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This Master’s dissertation focuses on exploring optical nonlinearities in III-
V semiconductors. This work covers a range of III-V materials and a few
devices. To begin with, optical characterization of Aluminium Gallium Ar-
senide (AlGaAs) waveguides with enhanced nonlinear optical interactions
was carried out. We have experimentally demonstrated wide conversion
ranges and high conversion efficiencies for four-wave mixing in AlGaAs waveg-
uides with three different geometries. In addition to that, both linear and
nonlinear losses in each of these geometries were explored.
AlGaAs represents only one compound of the large group of III-V semicon-
ductors. To explore the potentials of other semiconductors compounds of this
group for nonlinear optics, it is imperative to have information about refrac-
tive indices of different III-V compounds. This refractive index information
is only available for some binary compounds in isolated spectral windows.
In this thesis, we developed a model capable of predicting the values of the
refractive indices of binary, ternary and quaternary III-V semiconductor com-
pounds from the values of their band-gap energies.
We compared the value predicted by our proposed model with existing ex-
perimental data and it was found not only is the predicted values in good
agreement with the known values, but also has a lower error margin when
compared to previously reported models. Finally, in quest for more suitable
material platform for nonlinear photonic integration at different wavelength
ranges, a detailed analysis of other potential III-V compounds not previously
explored for photonic integration is presented.
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Chapter 1

Introduction

1.1 Motivation

Optical communication and data networks continues to see massive improve-
ments and upgrades in performance as emerging technologies allow for in-
creased data rates. With this increment in high bandwidth processes and
applications such as video sharing, data mining systems, there is need for
higher processing capabilities in the processing systems as the trend contin-
ues to grow.

Cisco forecast predicts that the global mobile traffic amounted to about 7.2
exabytes per month at the end of 2016 up from 4.4 exabytes per month at the
end of 2015 is projected to rise up to 49 exabytes per month at compound
annual growth rate of 47% in 2021. This translates to annual traffic exceeded
by half a zettabyte. In 2018, this trend has already been surpassed, upping
an outstanding 52.2% [1]. In 2019, mobile traffic has already reached 28.56
exabytes per month and it is expected to reach 77.49 exabytes per month
by 2022. More of this increase is expected in the course subsequent months
following the introduction of 5G technology in April 2019 in the US.

Smartphones represented only 45% of the mobile devices and connections
in 2016 but now represent 81% of the total mobile traffic, with mobile video
accounting for more than 60% of the total mobile data traffic in 2016 and
increasing [2].

The projected demand for high-bandwidth services and processes in data
networks requires improvement in optical and electronic technologies. How-
ever, the current optical networks have speed and functionality limited by
their dependence on microelectronics. Although microelectronics continues
to improve, further scaling of switching components such as transistors will
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be limited by the resolution achievable by available fabrication technologies
and materials, thereby making the physical fabrication of these devices re-
stricted in scale to no less than a few nanometers. This also greatly increases
the underlying problem of heat dissipation in these devices. Overall, this
issue largely hinders further improvement in processing speed and in trans-
mission bandwidth.

Optics has been playing a central role at all the stages of optical network de-
velopment. Wavelength division multiplexing (WDM) and erbium-doped
fiber amplifiers (EDFA) introduced to the network in 1990s, gave start to
submarine network deployment, while offering a huge economy and capac-
ity burst to all tiers of optical networks. The emergence of optical bypass
technology in late 1990s brought about a new generation of optical-bypass-
enabled networks where it became possible to significantly alleviate the de-
pendence on expensive electronic signal processing, and to remove a consid-
erable amount of electronics from the networks’ nodes, thereby improving
the network cost, capacity and reliability.
Integrated photonics, entering the optical communications market in 2000s,
allowed for another economical breakthrough and improved network reli-
ability through enabling large-scale photonic integration. Fully integrated
transmitters and receivers, capable of handling tens and hundreds of in-
formation channels on a single optical chip with the dimensions of only
1 × 1 cm, have replaced bulk optical components that introduced reliabil-
ity issues and dramatically increased the network cost with the growth of
the number of information channels.

In the existing optical networks, the approaches and techniques used in sig-
nal processing require converting the signal from optical domain to be pro-
cessed in electrical domain. Electronic signal processing of high-data-rate
channels requires very expensive electronics. Moreover, the fundamental
limitations associated with the speed of electronic processing impose restric-
tions on the ultimate speed of an information channel. These problems can
be alleviated if optical signals can be processed directly in optical domain.
This approach is known as all-optical signal processing. To bring all-optical
signal processing to the practical level, it is necessary to develop integrated
photonic devices capable of efficient nonlinear wavelength conversion. Fur-
ther sections in this chapter explain all the fundamental ingredients of this
approach.
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1.2 Integrated Photonics

Nonlinear photonics on-a-chip would benefit from creating low-cost, com-
pact devices combining passive and actives optical components placed on
the same photonic chip. Fig. 1.1 shows a schematic example of an integrated
photonic circuit. In this example circuit, the light is coming from an inte-

FIGURE 1.1: Schematic of the photonic integrated circuit (not
to scale), showcasing different optical components reproduced

from B. Saleh et al. [3].

grated on-chip laser source that produces coherent narrow-band radiation.
The laser is followed by an input coupler that serves for coupling the laser
output to the optical waveguide that channels the light farther on the chip.
Optical modulator is comprised of two branches for splitting the light two
ways and recombining it to allow it to interfere in minimum or in maximum,
thereby performing modulation of optical signals. It is used to imprint infor-
mation onto certain degrees of freedom associated with light (intensity, polar-
ization, phase). Photonic crystals are dielectric structures with band-gap that
forbids propagation of certain light of certain frequency ranges, used here
as a filter to optically select the frequency of the light for the photo diode
that measures the optical power of the light. The optical ring resonator is es-
sentially a set of waveguides coupled in a closed loop to some input and an
output. Based on the concept of constructive interference, the light of certain
wavelengths is passed from the input waveguide to the ring. Then it cycles
the resonator multiple times and outputs to the output bus. Because only
light at a certain resonant frequency will be at resonance within the loop,
the ring resonator functions as a filter allowing only a narrow band of the
frequency of the light generated by the sources. Typical examples of such
integration find application in biomedical surface imaging and in oximetry
(analytic sensing) requiring non-invasive approach to bio-recording where
light is generated and shone on the skin, then blood volume changes in the
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microvascular bed of the skin tissue could be detected as in the case of pho-
toplethysmogram. This same unit could be used to record electrocardiogram
(ECG) and Electromyography (EMG) which in this case would need filters
(photonic crystals and ring resonators) to separate different frequencies of
the signal captured.

Various components on an integrated optical chip require different material
response properties with respect to the wavelength of interest. For a laser
source, the wavelength of interest must match the energy gap (so that it falls
within the emission band), for the detectors, it must exceed the energy gap
(for the photons to be efficiently absorbed by the semiconductor material).
For passive devices such as waveguides and splitters, the wavelength of in-
terest should not exceed the energy gap so that there is no absorption loss.
Ideally, it would be practically easier to implement all applicable photonic
integration on a suitable material platform capable of accommodating for all
kind of integrated devices. This approach is called monolithic integration.
With all the benefits of monolithic photonic integration, there exist a funda-
mental limitation in achieving this goal, this limitation is centered around the
complexity of selecting suitable materials. Indeed, an ideal material should
have suitable optical properties for both active and passive functionalities
(this alone seems controversial to be achieved in a single material platform
as these functionalities different design requirements and specifications). For
optical signal processing, it is required that the material candidates exhibit
the desired nonlinear optical properties: strong useful nonlinear optical ef-
fects at the expense of negligible parasitic nonlinear effects, such as nonlinear
absorption losses. To combine all these qualities in a way that monolithic in-
tegration of all optical components in a single material platform is possible,
the material of choice should exhibit superior versatility and tailorability of
its optical properties as would be discussed later in this chapter.

1.3 Nonlinear Optics

Nonlinear optics plays a significant role in optical signal processing. It de-
scribes interaction of light with matter in response to the application of elec-
tromagnetic fields with strengths sufficiently high in order to induce nonlin-
ear material responses. Simply put, nonlinear effects are those effects where
twice the optical input intensities do not directly result in twice the output
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intensities. Hence, nonlinear optical phenomenon is only observed and mea-
surable with high intensity light. At low intensities, the nonlinear effects be-
come very weak and the properties of the material remains independent of
the incident light intensity. To understand this, we overview the background
of this field and explain how optical nonlinearity can be used in optical signal
processing operations.

Since optical nonlinearity results from the interaction of light with matter, the
electric field of the incident light polarizes each atom or molecule in the ma-
terial, where the induced polarization depends largely on the strength of the
electric field of the incident light. To precisely describe nonlinear interaction,
let’s consider a dielectric material placed in an external time-varying electric
field Ẽ(t), the dielectric response of the medium is determined by the electric
polarization P̃(t) which is defined as the dipole moment per unit volume of a
material, or simply put, polarization is the direction of the electric field of an
electromagnetic wave. The electric displacement D is related to the electric
field Ẽ(t) and the polarization P̃(t) through

D = ε0Ẽ(t) + P̃(t). (1.1)

In an isotropic medium where the microscopic dipoles are aligned along the
direction of the applied electric field, equation 1.1 could be re-written as

P̃(t) = ε0χ(1)Ẽ(t). (1.2)

Eq. 1.2 represents the linear relationship between the strength of the incident
electric field Ẽ(t) and the induced polarization P̃(t), where χ(1) is a constant
of proportionality also known as linear susceptibility and ε0 is the permittiv-
ity of free space. However, as the electric field strength becomes significant,
the relation in eq. 1.2 no longer holds. In this case, the optical response of this
material can be written as a power series expansion of the polarization P̃(t)
with the strength of the applied optical field Ẽ(t):

P̃(t) = ε0[χ
(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + ...]. (1.3)

where χ(2) and χ(3) are second and third-order nonlinear optical susceptibil-
ities respectively. Therefore polarization P̃(t) can be expressed as a sum of
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the linear and the nonlinear contributions

P̃(t) = P̃(1) + P̃(2) + P̃(3) + ..., (1.4)

where P̃(1) represents the linear polarization and the higher-order terms
(P̃(2)(t), P̃(3)(t), etc.) are all together called nonlinear polarization [4]. Eq. 1.3
is the representation of dependence of the induced higher-order polarization
on the strength of the incident electric field and is considered as the foun-
dation for all nonlinear optical phenomena. It is also important to note that
all χ(i)s are inherent material parameters describing the material response,
hence they are fixed and unique for every material. In a given material, the
linear susceptibility of the material is higher than the nonlinear susceptibil-
ity. However, even with the relatively small effect of the higher order χ(i)s,
they collectively form nonlinear effect higher than the linear susceptibility at
high optical field strength, making it possible to only notice nonlinear optical
effects at high optical field strengths.

1.3.1 Nonlinear optical phenomena

To observe optical nonlinearity in a material as mentioned above, a light
source of very high intensity is needed, in this case, a Laser. The efficiency
of the nonlinear phenomenon is largely dependent on the type of material as
well as their inherent response to the polarized incident light. A number of
nonlinear optical effects can be observed, the most important of which are:

• Parametric nonlinearities: This nonlinear effect is a result of an instan-
taneous response based on the χ(2) and χ(3) nonlinearity of a material.
Parametric nonlinearity arising from χ(2) gives rise to effects such as
parametric amplification, oscillation, sum-frequency generation (SFG),
difference-frequency generation (DFG), and frequency doubling. In
parametric nonlinearity, a phase matching condition would have to be
satisfied in order to achieve a highly efficient process. Since parametric
processes are polarization-dependent, the resulting nonlinearities are
in essence polarization-dependent [5].

Parametric nonlinearity arising from χ(3) gives rise to effects such as
self-focusing, self-phase modulation (SFM), cross-phase modulation (XPM)
and four-wave mixing (FWM). These effects result from the rise in the
refractive index of the medium by an amount proportional to the inten-
sity of the incident light, also known as Kerr effect.
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• Raman scattering (interaction of light with optical phonons) and Bril-
louin scattering (interaction of light with acoustic phonons) are related
to the non-instantaneous part of the third-order nonlinear optical re-
sponse.

• Two-photon or multi-photon absorption is another nonlinear effect where
two or more photons are simultaneously absorbed by the atoms of the
medium as the radiation propagates through the medium, thereby pro-
moting an inter or intra-band transition where a single photon energy
would not be sufficient to promote the excitation. Applications such as
spectroscopy and fluorescence microscopy relies on this effect. How-
ever, multi-photon absorption reduces the efficiency of other nonlinear
optical effects such as four-wave mixing and second-harmonic genera-
tion hence. For efficient nonlinear interaction in an optical process such
as FWM, both linear and nonlinear absorption should be minimized.

1.3.2 Four-wave mixing

Four-wave mixing (FWM) is a parametric nonlinear effect arising from the
third-order nonlinear susceptibility χ(3). It appear as a consequence of an
interaction of different frequency components with a nonlinear material and
generation of a new frequency component as a consequence of the nonlin-
ear modification of the refractive index of the material. If we assume that
we have a nonlinear material interacting with three input optical beams hav-
ing distinct frequencies ω1, ω2 and ω3, the nonlinear contribution to the re-
fractive index results in the FWM effect that generates a new frequency ω4

in accordance with the following energy conservation relationship: ω4 =

ω1 + ω2 −ω3.

In the case where all the frequency components are different, this type of
FWM is called non-degenerate four-wave mixing. Fig. 1.2(b) shows the energy
diagram of a non-degenerate FWM process. In this example, two pump pho-
tons with distinct frequencies ωp1 and ωp2 and a single signal photon of fre-
quency ωs interact with an optical medium, giving rise to a single idler pho-
ton with frequency ωi. Fig. 1.2(a) displays a similar example with the dif-
ference that the two pump photons have equal frequencies ωp (known as the
degenerate four-wave mixing). Fig. 1.2(c) is the spectral representation of the
degenerate FWM effect, where the idler component situated at the extreme
left side of the pump component, appears as a consequence of FWM process.
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FIGURE 1.2: (a) Energy level diagram for degenerate FWM, (b)
generation of new wavelengths via non-degenerate FWM (c)
spectral representation of FWM (d) phase matching condition

for FWM.

Because FWM is a parametric nonlinear process and the interaction depends
on the relative phases of each beam, a phase-matching relationship where

∆k = 0, (1.5)

between these interacting waves needs to be satisfied. In the case of a degen-
erate FWM, ∆k can be defined as

∆k = 2kpump − ksignal − kidler, (1.6)

where kpump, ksignal and kidler are the wave-vectors of the pump, signal and
idler waves, respectively. This is schematically illustrated in Fig. 1.2(d). Tech-
nically, Eq. (1.5) requires that Eq. (1.6) be fulfilled, and ∆k in Fig. 1.2(d) is
zero.
Substituting Eq. (1.5) and the expressions for the wave-vectors in Eq. (1.6)
results in the angular frequency representation of the phase matching condi-
tion, written as

2
npumpωpump

c
=

nsignalωsignal

c
+

nidlerωidler

c
. (1.7)
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Using the law of conservation of energy, this phase matching condition can
also be rewritten as

2npump = nsignal + nidler. (1.8)

However, because of the material dispersion, it is impossible to achieve per-
fect phase matching owing to the differences in the refractive indices for
the pump npump, the signal nsignal and the idler nidler. Refractive index is
an increasing function of frequency under the conditions of normal disper-
sion. Therefore, in order to achieve an efficient FWM, the interacting frequen-
cies should be either close to each other, and/or the dispersion management
needs to be deployed.

All-optical signal processing is achieved by relying on the nonlinear optical
interactions such as FWM, SFG, DFG, and XPM [6]. These effects have been
shown to enable basic processing functions such as all-optical signal rout-
ing, all-optical wavelength conversion - direct frequency conversion with no
reliance on microelectronics, switching [7], channel extraction [8], regenera-
tion [9], etc. In this work, we focus on degenerate FWM in integrated optical
waveguides. Below we provide the description of how this effect can be used
for all-optical signal processing.

1.3.3 All-optical wavelength conversion using FWM

All-optical wavelength conversion is a major process in optical signal pro-
cessing. This effect uses the optical nonlinearity of the material – either
second-order nonlinear effects (SFG, DFG) or third-order effects (XFM, FWM).
To understand how all-optical wavelength conversion can be realized by
FWM, let us consider a laser beam with modulated frequency ωs, carrying
a bit stream of data, as shown in Fig. 1.3(a). This modulated beam (signal)
is then synchronized with a non-modulated pulse stream (pump) with fre-
quency ωp [see part (b) of Fig. 1.3], and the interaction of these two frequen-
cies with a nonlinear optical medium results in a generation of a new beam,
the idler, at a frequency ωi, shown in Fig. 1.3(c).

The interaction between these two beams happen in a manner that, when-
ever the bit of the modulated beam (ωs) is “1”, a “1” bit at the idler (ωi) is
generated, and whenever the bit of the modulated beam is “0”, there is no ra-
diation at ωi or “0” is generated. This process is synonymous to the “AND”
logic gate (Mixing “1” with “0”, we get “0”, and mixing “1” with “1”, we get
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FIGURE 1.3: (a) Modulated signal frequency component, (b)
non-modulated pulse stream, (c) generated idler frequency

component carrying information imprinted in signal.

“1”). The result of this process is a reproduction of the original bit sequence
but at a new frequency ωi, hence the signal is converted to a new wavelength
that can be transmitted through a filter, eliminating the residual pump and
signal bit sequences.

1.3.4 Optical Time Division Multiplexing

Optical Time Division Multiplexing (OTDM) allows several optical signals
to be combined, transmitted together on the same medium and then sep-
arated at different time slots. As with all-optical wavelength conversion,
FWM and the logic “AND” gating can be used to achieve OTDM. To demon-
strate this, assume three lower-bit channels to be multiplexed into a higher
bit-rate steam, as illustrated in Fig. 1.4. To achieve this, we need two extra
non-modulated pulse streams. The first stream would be at the same bit-rate
as the ultimate bit rate of the multiplexed channels (“empty channel”), and
the second pulse would be used to set up a temporal frame. The timing of
these pulses would be such that the difference in the two consecutive pulses
in the channel would fit a single bit of all three channels. We would also
need to synchronize and offset the bits of the three information channels with
the non-modulated “empty” channel, and in this case, an optical delay line
would be used (e.g, optical fiber). The non-modulated framing and the high-
bit-rate pulse streams is be mixed with all three channels. The delay lines are
used to offset the three channels with respect to each other in the following
manner: the first bit of the channel 1 overlaps in time with one of the pulses
of the high-bit-rate stream, the first bit of the channel 2 overlaps with the sec-
ond pulse of the high-bit-rate stream, and the first bit of the channel 3 overlap
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FIGURE 1.4: Four-wave mixing of three channels and two non-
modulated pulse streams resulting in the multiplexing of the

three channels into a higher-bit-rate stream.

with the third pulse, and the fourth pulse of the “empty channel” overlaps in
time with the non-modulated framing pulse, as seen in Fig. 1.4. With efficient
FWM between the interacting channels and the two non-modulated beams,
an optical “AND” gate is realized. The resulting sequence is a higher-bit-rate
multiplexed stream with separate time slots divided by the framing pulses.
With this same approach, Optical Time Division Demultiplexing could be
achieved.

