A~;99 for the fundamental TE and TM
modes of an AlGaAsOI waveguide of various cross sections evaluated at A = 1550 nm.

4.4 Low Confinement Approximation

As in the previous section, the fundamental TE (TM) mode can be approximated as
consisting entirely of the e, (e,) component for low confinement waveguides. If it is
also assumed that the mode profile is negligible outside the waveguide core and material
dispersion is ignored, the following expressions for the various factors involved in the

nonlinear coefficients can be obtained:

n\y? =1 (4.25)

» [PdA)( 2dA)
Ae?f) ff |6 | ff |€ | (426)

ST 165 Pley” PdA
Ng1Mg2 - ncore (427)
d12 = 0 (4.28)
01212 — 0 (429)
O1122 — 0 (4.30)
1 o

Fio12 — 5 (1 +0 + 5) (4.31)
Fii90 — (1 -0+ %) (4.32)
RXKPM) % (1 - %) (4.33)
"M s, (5 - %) (4.34)
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These expressions lead to low confinement approximations for the XPM and FWM NLCs:

(D)2, ,(2) 2dxd
e = 1 (1 — 6 — z> <w0n2> ff lea[*ley”| Z)y (4.35)
2 2 (fS e dady)([[ |es? Pdzdy)
(1)2,(2) 2d d
M (D) () MRS,
(J[ lex’ Pdxdy)([[ ley” [Pdzdy)

From these equations it can be seen that there will be no angular dependence for 1912
and 77122 for the fundamental TE and TM modes in a low confinement waveguide, as
seen in Fig. 4.4.

In an isotropic material 6 = 1/3 and o = 0, which gives (1/2)(1 —§ —0/2) =1/3 and

—0/2 =1/3. If a symmetric waveguide is assumed such that |e§cl)| = |e(2)| throughout
the waveguide, then {17} = V3550 = 37312 = 31122, Where 717, = 775 and 1335, = 75
This matches results for isotropic, scalar models for silica fibres [26].

Plotted in Fig. 4.6 are the ratios between the full expressions (v1111, Y2222, Y1212, Y1122)
calculated using Eq. (2.20) and the low-confinement approximations (v, 745, Y55, 7EG,)
for the nonlinear coefficients for the fundamental modes of an AlGaAsOI waveguide with
varying height and width, A = 1550 nm, and § = 7 /4. The ratio of the height to the
width is fixed as 4:5 to demonstrate the effect of reducing both dimensions of the waveg-

uide. It can be seen that for large waveguide areas there is good agreement between

35+
—— LG
T11117" 1111
3 LC
-y e
V222" Vo222
LC
o251 V12121212
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& ) == V1121122
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Figure 4.6: The ratios of the full and low confinement nonlinear coefficients for the TEqq
and TMgy modes of an AlGaAsOI waveguide with A = 1550 nm and 6 = 7/4. The ratio
of height to width is fixed at 4:5.

the low-confinement approximations and the full expressions for the NLCs. However, as

the waveguide area decreases the low-confinement approximations underestimate 7;;x;, in
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agreement with work in silica and silicon [49]. This is especially true for the XPM NLC
ratio, yi212/V5,, Which reaches a maximum value of around 3.25. The ratios of the other
NLCs have maximum values of around 2. The low-confinement approximation for 7,219

is also accurate until a smaller waveguide area than the others.

4.5 Higher Order Modes

The full-vectorial model is not limited to the fundamental modes of the waveguide. In
fact, the higher order modes of the waveguide can have very strong longitudinal compo-
nents (see Fig. 2.2), so a full-vectorial model is essential to accurately model third-order
nonlinear interactions involving these modes.

As an example of applying this theory to higher order modes, the case of the TEq
and TE;p modes (see Figure 2.2) at the same frequency, which will be labelled with the
indices 1 and 2, respectively, will be analyzed. This mode combination has been used
for intermodal FWM [47] and entangled photon generation [50]. The full-vectorial model
can be readily extended to situations involving modes at different frequencies, though
the impact of this on xy©® must be considered.

From Fig. 2.2 it can be seen that the TE;y mode has different symmetry properties
than the TEqgy and TMgy, modes. It has a very strong e, component that is even in both
the x and y directions and the e, profile is odd in the z direction and even in the y
direction. Due to these symmetries the NLCs that integrated to zero for the previous
case of the fundamental modes, for example 1112 and 71999, Will also be negligible in this
case.

All four of the NLCs from this and the previous chapter will be examined at the same
time. Note that no assumptions were made about the mode profiles when deriving Egs.
(3.10), (4.6) and (4.9) (other than a symmetry assumption used to eliminate a term in
Bi122(0), which still applies to this case), so they still apply to this mode combination.
The simplified expressions in Eqs. (4.12) and (4.19) also still apply to this mode com-
bination. However, the low confinement approximations defined in the last section no
longer apply. Even in a low-confinement waveguide, the e, component of the TE;; mode
is still significant, so the scalar mode approximation is not accurate.

Plotted in Fig. 4.7 are all four NLCs discussed so far, calculated using Eq. (2.20)
for the TEqy and TE;q modes for an AlGaAsOI waveguide grown on a [001] wafer with
0 = w/4 and A = 1550 nm. Note the larger values of w used in this plot compared to
the plots in the previous sections due to the fact that the TE;q mode is not supported in

AlGaAsOI waveguides with w below around 650 nm. It can be seen that 72999 is slightly
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lower that 71111, despite both modes having the same TE polarization. 7;212 is slightly
more than half of 1111, similar to the case of the two fundamental modes. Also, 1122
tends to reach a maximum at a larger w than the others, while v;1;; does not appear
to reach a maximum for these ranges of h and w. These facts could be relevant for

optimizing the geometry of waveguides used for intermodal FWM, for example.
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Figure 4.7: The values of the various nonlinear coefficients for an AlGaAsOI waveguide
for various values of h and w. The parameters used in the simulations were § = 7/4, and
A = 1550 nm.

The variation of the NLCs with #, normalized to their values when 6 = 0, as a function
of § with a fixed cross section of h = 300 nm and w = 700 nm is shown in Fig. 4.8. It
can be seen that 2999 has a lower maximum than ~;11; due to the stronger e, component
of the TE10 mode profile. For the same reason, the variation in the XPM NLC 7915 is
small and negative. The FWM NLC 71195 has a very large variation of up to around 2.25
times its value at @ = 0. This can be understood from Egs. (4.9) and (4.10). Due to the
fact that the TEy mode has a large e, component and the TE;y mode has both a large
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e, and e, component, Bj1g2(0) reaches very high values compared to the rest of the terms

in Eq. (4.9) when 6 = 7/4. In Fig. 4.9 A~ is plotted for the four NLCs as a function of

L — =711
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Figure 4.8: The values of the nonlinear coefficients for an AlGaAsOI waveguide as a
function of . The parameters used in the simulations were h = 300 nm, w = 700 nm
and A = 1550 nm.

waveguide width w. It can be seen that the angular variation is around 0.26 for ;111 for
all widths due to the negligible e, component for the TEy mode at these values of w.
Ary9999 s slightly less than A~q11; due to the stronger e, component of the TE;y mode.
A~1012 starts at slightly less than A~gges when w = 1200 nm, and approaches zero as
w decreases. A~j912, which reaches a very large value of up to approximately 3 when
w = 650 nm, as seen in Fig. 4.8.

4.6 Conclusion

In this chapter, explicit expressions for the two-mode NLCs corresponding to XPM and
FWM were derived. Their dependence on waveguide geometry and orientation were
investigated via simulation and compared to the single-mode NLC ~ for the fundamental

TE and TM modes. The case of the TEy, and TE;; modes was examined as well.



CHAPTER 4. Two-MODE NONLINEAR COEFFICIENTS 47

4 -
= A%044
3\‘ — =A%
\\ Ayp1
2+ \\ —==L715
= N
<] So
1k Ses
-.I--..____-_
0 r_ﬁ?m-—-—-—-—————-
-1 | | I | | I
700 800 900 1000 1100 1200

Waveguide Width (nm)

Figure 4.9: The values of A~ for various nonlinear coefficients for the T Ey, and TEqq
modes of an AlGaAsOI waveguide with varying waveguide width w. The parameters
used in the simulations were h = 300 nm, and A = 1550 nm.



Chapter 5
Comparison To Existing Theories

In this chapter the results obtained using the full-vectorial model will be compared via
simulations to other models that have previously been used to describe third-order non-
linear effects in AlGaAs. Most of the focus of this chapter will be on the single-mode
NLC discussed in Chpt. 3. The different expressions for the single-mode NLC that have
been used for AlGaAs waveguides will be reviewed. The numerical results of those ex-
pressions will be compared to those obtained by the full-vectorial theory for AlGaAsOI

and AlGaAs nanowire waveguides.

5.1 Existing Theories

Basic introductions to nonlinear optics such as [11, 42] tend to make a plane wave as-
sumption that make them unsuitable for evaluating effects of high confinement waveguide
geometry or mode size. Much of the early research on the anisotropy of the AlGaAs third-
order susceptibility tensor involved low-confinement ridge waveguides, where the plane
wave approximation is appropriate [18, 20, 35, 44]. Though the nonlinear interactions
between different electric field components and different optical frequencies were inves-
tigated, the focus of these studies was generally on individual electric field components
of arbitrary polarization, not on the interaction of different waveguide modes involving
multiple electric field components. The results of these studies on the AlGaAs third-order
susceptibility tensor y® and the nonlinear parameters o, and ns, however, are used in
our model.

There are many published theories regarding third-order nonlinear optical effects in
waveguides, some of which are described below. Typically they share many character-
istics: a coupled mode formalism is used, involving SPM, XPM and FWM terms, as in

our theory, though other effects like TPA, free carrier absorption (FCA) and dispersion

48
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(FCD), and nonparametric effects like Raman scattering are often included, in particular
for silicon waveguides. They mostly differ in which effects they include and how the
NLCs are evaluated. Different assumptions on the mode profiles and susceptibilities are

used to derive many different expressions for the NLCs.

For silica fibres, a common resource is [26], where a scalar approximation along with
an isotropic third-order susceptibility assumption is applied to fibre waveguide modes.
A more recent study on fibre waveguides is [33], where a full-vectorial theory of two
orthogonally polarized pulses in high-confinement fibre waveguides is investigated. The
expressions derived in this thesis for the various NLCs reduce to those in that work
if an isotropic material is assumed, i.e. ¢ = 0 and 6 = 1/3. Interestingly, in [33] it
was found that two propagating modes can affect the dispersion of the other if they are

phase-matched.

Much of the integrated nonlinear optics literature has focused on SOI waveguides
due to the popularity of that material system. For an in-depth introduction to third-
order nonlinear effects in SOI waveguides, see [29, 28]. There have been extensive studies
for fibre and SOI waveguides using various definitions of NLCs and effective areas, for
example [32, 43, 51, 52, 53].

Perhaps most relevant to the work in this thesis is [31], where the nonlinear interaction
between the fundamental TE and TM modes at the same wavelength in an SOI waveguide
were investigated using a full-vectorial model. The basic theory is very similar to that
demonstrated in this thesis, however (in addition to the difference in material parameters
such as n, ng, o, etc. between AlGaAs and silicon) is the fact that Kleinmann symmetry
cannot be assumed for AlGaAs due to the proximity to the half band gap at A = 1550
nm, leading to an additional material parameter §. If Kleinmann symmetry applies, as
it does in silicon, ¢ and ¢ are related. Also, only a single waveguide orientation was
considered in that work, and explicit expressions for the various NLCs in terms of the

mode profile components were not derived as they are in this thesis.

To the best of my knowledge, full-vectorial theories such as these have not been applied
to AlGaAs waveguides. Recent experimental research on third order effects in AlGaAs
waveguides tends to borrow models developed for low confinement silica fibre or SOI
waveguides and does not properly account for the anisotropy of the AlGaAs third-order

susceptibility tensor.

A common general expression for the single-mode NLC is:

k’ong
’Y =

(5.1)
Aery
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where A,y is the effective area of the mode.
The exact definition of the effective area varies. The approach in [26] is often applied

to AlGaAs waveguides, where A,y is given by:

AL (ff|€($,y)]2dz4)2
S [T e, y)|*dA

(5.2)

where e(x,y) is the scalar electric field mode profile and the [[ symbol with no subscript

indicates integration over the entire x — y plane, resulting in the NLC:

i kona [ le(z,y)['dA
= AT, = Mol g A (5:3)

This equation was derived for low-confinement silica fibres, where it was assumed the
mode profile was scalar and transverse (e(x,y) = e(z,y)Z) and the material nonlinearity
was isotropic.