1.4 Waveguide Optics

In this section, we provide an overview of the fundamentals of waveguide
optics which represents the basis for integrated optical waveguides. One
can understand wave guiding from the laws of Ray Optics, which represents
an approximation where the wave nature of light is neglected. It is, how-
ever, not possible to explain the electromagnetic field distribution inside the
waveguide structures in the framework of Ray Optics, and it is necessary
to resort to Wave Optics. Here, we provide a conceptual explanation of the
nature of light guiding on-a-chip using both approaches. We start from the
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simplest: the Ray Optics approximation.

1.4.1 Ray Optics Representation

Light rays incident on the interface between two transparent optical media,
such as, for example, water and glass, or air and glass, could be totally or
partially reflected at the interface, and could undergo a refraction and be
partially transmitted to the second medium.

FIGURE 1.5: Reflection and refraction of Light at an interface.

Consider an example illustrated in Fig. 1.5, where light traverses an interface
between the media with the refractive indices n1 and n2. In this illustration,
we show both the reflected and refracted rays. The absorption of the light
energy along its path is neglected, though it is an important parameter when
designing optical systems. A ray of light is represented by a solid line with an
arrow showing the direction of travel, and the dotted line indicates the line
perpendicular to the surface (the normal) at the point of incidence. The Law
of Reflection states that, when light reflects from a plain surface, as shown in
Fig. 1.5, the angle between the reflected ray and the normal is equal to the an-
gle between the incident ray and the normal ( θi = θ′i), and that the incident
ray, the reflected ray and the normal all lie in the same plane.
The Law of Refraction states that, just as in reflection, the incident and re-
fracted rays lie in the same plane. The angles of incidence and refraction are,
however, different and obey the Snell’s Law:

n1 sin θi = n2 sin θr. (1.9)

This change of angle is caused by the change in speed of light as it travels
the interface. From this relation, the greater the refractive index, the more
the light bends in, and the slower is its speed in the medium. For example,
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moving from a medium with a lower index of refraction to a medium with
a higher index of refraction, the light bends towards the normal to the inter-
face, as shown in Fig. 1.5, and vice versa.

1.4.2 Critical Angle and Guidance

When light passes from a given material with a higher refractive index through
an interface into a material with a lower refractive index, as shown in Fig. 1.6,
there can be different scenarios, depending on the angle of incidence of the
light ray with respect to the normal to the interface. As seen in the figure,
four independence light rays, numbered 1 through 4, originating from O in
a material with a higher refractive index and propagating through the inter-
face to the material with a lower refractive index, the following is seen for
each ray:

FIGURE 1.6: Critical angle and total internal reflection.

• There is no bending of Ray 1 as it traverses the interface while making
an angle of 0o with respect to the normal, continuing along the same
direction in the second medium.

• Ray 2 is incident at an angle θi other than 0o and bends away from the
normal, making an angle θr in the second medium, as per the Snells’s
law [Eq. (1.9)].

• Ray 3 is incident at an angle θc that corresponds to bending of the re-
fracted ray at an angle 90o with respect to the normal, causing the ray
to be "trapped" at the boundary of the two media and travelling along
this boundary. This angle is known as critical angle. Using Snell’s law,
Ray 3 could be described mathematically as

n2 sin θc = n1 sin 90o = n1, (1.10)
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and the critical angle is then defined as

θc = sin−1
(

n2

n1

)
. (1.11)

• Ray 4 is incident at an angle greater than the critical angle, θ > θc,
thereby resulting in a complete reflection of the ray into the originating
medium. This phenomenon is known as total internal reflection.

Total internal reflection (TIR) represents the mechanism behind guidance in
optical waveguides. The principle of optical confinement as seen in figure 1.7

FIGURE 1.7: Optical confinement in waveguide using Total in-
ternal reflection.

is that a material with higher refractive index (n1) is embedded in a medium
of lower refractive index cladding (n2) and this higher index medium layer
acts as "traps" for the light traversing through it thereby making the light
rays remain confined by multiple total internal reflections at the boundaries.
Hence, this effect is exploited to make conduits that transports light from
place to place.

1.4.3 Wave Optics Representation

As described above, Ray Optics generally explains the mechanism of light
guidance in terms of total internal reflection at the interfaces between media
with different refractive indices. It is, however, not capable of describing the
electric field and intensity patterns formed inside an optical waveguide (its
eigenmodes). For that, wave optics and electromagnetic theory of light are
necessary. Below we summarize the crucial concepts forming the basis of
mode analysis in guided wave structures.

Maxwell’s equations forms the heart of electromagnetic theory of light. They
describe the evolution of electromagnetic waves as they propagate in vac-
uum (or free space) and in optical media. From Maxwell’s equation, the
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propagation of transverse electromagnetic waves in free space is given as

∇×H = ε0
∂E
∂t

(1.12)

and
∇× E = −µ0

∂H
∂t

, (1.13)

where E and H are electric and magnetic fields, respectively.

In free space, there are no free charges, and there are no magnetic charges in
general. These fields are reflected in the following two equations,

∇ · E = 0,

and

∇ ·H = 0.

(1.14)

When we consider the propagation of an electromagnetic wave in a medium,
Maxwell’s equations take form

∇×H =
∂D
∂t

, (1.15)

and
∇× E = −∂B

∂t
, (1.16)

where D and B are electric and magnetic inductions, respectively. These vec-
tors are defined as

D = ε0E + P, (1.17)

and
B = µ0H + µ0M. (1.18)

with P and M being the polarization and magnetization of the electric field,
respectively.

Eqs. (1.17) and (1.18) are called constitutive relationships. They describe the
material response of the medium to the incident electromagnetic wave prop-
agating through it. Specifically, the material response parameters entering
the equations are in the polarization and magnetization that get induced in
a material medium by the applied field. Typically, in most of the cases of
interest, M = 0. The polarization is determined according to Eq. (1.3) and
can be linear and nonlinear, depending on the applied field’s strength. The
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coefficients of proportionality, shown in Eq. (1.3) as χ(i), represent the mate-
rial response parameters, linear (i = 1) and nonlinear (i > 1) susceptibilities.
These are material characteristics; they are unique for a specific material.

Similar to Eqs. (1.19), we can write

∇ ·D = 0,

∇ · B = 0.
(1.19)

for the inductions in case if there are no free charges, which is true for all the
situations considered within this thesis.

The set of Maxwell’s equations, including Eqs. (1.15) through (1.19), gov-
erns the propagation of the electromagnetic field in a medium. As discussed
earlier, in waveguide optics, we deal with interfaces between different di-
electric materials, and the light can behave differently as it traverses an in-
terface between two media, depending on the refractive indices (or dielectric
constants) of the media and the polarization of light. To describe the light’s

FIGURE 1.8: Boundary condition in a dielectric medium.

behavior at the interface between two media, there exist boundary conditions
relating different components of the electric and magnetic fields and induc-
tions at the interface. Specifically, the tangential component of electric and
magnetic field and the normal components of the electric and magnetic in-
ductions should be continuous across the interface between the two media,
establishing a set of boundary conditions for the propagation in the medium.
This is illustrated in Fig. 1.8. A set of Maxwell’s equations [Eqs. (1.15)–(1.19)]
with the boundary conditions represent the tool to solve for the electric field
distribution inside a waveguide structure. In many cases, there exist ana-
lytical solutions, while in some cases of more complex structures, numerical
methods are necessary in order to solve for the waveguide mores. Below,
we consider the simplest structure, a symmetric slab dielectric waveguide,
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where analytical solutions exist. We provide the mode analysis of this struc-
ture. All the concepts associated with slab dielectric waveguide apply to
more complex waveguides with 2D mode confinement, as discussed later.

1.4.4 Electromagnetic field polarization

Looking at Fig. 1.8, one could see that the electromagnetic fields E and H
do not have y-axis dependency, therefore setting ∂E/∂y = 0 and ∂H/∂y =
0, hence, two independent electromagnetic modes are obtained: transverse
electric (TE) and transverse magnetic (TM), respectively. Modes are fields that
maintain the same transverse polarization and distribution at all cross-sections
of the waveguide along its propagation axis. As seen in Fig. 1.9(a), the elec-

FIGURE 1.9: Schematic representation of (a)Transverse Electric
(TE) Mode, (b) Transverse Magnetic (TM) Mode.

tric component along the z-axis is zero (Ez = 0) and the electric field lies in
the plane perpendicular to the z-axis, the electromagnetic field distribution
corresponds to the TE mode.
Also in figure 1.9(b), the magnetic component along the z-axis is zero (Hz =

0) and the electric field lies in the plane perpendicular to the z-axis, the elec-
tromagnetic field distribution corresponds to the TM mode.

1.4.5 Waveguide Modes

To better understand waveguide modes, consider a planar dielectric slab
waveguide as shown in figure 1.10 with thickness d and refractive index
n1, sandwiched between two semi-infinite regions with refractive index n2

where n2 is less than n1. The region with higher refractive index (n1) is called
the core while the region with the lower refractive index (n2) is called the
cladding.
Consider a monochromatic TEM plane wave of wavelength λ = λ0/n1, the
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FIGURE 1.10: Schematic representation of a planar dielectric
waveguide illuminated at one end by a monochromatic light

source.

wave-number k = n1ko, travelling with a phase velocity c1 = co/n1, and with
wave-vector components kx = 0, ky = n1k0 sin θ, kz = n1k0 cos θ where n1 is
the refractive index of the core. The TEM wave is polarized in the x direction,
meaning the wave vector lies in the y-z plane, making an angle θ with the z-
axis. A light ray can propagate along such waveguide in a zig-zag manner as
long as it undergoes total internal reflection at the boundaries, as illustrated
previously. Like in ray optics, the wave reflects from the boundary of the top
cladding-core interface and reflects from the lower cladding-core boundary,
travelling at an angle greater than the complimentary critical angle θ′c and it
continues on. Since these layers are parallel to the electric field, each reflec-
tion is accompanied by a phase shift of φr with no change in the amplitude
and the polarization ensuring that the sum of each wave and its own reflec-
tion disappears making a zero-level field at the interfaces.
Geometrically, for constructive interference and self-consistency, the phase
difference between the waves at the points A and C (∇φAC) must be zero or
a multiple of 2π:

∇φAC = k1(AB + BC)− 2φr = m(2π), (1.20)

with m = 0, 1, 2, ... as an integer. By geometrically evaluating the first two
waves,

AB + BC = 2d cos θ. (1.21)

where

AB = BC cos(2θ),

BC =
d

cos θ
.

(1.22)
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Hence, to propagate the wave in the waveguide, we need

m(2π) = k1(2d cos θ)− 2φr. (1.23)

To determine the modes that can be supported by the waveguide, we now
impose a self-consistency condition which requires that the wave reproduces
itself as it reflects twice at the boundaries (AB and BC) making only two
distinct plane waves. In one round trip, the twice-reflected wave lags behind
the original wave by a distance AC− AB = 2kd sin θ plus the phase shift φr

at each of the interfaces.
For the TE mode,

k = (0, ky, kz),

= (0, n1k0 sin θ, n1k0 cos θ).
(1.24)

This yields self-consistency condition (TE Modes):

tan
φr

2
=

√
sin2 θ′c
sin2 θc

− 1,

= tan(π
d
λ

sin θ −m
π

2
).

(1.25)

Eq. 1.25 is represented graphically by Fig. 1.11 to determine the bouncing an-

FIGURE 1.11: Graphical solution of the self-consistency condi-
tion for TE modes, as provided by Eq. (1.25). Reproduced from

E. Saleh et al. [3].

gle of the modes θm made by the wave as it bounces in the dielectric waveg-
uide. The RHS and the LHS of eq. (1.25) are plotted against sin θ with sin θm
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determined by the intersecting points and marked with filled circles. Each
branch of the tan or cot function in LHS shows the modes, represented by
curves, where the curve tan(πd/λ) sin θ is generated when m is even and
cot(πd/λ) sin θ curve when m is odd.
Fig. 1.11 shows plot for sin θ′c = 8(λ/2d) with 9 modes [3]. As it can be seen

FIGURE 1.12: Schematic representation of a planar dielectric
waveguide showing two light rays travelling in the guide con-

structively interfering with itself to propagate successfully

from Fig. 1.12, each of these travelling waves show distinct field patterns and
making an angle θm with the boundary constituting a mode of propagation,
with the integer m identifying the mode’s order, and is called mode number.
For each mode m, there will be one allowed angle θm and one corresponding
phase angle φm. Dividing Eq. (1.23) by 2, we obtain the waveguide condition
given by [

2πn1(d)
λ

]
cos θm − φm = mπ. (1.26)

The waveguide condition represents those special waves that can propagate
in the medium without being lost due to radiation into the claddings. These
so-called special waves have angles of incidence θm that must satisfy the
waveguide condition as given in Eq. (1.26) in order to propagate.

1.4.6 Mode propagation constants

The bouncing angles θm lie between 0 and θ′c, corresponding to the wave
vectors with components (k = 0, ky = n1k0 sin θm, kz = n1k0 cos θm). The
wave vector can thus be represented in terms of its two projections, β and κ,
along and perpendicular to the z-axis (see Fig. 1.12). Also, since θm satisfies
the waveguide condition for a particular instance of m, subscript m is used to
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differentiate the particular wave vector with βm and κm, corresponding to a
particular mode and given by

βm = k1 sin θm =

(
2πn1

λ

)
sin θm, (1.27)

and

κm = k1 cos θm =

(
2πn1

λ

)
cos θm. (1.28)

Here βm is the mode propagation constant along the guide and κm is the
transverse propagation constant.

Fig. 1.13 shows four modes and their respective bouncing angles. In this

FIGURE 1.13: Schematic representation of a planar dielectric
waveguide showing different modes with their bouncing an-

gles.

figure, the lowest mode, m = 0, with θm = 0 travels axially. Higher-order
modes (larger θm) exhibit more reflections and can partially penetrate into
the cladding. This is not evident from the ray optics representation, but will
become clear once we start discussing mode field distribution later in this
section.

1.4.7 Number of modes

As discussed above, a dielectric waveguide can support a number of modes.
Looking at the mode plot in Fig. 1.11, one can notice that the abscissa has
equal intervals with λ/(2d), and the supported modes are marked with filled
circles. Hence, the number of modes is the smallest integer greater than
sin θ′c/ [λ/(2d)], such that:

M .
=

sin θ′c
λ/(2d)

. (1.29)
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The symbol “ .
=” means that M is increased to the nearest integer. For in-

stance, if sin θ′c/ λ
2d = 0.7, 1.0 or 2.4, M = 1, 2, and 3 respectively. Specifically

for the case of symmetric slab dielectric waveguide, there always exists at
least one TE mode for all valued of the angles θ. The number of modes in-
creases with an increase in the ratio of core height d to wavelength. When
the wavelength is sufficiently long or the dielectric slab is sufficiently thin,
a condition exist where λ/(2d) > sin θ′c, only one mode is allowed. Such
waveguide is known as a single-mode waveguide. Since the fundamental mode
(m = 0) is always allowed, it therefore means that for a dielectric waveguide,
there is at least one TE mode, hence each of the modes (m = 1, 2, ...) will have
its own cut-off wavelength or frequency, the longest wavelength (the smallest
frequency) that this mode can support.
For the first-order mode, the cut-off wavelength is given as:

νc =
ωc

2π
=

1√
n2

1 − n2
2

c0

2d
. (1.30)

For mth-order mode, the cut-off frequency becomes mνc.

1.4.8 Mode field distribution

The electric field of guided modes is concentrated inside the waveguide’s
core. On the other hand, it penetrates with its evanescent tails to the claddings
(see Fig. 1.15). Therefore, there are internal and external field distributions
associated with any waveguide mode. As discussed earlier, the internal field
is comprised of two distinct TEM plane waves with the same amplitude and
phase shift (mφr) at half round trip at the center of the core and making an
angle of φr and −φr with the z-axis and having wave vector components
(k = 0, ky = n1k0 sin θm, kz = n1k0 cos θm). One can represent the complex
amplitude of the electric field as Ex(y, z) = amum(y) exp(−jβmz). Here the
am is a constant, βm = n1k0 cos θm is the propagation constant, λ = λ0/n1

and

um(y) ∝


cos

(
2π sin θm

λ y
)

, m = 0, 2, 4, ...

cos
(

2π cos θm
λ y

)
m = 1, 3, 5, ....

− d
2
≤ y ≤ d

2
(1.31)

Here the field is harmonic, so, it does not vanish at the core-cladding bound-
ary. Also, as m increases, ∼ θm increases making the higher-order modes to
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vary increasingly with y.

FIGURE 1.14: Field distribution for TE guided modes in a di-
electric waveguide. Reproduced from [3]

The external field must to match with the internal field at all boundary points
at y = ±d/2, as shown in the field distribution graph in Fig. 1.15. This
external field must vary with z as exp(−jβmz). Since βm > n2k0 for guided
modes, and the field must decay away from the boundary in the cladding
media, we select the field depenfence to be exp(−γmy) in the upper cladding
and exp(γmy) in the lower cladding, yielding

um(y) ∝


exp(−γmy), y > d

2

exp(γmy), y < − d
2 .

(1.32)

The field decay parameter γm is known as the extinction coefficient, and it is
defined as

γm = n2k0

√
cos2 θm

cos2 θ′c
− 1. (1.33)

As it is clear from the notation, each mode has its unique value of γm. As
the mode index increases, θm decreases, and the extinction coefficient γm de-
creases resulting in a deeper penetration of the higher-order modes into the
claddings.

To determine the constant of proportionality in Eqs. (1.31) and (1.32), the
fields are matched at y = ±d/2 and normalized as

∫ ∞
−∞ u2

m(y) dy = 1. This
yields an expression for um(y) valid for all y.