It has been shown for fibres that this model tends to underestimate the magnitude of
the NLC for high-confinement waveguides [33, 49]. As previously discussed, this assump-
tion is only valid for waveguide with large core dimensions and small index contrasts
between the core and cladding. However this expression is still commonly used for Al-
GaAs waveguides where this scalar assumption is not valid, in particular for AlGaAs
nanowires [12, 13, 21, 54, 55, 56]. Though it is occasionally not specified, I will assume
that the scalar |e(z,y)|? was replaced by the vectorial |e(z,y)|? = |e.]* + |ey|* + |e|* in
these publications to account for the strong e, component of high-confinement waveg-
uide modes. In some studies the region of integration is modified to only include the
waveguide, or is not specified.

Note that Eq. (5.3) is similar to the low-confinement approximations derived from
our full expressions, Eqgs. (3.25) and (3.26). However, Egs. (3.25) and (3.26) were derived
from the full-vectorial expression Eq. (3.10) by neglecting the non-dominant transverse
component (e, for the TE mode and e, for the TM mode) and the e, component. Eq.
(5.3) includes them by replacing |e,|* (in v£5) or |e,|? (in 7£S)) by |e]?.

Another example of an effective area is used in [57], originally from [52]:

Al _ ONL JJ 5-dA

W= s (5.4)

where S, = (e xh*) -z is the z component of the Poynting vector, ay, is the cross-section
area of the nonlinear waveguide core, and NL denotes integration over the nonlinear

region. This expression was designed to relate the total power to the average intensity
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in the nonlinear region. The NLC in this case is:

k S.dA
I _ 017;? — kony ffNL (5.5)
Another expression for the single mode NLC, suggested in [51] for high contrast waveg-

uides, is
v _ ff n2($,y)S§dA
v =ko

(J[ S-dA)?

where ns is included in the integrand of the numerator to account for the inhomogeneity

(5.6)

of the waveguide.

In some publications, the general formula of Eq. (5.1) is used, but the exact expression
used for A, is not specified or is unclear [23, 24]. Though v/ and 4!V do not necessarily
assume the mode profile is scalar, I will still refer to them as ”scalar” models as they do
not take into account the full vectorial nature of the waveguide mode and the AlGaAs

nonlinear susceptibility tensor.

As they were mainly developed for isotropic materials, these models does not consider
the orientation of the waveguide coordinate frame with that of the crystal lattice. For
low-confinement waveguides where the mode may be considered scalar, for example rib
AlGaAs waveguides [58], the waveguide orientation can be roughly accounted for by
considering a different effective ny. As shown in Chpt. 3, this method is not effective
for high-confinement modes with multiple electric field components where a full-vectorial

approach is required to calculate the effective Kerr index.

A common reference for ny is [18], where ny was found for TE and TM modes in
a low-confinement strip-loaded waveguide on a [001] grown wafer. The TE mode is
oriented in the [110] direction and the TM mode is oriented along the [001] axis. Dif-
ferent ny values were found for these modes, which correspond to the effective ny values
ng[110] = 1.5x 10717 W= 'm~! and ny[001] = 1.43x 107" W—'m™!, which can be used for
scalar modes with electric fields with those orientations. However, for high-confinement
waveguides using a different ny value will still not fully account for anisotropy of the
AlGaAs susceptibility tensor and the differences between the electric field components of
the modes. As shown in the Chpt. 3, the magnitude of the variation in v with changing
f depends on the relative magnitudes of the components of the mode profile. Simply
varying ny does not account for this phenomenon.

Note that this change in ny between the n3[001] and ny[110] from [18] is only around
5%, while our model predicts a variation in v of around 26% for a scalar TE mode as the

orientation of the # changes from 0 (parallel to a crystal axis) to 7/4 (halfway between
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two crystal axes). These discrepancies suggest further experimental work is needed to
determine the values of ny, ¢ and ¢ to higher accuracy. These effects are irrelevant for
0 = 0 when all electric field components are directed along crystal axes, so the comparison
presented here between the different expressions for v will be restricted to the case where

6 = 0 and use ny[001] for all NLCs.

Most studies on third-order nonlinear effects in AlGaAs waveguides involve modes
with the same spatial distribution, so only the single mode NLC (equivalent to 7;;;) is
required. An exception is [13], where an expression similar to the XPM NLC from [26]

is used:
. k0n2 ff|e r,y | |6(2)(l‘ y)|2dA

V1212 = ff\e V(z,y)[2dA)? ff|e(2) z,y)|2dA)?

where e (z,y) is the ith scalar mode profile. In [26] Eq. 5.7 is multiplied by two. This

(5.7)

factor of two in our case is not included in our XPM NLC as it is included in Eqgs. (4.2)
and (4.2). The factor of 1/3 is not included in [13], instead the value of ny is modified

based on the polarization of the modes involved.

This expression is similar to the low-confinement XPM NLC derived in Chpt. 4, Eq.
(4.35), though this expression uses the magnitude of the total electric field rather than
just the dominant component. However, the factor of (1/2)(1 — 6 — 0/2) factor from
Eq. (4.35) is replaced by 1/3, which is the value obtained for this factor for an isotropic

material where 0 = 0 and § = 1/3.

For comparison, I will replace replace the factor of 1/3 with (1/2)(1 — 3§ — 0/2) to
account for the AlGaAs x® tensor’s anisotropy. As I did for 4!/, I replace the scalar
mode profile magnitude |e(z,y)|* used in [26] with the vectorial mode profile magni-
2

tude |e(z,y)|* to attempt to account for the strong e, component in high-confinement

waveguides.