1.4.9 Superposition of Modes

Not all the waves guided by the waveguide have a field and intensity distri-
bution matching one of the eigenmodes. If the wave satisfies the boundary
conditions but its bouncing angle does not match one of the angles θm, it can



Chapter 1. Introduction 24

FIGURE 1.15: Variation of the intensity distributions in a
waveguide core in the transverse direction y at different axial

distances z. Reproduced from ref[3].

still be supported by the waveguide. However, the optical power is divided
among all the modes. As different modes travel with different velocities and
propagation constants, the field distribution changes as the wave propagates
through the waveguide. As illustrated in Fig. 1.15, for a specific mode, the
transverse distribution of the intensity is invariant with the propagation, but
it varies with z for a superposition of modes. Hence, an arbitrary TE field in
a dielectric waveguide polarized in thex direction and satisfying the bound-
ary conditions can be defined as a superposition of all the nodes, and can be
written as

Ex(y, z) = ∑
m

amum(y) exp(−jβmz), (1.34)

where am is the amplitude of mode m.

1.4.10 Waveguides with 2D Confinement

Optical waveguides can be broadly classified based on their geometries into
planar and channel waveguides. So far, we have been discussing planer
waveguides, also known as slab waveguides, and used them for their sim-
plicity to demonstrate principles of guided-wave optics. Such waveguides
exhibit a 1D light confinement (they confine light in y-dimension). Channel
waveguides have an additional restriction imposed on the spread of light
in the lateral dimension (in addition to the vertical confinement). This re-
striction is typically defined by a ridge, rib or strip defined on top of the
guiding layer. Based on the specific geometry, channel waveguides can be
subdivided into rib, strip, strip-loaded, or embedded-strip waveguides, etc
(see Fig. 1.16). An embedded-strip waveguide is designed with a high-index
core buried in a low-index surrounding medium. A strip waveguide has a
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FIGURE 1.16: Schematic of commonly used channel waveg-
uides[3].

strip of higher-refractive-index material on top of the lower-index substrate
waveguide. A rib waveguide has a similar structure to that of a strip waveg-
uide, but the strip has the same index as the high index planar layer beneath
it and is part of the core. The strip-loaded waveguide is formed by loading
a planar waveguide, which already provides optical confinement in the x-
direction, with a dielectric strip of index n2 < n1 or a metal strip to facilitate
optical confinement in the lateral direction. The mode concentrated in the
core layer senses with its evanescent tails, penetrating to the upper cladding,
the ridge, and the lateral confinement is realized as such. All these waveg-
uide geometries are used to produce waveguides with two-dimensional con-
finement. The specific geometry is selected based on the material platform
used. There are several options in terms of platforms, including Silica glass,
Silicon, Polymers, Chalcogenide glasses, Lithium Niobate LiNb2O3, and III-
V semiconductors. Below we review different materials used for photonic
integration.

The Chalchogenide glasses are promising materials for photonic integration
due to their high refractive index and low linear and nonlinear loss coeffi-
cients. However, they require sophisticated purification and fabrication pro-
cesses and are, therefore, a very expensive technology. In addition, they can-
not be used as a material platform for active devices such as lasers and de-
tectors [10], [11].
Silicon is one of the most preferred candidates for all-optical networks, with
its mature low-cost fabrication technology and capability to accommodate
for both optical and electronic devices on the same chip. However, silicon
has an indirect band-gap structure, hence, it is not an efficient light emitter.
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A hybrid integration with other materials, for example, III-V semiconduc-
tors, would be needed. This approach, however, comes with compatibility
issues between these platforms, adding cost to the integrated optical circuit,
as well as limiting its capabilities [11]–[13]. Although silicon-based materi-
als are not efficient light sources because it has indirect band gap structure,
they however have very strong nonlinearity. It also suffers from significant
nonlinear losses at telecommunication wavelength (1400 nm to 1600 nm) due
to its very strong two-photon absorption which can limit the efficiency and
speed of an all-optical device. In addition, there is a significant free-carrier
absorption accompanying the two-photon absorption in silicon. As a result
of all these drawbacks, silicon is not a very efficient material for all-optical
signal processing at the telecommunications frequency range.
Lithium Niobate has very interesting and rich optical properties. It has very
strong optical nonlinearity, birefringence, ferroelectricity, very high chemical
stability, valuable electro-optic, acousto-optic and piezo-electric effects, and
very high transparency. It also has a well-developed fabrication technology.
These features makes it attractive for the design and manufacturing of of low-
loss waveguides and integrated optical components, such as electro-optic
modulators [14]. However, Lithium Niobate devices are often bulky and
large in size, limiting the functionality to areas mainly in quantum commu-
nication [14], [15]. Moreover, Lithium Niobate is not an efficient light emitter
and cannot be used for on-chip light sources.AlGaAs has a direct band-gap
structure for Aluminium compositions less than 45%, which allows the com-
bination of integrated laser sources, detectors and low-loss waveguides on
the same chip without need for hybrid integration as in the case with Silicon.
AlGaAs has a high refractive index, which results in waveguides with supe-
rior confinement. Moreover, it has the highest Kerr nonlinearity among the
candidates for all-optical signal processing [11], [16], [17]. AlGaAs is a mem-
ber of the group of III-V semiconductors which are the focus of the present
master thesis research. The following section is devoted to the description of
the characteristics of this group of materials.

1.5 III-V Semiconductors

III-V semiconductors are comprised of chemical elements from columns III
and V in the periodic table of chemical elements. They have been the spot-
light of attention due to their unique optical and electronic properties. In
real world application of photonic systems, optical communications, sensing
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and interconnects, III-V compound semiconductors would be considered to
be indispensable. Alongside the development of low-loss optical fibers, the
first application of III-V semiconductors in optical telecommunication sys-
tems are serving as material platforms for light sources and photodetectors.
InP and GaAs–based material systems have been playing crucial role in the
development of high-speed electronic and high-reliability photonic devices.
Transmission systems with up to tens of Tb/s have been successfully de-
veloped by continuous improvements in performance, reliability, cost and
functionality using these material systems as laser and detector platforms,
as well as integrated optical platforms for large-scale photonic integration.
Also, the bandwidth achieved by such development has seen increment in
rates exceeding 150% per year [6].
Indium Gallium Arsenide Phosphide (InGaAsP) allow for monolithic inte-
gration of both passive and active devices on the chip because it is a di-
rect band-gap semiconductor. Furthermore, because it is a quaternary com-
pound, it offers an additional advantage of being able to change the material
composition from layer to layer to further tune its optical properties as will
be shown in the next subsection. Adjusting the composition of individual el-
emental and binary compounds results in compounds with a wide range of
unique optical properties. These properties could be tuned by adjusting the
refractive index contrast, band-gap wavelength and material composition –
the luxury that none of other material candidates for nonlinear photonic de-
vices could offer.
Such parameter adjustment is only possible in ternary and quaternary III-
V semiconductor compounds, comprised of three and four elements of the
group III-V, respectively.

1.5.1 Ternary and Quaternary III-V Semiconductors

Ternary and quaternary compounds can be obtained by intermixing binary
compounds of the group of III-V semiconductors. With the use of Ternary
and Quaternary III-V semiconductors comes the flexibility of changing the
band-gap wavelength, and this ability to tune the band-gap enabled several
present-day commercial devices such as attenuators, multiplexers and de-
multiplexers, detectors, lasers, modulators and amplifiers. Ternary and qua-
ternary compound semiconductors are schematically represented as AxB1−xC
and AxB1−xCyD1−y, respectively. They are schematically shown in Fig. 1.17,
where A, B, C and D are individual constituent elements of the compound,
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FIGURE 1.17: Schematic diagram showing how (a) ternary and
(b) quaternary semiconductors are formed

and the parameters x and y are the mole fractions of the elements with values
ranging from 0 to 1 inclusive. Conventionally, for III-V semiconductor com-
pounds, A and B are elements from column III, while C and D are elements
from column V of the periodic table. The adjustment of the concentration is
such that the sum of the pairs of molar fraction of the elements is equal to
1 (i.e., x = 0.3, 1− x = 0.7 summing up to 1 and same for y). By changing
the mole fractions of pairs of elements, one can change the properties of the
overall compound such as its refractive index and nonlinear susceptibilities,
as well as the absorption wavelength (as the band-gap wavelength equiva-
lent changes).

Fig. 1.17(a) shows a schematic representation of a ternary III-V semiconduc-
tor compound, represented mathematically as AxB1−xC, where A, B, and C
are individual constituent element or binary composition of the compound.
Ternary semiconductor have one degree of freedom x. By varyingx the bang-
gap energy as well as the refractive index of the material is adjusted.

Similarly, A quaternary compound has two mole fraction variables: x and y
as seen in Fig. 1.17(b). They can be adjusted for both pairs A, B and C, D inde-
pendently. Therefore, quaternary compounds typically have two degrees of
freedom, while ternary compounds only have one degree of freedom owing
the presence of a single variable x. For quaternary compounds, the adjust-
ment of the energy gap can occur independently from the adjustment of the
lattice constant of the material within some limits. This feature adds flexibil-
ity in designing integrated optical components.
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1.5.2 Energy Gap and Lattice Constant

The dependence of the energy gap and the lattice constant on the composi-
tions of the material is found from Vegard’s law [18]. If the lattice constant or
band-gap energy of a binary compound is known, Vegard’s law allows one
to find the corresponding unknown parameter (band-gap energy or lattice
constant) for ternary or quaternary compounds. For a ternary compound,
the unknown parameter (TABC) can be interpolated based on the existing
knowledge of its constituent binary parameters TAC and TBC as follows

TABC(x) = xTAC + (1− x)TBC. (1.35)

Similarly, for quaternary compounds, the the unknown parameter (TABCD)
can be interpolated based on the existing knowledge of its constituent binary
parameters TAC , TAD , TBC and TBD as follows

TABCD(x) = xyTAC + x(1− y)TAD + y(1− x)TBC + (1− x)(1− y)TBD.
(1.36)

In the design of integrated photonic devices based on ternary and quaternary
III-V semiconductors, it is important to define the compositions of each indi-
vidual layer ( the substrate, the upper and lower cladding and the guiding
layer). These layers should have equal or nearly equal lattice constants in or-
der to grow the layer stack epitaxially on top of the substrate in a defect-free
manner. If the layers are mismatched, then the material is subject to growth
and lattice-mismatched defects, which degrades the optical quality of the ma-
terial. More details about lattice matching are provided in sections 2.2 and
4.2.2. Lattice matched compounds lie on vertical line of the lattice constant
plot, as seen in Fig. 1.18. Examples being AlSb and GaSb or GaAs and AlAs.

1.5.3 Direct Band-Gap and Indirect Band-Gap III-V Semi-

conductors

Semiconductor materials used for integrated photonic applications can be
classified broadly into either direct band-gap or indirect band-gap semicon-
ductors. The global minimum (lowest energy state) of the conduction band
and the global maximum (highest energy state) in the valence band are de-
scribed by a certain degree of crystal momentum in the Brillouin zone known
as the “k-vector”. If the highest energy state in the valence band and the low-
est energy state in the conduction band have the same wave vector k in the
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FIGURE 1.18: Plot of crystal lattice constant as a function of
band-gap energy for commonly used binary III-V semiconduc-

tors, reproduced from Bett, et al. [3].

momentum space, then it is called a direct band-gap semiconductor. Other-
wise, it is called an indirect band-gap semiconductor, where the band-gap of
the material is the energy difference between the bottom of the conduction
band and the top of the valence band, as shown in Fig. 1.19. When the elec-
tron in the conduction band recombines with the hole in the valence band,
an emission of light (photon) with a certain energy equal to the difference
between the energies of the excited state (in the conduction band) and the
ground state (in the valence band) is possible. This process is called radiative
recombination.

FIGURE 1.19: Schematic diagram showing radiative recombi-
nation in direct and indirect band-gap semiconductors

In direct band-gap semiconductors, since the positions of the valence band
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maximum and the conduction band minimum occur at the same value of the
momentum, the energy and momentum conservation laws for radiative tran-
sitions are satisfied. Therefore, a photon with the energy equal to the energy
difference between the excited and ground states (which is very similar to
the band-gap energy) can be produced.

The radiative recombination of an electron-hole pair is a relatively efficient
process in direct band-gap semiconductors because the momentum of an
electron in this case does not change. However, in the case of indirect band-
gap semiconductors, an electron at the bottom of the conduction band can-
not easily recombine with the hole at the top of the valence band. Because
of the momentum conservation low, such a recombination is only possible
with an assistance of a phonon, a quantum of vibration of crystal lattice. Be-
cause it is highly improbable to time the photon emission and interaction
with lattice vibration, radiative processes in indirect band-gap semiconduc-
tors have a very low probability of occurrence. Moreover, the electron un-
dergoes a significant change in momentum as a result of these interactions
thereby causing most of the energy in indirect band-gap materials to be lost
in the form of phonons. As the result, the rate of the radiative recombination
in indirect band-gap semiconductors is much slower compared to that in di-
rect band-gap semiconductors, which makes indirect band-gap semiconduc-
tors not suitable for light emission. Applications such as LEDs (light emit-
ting diodes) and Laser diodes require rapid radiative recombination, hence,
direct-gap semiconductors can serve as efficient light sources while indirect
band-gap semiconductors cannot.

1.5.4 Operation Wavelengths of Different Devices

Light of different frequencies can interact differently with a semiconductor
material. The way the light interacts with the semiconductor depends on the
value of its photon energy (or wavelength) in comparisson to the value of
the band-gap energy (or band-gap wavelength equivalent). Let us introduce
the conversion between the band-gap energy and the corresponding band-
gap wavelength as it is convenient to compare light of certain color with a
specific value of wavelength to the band-gap wavelength equivalent. The
band-gap wavelength λg in the units of micrometers [µm] can be related to
the corresponding band-gap energy Eg in the units of electronvolts [eV] in
accordance with the following equation:



Chapter 1. Introduction 32

λg [µm] ≈ 1.24
Eg [eV]

. (1.37)

If the wavelength of light λ satisfies the condition λ < λg, such light can be
efficiently absorbed by the semiconductor material (as the energy of a single
photon is sufficient to traverse the band-gap), and its propagation through
the semiconductor will be very lossy. On the other hand, this situation is
beneficial for building a detector made of the semiconductor material for the
specific wavelength for which efficient absorption can occur.

A different situation arises when the energy of the photon or wavelength of
light is comparable to the band-gap wavelength: λ ∼ λg. In this case, the
light with such wavelength can experience some absorption as it propagates
through the semiconductor material. On the other hand, if the semiconduc-
tor is prepared in an excited state (with more electrons at the bottom of the
conduction band than at the top of the valence band), it can serve as an am-
plifying medium to the light with the wavelength comparable to that of the
band-gap.

Yet another case corresponds to the wavelength of light satisfying the condi-
tion λ > λg. In this case, the energy of the light’s photons is insufficient for
the electrons in the semiconductor material to be able to absorb the photons
and get excited to the conduction band. In this situation, the semiconductor
material appears as a transparent medium as the light with such wavelength
propagates through it, as long as the intensity of the light is not high. Fi-
nally, for intensive light with 2λg > λ > λg, it is possible to observe the ab-
sorption of two photons simultaneously by a nonlinear optical process called
“two-photon absorption” (TPA). This process is only efficient when the in-
tensity of light is sufficiently high. In integrated optical devices, at a very
moderate level of optical power, we are still dealing with a very tight con-
finement of light in channel waveguides. Such strong confinement leads to
high intensities even at relatively small values of optical power. As the result,
two-photon absorption is readily observable in optical waveguides. Since it
represents another mechanism of loss of useful optical power, it is highly de-
sirable to work in the wavelength range below half-band-gap, i.e., with the
wavelengths satisfying λ > 2λg, if the goal is low-loss light propagation, not
detection, not photon emission. This wavelength range is perfect for pas-
sive nonlinear optical devices based on low-loss semiconductor waveguides,
which is the primary topic of this thesis.
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As earlier mentioned, one of the benefit of using ternary and quaternary III-V
semiconductors is the capability of band-gap adjustment that these platforms
offer. The band-gap wavelength can be shifted (within some limited range
of values) in such a way that, for a specific wavelength of interest, one can
find a material composition that doesn’t exhibit linear and TPA losses. This
freedom is not available in silicon and other materials competing with III-V
semiconductors for the best platform for all-optical signal processing.

To summarize, different integrated optical devices have different restrictions
imposed on the values of the light wavelength and band-gap wavelength
equivalent. For passive nonlinear devices, the energy of the photon prop-
agating through the semiconductor should be smaller than one-half of the
band-gap energy of the material, or the band-gap equivalent wavelength
should be less than twice the wavelength of the light interacting with the
material (λg < 2λ). For passive devices operating at lower levels of inten-
sity, this requirement is more relaxed, and the wavelength of light should be
greater than the band-gap equivalent wavelength of the material (λ > λg).
For laser sources, the band-gap equivalent wavelength should be approxi-
mately equal to the wavelength of the light interacting in the material (λ ≈
λg). For detectors, the band-gap equivalent wavelength should be greater
than the wavelength of light: λg > λ. These constraints determines the op-
eration wavelength range of the material, and/or the operation wavelength
range of interest determines what material composition to use in the design
of an optical devices.

1.5.5 Integrated Photonics in III-V Semiconductors

Integrated optical devices require refractive index contrast for light confine-
ment. To achieve this requirement in III-V semiconductor platforms, a typi-
cal procedure is to grow a heterostructure comprised of layers with different
material compositions. These layers have to be latticed-matched with the
substrate and with respect to each other to minimize epitaxial stress or strain
defects which could otherwise become one of the major sources of losses.

As discussed earlier, the group of III-V semiconductor materials constitutes
a great variety of materials with different band-gap energies and different
transparency windows, as schematically shown on the diagram in Fig. 1.20.
It can be see from the diagram that III-V semiconductors cover the entire
window from ultraviolet (UV) to infra-red (IR) with their band-gap energies.
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FIGURE 1.20: Band-gaps of the most important elemental and
binary III-V semiconductors against their lattice constant at
300◦K. The right-hand scale gives the light wavelength λ, of
the corresponding band-gap energy. Reproduced from Ibachi

et al.[19].

Moreover, most of III-V semiconductors are direct-band-gap semiconduc-
tors, which makes them suitable for light sources. Ternary and quaternary
III-V semiconductors further allow for multiple degrees of freedom in the
design of III-V integrated devices. This is seen in demonstration in a number
of photonic components such as detectors, modulators, interferometers, res-
onators, filters, couplers and nonlinear optical devices [20], [21]. With this
freedom, one can shift the edge of the absorption spectrum as well as wave-
length range that is likely to experience multi-photon absorption, essentially
reducing the losses due to linear and nonlinear absorption.

Several representatives of the group of III-V semiconductors, for example,
Aluminum Gallium Arsenide (AlGaAs) and indium phosphite (InP), have
been studied and have shown great potential for photonic integration. Over-
all, the benefits of this group of materials over other material platforms that
have been considered for nonlinear photonic integration are indisputable,
however, there is still a major challenge of insufficient data with respect to
other materials and compounds in the group regarding their linear and non-
linear optical properties. This is the grand effort of this study – to assess
nonlinear and linear optical properties of selected III-V semiconductors, as
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will be discussed in detail in subsequent chapters.

1.6 Thesis Layout

The introductory chapter includes the motivation of this work, followed by
concepts of Photonic Integration, then by a general overview of nonlinear
optics and nonlinear optical phenomena. We then motivate our work by
explaining the benefits of the material platforms we chose to work with for
photonic integration.

In Chapter 2, we present our experiment on linear and nonlinear character-
ization of AlGaAs waveguides, four-wave mixing of three different geome-
tries in an attempt to answer the question which geometry gives the best
results.

Chapter 3 focuses on one of the most important design parameters for waveg-
uides, the refractive index. Specifically, we propose a generalized model for
empirically determining the refractive indices of various III-V semiconduc-
tors based on the values of their energy gaps.

Chapter 4 focuses on the new material candidates with promising properties
for integrated photonics, with specific emphasis on the selection criteria from
within the entire group of III-V semiconductors.

The last part of the thesis, Chapter 5, is the summary of this work detailing
the conclusions and future outlook for the various projects performed within
this Master’s work.
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Chapter 2

Experimental Demonstration of
Four-Wave Mixing in AlGaAs
Waveguide

2.1 Introduction

In quest for new and promising material candidates for all-optical devices
and integrated optics, AlGaAs (Aluminium Gallium Arsenide) semiconduc-
tor, a ternary compound from the III-V group of materials, has received lots
of attention in the past two decades. It is one of the most widely stud-
ied material compounds for integrated optics, often termed “silicon of non-
linear optics” due to its remarkable nonlinear performance [16], [17], [22]–
[24]. Among the material candidates for integrated optics, AlGaAs is sin-
gled out by its unique optical properties including, but not limited to, the
highest known intensity-dependent refractive index n2 (Kerr nonlinearity)
among other platforms for integrated optics and also very high refractive
index thus allowing for tighter mode confinement and more efficient nonlin-
ear interactions. Moreover, some material compositions of AlxGa1−xAs, with
x < 0.45, have a direct band-gap structure, and thus can allow for a mono-
lithic integration of integrated laser sources, low-loss waveguides and a de-
tector on the same chip without resorting to a hybrid integration with other
compounds/elements as in the case of Silicon. Being a ternary compound,
AlGaAs has a degree of freedom, the mutual concentrations of Al and Ga in
accordance with AlxGa1−xAs, allowing the refractive index and the band-gap
energy to be varied and ultimately changing the edge of absorption around
the wavelength of interest by changing Al molar concentration x during the
epitaxial growth. For example, GaAs has a composition corresponding to
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x = 0 with the concentration of Aluminium 0%. Setting the concentration
of Aluminium to 40%, the concentration of Gallium becomes 60%, making
a total of 100% in AlGaAs represented as Al04Ga0.6As. Different material
compositions of AlGaAs have slightly different optical properties (absorp-
tion wavelength edge, refractive index, nonlinear susceptibilities). One can
confine light in the layers of AlGaAs with higher refractive index, which is
in the basis of waveguide building using this material platform.

2.2 AlGaAs waveguide design

The first step in designing a waveguide based on a ternary or quaternary
III-V semiconductor is to identify the composition of the layer stack on the
substrate. We define the Al concentration to be 18% (Al0.18Ga0.82) for the core
for waveguides because it corresponds to minimum two-photon absorption
at the wavelength 1550 nm [16].

Keeping in mind that the cladding layer must have a lower refractive index
than the core layer, and it must be lattice-matched for low-defect epitaxial
growth of the stack, the composition of the cladding layer can be selected as
follows. The refractive index of AlGaAs becomes lower as the concentration
of Al in the compound goes up [25]. As the result, the claddings should have
the concentration of Al greater than 18%. On the other hand, Aluminium is
known to oxidize quickly when its concentration exceeds 70% and hence, the
choice of the concentration of the cladding is then limited to values greater
than 18% but less than 70% of Aluminium.

As stated earlier, another important consideration is to ensure that the lay-
ered arrangement is lattice-matched so that the layers of AlGaAs can be epi-
taxially grown on top of each other without significant defects. The beauty
of using AlGaAs for integrated photonics is that AlAs and GaAs have very
similar lattice constants, 5.66139 Å and 5.65330 Å, respectively [26], [27].

The lattice is well-matched if the independent constituent binary compounds
lie on a nearly vertical line in the bang-dap energy against lattice constant
plot, as seen in Fig. 1.18. As could be seen from the graph, AlAs and GaAs
lie on a nearly vertical line, hence we have a good matching for all values of
x from 0 to 1 inclusive. Also, on this basis, the substrate is selected, which, in
this case, the semiconductor industry standard substrate GaAs. With these
selections, a 2D waveguide structure could be designed.



Chapter 2. Experimental Demonstration of Four-Wave Mixing in AlGaAs
Waveguide

38

2.2.1 Designing Waveguide Geometry

The waveguide structure is a three-layered structure formed by two cladding
layers and the guiding layer (core) in the middle, all grown on a GaAs sub-
strate. This arrangement has been shown to provide 1D light confinement in
the guiding layer. In order to define a channel where light can be confined
in two dimensions, vertical and lateral, it is necessary to implement nanofab-
rication to make ridges where the light can get confined. In this section, a
detailed overview of the geometrical design considerations is presented.

Figs. 2.1(a), 2.2(a) 2.3(a) shows the parameters to be optimized for all three
studied geometries, the strip-loaded, nanowire and the half-core. This work
was done by K. Awan, a Doctoral student in our research group as part of his
doctoral studies. A more complete simulation result and design description
is given in his doctoral dissertation [28]. The effect of these variables were
understood by performing simulations, sweeping one variable at a time and
keeping the other parameters constant. The simulations were done using a
commercial mode solver Lumerical MODE Solutions.

Using the dispersion model by Gehrsitz et al. [25], it is seen that AlAs will
give the highest refractive index contrast between the code and the cladding
layers for best mode confinement, but also to be on the safe side, the maxi-
mum aluminium concentration in the designs were limited to 65% to avoid
rapid oxidation as mentioned earlier. The next step in the design process is
to examine the changes in the effective mode area Aeff with respect to the
changes in the thickness of the upper cladding, core layer, lower cladding,
the width and the depth of the etching depth, as shown in Figs. 2.1(a), 2.2(a),
while still maintaining a single-mode operation for the wavelength range of
interest. The effective mode area Aeff is defined as

Aeff =

[∫ ∞
−∞

∫ ∞
−∞ | E(x, y) |2 dxdy

]2∫ ∞
−∞

∫ ∞
−∞ | E(x, y) |4 dxdy

, (2.1)

where E(x, y) is the electric field amplitude. As these waveguides are hetero-
structures, the next sections deals with details of the parameters considered
during the design phase of the waveguides.
For strip waveguides, there have been two previously studied waveguide
geometries, the strip-loaded and the nanowire [11], [29]. The strip-loaded ge-
ometry has the advantage of very low propagation loss resulting from fully
burying the core region underneath the upper cladding. However, it also
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has high material dispersion as the mode is fully confined within the mate-
rial [11].

Nanowires have ultra compact mode confinement and dispersion manage-
ment due to high waveguide dispersion capable of overcompensating for
the material dispersion. However, one drawback with this geometry is that
is has high propagation losses as the guided mode is largely exposed to side-
wall roughness induced during fabrication [11], [28], [29].

A new type of AlGaAs waveguide geometry is proposed, the half-core-etched
geometry as a compromise between the two limiting cases, where we have a
relatively compact mode, but low propagation loss. The concept of this ge-
ometry was tailored to exhibit better potential for nonlinear optics, which we
confirm by our studies, in part, at least.
The next subsections detail the design parameterization as performed by K.
Awan [28].

Strip-loaded optimization

To start, using Fig. 2.1(a), the effect of the thickness of the upper cladding
that will not be etched away (lip) is examined. It was seen that the mode area
decreased with decrease in the lip size. However, if the upper cladding is
completely etched away, there will be an increase in the propagation loss in
the waveguide. Hence, a practically achievable lip size of 100 nm was chosen.
Next, the core thickness was examined. Intuitively, it is known that the
smaller the waveguide core is, the more confined the mode is (lower Aeff).
But if the core thickness is too small, it results in loss of guidance. Therefore,
to achieve a minimum possible core thickness without losing guidance, the
refractive index contrast between the core and the cladding has to be max-
imized. Here the thickness was restricted to 400 nm because going beyond
that thickness results in a mode cut-off for a 2 µm wavelength. For the thick-
ness of the lower cladding, it was observed that, while it had no effect on
the mode area, the concentration of the Al in the layer affected the mode
area drastically. Also, if the layer is too thin, then the guided mode may leak
into the substrate which has a higher refractive index than the core as it is
GaAs material. Hence, 3 µm was selected for the core thickness to ensure the
guided modes are not leaking into the substrate, and the highest safe concen-
tration of 65% of Aluminium was selected.
For the upper cladding, it is not only important to select the thickness of the
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FIGURE 2.1: Schematic diagram showing (a) waveguide vari-
ables to be optimized and (b) optimized parameter for AlGaAs

strip-loaded waveguide, reproduced from K. Awan [28].

layer, but also the concentration of Aluminium. Lowering the Al concen-
tration of the upper cladding and making it closer to the concentration of
the core shifts the mode into the upper cladding. Hence, to achieve small-
est mode area, the concentration would have to be adjusted to be more than
that of the core and also providing a sufficient refractive index contrast be-
tween the upper cladding and the core layer. Simulation results showed that
the mode stayed confined in the guiding layer for Aluminium concentra-
tions higher than 30%. An optimized Al concentration of 35% for a cladding
thickness of 400 nm was selected. Finally, the effect of the waveguide width
for both fundamental TM and TE mode is examined and simulation results
showed that the effective mode area is at minimum for the width around
1 µm. The ultimately designed waveguide has an effective mode area of
around 1.1 µm2 for both the fundamental TE and TM modes at the wave-
length of 1.55 µm.

Nanowire optimization

As with the strip-loaded waveguide, the aluminium concentration in the core
and in both the upper and lower claddings were set to 18% and 65%, respec-
tively, to realise a practically achievable maximum refractive index contrast
for stronger modal confinement. As seen in Fig. 2.2(a), the nanowire waveg-
uides have ultra-compact dimensions. These dimension are achievable by
etching the core deep into the lower cladding, thereby exposing the core side-
walls to the surrounding medium with a lower refractive index, in this case,
air. As with the strip-loaded waveguide, we start parameterization by de-
termining the thickness of the core as it relates to the effective mode area.
Simulation results showed best confinement for thickness between 500 nm
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and 700 nm.
Similarly, the effect of the thickness of the upper cladding was examined,
and just as expected as in the case of the strip-loaded waveguide, reducing
the thickness of the upper cladding reduced the effective mode area. In the
case of no upper cladding, we have a higher refractive index contrast since
the top cladding is exposed to air, but for ease of coupling and achieving
mode symmetry. Hence, 0.4 µm is chosen as it provides the mode symmetry
and also reduced complications in the fabrication process. The effect of the

FIGURE 2.2: Schematic diagram showing the (a) waveguide
variables to be optimized (b) optimized parameter for AlGaAs

nanowire waveguide, reproduced from K. Awan [28].

etch depth into the lower cladding was examined and was observed that as
we etch deeper into the lower cladding, the effective mode area is reduced,
but this effect becomes saturated around 0.8 µm. Etching deeper into the
lower cladding becomes practically more difficult from the fabrication stand-
point with an increase in the etch depth. The simulation sweep showed good
modal confinement at 0.4 µm making an overall etching depth from the top
of the wafer to the point where the etching stops to be 1.4 µm. The waveg-
uide of the width 0.5 µm has an effective mode area of around 0.5 µm2 for
both the fundamental TE and TM modes at the wavelength of 1.55 µm.

Half-core optimization

The half-core waveguide, as seen in Fig. 2.3(a), is designed to combine the
advantages of both the strip-loaded and the nanowire waveguides. It pro-
vides a good confinement, relatively small effective mode area while exhibit-
ing reasonably low propagation losses. The structure is designed by etch-
ing half of the core layer (hence the name half-core) which improves the the
modal confinement as compared to the strip-loaded waveguide, and the area
which is exposed to the roughness due to fabrication is smaller than that of
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the nanowire waveguide. Again, as with the strip-loaded waveguide, the
Aluminium concentration in the core and in both upper and lower claddings
were set to 18% and 65%, respectively, to realise a practically achievable max-
imum refractive index contrast. The thickness of the top cladding was set to

FIGURE 2.3: Schematic diagram showing the (a) waveguide
variables to be optimized (b) optimized parameter for AlGaAs

Half-core waveguide, reproduced from K. Awan [28].

0.4 µm for same reason as in the nanowire. The thickness of the core was set
to 0.6 µm as thickness smaller than this would result in loss of guidance for
wavelengths up to 2 µm, and larger than this would result in rapid expansion
of the effective mode area. The etch depth was set to half the thickness of the
core as per geometric design requirement to reduce the sidewall roughness.
Finally, the width was fixed to 1.0 µm, which provides lowest effective mode
area while still maintaining guidance for wavelength up to 2 µm. The waveg-
uide has an effective mode area of around 0.75 µm2 for both the fundamental
TE and TM modes at the wavelength of 1.55 µm.
Clearly, the dimensions of this geometry are smaller than that of the strip-
loaded (Aeff = 1.1µm2) and slightly larger than that of the nanowire (Aeff =

0.5µm2).

2.2.2 AlGaAs Waveguide layout

All three waveguide geometries had the sample layout as described below.
This layout is represented schematically in Fig. 2.4. To simplify the coupling
process in and out of the waveguide, the 2-µm-wide multimode coupling
waveguides were defined at the input and output of the devices. The cou-
pling waveguides were tapered down to the width of the actual waveguide,
as designed and described in the previous subsections. The tapers are shown
in Fig. 2.4 as waveguide sections with varying widths. The width of the
nanosection ranges from 0.9 µm to 1.2 µm, 0.6 µm to 1.1 µm, and 0.8 µm to
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FIGURE 2.4: Schematic showing the waveguide layout for each
geometry, reproduced from K. Dolgaleva et al. [11].
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1.1 µm for the strip-loaded, nanowire and half-core respectively with a 100
nm step and the nanosection lengths were 4 mm, 2 mm, 1 mm, 0.5 mm and
0 mm which was the taper-to-taper, as seen in Figs. 2.4(a), (b). The entire
sample containing all the devices was 5.26 mm for the strip-loaded, 5.33 mm
for the nanowire and 5.87 mm for the Half-core, as measured with a microm-
eter screw gauge. The "taper-to-taper" and the reference (2 µm) waveguide
were, first of all, used for the propagation loss measurement to estimate the
linear propagation losses of the narrow waveguide sections. They were also
used to experimentally determine the contribution of the coupling waveg-
uides sections to the FWM signal to find out how much did the actual narrow
waveguides contribute to the overall FWM signal.

2.3 Linear Characterization

Here we describe the measurement of the linear propagation losses of the
waveguides. The waveguides can be viewed as a Fabry-Parot cavity for the
light that is propagating back and forth and then getting reflected at each
waveguide facet interface with air, hence, the Fabry-Parot method of loss
calculation was used. In this method, the total loss in the waveguide is com-
puted as a sum of the propagation loss Λprop, the coupling loss resulting from
the mode size and shape mismatch between the focused laser beam in free
space and the waveguide mode, Λcoupl, and, lastly, the Fresnel reflection loss
Λref,

Λtotal = Λcoupl + 2Λref + Λprop × l, (2.2)

where l is the overall length of the waveguide.
As mentioned earlier, the length of the waveguide was measured to be 5.25 mm
for the strip-loaded, 5.87 mm for the nanowires, and 5.87 mm for the half-core
geometries.

2.3.1 Linear Characterization Experimental Setup

A tunable cw semiconductor laser, Santec TSL 710, was used as the light
source for the Fabry-Perot loss measurement within the wavelength range
around 1550 nm. The light from the laser source was coupled into a single-
mode SMF28 fiber, and then was collimated for free-space coupling into the
waveguides. The collimated beam was then polarized horizontally or verti-
cally (TE or TM polarizations) using a half-wave plate and a polarizing beam
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splitter cube. After this, the polarized light was butt-coupled into the waveg-
uide using a 40×microscopic objective mounted on a 3-axis micrometer cou-
pling stage. The light was then coupled out of the waveguide with a 20×
microscopic objective. An IR photodetector was used to measure the optical
power at the output of the waveguide. The measurement was performed as a
function of wavelength. Lastly, the Fabry-Perot loss analysis was performed
for each studied waveguide of each geometry.

FIGURE 2.5: Schematic of the setup for linear optical character-
ization using Fabry-Perot Method, Adapted from K. Awan [28].

2.3.2 Propagation Losses

The first step in the loss measurement is to estimate the total loss (ΛTot) of the
waveguide. To determine this, the power at the input of the waveguide (Pin)
is compared to the power at the output to the waveguide (Pout),

Λtot = 10 log10
Pout

Pin
. (2.3)

To compute the propagation loss coefficient of the 2 µm-wide coupling waveg-
uide (α), we used a 2 µm-wide reference waveguide [see Fig. 2.4 (b)] with
length l. For waveguides of constant width, the propagation loss coefficient
is related to the waveguide length by the following equation:

α =
1
l

ln

(
1−
√

1− K2

RK

)
. (2.4)
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It is also possible to calculate the propagation loss in dB/cm as

α [dB/cm] ≈ 4.34α[cm−1], (2.5)

where R is the facet reflectivity (R) defined as

R =

(
neff − 1
neff + 1

)2

, (2.6)

and K is the ratio of the minimum-to-maximum transmission power (peak-
to-peak transmission coefficient), given by

K =
Tmax − Tmin

Tmax + Tmin
. (2.7)

From those, one can find the effective refractive index of the guided mode
using the relationship for the Fresnel coefficient in the form

∆λ =
λ2

2neffl
. (2.8)

The maximum (Tmax and minimum (Tmin transmissions were experimentally
determined using the setup in Fig. 2.5 and then substituted into eq. (2.4) to
obtain α. Then we considered that the propagation loss coefficients of the
2 µm-wide coupling part and the 2 µm-wide reference (straight) waveguide
are the same.