Though I have not seen it used in the literature, I propose a modified form of vV for

XPM will also be compared to our full-vectorial model, given by:

)44
= L (15 9) Ll ralrs 5 58)
2 ([[ 8PDdA)([f S dA)

A scalar expression for the two-mode FWM NLC 71199 is also given in [26]. However, I

will not compare it to our model here.
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5.2 AlGaAsOI Waveguides

The different expressions for the NLCs will now be compared via simulation with the
full-vectorial model for AlGaAsOI waveguides. As 6 = 0, the value of ny, will be taken as
n2[001] for all NLCs.

a)
600 |

NLC (TE,) (

100

400 600 800 1000 400 600 800 1000
Waveguide Width (nm) Waveguide Width (nm)

Figure 5.1: The values of the various published nonlinear coefficients for an AlGaAsOI
waveguide with varying waveguide width w. The parameters used in the simulations
were h = 300 nm, # = 0 and A = 1550 nm. a) TEy mode. b) TMy, mode.

Fig. 5.1 shows the calculated values of the various published single-mode NLCs for
the fundamental TE and TM modes of an AlGaAsOI waveguide at A = 1550 nm and a
waveguide orientation of § = 0. Here 7 is the single mode NLC from the full-vectorial
model of this thesis, calculated directly from (3.3). From Fig. 5.1 a), there are significant
quantitative differences between v~V and v for the TEq mode. The full-vectorial NLC
v is significantly higher than the other expressions, though it follows the same general
pattern. This is in agreement with results for full-vectorial models in fibre [33]. The
difference in results is most apparent for smaller w of around 300-400 nm due to the
increased vectorial nature of the modes when the waveguide core is smaller. For larger
w the fundamental TE mode is closer to a scalar mode, so the approximate NLCs are
more accurate.

Qualitatively it can be seen that all of the NLCs increase with decreasing w until
reaching a maximum at which point they begin to decrease due to the mode profile
leaking into the cladding. However, the maximum is reached at different values of w for
different expressions. The expression vV follows the qualitative behaviour of 7 the best,
with a similar optimum waveguide width of around w = 375 nm for the TEy, mode. The

values obtained from ~!! significantly differ than the other NLCs for w < 600 nm. ~'!
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reaches a maximum value at approximately w = 600 nm for the TEy mode, a much
larger width than the others, then decreases while the other NLCs significantly increase.

It can also be seen that, for very small widths, v and 'V, which are larger than
the others for higher widths, begin to decrease much more quickly than '/ and ~/!7.
This is because the mode is leaking out of the nonlinear core into the cladding. The
expressions for v and vV take this into account by including n, inside the integrand of
the numerators of those expressions, while this is not accurately accounted for in v/. The
last NLC, v/7 includes only an integration over the nonlinear core in the denominator,
however the effects of the changing mode shape are reduced due to the constant ayy,
factor in its denominator. This result suggests that for optimizing the geometry of an
AlGaAsOI waveguide, the full-vectorial theory is required, but vV can provide a close
approximation.

Similar differences can be seen for the TMyy mode as well in Fig. 5.1 b). The main
difference is again that the full-vectorial v is much larger than the other expressions. It
can also be seen that, for w > 600 nm !V is a good approximation for  for the TMgg
mode, performing even better here compared to the TEy mode.

The same analysis was performed for the TE;y; and TM;y modes. The results are

shown in Fig. 5.2.
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Figure 5.2: The simulated values of the various published NLCs for an AlGaAsOI waveg-
uide with varying waveguide width w. The parameters used in the simulations were
h =300 nm, § =0 and A = 1550 nm. a) TE;y mode. b) TM;, mode.

Similar to the fundamental modes, it can be seen that the scalar NLC expressions
underestimate ~ for the higher order TE;y and TM;o modes. This would be expected,
considering the strong e, components of their mode profiles. Again /" is closest to 7,

particularly for the TM;y mode at w > 1.2 microns. However, it fails to properly find
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the optimum value for maximizing v for the TM;o mode. The other scalar NLCs v/ and
vHT severely underestimate + and should not be used for these modes.
The values of Y1912, V14,5 and {4, calculated by simulation for the fundamental modes

of an AlGaAsOI waveguide are shown in Fig. 5.3. The results are similar to the case of
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Figure 5.3: The simulated values of the various XPM NLCs for the fundamental modes
of an AlGaAsOI waveguide with varying waveguide width w. The parameters used in
the simulations were h = 300 nm, # = 0 and A\ = 1550 nm.

the single-mode NLC ~. The scalar expressions /4, and 71}, underestimate the value
of 41212 from the full-vectorial model. ~13}, is a better approximation than ~f, and
reaches a maximum at a similar value of w as 7yy91s.

Altogether, theses results suggest that there are significant quantitative differences
between the predictions of the full-vectorial model and the various other approximations
used in previous AlGaAs waveguide studies. Though it tends to underestimate the NLC,
vV is the closest approximation to v for the TEyy, TMgy, TE;g, and TM;y modes. This
is the same result obtained for silica and silicon fibres in [33]. Results obtained from ~//
are farthest from v and should not be used for high-confinement AlGaAs waveguides. A
similar result is obtained for the case of the XPM NLC.

5.3 Nanowire Waveguides

The above section shows how the various published expressions for the single-mode NLC ~
and the XPM NLC 71915 produce significantly different results for AlGaAsOI waveguides.
Here a similar comparison for the fundamental modes of an AlGaAs nanowire will be
performed to determine the accuracy of the scalar models for this type of waveguide. A

cross-section of a typical AlGaAs nanowire is shown in Fig. 5.4.
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Figure 5.4: Diagram of the cross-section of the upper section of a typical AlGaAs nanowire
waveguide.

The core of the AlGaAs nanowire that will be considered here consists of Aly 15Gag.gaAs,
with height Acore and width w. Above the core is the cladding layer with height Acedaing
and below is the substrate, both consisting of Aly75GagosAs. Increasing the Al fraction
reduces the refractive index, so to maximize the confinement in the vertical direction
the Al fraction of the cladding and substrate should be as high as possible. A higher Al
fraction than 0.75 risks being oxidized when exposed to air, so this is the fraction chosen
for the substrate and cladding layers. To the left and right of the core is air. Throughout
this section, the height of the core h.o. and cladding heedding Will be taken to be 500 nm.

There is lower vertical confinement compared to the AlGaAsOI waveguide due to the
smaller index difference of around 0.28 between the two different AlGaAs compositions.
The core typically has air on either side which provides higher horizontal confinement
than that of an AlGaAsOI waveguide with a large index difference of around 2.3. The
waveguide is etched to a depth of 2-3 microns into the substrate layer to prevent leakage
losses into the pure GaAs wafer below the substrate layer. In the simulations used in
this section the computational domain did not extend the full etched distance into the

substrate, essentially assuming the etch was of infinite depth.