2.3.3 Coupling Losses

The next step is to measure the losses resulting from coupling the light beam
into the waveguide (Λcoupl). This loss is expressed as

Λcoupl = Λtot − l × α[dB/cm] (2.9)

where l is the length of the sample and Λtot is the total loss.

2.3.4 Taper Loss

The waveguides with nanosection part requires also the calculation of the
taper loss and the nanosection propagation loss. To estimate the losses pro-
duced by the tapers (Λtap, we used the taper-to-taper waveguide [see Fig.
2.4(b)]. The taper length is ltap = 0.2 mm per taper for all waveguides. The
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taper loss is obtained for waveguides of different nanosection widths using
the following expression:

Λtap = Λtot −
(
l − 2ltap

)
× α[dB/cm]−Λcoupl, (2.10)

where l is the total length.

2.3.5 Nanosection Loss

Now, the actual losses in the nanosections can be calculated once all these
values are obtained. The loss in the narrow section of the waveguides are
determined using the following expression:

ΛNS = Λtot − (l − 2ltap − lNS)× α[dB/cm]−Λcoupl −Λtap, (2.11)

where lNS is the length of the nanosection part only. The nanosection loss in
dB/cm is achieved by ΛNS/lNS.

TABLE 2.1: Table showing the linear losses for Nanowire, Strip-
loaded and Half-core waveguide.

Strip Loaded Nanowire Half-Core

Coupling Loss
TM (dB) TE (dB) TM (dB) TE (dB) TM (dB) TE (dB)

5.5638 4.3059 9.9891 8.9959 7.0824 6.932910.5** 9.8**

Propagation Loss*
TM (dB/cm) TE (dB/cm) TM (dB/cm) TE (dB/cm) TM (dB/cm) TE (dB/cm)

2.6602 3.0616 5.1821 3.4684 5.21 3.80445.7** 3.2**
Taper Loss

NS Width (µm) TM (dB) TE (dB) TM (dB) TE (dB) TM (dB) TE (dB)
0.6 - - - 0.9 0.7
0.7 - - 5.7 0.1 0.2 0.7
0.8 - - 1.0 0.9 1.0 0.7

0.9 0.1 1.1 0.1 1.0 1.2 0.52.4** 2.2**
1 2.5 1.0 0.1 1.0 - -

1.1 1.5 0.6 - - - -
1.2 0.6 1.8 - - - -

Average (dB) 1.2 1.1 1.7 0.8 0.8 0.7
NanoSection Loss

NS Width (µm) TM (dB/mm) TE (dB/mm) TM (dB/mm) TE (dB/mm) TM (dB/mm) TE (dB/mm)
0.6 - - - - 0.4 0.5
0.7 - - 1.1 - 0.5 0.1
0.8 - - 0.8 0.6 0.7 0.2

0.9 0.5 0.1 1.0 1.5 0.5 0.22.5** 1.8**
1 0.1 0.1 1.7 0.7 - -

1.1 0.6 0.2 - - - -
1.2 0.4 0.6 - - - -

Average (dB/mm) 0.4 0.3 1.1 0.9 0.5 0.2
* Propagation loss of the 2µm wide coupling waveguide
** Remeasured by myself confirming initial measurements

Using eqs. (2.2 – 2.11), the losses were obtained and summarized in table 2.1
for the three waveguide geometries.
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Most of the data presented in table 2.1 was already obtained before this thesis
work by David Sanchez, a summer student in our research group. I repeated
some measurements for the nanowire waveguide to confirm his method and
to learn how to perform the linear characterization. The new values (in bold
font in the table) are fairly in agreement with the previous one.

2.4 Nonlinear Characterization

2.4.1 Four-wave mixing experimental setup

The schematic of the experimental setup used for the four-wave mixing ex-
periment is shown in Fig. 2.6. In this setup, Coherent optical parametric os-
cillator (OPO) was used as the FWM pump source. This OPO is pumped
by a Ti:Sapphire laser (model Mira, from Coherenc inc.), operating at 800
nm, with an output power up to 600 mW at a wavelength range between
1000 nm and 1600 nm. The optical pulses originating from the OPO had 3-ps
FWHM temporal duration and followed at the repetition rate 76.6 MHz. A
JDSU tuneable cw laser was used as the FWM signal source, amplified by an
Amonics erbium-doped fibre amplifier (EDFA) to the power level up to 2 W.
The tunability of signal beam was constrained by the operational range of the
EDFA which is capable of amplifying the radiation at wavelengths between
1535 nm and 1565 nm. Both the cw laser and EDFA were fibre-coupled. The

FIGURE 2.6: Schematic diagram showing the four-wave mixing
setup, reproduced from K. Dolgaleva et al. [29].
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radiation coming from EDFA was decoupled from the fibre to free space with
a collimator and combined with the pump radiation using a non-polarizing
50% beam splitter (marked “50%” in Fig. 2.6). The polarization of both beams
were set independently by a pair of a polarizing beam splitter (PBS) and a
half-wave plate (HWP), placed in the corresponding arm. After combining
both beams, the pump and signal beams were both coupled simultaneously
into the integrated optical devices placed into a micro-positioning coupling
stage. This micro-positioning coupling state had two objectives lenses of 6.24
mm focal length which were used for coupling the light into and out from a
particular waveguide on the chip. The power at the input was measured with
the photodetector in the sample position (without the sample) and was con-
firmed to be approximately the same of the reference photodetector (labelled
as Pref in the figure). When the sample was on the stage, the reference power
was used to monitor and control the input power. The total output power
(integrated in wavelength) was measured by the photodetector labelled as
Pout. We controlled the input signal or pump power manually rotating their
respective half-wave plate (HWP). The output spectra from the waveguides
were measured using an optical spectrum analyzer (OSA) model AQ6315E
from Ando Inc.

2.4.2 Four-Wave Mixing Experiment

We first investigated the strip-loaded waveguides sample (as it is a more
traditional geometry posing less challenges in handling). The first step in
the experiment was to set the polarization of both the beams to either TE
or TM by setting the polarizers (labelled “PBS” in Fig. 2.6) and half-wave
plates (HWPs) to transmit a beam with either horizontal or vertical polar-
ization for both the beams independently. The strip-loaded waveguide was
placed on the mount and we coupled the light into the reference waveguide
(see Fig. 2.4). The process of coupling the light into the waveguide involved
aligning the pump beam and the signal beam in an attempt to maximally
couple them into the selected waveguide on the sample The coupling in at
the input to the sample and coupling out at the output of the sample was var-
ied first by using an IR-sensitive CCD camera for observing the waveguide
mode profile, and then by maximizing the reading of the output detector
(labelled “Pout” in Fig. 2.6) until a perfectly aligned beam is obtained with
maximum output power. To select the reference waveguide for coupling, we
used a CMOS camera (DCC1545M, from Thorlabs) to view the layout of the
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devices from the top while adjusting the mounting position of the sample on
the stage. The output of the waveguides was then fibre-coupled into the op-
tical spectrum analyzer (labelled “OSA” in Fig. 2.6) via a flip mirror allowing
to select between the detector and the OSA. Fig. 2.8 shows a typical result ob-

FIGURE 2.7: FWM spectra for a nanowire with 0.6 µm width
and length of 2 mm, TE mode

tained with a 0.6-µm-wide nanowire of length 2 mm when the pump wave-
length was set at 1510 nm. This figure and all other FWM plots present the
best spectra output for simplicity. In this plot, the spectra of the pump, the
generated idler and the corresponding signal wavelengths are placed on the
same plot and labelled accordingly. The peaks at shorter wavelength region
represent the generated idler, at the set pump (middle peak) and the signal
(longer wavelength region). The pedestal around the signal peaks indicates
the unfiltered amplified spontaneous emission from the EDFA.

It was observed that the TE-polarized signal and pump FWM spectra exhib-
ited a significantly higher FWM conversion and higher generated idler out-
put power than the TM-polarized signal and pump FWM spectra, as seen in
Fig. 2.8. Thus, we chose to perform the rest of our studies for the TE ploariza-
tion only.

Another factor in determining optimal experimental conditions was the in-
put power. From the previous study by K. Dolgaleva, et al. [29], we know
that increasing the pump power above a certain threshold yielded no bet-
ter results with respect to the generated idler power. By varying the pump
power while keeping the signal power constant, we found the optimal input
pump power to be around 46 mW. as measured from the reference power me-
ter just before entering the waveguide. Though the input pump power did
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FIGURE 2.8: FWM spectra for nanowire, w = 0.6 µm, l = 2 mm
for TE and TM modes at λs = 1540 nm, 1550 nm and 1560 nm

with λp = 1510 nm

not have noticeable effect on the generated idler power, very high pump and
signal power would broaden the pump, signal and the idler spectra due to
self-phase modulation (SPM) and cross-phase modulation (XPM) nonlinear
effects which would in effect degrade the efficiency of the FWM [29]. Aside
from the broadening of the waveforms, increased input pump and signal
power essentially contributes to the total power input into the waveguide,
effectively increasing the generated heat which could damage the waveg-
uide.
In like manner, by varying the signal power while keeping the pump power
constant, the optimal signal power was chosen to be 200 mW, measured from
the reference power meter.

The pump wavelength was chosen to give relatively long wavelength gaps
between the pump, signal, and consequently, the generated idler. This is
done to avoid spectral overlap of the adjacent wavelengths. The idler wave-
length is determined using the relation

λi =

(
2

λp
− 1

λs

)−1

. (2.12)

Fig. 2.8 shows the FWM mixing spectra for the nanowire, the strip-loaded
and the half-core waveguides at λs = 1540 nm, 1550 nm and 1560 nm, with
the pump wavelength at 1510 nm. From these spectra, we compute the ef-
ficiency of the FWM conversion for the nanowire, the strip-loaded and the
half-core waveguide geometries. In order to provide a base of comparison
with other reported results, we adopted two separate ways of estimating
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the conversion efficiencies of the FWM process. The first method, given by
eq.( 2.13) below gives the average conversion efficiency.

η = PdBm
i − PdBm

s . (2.13)

Here PdBm
i is the average idler power and PdBm

s is the signal power measured
by the reference power meter. The average idler power was the value mea-
sured at the output of the waveguide by the OSA, and adding 5.7 dB, to take
into account the fibre coupling loss in the OSA.

The second method, described by eq.( 2.13) gives the peak conversion effi-
ciency

< η >=< PdBm
i > −PdBm

s , (2.14)

where <PdBm
i > is the peak idler power and PdBm

s is the signal power mea-
sured by the reference power meter.

The peak idler power was calculated as

< Pi >=
Pi

τ fp
,

τ = 3ps, fp = 76.6 MHz,
(2.15)

where τ is the pulse width and fp pulse repetition rate of the OPO.

The signal power incident on the waveguide was around 200 mW, as mea-
sured by the reference power meter. Taking into account the coupling loss of
9.3 dB, the overall signal input power Ps (at the entrance to the waveguide)
was then estimated to be 23.5 mW.

The average pump power was calculated as follows: pump power incident
on the waveguide was <Pp> = 46 mW, as measured with the reference power
meter.Considering the coupling loss of 9.3 dB, the pump input power (at the
entrance of the waveguide) was estimated to be 5.4 mW The peak pump
power at the peak wavelength was therefore Pp = < Pp >/

(
τ fp
)
= 3.8 W.

The next question that we tried to answer was how the width of the waveg-
uide contributed to the overall FWM conversion. To do this, we first chose
the pump and signal wavelengths with the highest efficiency from previously
collected data. Using the sample length of 1 mm, pump at 1520 nm and sig-
nal at 1550 nm, we did a sweep of all waveguide widths in each sample.
Fig. 2.9 shows the FWM conversion efficiency plotted against the waveguide

width for the Half-core waveguide. From this graph, one could conclude that
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FIGURE 2.9: FWM conversion efficiency as a function of the
waveguide width for the half-core waveguide with the length
of 1 mm, the pump wavelength at 1520 nm, and signal wave-

length at 1550 nm.

the efficiency decreased with increasing the width of the waveguide. This
also confirms the role of the width as it relates to the effective modal area; the
smaller the effective modal area, the better the mode confinement, and, with
the optimal experimental conditions, the efficiency of the FWM is expected
to be higher.

However, this graph also shows a v-shaped curve as it moves between widths
of 1.0 µm and 1.1 µm. This characteristic is does not confirm with any known
phenomenon. Having examined this carefully by repeating the measurement
using different waveguides the same width on the same chip, this deep still
persists. Therefore, the presence of this deep as we progress in width could
only be explained to be as a result of a probable fabrication defect within the
waveguide of width 1.1 µm.

The efficiency of the FWM conversion could also be influenced by the length
of the waveguide since the propagation loss in many of our devices as mea-
sured was very high. Hence, there is also need to experimentally determine
how the length of the waveguide contributes to the efficiency of the FWM
conversion. It is seen from Fig. 2.9 that the efficiency of the FWM is higher
for waveguides with smaller widths. To this effect, we use the waveguide
with the smallest width which is 0.8 µm. By fixing the width of the waveg-
uide at 0.8 µm, the effect of the waveguide length (length of the nanosection)
with respect to the FWM efficiency was examined.
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FIGURE 2.10: FWM conversion efficiency as a function of the
waveguide length, with the width set to 0.8 µm, the pump
wavelength at 1535 nm and 1520 nm, and signal wavelength

at 1550 nm for the half-core waveguide
.

Fig. 2.10 shows the FWM conversion efficiency plotted against the waveg-
uide length for a half-core waveguide, using the best width from the sweep,
the pump wavelengths at 1535 nm and 1520 nm, and the signal wavelength
at 1550 nm. It can be seen that there is an increase in the FWM efficiency
as we increase the length of the waveguide. This is expected as the longer
the length is, the greater is the nonlinear interaction length. This, however,
would incur some undesired effects as increasing the length also means in-
crease the linear propagation loss in the waveguide. The sample with the
lengths of 1 mm and 2 mm showed no difference or a negligible difference
in the conversion efficiency when taking into account the experimental er-
ror, as marked in Fig. 2.10. Also, depending on the geometry, only a few
of the lengths of these waveguides were in good condition (not broken or
damaged) to guide light. Hence, we chose the 1-mm-long device of the Strip-
loaded and Half-core geometries and the 2-mm-long device of the nanowire
geometry to perform the next part of the experiment where we compare the
three geometries in terms of their FWM performances.

After determining the optimal experimental and sample conditions, a de-
tailed comparative study of the FWM in the waveguides of the three geome-
tries at different pump and signal wavelengths was performed. The tune-
ability range in this experiment was constrained by the operational range of
our instrumentation. The shortest wavelength was 1400 nm which was from
the fibre coupling from the output of the sample on the stage to the OSA
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FIGURE 2.11: FWM spectra for the nanowire (w = 0.6 µm, l
= 2 mm), strip-loaded (w = 0.9 µm, l = 1 mm) and the half-
core waveguide (w = 0.8 µ m, l = 1 mm) in TE mode with the
pump wavelengths spanning the range between 1475 nm and
1540 nm with 5-nm step and signal wavelength (a) 1540 nm, (b)
1550 nm and (c) 1560 nm, indicating the nonlinear absorption

region around 1500 nm.

and on the longer wavelength range, the EDFA has operation range between
1535 nm and 1565 nm which set the upper limit on our pump source’s wave-
length.

Fig. 2.11 shows the FWM conversion efficiency as a function of the pump
wavelength with the signal wavelength varied between 1540 nm and 1560 nm
with a 10 nm step, with each plot showing the FWM conversion efficiency of
the nanowire, strip-loaded and the half-core for a single signal wavelength
and pump wavelengths varying between 1475 nm to 1540 nm with a 5-nm
step. Looking at the graphs, one can see the following trend in the conversion
efficiency characteristics. The conversion efficiency is higher at the longer
wavelengths for all three kind of geometries, and lower for shorter wave-
lengths. This trend is especially pronounced in the nanowires. We believe
that the reason to this behaviour lies in the onset of the nonlinear absorption,
as we describe it below.

Based on the values of the energy gap of AlGaAs of different compositions,
available in Gehrsitz et al. [25], for our compound with the Aluminium con-
centration in our guiding layer being 18%, the linear absorption is expected
to occur at λ ≤ 750 nm, two-photon absorption is expected to occur fort the
wavelength 750 nm ≤ λ ≤ 1500 nm, and the onset of three-photon absorp-
tion occurs at the wavelength 1500 nm ≤ λ ≤ 2250 nm. That is why, we
can observe in Fig. 2.11 that, in the region were two-photon absorption is not
expected, the nanowire geometry shows the best conversion efficiencies, fol-
lowed by the half-core and then strip-loaded geometries. In the region with
2PA, on the other hand, the half-core waveguide is the most efficient device,
followed by the strip-loaded and then nanowire waveguides. The fact that
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the nanowire exhibits the strongest light confinement due to its higher refrac-
tive index contrast and smaller dimensions has a benefit of demonstrating a
higher conversion efficiency in FWM. On the other hand, it also has a draw-
back of enhancing parasitic nonlinear effects such as nonlinear absorption.
That is why, the benefits of the higher FWM efficiency are only attainable for
the wavelength range where the nonlinear absorption is negligible. To con-
firm our intuition, we performed a detailed study of the effect of nonlinear
absorption on the performance of our devices.

2.4.3 Nonlinear Absorption

Strong nonlinearities (e.g., Kerr effect) are usually accompanied by some un-
desired parasitic effects such as nonlinear absorption. With Kerr effect, the
nonlinear absorption reduced the power available for phase shifting and
changes in refractive index. This essentially decreases the effective Kerr co-
efficient of the material. If the energy of the photon of light propagating
through a semiconductor material is large enough, the electron in the va-
lence band absorbs these photons, thereby acquiring enough energy to tran-
sition to the conduction band. The predominant nonlinear loss mechanism
depends largely on the electronic structure of the material and also the spec-
tral range of interest with respect to intended design applications. In ternary
and quaternary III-V semiconductors compounds, one has good control over
this characteristic. As mentioned earlier, the band-gap wavelength of these
materials could be adjusted within a range of values by changing the compo-
sition of constituent elements in the compound. Changing the composition
consequently shifts the edge of the absorption spectrum as well as the poten-
tial wavelength that is likely to experience two-photon absorption, thereby
minimizing the nonlinear absorption losses. To properly characterize these
devices, it is important to measure the strength of the nonlinear absorption in
these waveguide structures. At high optical intensities, nonlinear absorption
processes get increased significantly, this effect must therefore be examined
for every nonlinear optical design.