The mode profiles for the fundamental TE and TM modes at A = 1550 nm in a typical

AlGaAs nanowire waveguide are shown in Fig. 5.5. It can be seen that the mode profiles
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extend into the cladding and substrate layers due to the small index difference with the
core. It is conceivable that this lower confinement may cause the difference between the
full-vectorial theory and the scalar models to decrease for some or all of the modes. Note
that even though the nanowire waveguide is not strictly symmetric in the y direction, as
long as the cladding above the core is at least a few hundred nanometers thick the mode
profile is roughly symmetric. The assumptions regarding the symmetries of the mode
profiles used in the derivation of the NLCs in Chpts. 3 and 4 therefore still hold.
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Figure 5.5: Diagram of the normalized mode profiles of the fundamental TE and TM
modes of an AlGaAs nanowire waveguide. Parameters used in this simulation were
heore = Reiadding = 500 nm, w = 500 nm and A = 1550 nm. Lines indicate outline of

waveguide layers. First row: fundamental TE mode. Second row: fundamental TM
mode.

As can be seen in Fig. 5.5 the longitudinal component of the TEqg mode is significant,
while it has a much lower magnitude in the TMyy mode. To quantify this, the longitudinal
mode fraction f, was calculated for the fundamental TE and TM modes at 1550 nm for
various values of w. The results are shown in Fig. 5.6.

It is clear that the TE mode has a very strong longitudinal component, even stronger
than in the AlGaAsOI waveguide. This is because of the high index contrast between
the AlGaAs and the air on either side of the waveguide. The TM mode, on the other
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Figure 5.6: The longitudinal mode fraction f, of the fundamental TE and TM modes of
an AlGaAs nanowire waveguide as a function of waveguide width. The parameters used

in the simulation were heore = Retadding = 500 nm and A = 1550 nm. a) TEq, mode. b)
TMOO mode.

hand, has a much weaker e, component due to the low vertical confinement, and could
be fairly accurately approximated as a scalar mode.

The calculated values of the various NLCs for AlGaAs nanowire waveguides are shown
in Fig. 5.7. The values used were heore = Rejaading = 500 nm, 6 = 0, and A = 1550 nm.
Care must be taken when modelling AlGaAs nanowires due to the change in ny with
varying Al fraction. The n»[001] value for Aly75GagosAs is approximately 9% that of
Alp18Gag g2As [59, 60]. Due to this low value, and the low intensity of the mode in the
substrate/cladding, it will be assumed only the core is nonlinear and ny = 0 elsewhere.

It is evident from Fig. 5.7 that the scalar approximations are much closer to the
full-vectorial model for the nanowire than in the AlGaAsOI case, particularly for the
fundamental TM mode. This is due to the fact that the TM mode has a low f, which
makes the scalar mode approximation more accurate. It is also interesting to note that
M very closely matches « for the TM mode, even for very narrow waveguides, while
v and 4!V also stay very close to each other for all values of w.

The same is not true for the TE case, where both 4!/ and 7'V have similar values,
slightly less than v, while v/ again diverges from the others and underestimates the NLC
when w < 600 nm. However, typical AlGaAs nanowire waveguides used in nonlinear
applications have widths in the range of 600 nm due to the fact that this geometry places
the zero dispersion wavelength at 1550 nm for the TEy mode (see Fig. 5.8).

From Fig. 5.7 a) it can be seen that for w ~ 600 nm the scalar NLCs are good
approximations for v for both the fundamental TE and TM modes, particularly vV
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Figure 5.7: The values of the various published nonlinear coefficients for an AlGaAs
nanowire waveguide with varying waveguide width w. The parameters used in the sim-
ulations were heore = Retadding = 500 nm, § = 0 and A = 1550 nm. a) Fundamental TE
mode. b) Fundamental TM mode.

for the TE mode. However, recall that this is assuming ¢ = 0. For other waveguide

orientations the scalar approximations may not be as accurate.

5.4 Conclusion

In this chapter, the different theories used to model third-order nonlinear effects in Al-
GaAs waveguides were compared with the full-vectorial theory. In particular, different
expressions for the single-mode NLC used in the literature for AlGaAs waveguides were
simulated along with the full-vectorial model. It was found that other scalar expressions
for the single-mode NLC underestimate the full-vectorial v for high-confinement AlGaA-
sOI waveguides. Similar results were obtained for the XPM NLC ;515 and its scalar
approximations.

For the AlGaAs nanowire waveguide, the scalar approximations are more accurate
for the fundamental TM mode due to the low confinement in the vertical direction.

HI goalar NLCs are still inaccurate for the fundamental TE mode

However, the 4!/ and ~
when w < 600 nm.

In almost all cases, vV provided the best approximation for the full-vectorial model,
with the exception being for the TMgy mode of the AlGaAs nanowire, where v/ per-
formed slightly better. It should be noted that these simulations were performed with
0 = 0, and that the scalar models do not take into account the complicated influence of

the orientation of the waveguide with respect to the crystal lattice on 7.
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Figure 5.8: The values of f5 for an AlGaAs nanowire waveguide with varying waveguide
width w. The parameters used in the simulations were heore = hetadding = 500 nm, ¢ = 0
and A = 1550 nm. a) Fundamental TE mode. b) Fundamental TM mode.



Chapter 6
Applications

In this chapter I will demonstrate the application of the full-vectorial model to situations
of practical interest and predict their performance. In particular, I will examine wave-
length conversion efficiency when the signal, idler and pump are in the same spatial mode

(which will be referred to as degenerate four wave mixing (DFWM)), for both AlGaAsOI
and plasmonic slot waveguides (PSW) with an AlGaAs core.

6.1 Degenerate Four Wave Mixing

DFWM involves three modes called the pump, signal and idler with frequencies wy,ws
and ws respectively, all in the same spatial mode. The frequencies must satisfy the energy
conservation condition 2w; = we 4+ w3. It will be assumed that the frequencies are close
enough together such that they have identical mode profiles and the dispersion of the y*)
tensor can be neglected. By considering Eq. (2.20) it can be seen that the SPM, XPM
and FWM NLCs will be almost identical in this case. The only difference between the
NLCs will be due to the degeneracy factor K, and the different w values in the prefactor.
With this in mind, the propagation equations can be found from Eq. (2.11):

dA , ok .

S = (AP + 2 A + 2 A Ay + 20 A5 Ay Ageap(iA62) (6.1)
dA , o ‘

d_z2 = iy(|Ag|* + 2| AL|? + 2| A3)?) Ay + iy AL Aexp(—iABz) (6.2)
dA , o .

— = 1A + 2 AP + 2 Axf*) As + in AjATeap(—iAfz) (6.3)

where the 1,2 and 3 indices refer to the pump, signal and idler respectively, and Af =
—28(w1) + B(ws2) + B(ws). The value of ny determined at A = 1550 nm and a frequency

of wy will be used to evaluate ~.

61
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Note the difference between the situation here and that of Chpt. 4: here the modes are
in the same spatial mode with different frequencies, while in Chpt. 4 the modes had the
same frequency but different spatial modes. The most common configuration for DEWM
is with all of the modes in either the fundamental TE or TM mode. This scheme has
been thoroughly investigated both theoretically and experimentally in multiple material
systems [15] including AlGaAs [12, 14, 21, 54, 55, 57, 58, 61], with some experimental
demonstrations in AlGaAsOI [23, 24]. The full-vectorial model presented in this thesis is
not significantly different than the commonly used CW DFWM model [26], however typ-
ically a scalar mode approximation is used, which tends to underestimate the magnitude
of v (see Chpt. 5).

It is common to assume that the pump power is much higher than the signal and
idler powers: |A;|> = P; >> |Ay|? |A3/?, so the terms proportional to |As]? and |As|?
can be neglected. This simplifies the system of equations and allows an analytic solution
to be found. Otherwise, the full system of equations can be solved numerically. The
linear waveguide loss due to scattering, substrate leakage loss, etc. can also be added

heuristically to give:

dA o .
d—Zl = —EAI + Z’yPlAl
A
% - —%A2 + 12y Py Ay 4 iy A5 A2exp(—iAB2) (6.4)
z
A
% = —%A;; + 2y P Ay + iy As Alexp(—iAB2)
z

where « is the linear loss coefficient. Writing wy = w1 + Aw and w3 = w; — Aw, the phase

mismatch AS can be Taylor expanded about wy:
AB = —28(w1) + Blwr + Aw) + Blwr — Aw) = BoAw” + ... (6.5)
where 3y = d*B(w)/dw? evaluated at w;. To phase match the process, it is required that

B2 = 0 at the pump frequency.

A figure of merit for a wavelength conversion process is the conversion efficiency
n = |Az(L)|?/|A2(0)|?, where L is the device length. For a phase-matched process where
AB =0, n is given by [21]:
_ AP

= = = (vPiLegy)’e " :
n ‘AQ(O)’Q (/Y 1 eff) e (6 6)

where the effective length L.fs is given by L.sr = (1 — exp(—al))/c, and P is the
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initial pump power. The maximum conversion efficiency obtainable 7,,.,, can be found
by taking the derivative of Eq. (6.6) and setting it to zero to find the optimal waveguide
length L, = In(3)/a. Inserting this into Eq. (6.6) gives [62]:

Nmaz = 237 <P1%>2 (6.7)

6.2 AlGaAsOI Waveguide

The DFWM performance in an AlGasOI waveguide will now be predicted using the full-
vectorial model. Plotted in Fig. 6.1 is the calculated 5 and v for the fundamental TE
mode at A = 1550 nm of an AlGaAsOI with w = 450 nm and various values of h. From
this figure it can be seen that the phase-matching condition is achieved for the TEgg
mode for a waveguide with w = 450 nm and A = 260 nm.
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Figure 6.1: Calculated v and (, evaluated for TEy mode at a wavelength of 1550 nm
for an AlGaAsOI waveguide with w = 450 nm and varying h.

The fourth order dispersion terms (4 may become relevant when g5 &~ 0, and should
be considered for DEFWM processes with larger wavelength bandwidths. Higher order
phase-matching using more terms in the Taylor expansion of $ has been demonstrated
experimentally for the AlGaAsOI system [24].

Take the waveguide dimensions to be w = 450 nm, h = 260 nm to minimize [, the
initial pump power to be P, =1 W and the pump wavelength to be 1550 nm. For this
waveguide geometry, the NLC is calculated to be v = 686 W m™! (see Fig.6.1).

To estimate the device performance the linear loss will be approximated using pre-
vious experimental results to be a =~ 2 dB/cm [63] for the TEy mode of an AlGaAsOI
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waveguide with w = 450 nm.

The 7 for different propagation lengths L is calculated using Eq. (6.6) and the results
are shown in Fig. 6.2 a). An 7., of —10.3 dB is predicted at a distance of L = 1.3 mm
for this waveguide. The calculated maximum conversion efficiency 7, as a function of
Py for this waveguide geometry at a pump wavelength of 1550 nm is shown in Fig. 6.2
b).

These results show that high conversion efficiencies could potentially be achieved in
AlGaAsOI waveguides due to the high confinement, control over dispersion to ensure

phase-matching, and low losses.
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Figure 6.2: The calculated conversion efficiency n as a function of waveguide length L
for an AlGaAsOI waveguide with w = 800 nm, h = 250 nm, and a pump wavelength of
Ap = 1550 nm. Perfect phase-matching was assumed.

Unlike conventional nanowire AlGaAs waveguides, it is possible to phasematch this
process for TM modes in AlGaAsOI due to the enhanced confinement in the vertical
direction. Note, however, that at a waveguide orientation of § = 7 /4 the TEy mode will
have a higher v than the TM mode with the same mode profile due to the anisotropy of
the AlGaAs x©® tensor (see Chpt. 3).

6.3 Plasmonic Slot Waveguides

Wavelength conversion in a class of waveguides called plasmonic slot waveguides (PSW)
will now be considered. Typical dielectric or semiconductor waveguides cannot have
mode areas below the diffraction limit. If the waveguide core area is reduced below this
limit, the mode profile will spread out beyond the core into the cladding, as discussed in
Chpt. 3.
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6.3.1 Plasmonic Waveguide Geometry

This limitation can be bypassed through the use of plasmonic waveguides, involving an
interface between a dielectric/semiconductor and a metal [64]. In particular, the PSW
configuration where a semiconductor is sandwiched between two metal layers allows for
very small waveguide mode areas. An example of a cross-section of such a waveguide is
shown in Fig. 6.3. Here I have used the AlGaAsOI platform, where instead of a silicon
dioxide cladding a layer of metal has been deposited on top of the waveguide core to form
the PSW.