Multi-photon absorption is an effect directly related to the odd-numbered
nonlinearities where two or more photons with a sum of energy equaling the
energy gap between the electronic bands of the semiconductor can excite an
electron from the from the valence band to the conduction band. By account-
ing for the third and fifth-order nonlinearity, the total absorption coefficient
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can be expressed as
α = α0 + α2 I + α3 I2, (2.16)

where α0 is the linear absorption coefficient, α2 is the third-order nonlinear
absorption coefficient related to two-photon absorption (2PA) and α3 is the
fifth-order nonlinear absorption coefficient related to three-photon absorp-
tion (3PA). 2PA is the strongest at photon energies close to half of the band-
gap energy of the semiconductor material and 3PA is the strongest at the
energies close to one-third of the band-gap energy of the semiconductor ma-
terial.

2.4.4 Absorption experimental setup

The schematic of the experimental setup used for the non-linear absorption
experiment is shown in Fig. 2.12. In this setup, Coherent optical parametric
oscillator (OPO) was used as the FWM pump source. This OPO is pumped
by a Ti:Sapphire laser (model Mira, from Coherenc inc.), operating at 800 nm,
with an output power up to 600 mW at a wavelength range between 1000 nm
and 1600 nm. The optical pulses originating from the OPO had 3-ps FWHM
temporal duration and followed at the repetition rate 76.6 MHz.
The polarization of the beam was set by a polarizing beam splitter (PBS) and
a half-wave plate (HWP), placed in the corresponding arm. The beam is now
coupled into the integrated optical devices placed into a micro-positioning
coupling stage. This micro-positioning coupling state had two objectives
lenses of 6.24 mm focal length which were used for coupling the light into
and out from a particular waveguide on the chip.
The power at the input was measured with the photodetector in the sam-
ple position (without the sample) and was confirmed to be approximately
the same of the reference photodetector (labelled as "Pref" in Fig. 2.6). When
the sample was on the stage, the reference power was used to monitor and
control the input power. The total output power (integrated in wavelength)
was measured by the photodetector labelled as "Pout". The input power was
controlled manually by rotating the half-wave plate (HWP). The output spec-
tra from the waveguides were measured using an optical spectrum analyzer
(OSA) model AQ6315E from Ando Inc.
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FIGURE 2.12: Schematic diagram for 2PA experimental setup

2.4.5 Two-photon Absorption

Two-photon absorption occurs when the intensities of the light propagating
through the semiconductor material is high enough to induce a nonlinear
optical interaction and the combined energy of the photons is large enough,
such that the electron in the valence band absorbs two photons thereby ac-
quiring enough energy to traverse the energy gap to the conduction band.
Two-photon absorption only occurs for photon energies above the half-band-
gap level (or less than or twice the wavelength of interacting light of the
semiconductor) for both the TE and TM polarization. However, band tail
states with lover energies than the band-gap can cause a significant effect
in the two-photon absorption below half the band-gap. two-photon absorp-
tion causes an increase in the absorption which is directly proportional to the
intensity of the optical field. Using eq. 2.16, the rate of change in the loss
coefficient is given by

∆α = α2 I, (2.17)

where α2 is the 2PA coefficient and I is the intensity of the electric field.

Preliminary result for the absorption coefficient shows that we have higher
losses due to 2PA at wavelengths below 1500 nm as seen in Fig. 2.13.
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FIGURE 2.13: two-photon absorption for the Nanowire waveg-
uide

2.5 Conclusions

From the results presented in Table 2.1, it can be seen that in terms of prop-
agation losses, the strip-loaded waveguide is the least lossy geometry fol-
lowed by the nanowire and then the half-core, which present similar losses
with the nanowire.
In terms of coupling loss, the losses increase going from the strip-loaded
to the Half-Core and to the Nanowires. With the tapers, the losses in the
Half-Core results are the lowest, followed by the strip-loaded and then the
nanowires being the highest with significantly higher losses.
The results obtained for the nanosections do not really follow the trend we
could have expected: low losses for strip-loaded waveguides, high losses for
the nanowires with half-core in-between the both. Instead, the values ap-
pear to fluctuate with higher values for the nanowire with no predictable
trend. Fig. 2.14 shows the summarised results for the FWM in all the devices.
The conversion efficiency of the FWM in all the devices decrease below 1500
nm. This decrease is most prominent in the nanowire. One possible rea-
son for this decrease is 2PA, which is expected to occur below 1500 nm. The
nanowire waveguide, experiences the strongest two-photon absorption ow-
ing to the fact that this geometry has the smallest modal area which results in
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FIGURE 2.14: Summary of the best efficiencies and conver-
sion ranges device for nanowire, strip-loaded and the half-core

waveguides

a stronger light confinement in the device. As a result of this strong confine-
ment, the intensity of the propagating light is much higher, which results in
very strong multi-photon absorption as compared to the other waveguides
with slightly less modal confinement.
It is a well known fact that the coefficients α2 and α3 are material parameters
independent of the waveguide geometry. It was, however, observed in our
studies that the cumulative effect of the nonlinear absorption depends on
the waveguide geometry and is stronger for the waveguides with stronger
mode confinement. An additional remark should be made regarding the
extracted values of the nonlinear absorption coefficients α2 and α3. While
they represent material parameters, there is an uncertainty about the mate-
rial compositions for which these values are obtained. This comes from the
fact that only a fraction of the optical field is concentrated in the waveguide
core. A significant fraction of the modal area covers the surrounding regions
which are the claddings with the material compositions and band-gap ener-
gies different from those of the core. It is still true that the most of the optical
field is concentrated in the guiding layer. That is why, the values of the mea-
sured nonlinear absorption coefficients are primarily dictated by the core’s
material. Nevertheless, this factor needs to be kept in mind if one needs to
perform a more careful study of the nonlinear absorption.

Table 2.14 shows that we are able to achieve with our devices a long conver-
sion range of about 161 nm. The conversion range is defined as the maximum
difference between the signal wavelength and the generated idler wavelength,
which mathematically can be represented as

λconv = max(λs − λi). (2.18)
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The peak efficiency of the FWM around the wavelength of interest (1550 nm)
is seen to be – 6.2 dB for the half-core waveguide and – 6.3 dB for both the
nanowire and the strip-loaded waveguides. Intuitively, without trying to sin-
gle out the “best” geometry as they are all with negligibly close efficiencies,
one could choose the best geometry suitable for the intended application. For
instance, designing a device that is more sensitive to 2PA at the operation
wavelength range, one could choose the nanowire. Likewise, if the applica-
tion is less sensitive to 2PA, then half-core shows better results with a longer
conversion range of 161 nm, thereby trading off the 2PA sensitivity for the
conversion range.

Overall, we achieved an efficient and tuneable FWM at different wavelength
ranges with three different geometries, with trade-offs unique to each geom-
etry that could be advantageous in different applications. These studies have
demonstrated the highest efficiency and longest conversion range compared
to the previously reported values [29].
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Chapter 3

Generalized model for Refractive
index of III-V Semiconductors

3.1 Introduction

III-V semiconductors is a large family of compounds with the band-gap en-
ergies and transparency windows ranging from ultraviolet to the infrared
spectral slots of the electromagnetic spectrum. As such, several applications
could benefit from this group of materials. Though the necessary studies of
the linear and nonlinear optical responses of some of these materials have
been performed, these studies are far from being exhaustive. In particular,
only very few III-V compounds have been studied for their optical proper-
ties, while there are many more materials that remain yet unexplored. Specif-
ically, there is lack of information about basic optical characteristics such as
the refractive index.
Some rudimentary attempts to quantify these properties have been performed
in recent times, one of it being the prediction of the refractive index as a
function of its band-gap energy [30]–[32], or electronic polarizability [33] of
the material. These studies have been performed for binary semiconductor
compounds. Nevertheless, the existing experimental data represent isolated
measurements of some values of this parameter.
The refractive index of a material is an important intrinsic and physical pa-
rameter of the material. It is directly related to the electronic polarizability of
ions and the local field inside a given material and plays an important role in
the characterization of the material.

Both the knowledge of the index of refraction and the band-gap energy help
in the performance assessment of a material, and also in band-gap engineer-
ing of structures for the specific application. As expected, knowledge of
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this index allows one to predict the behaviour of electromagnetic waves in
a given material.

Studies of this material parameter in most of the ternary and quaternary III-V
semiconductor compounds have not yet been reported. This piece of miss-
ing information is very crucial, and because the refractive index is the key
parameter in the design of integrated optical devices (waveguides, photonic
crystals, solar cells, filters, modulators, switches, LEDs, photodetectors etc.),
this gap of knowledge is of utmost importance. Evaluating the refractive
index of materials still poses a challenge because of the difficulty of evaluat-
ing these properties with an acceptable error margin. This could be seen by
the epitaxial growth conditions and the design complexity of semiconductor
material.

From an experimental point of view, the band-gap energies and refractive
indices of a wide range of elemental and binary III-V semiconductor materi-
als are readily available and accessible in literature, but not all of the mate-
rial properties are available. Since refractive index is one of those properties
that is widely missing for a number of materials, it is therefore important
to formulate a theoretical and near empirical relationship between these two
fundamental properties.

3.2 Refractive index as function

Experimentally, refractive indices of materials could be determined gener-
ally by using any of the following methods: deviation [34], reflection [35],
interference [34], [35] and transmission [34], [35].

In recent past, several attempts have been made to estimate these refractive
indices without directly measuring the experimentally. These attempts rely
on the direct relationship between the refractive index and some other fun-
damental physical properties of the material.

Refractive index could be seen as a function of three unique parameters,

n(λ, Eg, T), (3.1)

where λ is the wavelength of the light interacting with the material, Eg is
the band-gap energy and T is the temperature. These three parameters de-
termine to a large extent, the accessible refractive index of a material. By
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changing the wavelength of the interacting light, one could observe a vari-
ation of the index of refraction, conventionally referred to as dispersion. A
concise overview of the most prominent approaches will be highlighted in
the following subsections .

3.2.1 Refractive Index as a function of density of a material

The theoretical basis of the relationship between the reflective index and
mass density lies in the state equation of polarization. This state equation
relates macroscopic optical and electrical properties (dielectric constant and
refractive index) of the material to its corresponding microscopic molecular
properties (e.g., molecular polarizability). This theory was established be-
tween mid 18th and early 20th century, and constitutes the basis of most con-
tent in electrostatics and molecular optics (e.g., Aspnes - 1982 [36], Lorentz -
1916 [37] and Debye - 1929 [38]).

Gladstone–Dale Relationship

The Gladstone–Dale relation gives the index of refraction of light through a
material as a sum of the optical properties of its oxide components [39]:

n− 1
ρ

= p1k1 + p2k2 + ... =
N

∑
i=1

piki = CGD. (3.2)

The summation is for the addition of various oxide components (each oxide
as a single entity), pi is the weight of the i-th fraction of the oxide in the com-
pound and ki is the coefficient of refraction representing the polarizability of
the single i-th oxide. The CGD is usually referred to as the Gladstone-Dale
coefficient. This equation performs and fits nicely if the solution is dilute or
the refractive indices of the solute and the solvent are close to each other or
the elements would have anion of oxygen and mean molecular weight close
to 21 [26], [39].

3.2.2 Refractive index as a function of Wavelength of light

Light travels as waves, with the wavefronts perpendicular to the direction
of motion. For example, as light moves from air into a medium, it not only
reduces the speed, but also changes its wavelength without a change in the
frequency. With the relationship between the speed of the wave, its frequency
and its wavelength (ν = λ f ), and the definition of refractive index n = c/v,
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we find a relationship between the wavelength of light in a medium (λ =

ν/ f ) and the wavelength of light in vacuum (λ0 = c/ f ),

λ0

λ
=

c/v
c/ f

=
f c
f ν

=
c
v
= n. (3.3)

The next subsections summarizes some of the prominent models that rely on
this analogy.

Cauchy Dispersion Equation

The Cauchy Dispersion equation provides a relationship between the refrac-
tive index n, and the wavelength of light λ in the following form,

n = A +
B
λ2 +

C
λ4 , (3.4)

where A, B, and C are unique material-dependent constants.
This equation is typically used in the visible spectral regime. It is mostly ap-
plied to normal dispersion for various optical glasses exhibiting very low or
no optical absorption in the far ultraviolet region. The Cauchy dispersion
works best when the material has no optical absorption in the visible spec-
tral range, and is generally characterized by a monotonous decrease in the
refractive index with the increase in wavelength.
However, this formulation cannot be easily applied to metals and semicon-
ductors. This is partly because the parameters used in the equation do not
have a physical meaning, which essentially means they are not Kramers-
Kronig consistent [40], hence, refractive index cannot be calculated over the
entire spectral range because the extinction coefficient is not known over the
spectral range.
In more recent years, the Cauchy relationship has been largely replaced by
the Sellmeier equation.

Sellmeier Dispersion Equation

The Sellmeier equation is similar to the Cauchy equation. Here, the refractive
index reflects the polarization of molecules by the electromagnetic field of
light,

n =

√√√√∑
j

Ajλ2

λ2 − Bj
, (3.5)
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where λ is the wavelength of light in vacuum, Aj and j are called the Sell-
meier coefficients, typically obtained from measured data with some least-
square fitting algorithm [41].
The Sellmeier data is very useful in evaluating chromatic dispersion of a
material, and also used in phase-matching configurations for nonlinear fre-
quency conversion over a wide wavelength range. This equation is applica-
ble only to the wavelength region where the absorption is negligible.

Each of these aforementioned relations take into consideration a great deal
of experimental coefficient and values. In quest for a better estimation of
the refractive index without relying on tedious experiment for each mate-
rial, several researchers have tried to relate the refractive index with other
physical and optical properties of the material. For example, Duffy et al. [42],
introduced the concept of optical electronegativity as it relates to energy-gap,
and its application to approximating many physical material parameters. An
emphasis here will be made on the relationship between the energy-gap and
the refractive index of the material in the following subsections, as it forms
the basis of our model.

3.2.3 Refractive index as a function of band-gap energy

The Moss Model

The first successful method of systemizing experimental data on energy gap
and refractive index was done by T. Moss in 1950 [31], [43], [44]. He proposed
an empirical relationship between the energy gap and the refractive index
of the materials under study. The concept of this proposition was that, all
energy levels in a solid are scaled by a factor of 1/ε2

opt or εopt = n2, where n
is the refractive index and εopt is the optical dielectric constant of the material
which is equal to the square root of the refractive index. This proposition was
based on the theory of photoconductivity. He found that the absorption of
an optical quantum essentially raises an electron to an excited state instead
of freeing the electron. This raised state is followed by the movement of
the electron to the conduction band by thermal energy from the lattice. This
effect is only observed at certain points of imperfection within the lattice,
therefore making the electron to behave as if it were an isolated atom with a
dielectric of a bulk material. The scaling factor is proportional to the energy
required to raise an electron in a lattice to an excited state in a Bohr atom.
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Hence he proposed the energy gap-refractive index relationship [31],

n = 4

√
K
Eg

K = 95,

(3.6)

otherwise written as

n4Eg = 95 eV

K = 95,
(3.7)

where n is the refractive index and Eg is the energy gap.

Ravindra Model

Ravindra, et al. [45], proposed a relation based on the Moss’ model, connect-
ing energy gap to the refractive index in a photo-conducting material. This
model is based on the feature that, in the band structure of all semiconductor
materials, the valence and the conduction band are more or less parallel to
each other at least along the symmetry directions [32], [45], [46]. From this,
he came up with the equation,

n = 4.048− βEg

β = −0.62 eV−1
(3.8)

The Ravindra relation is seen as an approximation of the Penn Model [47].

Herve and Vandamme Model

Herve and Vandamme [48] separated semiconductor materials into two main
groups, the covalently bonded group and the ionically bonded group. For the
covalently bonded group, the dielectric function is represented as a function
of the valence electron density, the mass of the electron at rest and the UV
resonant frequency. This describes materials like Si and Ge, but for materials
like NaCl and GaAs, it would have to be represented as an ionic bonded
group, which is a function of plasma frequency infrared resonance frequency
of the ions. The Herve and Vandamme model is described as

n =

√
1 +

A2

(Eg + B
)2

A = 13.6 eV, B = 3.47 eV,

(3.9)
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where A is the hydrogen ionization energy, and B is a constant, taken to be
the difference between UV resonance energy and the band-gap energy.
This equation is based mainly on the oscillatory theory, with the assump-
tion that the UV resonance energy has a constant difference with the band
gap energy. In conducting the study leading to this relationship, Herve and
Vandamme found that there is a dependency between energy gap and tem-
perature (T), which is inversely proportional to each other for most semicon-
ductors, i.e., as T increases, the energy gap decreases, and consequently, the
refractive index increases.

Reddy, et al. Model

Reddy, et al. [49], proposed a correlation between the refractive index of a
material and Plasmon energy, and then calculated the values of various other
physical properties like atomic force constant and lattice energy for both II-VI
and III-V semiconductor materials. Reddy extended this study to include re-
fractive index as a function the energy gap using the following relation [49]–
[51],

n =

√
12.417

Eg − 0.365
, (3.10)

which could also be written as

n4 (Eg − 0.365
)
= 154. (3.11)

This model is a direct modification of Moss’ equation with an additional ar-
bitrary constant (0.365) to improve the obtained results.

Kumar and Singh Model

Kumar and Singh model [32] is a result of software simulation. Based on ex-
perimental values of band-gap and refractive index, he obtained the relation

n = KEc
g, (3.12)

where K = 3.3668, C = −0.32234

Tripathy Model

Tripathy [52], fitted an exponential empirical relation to the experimental val-
ues of the refractive index and energy gap using some binary and elemental
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semiconductor materials over a very wide range of energy gap values rang-
ing from 0.1 eV to 8.5 eV. The resulting equation is

n = n0

[
1 + αe−βEg

]
, (3.13)

with n0 = 1.73, α = 1.9017, β = 0.539eV−1.

Other Fitted Models

Other theoretical models have been proposed based on fitting the same ex-
perimental values takes from well-known materials, and an evaluation is
made to obtain the refractive indices of other materials whose data is not
available. They are an optimization of some of the previously developed
models, with the emphasis on the strengths of these models. The proposed
results were relatively close to the experimental values with a relatively low
error margin.

Anani et al. Model [30]:

n = 1 +
A(

E2
g

)4

A = 40.8 eV.

(3.14)

Ahmad and Haq Model [33]:

n = 3

√
44
Eg

. (3.15)

3.2.4 Analysis of examined models

Table 3.1 summarises the various studied models, their equations and their
various range of validity. Looking at this table, the Ravindra relation (Eq. 3.8)
predicts impractical results for some energy gaps. From its prediction, the
refractive index of a the material will be zero when the energy gap is at about
6.5 eV. For semiconductor materials, this is impractical to have zero refractive
index. On the other hand, Moss’s relation [Eqs.(3.6) - (3.7)] estimates the
energy gap to be infinite to yield the same result.

With Moss’s model, to yield a refractive index of 1, the energy gap has to be 5
eV. This seems quite achievable but there are some semiconductor materials
with larger energy gaps, such as AlN (Eg = 6.2 eV), and their refractive indices
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are much greater than 1. This posses a limitation on using Moss’ model with
wide band-gap materials. In the same way, Ravindra’s relation requires that
the energy gap be greater than 100 eV to obtain the refractive index of 1. 100
eV is much larger than the band-gap energy of any known semiconductor
material.

Moss’s relation is valid for the band-gap energies between 0.17 eV ≤ Eg ≤
3.68 eV, while Ravindra’s model is valid for band-gap energy Eg < 6.587 eV.
Calculations made using Ravindra’s relationship shows more accuracy in es-
timating band-gap values less than 1.43 eV.

The Reddy, et al. model [(Eq. 3.10), is a modified form of Moss’s equation, but
with an additional arbitrary constant 0.365. The most outstanding drawback
of this equation is that the refractive index of a material becomes zero with
the energy gap lower than 0.365eV. This relation is valid for values of the
band-gap energy between 1.1 eV ≤ Eg ≤ 6.2 eV.

Kumar and Singh’s model [(Eq. 3.12)] experiences great offsets where it un-
der predicts the indices for high values of energy gap and over predicts for
medium energy gap range. This relation, however, succeeds in predicting
the refractive index in the range 2 eV ≤ Eg ≤ 4 eV. It also predicts very high
refractive index values with fair deviations in the range of the band-gap en-
ergies 6.2 eV ≤ Eg ≤ 8.5 eV.

One common trend in all these energy gap-refractive index relations is that,
they are in agreement with the experimental values in the medium energy
gap region (2 eV≤ Eg ≤ 4 eV). Having seen the shortcomings and the strong
points in these models, We take these efforts further by presenting a model
capable of developing the refractive index of ternary and quaternary III-V
semiconductor materials from their band-gap energy, with an improved er-
ror margin. The next subsection provides the description of this proposed
model.

3.2.5 Proposed Model

In this section, the proposed model is presented. As my entire research was
done as part of a team effort, I would like to mention there that the model
proposed here is solely my initiative and my effort, unless otherwise men-
tioned.
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FIGURE 3.1: Table showing validity of tested models

This model was developed based on the available experimental data of the
band-gap energy of refractive indices of various semiconductor materials.
The resulting model is capable of evaluating the refractive indices of various
semiconductors, oxides, insulators and halides for the entire range of known
energy gap (Eg = 0.1 – 8.5 eV).

The flow process for the proposed model is graphically presented in Fig. 3.2.

FIGURE 3.2: Flowchart of proposed model developed for esti-
mating the refractive index of III-V semiconductors

Fig. 3.2 can be described in detail with the following steps,
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1. Parameter acquisition: gather all semiconductor compounds, their en-
ergy gap and their corresponding experimental refractive index values
from the literature.

2. List and validate all known refractive index-energy gap models. Each
model is tested to validate the correctness of the published data and the
model’s function before being adopted. This is to allow reproducibility
of the published model for correct representation of data.

3. Plot a graph of refractive index against the band-gap energy for each
listed model in step 2.

4. Perform curve fitting using Scaled Levenberg–Marquardt and other math-
ematical functions (Power, Exponential, Polynomial, and Logarithm)
for each of these graphs in step 3 above. Each fitting function would
have a separate equation output and a separate graph for each of the
model. This was done as crude approach to optimise these models.

5. Extract the curve equation from each fitted graph of each fitting func-
tion.

6. Calculate the refractive indices from the experimental energy gap val-
ues using equations from each fitted graphs.

7. Compute the Mean Square Error (MSE) between the experimental re-
fractive index values and the calculated values in step 6.

8. Select the equation with the lowest MSE for each of the models.

9. Re-list the compounds for III-V semiconductor materials only, tabulat-
ing their experimental energy gap and their corresponding refractive
indices.

10. Repeat steps 3 – 7.

11. Select the equation with the overall best Mean Square Error.

12. Optimize the parameters of the obtained equation for III-V Semicon-
ductors.
The parameters of the equation are varied iteratively and compared
with the known experimental data to find the best value. Here we used
well-studied data from binary III-V semiconductor materials to adjust
the fitting parametesr.

13. Represent the final equation.
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14. Plot a graph of predicted n as a function of experimental Eg using the
final optimized equation from step 13, as well as the experimental val-
ues of the experimental n and Eg to evaluate the results.
These results are presented in Tables 3.1 – 3.3, and in appendix A.

Each resulting equation from each stage of the iteration is compared against
the known experimental value; the deviation from the experimental value as
predicted by the equation is recorded. Then the same equation is simulated
against its best fit value (value with the best minimal error in deviation) of
each material. The average deviation is computed from the tabulated devia-
tions of these materials. These deviations now provide information about the
error margin for each iterative stage. The process is repeated until the lowest
error is obtained.

The result of the simulation presents a model best fit for computing the rela-
tionship between the refractive index n and the energy gap (in eV) of binary,
ternary and quaternary III-V semiconductor materials. This model is given
as

n = Ae−0.116Eg

A = 3.893.
(3.16)

where A = 3.893. A is a numerically generated constant, also considered as a
fitting parameter, fixed specifically for III-V semiconductor materials, while
Eg is the band-gap energy of the material.
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The table provides generic statistical computations of Mean Square Error
(MSE) and a chi-square test value. The the chi-square value (χ2) shows the
result of any statistical hypothetical test for assessing the goodness of a fit
parameter as seen by comparing the observed values with those expected
theoretically, or in our case, experimentally. The error, MSE and χ2 as seen in
Table 3.1 are defined as follows,

Error =
1
d

d

∑
i=1

(
nm

i − ne
i
)

ne
i

, (3.17)

MSE =
1
d

d

∑
i=1

(
nm

i − ne
i
)2

ne
i

, (3.18)

and

χ̃2 =
d

∑
i=1

(
nm

i − ne
i
)2

ne
i

, (3.19)

where nm
i is the refractive index computed from the proposed model, ne

i is the
known experimental refractive index, i is the iteration, and d is the number
of samples/materials.

Using this model, the refractive indices for materials listed in the last column
of Table 3.1 is obtained.
Our model was tested against over 120 materials as detailed in appendix A,
and was found to be in fairly good agreement with the experimental data.
The general form of the model is presented with a fitting parameter A, with
a single idea in mind which is, a single equation cannot, with an acceptable
level of accuracy, predict the refractive indices of all the materials for the
entire range of energy-gaps of semiconductors. Therefore, the parameter A
could be varied to best fit a certain group of semiconductor material of in-
terest to provide an acceptable margin of deviation using appropriate curve
fitting algorithms. The fitting parameter works for a particular group of ma-
terials for reason being that, each of these groups have similar opto-electrical,
mechanical and physical properties and are expected to likely have similar
responses to electromagnetic waves.

From Table 3.1, the refractive index of GaAs, which is one of the most studied
III-V semiconductor compound is predicted with an error margin of 0.0002,
e.g., experimental value of GaAs is known to be 3.3000 and the model pre-
dicts an index of 3.3002, also for AlP with the experimental refractive index
value of 2.7500, our model predicts 2.7488 which has -0.0012 error. Looking
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at material the like AlAs with experimental refractive index of 3.0000, our
model predicts the index to be 3.0302 with the error of 0.00302.
Overall, our model predicts values very close to the experimental value for
III-V semiconductor materials, well above other existing models.

On examining this model, we found that the model performs best with energy-
gaps between 0.17 eV and 6.2 eV.
The trade-off in this proposition is, if we crudely consider the entire range of
semiconductor materials using a single function, one would have to choose
between the tolerance levels in accuracy and the percentage deviation from
the expected experimental value. The proposed model [(Eq. 3.16)] presents
the lowest Mean Square Error (MSE) of 0.0081 and χ2 of 0.0323 with the er-
ror margin between -0.3443 and +0.6894. Next to it is Herve’s model, with
MSE of 0.0162 and χ2 of 0.0644 having an error margin between -0.6795 and
+0.5113.
The margin of error is calculated by subtracting the predicted value from the
experimental value, the highest and the lowest deviation becomes what is
referred here as an error margin.
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Next, we test our model against ternary III-V semiconductors, with AlGaAs
as the benchmark. Here, AlGaAs is in a unique position to be used a bench-
mark because the information about its refractive indices and energy gap
is available for all its compositions. From the Table 3.2, it is evident that
the proposed model out-performs the existing models in predicting the re-
fractive index as a function of the band-gap energy for AlGaAs, using the
well-known Gehrsitz model [25] to interpolate the material properties. This
comparison yielded coefficient of determination of 0.9954, which shows that
the calculated values are 99.54% close to the experimental value. The MSE
and χ2 were computed to be 0.0002 and 0.0006 respectively. It is also seen that
the proposed model presents better agreement with the known experimental
values of ternary III-V semiconductor materials than the existing models.

So far, the model has demonstrated good a accuracy level and proves better
that other existing models, but this only happens under specific conditions.
As mentioned earlier, refractive index is a function of a number of parame-
ters. As our model does not account for material dispersion yet, it achieved
its accuracy by fixing the temperature to room temperature (297K), and then
varying the concentrations to give an interpolated bang-gap for ternary and
quaternary compounds. A crucial part of the evaluation was in the fixing
of the wavelength of the interacting light to wavelength in mid or near-IR
regime and also to wavelengths below the band-gap. By changing the wave-
length of light, we have access to a different refractive index of the material.
For materials like AlGaAs that is very widely studied, fixing the wavelength
below the band-gap and trying to correlate this wavelength with a known
band-gap energy was easy by using Gehrsitz model [25], thereby reducing
a three-parameter space (Eg, λ, T), to just one parameter, the energy gap, al-
lowing for easy computation. This approach did well for ternary compounds
because it has just one degree of freedom, as seen with AlGaAs in Table 3.2.
However, this approach yielded a widely dispersed values with the quater-
nary compounds mostly because of their complexity, having two degrees of
freedom that are independently varied to interpolate the energy gap.
It was observed that when we fix the wavelength of the interacting light to
94% of the band-gap equivalent wavelength (0.94Eg), the proposed model
achieved predictions very close to the reported experimental values, as seen
with InGaAsP in Table 3.3. This value was however tailored for specific ma-
terial, in this case, InGaAsP.
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FIGURE 3.3: Refractive index as a function of As composition
in In1−xGaxAsyP1−y at λ = 1850 nm, T = 297K using Adachi’s
model [56], and refractive index as a function of Al composition

in AlxGa1−xAs using Gehrsitz model [25].

Values of the proposed model for AlGaAs and InGaAsP from Tables 3.2 and 3.3
are represented graphically in Fig. 3.3. Testing the model against quaternary
III-V semiconductor materials, it is seen from the Table 3.3, that the proposed
model still performs better than the existing models in predicting the refrac-
tive index as a function of the band-gap energy for InGaAsP, using Adachi’s
model [56] to interpolate the material properties. This comparison yielded
coefficient of determination of 0.9872, which shows that the calculated values
are 98.72% close to the experimental values. The MSE and χ2 was computed
to be 0.0001 and 0.0002, respectively.

3.3 Conclusion

We have demonstrated the uniqueness of our model in predicting the most
accurate refractive index value from the energy-gap of binary, ternary and
quaternary III-V semiconductors. As a basis of comparison with other exist-
ing models, basic statistical computations were done. Fractional error (Er-
ror), mean-square error (MSE) and chi-square test values (χ2) were used as
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the figure of merit. This therefore demonstrates the soundness and accuracy
of our model. This model provides a timely solution for obtaining the miss-
ing refractive index values for the design of integrated optical devices using
ternary and quaternary III-V semiconductor materials as a suitable material
platform. However, since our model does not account for dispersion at the
moment, as has not been addressed either by previous researchers, it should
therefore be used intelligently to avoid complications and bogus material pa-
rameters. Also, we are yet to develop a physical explanation to support our
model. These two areas would be the future endeavour of this project.
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Chapter 4

Nonlinear Photonic Integration:
Quest for new materials

4.1 Introduction

As mentioned earlier in this thesis, integrated photonics holds great poten-
tials to be exploited in several applications. Among these applications are,
nonlinear wavelength conversion, which is necessary to extend the opera-
tion range of the current integrated laser sources, and all-optical signal pro-
cessing which would solve the fundamental bottleneck of electronic signal
processing.

In the quest for and efficient material candidate, several material platforms
have been considered, and the group of III-V semiconductors stand out to
be a unique group of materials with promising properties. However, in this
group, only materials like AlGaAs [11], [22]–[24], [29] have been extensively
studied for its potential application in integrated photonics. More recently,
AlGaAsSb [57]–[59] and has been explored for their application in integrated
optics. There still exist quite a number of III-V semiconductor compounds
that have not been well studied for their optical properties and their potential
application in nonlinear photonics on-a-chip. Therefore, exploring new ma-
terials and structures for the development of ultra-compact integrated pho-
tonic systems is of great technological and scientific interest for optical and
photonic applications. We take this step forward, exploring other III-V ma-
terial candidates for their potentials to serve as an efficient material platform
for nonlinear photonics.
Waveguides are the basic building blocks in integrated photonic circuit and
devices [60]. For this reason, in order to explore the potential of a compound
for integrated photonics, waveguides are designed based on this material.
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4.2 Material Selection Criteria

As mentioned earlier, a waveguide is an optical structure that guides light. It
consists of a region or layer that is made from a higher refractive index mate-
rial known as the core, embedded in a layer made from a lower refractive in-
dex medium called the cladding. The principle of light guidance in photonic
waveguides is such that, as the light enters the medium with higher refrac-
tive index at an angle, greater than or equal to the critical angle, this higher
refractive index material acts as a “trap” for the light by guiding it through
multiple total internal reflections at the boundaries between the core and the
cladding, as shown in Fig. 1.26.
In this chapter, we will go into details about the specific requirements and
criteria for designing a nonlinear optical waveguide using ternary and qua-
ternary III-V semiconductor compounds.

4.2.1 Material composition selection

The first step in designing an optical waveguide with ternary and quater-
nary III-V semiconductor material is to select the appropriate material for
the specific application of interest. Ternary and quaternary III-V semicon-
ductor materials are superpositions of elemental and binary compounds as
described in section 1.5.1. These elemental and binary semiconductor com-
pounds are combined in such a manner that one can have some control over
the characteristics of the resulting ternary or quaternary III-V semiconductor
within a given parameter space. The ternary compounds can be schemati-
cally represented as AxB1−xC, where A, B, and C are individual constituent
element of the compound. The parameter x is the mole fraction of the ele-
ment A, which can range from 0 to 1. By varying x, the properties of this
material can be modified. A quaternary semiconductor compound can be
represented in a similar fashion as AxB1−xCyD1−y, where A and B, by con-
vention, represent elements from the column III, while C and D are elements
from the column V of the Periodic Table. A quaternary compound typically
has two degrees of freedom as the mole fractions x and y can now be ad-
justed independently. The adjustment of the concentration not only changes
the refractive index and the energy gap, but also changes the lattice constant
of the material, with an exception in the case of AlGaAs. With AlGaAs, the
composition adjustment does not affect the lattice constant, this is because
the layers are lattice-matched for the entire composition of Aluminium. Ma-
terial selection is primarily determined by the specific application of interest,
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where one would have to first consider the operation wavelength of the in-
tended application, as described in section 1.5.4. Material selection is also
determined by the lattice matching of the involved material compositions.
Since the development of these waveguides require the growth or integra-
tion of different layers of highly ordered functional heterostructures, crystal
lattice of the materials have to be matched in order to grow them on top of
each other in a defect-free manner.

4.2.2 Lattice Matching

The waveguides we are developing are based on hetero-structures, where
layers of the material with different compositions are epitaxially grown on
top of each other. These material compositions are chosen such that there is
a match in their lattice constants in order to reduce the stress on the film. If
one tries to grow layers of unmatched lattice parameter, it causes strained or
relaxed growth in the film and this leads to an inter-facial tension between
the film and the substrate. As a result of this strain, the optical quality of the
film is compromised. Although it is impossible in practice to match perfectly,
the lattices of the layers, it is possible to match the lattices almost perfectly,
such that the defects are minimized as much as possible, which makes the
undesired effects negligible. Fig. 4.1 is a schematic representation of a well
lattice-matched, strained and relaxed structure.

FIGURE 4.1: Schematic representation of film growth on top of
a substrate while it is epitaxially (a) lattice-matched, (b) strained

and (c) relaxed.
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The parameter describing the lattice mismatch is defined as: ∆a/a, where a is
the lattice constant of the substrate, and ∆a is the difference between the lat-
tice constant of the film and the lattice constant of the substrate. If the lattice
mismatch is large, then the film will be strained in order to accommodate the
structure on the substrate, as seen in Fig. 4.1 (b). However, if the film thick-
ness exceeds a critical value, it creates dislocation defects at the interface.
This will form a relaxed epitaxy which will make the film layer to return to
its initial lattice structure above the interface, as seen in Fig. 4.1 (c) [61]. This
lattice mismatch ultimately results in poor-quality epitaxial growth of the
material, and consequently, the grown material exhibits low optical proper-
ties.

4.2.3 Epitaxial Growth: MOCVD and MBE

In growing heterostructures, one would have to first define the vertical lay-
ered structure which is called the wafer. There are two main technologies/processes
for growing heterostructures with III-V semiconductor compounds, namely:
Metal Organic Chemical Vapour Deposition (MOCVD) and Molecular Beam
Epitaxy (MBE).