Metal

Alp 18
Gag g,
As

Sio,

Figure 6.3: Cross-section in the x — y plane of a typical AlGaAs PSW.

Studies of third-order nonlinear effects in PSWs, including those using a full-vectorial
approach, have been performed [62, 65, 66] however generally silicon or nonlinear poly-
mers have been used as the core material. They have also been recently used to perform
wavelength conversion for the first time [67]. To the best of our knowledge, no investi-
gation of wavelength conversion in PSW has been performed with AlGaAs as the core
material. Because of the abrupt index changes and high confinement of the waveguide
it is reasonable to expect a full-vectorial model will be necessary to model nonlinear
processes in a PSW. In this section, I will apply the full-vectorial theory to this type of
waveguide to predict its wavelength conversion performance.

Note that the fact that the waveguide modes are lossy due to the complex refractive
index of the metal. This complicates the full-vectorial theory, as some of the assumptions
made in the derivation no longer apply. Namely, the transverse components can no
longer be assumed to be purely real and the e, component cannot be taken to be purely
imaginary. As a result, expressions such as Eq. (3.9) no longer apply.

However, simulations show the Im(e,), Im(e,) and Re(e,) are negligible compared to

the magnitudes of these components. We will therefore use our derived NLCs as they are
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in analyzing the PSW nonlinear performance. See [62] for more details on a derivation

of full-vectorial nonlinear propagation equations for plasmonic waveguides.

6.3.2 Nonlinear Performance

The small mode area in a PSW results in very strong nonlinear effects. However, due
to absorption in the metal, these waveguide also have very high linear losses, on the
order of thousands of dB/cm. These losses limit the effective length of nonlinear plas-
monic devices. However, with a short device length the effects of phase-matching become
negligible.

As for the AlGaAsOI waveguides, the mode profiles and characteristics of the PSW
modes can be calculated via finite element simulations. For narrow (w < 150 nm) PSWs
it is possible for there to exist a fundamental TEq) mode and a second order TEy; mode
at A = 1550 nm (see Fig. 6.4).
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Figure 6.4: Normalized profiles of the components of the TEy, and TEy; modes of a PSW
with an AlGaAs core, with w = 50 nm and A = 250 nm at A = 1550 nm.

It will be assumed that only the fundamental mode is excited when light is coupled

into the plasmonic waveguide, though whether this holds true will depend on which
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coupling mechanism used. I will therefore be mainly interested in the case where there
is a single spatial mode. The NLC will therefore take the form of Eq. (3.10).

Due to the complex permittivity of the metal, the propagation constant [ will also
be complex. This results in a linear absorption loss with coefficient a. As would be
expected, a smaller waveguide core will result in a higher . However, reducing the
size of the waveguide also increases «, which reduces the effectiveness of wavelength
conversion devices (see Eq. (6.7)). The trade-offs between v and a must be considered
when designing nonlinear PSW devices.

In Fig. 6.5, v(0 = 7/4), o, ners, ng/Neore; Ay and f, of the fundamental TE mode
of the PSW, all evaluated at a wavelength of A = 1550 nm, are plotted as functions of
waveguide cross-section. Gold was used as the metal. Note also that the losses here only
account for absorption losses and not, for example, scattering losses due to roughness at
the interface of the metal and the AlGaAs core.

It can be seen that, while both v and « increase with decreasing w, overall there will
be an improvement in 7/a. Therefore it is desirable to create a PSW with as narrow a
width as possible. This is in agreement with other similar studies [62]. The width will
most likely be limited by fabrication technology as the w : h aspect ratio cannot be made
arbitrarily small. However, the height of the AlGaAs layer must also be large enough that
the mode is largely contained within the waveguide core for a non-plasmonic waveguide
with the same h, otherwise it may be difficult to efficiently couple the light into the PSW.
This restricts the height of the waveguide to around A > 250 nm. Assuming an aspect
ratio of w : h & 1: 5, the width is limited to w > 50 nm.

From Fig. 6.5 ¢), the effective index, unlike the AlGaAsOI waveguide, is higher than
the core index n.yre. The group index is also high, reaching up to approximately 1.7n.oye.
It can also be seen that, despite the small core size and high confinement, f, is relatively
low compared to the AlIGaAsOI waveguide. A~ is high due to the fact that this is a TE
mode, and does not change much with reducing waveguide width because of the small
le,| component.

The low f, suggests that the mode profile mainly consists of the e, component. Due
to this, a scalar approximation for v could possibly be accurate for the PSW geometry.
Plotted in Fig. 6.6 are the various NLCs at A = 1550 nm described in Chpt. 5 for the
fundamental TE mode of a PSW of height A = 250 nm with § = 0. The scalar NLCs
underestimate the full-vectorial v, by a factor of more than 2 for w ~ 50 nm. Clearly they
are not suitable for estimating the NLCs of plasmonic slot waveguides, despite the low

magnitude of e,. The full-vectorial v will therefore be used to predict the performance
of the PSW for DFWM.
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Figure 6.5: Various properties of the fundamental PSW mode at a wavelength of 1550
nm. The plasmonic metal was gold, and the waveguide height h = 250 nm. a) Nonlinear
coeflicient . b) Absorption loss a. ¢) Effective index n.ss. d) Group index divided by
core refractive index ng/neore. €) Transverse mode fraction f,. d) Change in NLC with
angle A~y.

From these parameters, the conversion efficiency of a DFWM process in the quasi-
CW approximation can be estimated using Eq. (6.7). a4, as well as the optimal length
Ly as a function of w are shown in Fig. 6.7. The initial pump power was chosen to be

P=1W.

This results in a 7,4, of around —42 dB, which is lower than that predicted for the
AlGaAsOI waveguide. However, it is achieved at a much shorter distance of around 1.7
microns, which allows for denser integration on chip. Also, due to the short propagation
distances phase matching is irrelevant, so potentially third order nonlinear processes that
would not otherwise be possible in nonplasmonic AlGaAs waveguides due to phasematch-

ing constraints could be achievable in PSWs.
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Figure 6.6: Calculated values of the various NLCs for the fundamental PSW mode at a
wavelength of 1550 nm. The plasmonic metal was gold, and the waveguide height was
h = 250 nm.

6.4 Conclusion

In this chapter, application of the full-vectorial model to AlGaAs waveguide wavelength
conversion devices was investigated. For the case of DFWM where all the modes are
in the same spatial mode, the large v and possibility for phase-matching in AlGaAsOI
waveguides were demonstrated. A maximum conversion efficiency 7,,., of —10.3 dB at
a pump power of 1 W and a waveguide length of L = 1.3 mm was predicted for an
AlGaAsOI waveguide.

The performance of a PSW wavelength conversion device was also estimated using the
full-vectorial model. A maximum conversion efficiency of —42 dB achieved at an optimal

device length of 1.7 microns was predicted for a PSW with a 50 nm wide AlGaAs core.
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Figure 6.7: Calculated values of a) 74, and b) Ly of the fundamental PSW mode at
a wavelength of 1550 nm. The plasmonic metal was gold, and the waveguide height was

h = 250 nm.



Chapter 7
Conclusion

In this chapter potential directions for future research are proposed and the results of

this thesis are summarized.

7.1 Future Work

As the work in this thesis is purely theoretical, experimental verification of the results
presented here is necessary. The accuracy of the full-vectorial model is highly dependent
on material parameters such as ns, 0 and 0. Therefore it would be useful to perform
experiments determining these factors to higher accuracy, in particular the anisotropy
parameters o and ¢ which have not been studied in many years. In fact, the theory pre-
sented in this thesis may be useful for higher accuracy measurements of these parameters
using nonlinear experiments in high-confinement AlGaAsOI waveguides.

There are many ways the theoretical investigations in this thesis could be extended,
for example by using different mode combinations or waveguide geometries. A suspended
waveguide, where an AlGaAs core is completely surrounded by air, would have a higher
degree of confinement than the AlGaAsOI waveguide, making a full-vectorial approach
even more important for properly evaluating the waveguide’s nonlinearity. Removing the
SiOs cladding of an AlGaAsOI waveguide would have a similar effect, in particular for
TE modes.

The theory presented here could also be used to investigate waveguide fabricated on
wafers with growth directions other than [001]. Due to the anisotropy of the ¥ tensor
the highest nonlinearity is achieved by directing the electric field away from the crystal
axis, for example in the [111] direction. This can be achieved with a wafer grown in the
[111] direction. Investigating the impact this would have on the NLCs would only require

changing the rotation matrix used to define the x©® tensor.
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Due to the high absolute value of o in AlGaAs some NLCs, particularly those involving
modes with high e, components, have a strong dependence on the orientation of the
waveguide propagation direction with respect to the crystal axis, #. The variation of the
NLCs with 8 has potentially interesting applications. For example, this variation can be
used to quasi-phasematch broadband FWM processes in ring resonators, as suggested
in [45]. The high predicted values of Avj122 for some mode combinations in particular
suggest that this method could be used to quasi-phasematch intermodal FWM schemes
that would otherwise be difficult to phasematch. The periodic modulation of the NLCs
may also have an impact on other nonlinear processes in waveguide ring resonators, for
example the dynamics of dispersive Kerr solitons [68].

The results for the NLCs could be used in an extended model which includes various
other effects influencing pulse propagation in high-confinement waveguides, such as dis-
persion, TPA, free carrier effects, and Raman scattering. Though the theory for these
effects has been developed and investigated for SOI waveguides (see [28]), the material

parameters involved will be different for AlGaAs.

7.2 Summary

In this thesis a full-vectorial theory for nonlinear mode propagation was used to derive
expressions for the NLCs for modes in high-confinement AlGaAs waveguides. The re-
sults can be applied to situations involving an arbitrary number of modes with different
central frequencies and spatial profiles, with no assumptions made about the electric
field components involved or the orientation of the waveguide with respect to the crystal
lattice. The unique characteristics of the AlGaAs susceptibility tensor were introduced
and included in the theory.

Explicit expressions for the single-mode (SPM) and two-mode (XPM and FWM)
NLCs based on the mode profile components were derived. NLCs for various mode com-
binations were calculated via simulation, and their dependence on the geometric param-
eters width w, height h and orientation 6 of an AlGaAsOI waveguide were investigated.
It was found that the NLCs’ dependence on 6 varied significantly based on the strength
of the various electric field components of the modes involved. For the single-mode NLC
7 it was found that the 6 dependence was proportional to the integral of (|e,|* — |e.|?)%.
This means that increasing the confinement of the AlGaAsOI waveguide, and therefore
increasing |e,|, decreased the 6 dependence of the single-mode NLC of TE modes, while
the opposite is true of TM modes. The XPM NLC 7515 was found to have a relatively

small negative dependence on # when considering the interaction between the TEqy, and
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TMyg or the TEyy and TE;qg modes. The FWM NLC 7122, on the other hand, has a
much stronger dependence on 6, increasing by up to a factor of 3 for the TEy and TE,
modes.

The predictions of the full-vectorial model were compared to those of other scalar
nonlinear theories for AlGaAsOI and AlGaAs nanowire waveguides. It was found that
the scalar theories tend to underestimate the single-mode NLC v for the fundamental
TE and TM modes of AlGaAsOI waveguides. In particular the commonly used /! was
found to poorly approximate the full-vectorial NLC. The scalar NLCs were found to
be more accurate for AlGaAs nanowire waveguides due to the lower confinement in the
vertical direction. Out of the three scalar NLCs considered, v/V was found to be the best
approximation for the full-vectorial theory in general.

The application of the full-vectorial model to designing and predicting the perfor-
mance of AlGaAs waveguide wavelength conversion devices was demonstrated, for both
AlGaAsOI and PSW geometries.

In total, the work presented in this thesis permits a deeper understanding of third-
order nonlinear effects in high confinement AlGaAs waveguides, in particular the recently
developed AlGaAsOI scheme. This understanding will allow for more accurate modeling

and optimization of nonlinear devices in this unique material system.
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