MOCVD is used to grow multi-layers crystalline structures by depositing
thin layers of atoms on a semiconductor material substrate. In MOCVD,
atoms are added to the crystal by combining it with organic reactant gas
molecules at an elevated temperature in a reactor to cause a chemical re-
action where the heat splits the molecules, and then these atoms are de-
posited on the substrate surface [62]. Most common organometallic reagents
for III-V material growth are Trimethylgallium (TMGa), Trimethylindium
(TMIn), Monoethyl arsine (MEAs), Phosphine(PH3), and Tertiarybutyl phos-
phine (TBP).

MBE is an epitaxial method of depositing thin-films on crystals. This process
takes place usually in a very high or ultra-high vacuum (10−8 − 10−12 Torr)
and high temperatures. The Ultra-High vacuum chamber ensures material
purity in a complete dust-free environment. The deposition process starts
with heating the substrate to high temperatures up to hundreds of degrees,
and then molecular beams are fired onto the substrate. These fired molecules
on the surface of the substrate then condense and gradually build up thin lay-
ers, eventually forming the desired crystal. The choice of growth method is
largely determined by the application of interest as both perform well. How-
ever, MOCVD is less complicated, less expensive and less precise compared
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to MBE. It also has a much faster growth rate, which is why it is mainly used
for large-scale production. MBE is more complicated, yet very precise in con-
trolling the thickness of the layers, but with slower growth rate. It is mainly
used in the laboratory for process optimization [63].

4.2.4 Refractive index contrast

As mentioned earlier in section 1.5.1, the refractive index of a ternary and
quaternary III-V semiconductor compound depends on the mole fractions
x and y of the chemical elements in its composition. To achieve a maxi-
mum modal confinement in the waveguide, one needs the refractive index
contrast between the guiding layer (core) and claddings such that ∆n =

ncore − ncladding is at maximum achievable value. The higher the index con-
trast, the more confined the mode is, and consequently, there is better light
guidance in the core of the waveguide. However, if the refractive index con-
trast is very small, then the mode will not be well confined, it would leak,
penetrating into the surrounding media (cladding and air), thereby making
the waveguide very lossy. Having listed the fundamental requirement for
a promising material candidate, the next subsections details these materials
and their known properties.

4.3 Potential Material Candidates

As described above, in the design of integrated optical devices using ternary
and quaternary III-V semiconductors, the composition of the individual com-
pounds or element is adjusted to yield a band-gap equivalent wavelength
that is less than two times the wavelength of the interacting light. This is
done to shift away from the absorption edge of the material while still main-
taining a large refractive index contrast between the core and the cladding.
This material is also selected with the ability to be lattice-matched with a III-
V material substrate with relatively small lattice mismatch and commercially
available epitaxial growth recipe. Based on these, the following material can-
didates are of interest.

4.3.1 Indium Gallium Phosphide Nitride

Indium Gallium Phosphide Nitride, InxGa1−xPyN1−y, is a quaternary III-V
compound of InGaP and InGaN. This compound has gained much attention
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in the past decade for its excellent optical properties in the design of tran-
sistors and light emitting diodes due to its strong photoluminescence and
electroluminescence which comes as a result of Nitrogen incorporation. With
semiconductor heterojuctions, the discontinuity caused by the difference in
the energy bands of the two materials when they align with each other close
to the interface, is reduced to zero or almost zero as a result of the Nitro-
gen incorporation. This alignment in the energy bands of the semiconductor
heterojunction is referred to as Band offset.

Common Use

In recent past, Ga0.52In0.48P, lattice-matched to GaAs, has received a lot of
attention due to its applications in electronic and opto-electronic devices.
These devices include heterojunction bipolar transistors (HBTs) [64], lasers [65],
and high efficiency tandem solar cells [66]. It has significant advantage over
materials like AlGaAs/GaAs due to its larger valence-band discontinuity (for
use in HBT applications), better etch selectivity, and less oxidation effect [67].
By incorporating a small percentage of Nitrogen into Ga0.52In0.48P, it provides
a better system for high-brightness RGB LEDs for use in outdoor displays,
traffic signals and automatic lighting [68]. So far, InxGa1−xPyN1−y is mostly
used in solid-state lighting.

Substrates

InxGa1−xPyN1−y could be grown on GaAs (100) semi-insulating substrate by
gas-source molecular beam epitaxy (GS-MBE) [69] with thermally cracked ar-
sine (AH3), elemental gallium (Ga) and indium (In), phosphine (PH3) and an
RF plasma nitrogen radical beam source. The surface oxide of GaAs substrate
is removed at a high temperature of about 600 ◦C under As2 flux, then a 100
nm thick GaAs buffer is grown. The growth of the buffer layer is followed
by nitrogen plasma ignition at a lowered substrate temperature between 380
and 480 ◦C [67].

InxGa1−xPyN1−y can also be grown on GaP (100) substrate using solid-source
molecular beam epitaxy (SS-MBE) with RF-plasma source for the active Ni-
trogen flux [70]. To grow this material, a 20-nm-thin buffer layer was grown
on the GaP substrate at a temperature of about 590 ◦C, followed by a 500-
nm-thick InGaPN grown on the substrate at a reduced temperature of about
460 ◦C and a final 50-nm GaP capping layer [71]. The growth rate of 1 µm/h
was used, and the grown samples showed mirror-like surfaces.
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Lattice Matching

Bulk InxGa1−xPyN1−y can be lattice-matched to GaAs(100) [67] when

(x− 0.48) = 2.8y. (4.1)

InxGa1−xPyN1−y growth on GaP was performed with the lattice-matching
condition [70]

x ≈ 2.4y. (4.2)

Lattice mismatch for InxGa1−xPyN1−y/GaP was reported to be less than
0.1% [71], while In0.54Ga0.46PyN1−y/GaAs exhibited about 0.42% of mismatch
with 1% and 2% of Nitrogen. However, the In0.54Ga0.46PyN1−y/GaAs mis-
match was seen to decrease with an increase in the concentration of Nitrogen,
but with the side effect of adverse epitaxial quality of the samples [69].

Energy gap

InxGa1−xPyN1−y/GaAs is known to have a reduced band-gap due to the in-
corporation of Nitrogen into InxGa1−xP, resulting in a larger band-gap bow-
ing by reducing the conduction band [67].
This Nitrogen incorporation GaxIn1−xP was studied by T. Imanishi, et al. [71]
with 3.5% of Nitrogen, and he came up with the following energy gap de-
pendence on Nitrogen composition as [71]:

E0 = 0.20× 10−2y2 − 0.22y + 2.74. (4.3)

This study also showed that with an increase in Nitrogen composition, the
band-gap energy decreases. This behaviour is typical for materials like InP,
GaP and GaAs, and can be represented by a quadratic function

∆Eg(x) = bx(x− 1), (4.4)

with b as the bowing coefficient. Eq. (4.4) is represented diagrammatically
in Fig. 4.2. There is, however very, isolated data in the literature about the
energy gap and band structure of InxGa1−xPyN1−y/GaAs/GaP.

Refractive Index/Dispersion

There is an isolated study of the refractive index of InxGa1−xPyN1−y.
T. Imanishi et al. [71] examined the refractive index of InxGa1−xPyN1−y/GaP
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FIGURE 4.2: Band-gap of InxGa1−xPyN1−y/GaAs as a function
of Nitrogen composition, reproduced from Y. K. Su et al. [69].

and displayed the results in a graphical form as seen in Fig. 4.3.

FIGURE 4.3: Refractive index of InxGa1−xPyN1−y/GaP as a
function of Nitrogen composition, adapted from T. Imanishi et

al. [71].

InxGa1−xPyN1−y Summary

InxGa1−xPyN1−y can be grown on GaP (100) and GaAs (100) using SS-MBE
and GS-MBE, respectively. So far, the main application of InxGa1−xPyN1−y

has been in semiconductor transistors, laser and solid state lighting.

Y. Hong, et al. [67], studied the electron concentration and electron transport
properties of In0.52Ga0.48P1−yNy/GaAs with varied Nitrogen compositions
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together with the temperature dependence of the direct band-gap of and de-
scribed it using Varshni equation,

Eg(T) = E0 − αT2/(β + T)

E0 = 1.866 eV, α = 1 meV/K, β = 1475 K,
(4.5)

where E0 is the band-gap at T = 0 K, the α and β are the Varshni coefficients.

T. Imanishi et al. [71], studied the optical properties of InxGa1−xPyN1−y/GaP
with varied Nitrogen concentrations between 1.4 − 9.6% using photolumi-
nescence and spectroscopic ellipsometry. Based on the peak transition en-
ergy, he found the direct-to-indirect crossover point of the band structure to
be around 5% of Nitrogen concentration. Hence, InxGa1−xPyN1−y/GaP has
a direct band-gap structure for compositions of Nitrogen less than 5%.

InxGa1−xPyN1−y has proven to be an interesting potential material platform
for opto-electrical applications, but there are several challenges associated
with this envdeavour. First, direct-indirect band transition as a function of
the composition of InxGa1−xPyN1−y, is not well known. This could pose a
limitation in the in choosing appropriate composition for different applica-
tions. Also, at this moment, it is difficult to obtain III-V-N layers because
of the large difference in the length of the covalent bonds between Nitrogen
and other components of the compound [71], [72]. Incorporating Nitrogen
into the GaxIn1−xP compound results in improved optical properties, but
also increases the fabrication defects of the material [69].

4.3.2 Aluminium Gallium Indium Phosphide

Aluminium Gallium Indium Phosphide, AlxGayIn1−x−yP, is a quaternary III-
V semiconductor alloy of InGaP and InAlP with a unique property. It has the
widest direct band-gap structure among the III-V materials lattice matched
to a commonly available, high quality III-V substrate, GaAs [73]. With x =
0.3 and y = 0.2, the band-gap is direct with Eg = 2.3 eV (0.54 µm) with the
lattice constant equal to that of GaAs [74]. It has a large room temperature
band-gap between 1.9 eV (InGaP) and 2.5 eV (InAlP) corresponding to the
band-gap equivalent wavelength of 0.65 µm (InGaP) and 0.50 µm (InAlP).

Common Use

AlxGayIn1−x−yP has gained considerable attention in the development of
high temperature and high power semiconductor devices. Its most common



Chapter 4. Nonlinear Photonic Integration: Quest for new materials 91

applications include, light emitting diode and lasers in the visible spectrum
for optical storage of information [75], material absorber/optical window in
solar cells [76], quantum wells [77], confinement layers and distributed Bragg
reflectors (DBR) mirror stacks [78].

Substrates

AlxGayIn1−x−yP can be grown on GaAs (100) substrate by gas-source MBE
(GS-MBE) [79], metal organic vapour-phase epitaxy
(MOVPE) [80], [81], solid-source MBE (SS-MBE) [82], MOCVD [83] and MBE [74].

For material growth using MBE, InGa alloy, In, and Al were used as metallic
sources. The AlxGayIn1−x−yP layer was grown on Cr-doped semi-insulating
GaAs (100) substrate, preheated to temperatures of about 600 ◦C under ar-
senic vapour pressure for 5 min, then the temperature was reduced to 550 -
580 ◦C for the growth on the substrate at a rate of 1 µm/h under a controlled
phosphorus vapour pressure of about 1.3× 10−6 Torr [74].

Lattice Matching

Yuan, et al. [73], studied the lattice matching of AlxGayIn1−x−yP grown on
GaAs substrate and found the lattice-matching compositions to satisfy the
relationship

x + y = 0.51. (4.6)

Adachi, et al. [26], later expressed the lattice matching condition for
AlxGayIn1−x−yP/GaAs as

y = 0.5158− 0.9696x

for 0 ≤ x ≤ 0.53.
(4.7)

Surface morphology at various values of x using interference contrast mi-
croscopy shows that for x < 0.04, the material showed no deformation,
roughness or cracks at the studied temperatures, but at higher values of x
above 0.15, there was slight fine-scaled roughness in the morphology.
AlxGayIn1−x−yP grown on GaAs showed micro-cracks at lattice mismatch
around ae − as/as < 2× 10−3 [74], where ae is the lattice constant of the film
(AlGaInP) and as is the lattice constant of the substrate (GaAs).
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Energy gap

AlxGa0.52xIn0.5P band structure was studied extensively by Prins, et al. [84].
He gave the following equations for the composition dependence of the di-
rect Γ and indirect X band-gaps:

Eg(Γ) = (1.985 + 1.22x) eV, (4.8)

and
Eg(X) = (2.282 + 0.17x) eV. (4.9)

In his study, he came up with the conclusion that the direct-indirect band-gap
crossover occurs at x ≈ 0.28. Also, for x ≥ 0.28, the indirect conduction band
minima (X) is lower than the direct conduction band minima (Γ). However,
Adachi et al. [85] found this transition to be around x ≈ 0.63.

Cao, et al., Adachi, et al. [85] and Asami, et al. [86] also studied the band-gap
structure of (AlxGa1−x)0.53In0.47P/GaAs at 300K and came up with the direct
energy gap expression,

E0 = 1.90 + 0.57x + 0.10x2 eV, (4.10)

and indirect energy gap expression as

Ex
g = 2.25 + 0.09x− 0.01x2 eV. (4.11)

Refractive Index/Dispersion

Hofenmann, et al. [87], studied the properties of (AlxGa1−x)0.53In0.48P/GaAs
using far-infrared ellipsometry and Raman scattering. The data obtained was
fitted using first-order Sellmeier equation by Adachi, et al. [88], resulting in a
set of dispersion parameters in the transparent region, written as

A(x) = 5.38 + 2.16x, (4.12)

B(x) = 4.01 + 3.01x, (4.13)

C(x)2 = 0.184− 0.019x + 0.024x2. (4.14)

As λ → ∞ in the first-order sellmeier equation, n(λ → ∞)2 = ε∞ = A + B
is obtained. Here, the unit of the parameter C is in µm, and ε∞ is the high-
frequency dielectric constant.
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From eqs. (4.12) – (4.14), Fig. 4.4 is obtained.

FIGURE 4.4: Refractive index of (AlxGa1−x)0.5In0.5P/GaAs
as a function of aluminium composition, reproduced from

Adachi, et al. [88]

AlxGayIn1−x−yP Summary

AlxGayIn1−x−yP is a unique III-V quaternary compound having the largest
known direct band-gap structure, lattice-matched to GaAs amongst the III-V
group of semiconductors.
It could be grown on GaAs (100) substrate using MOCVD, SS-MBE, GS-MBE,
MOVPE and MBE.
So far, AlxGayIn1−x−yP with its large band structure, would be used as an
efficient light source, since it is primary use has been as a light source in the
visible regime.
For the quaternary (AlxGa1−x)0.52In0.48P with x = 0, the ternary Ga0.52In0.48P
has a direct band-gap while for (x − 1) = 0, Ga0.52In0.48P has an indirect
band-gap structure [82]. It exhibits a direct band-gap structure up to 2.5 eV
(λg = 0.50 µm) and, as such, it is a good candidate for many opto-electronic
applications that require shorter wavelengths. Optical, electrical and struc-
tural properties of (AlxGa1−x)0.52In0.48P have been studied extensively by
Mowbray, et al. [82], Cheong, et al. [89] and Toivone, et al.[90].

AlxGayIn1−x−yP is a promising material candidate with all its unique char-
acteristics, but there are a few drawbacks to the applicability of this material.
It is well known that the AlP crystal surface easily deteriorates at room tem-
peratures due to hydrolysis [91]. However, matching the alloys of AlP with
GaAs, as in the case of Al0.47Ga0.42In0.11P, showed no degradation in the sur-
face that depicts the possibility of hydrolysis [74]. This study however did
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not account for the oxidation of AlxGayIn1−x−yP, since Al is known to ox-
idize at high concentrations [25]. Also, the dependence of the electronic
band structure of AlxGayIn1−x−yP on the material composition is still not
fully understood. Most recent direct-indirect transition is reported to oc-
cur at x ≈ 0.63, when the composition of Indium (y) was fixed at 0.48,
i.e., (AlxGa1−x)0.52In0.48P, the direct-indirect transition was observed at x ≈
0.5 [82]. This makes full functionality and applicability of this material lim-
ited to very few known compositions as the transition between the direct to
indirect band is not fully known.

4.3.3 Aluminium Gallium Nitride

Aluminium Gallium Nitride, AlxGa1−xN, is a ternary alloy of GaN and AlN.
It has a similar structure as both its constituent alloys, the wurtzite (WZ)
structure, the zinc blende (ZB) structure and a rock-salt structure, with the
WZ structure being the most stable at room temperature and pressure.
AlxGa1−xN also inherits its direct band-gap structure from both alloys, as
GaN and AlN are both direct band-gap materials. A variety of III-Nitrides
materials have been studied for applications from visible to infrared spectra.
Numerous applications stand to benefit from its very wide band-gap (from
3.44 eV for GaN to ≈ 6.28 eV for AlN, corresponding to equivalent wave-
lengths from 361.5 nm to 200 nm).

Common Use

GaN, AlN, and their alloys gained a lot of interest in the development of
high power, high temperature and surface acoustic wave applications, wa-
ter sterilization [92], bio-agent detection and analysis [93], solid-state light-
ing [94], short-range communications, and lithography. These material and
their alloys are also of interest in the design of opto-electronic devices in blue
and ultraviolet spectral regions, because of the possibility of controlling their
band gap. The III-nitrides alloys have proven to be a robust set of mate-
rials in development of blue/green LEDs and violet lasers. Among these
alloys is AlxGa1−xN, which holds great promise in the development of ul-
traviolet photodetectors [95] with its wide band gap suitable to minimize
the dark, current thereby increasing the sensitivity of the detectors [96]. Cu-
bic AlxGa1−xN alloys can form heterostructures with the cubic GaN, which
makes them most suitable as materials for cladding layers in optical de-
vices [97] and building block for quantum dot fabrication [98]. Based on the
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non-centrosymmetric crystal structure of WZ AlxGa1−xN, passive nonlinear
optical devices such as optical limiters, ultra-fast nonlinear auto-correlation
systems and all-optical switching hold bright prospects.

Substrates

The cubic AlxGa1−xN alloy films can be grown on GaAs (001) or 3C-SiC (001)
by molecular beam epitaxy (MBE) using metallic III-group element sources
(Al and Ga, and a RF-N2 plasma). The structure consisted of a buffer layer
grown at 500 ◦C, a cubic GaN or AlN layer grown at 800 – 900 ◦C, and a cubic
AlxGa1−xN layer grown at 800 – 1000 ◦C. The growth rate was around 500
nm/h, and the thickness of the epitaxial layer was around 800 – 1000 nm [97].

Epitaxial films of AlxGa1−xN can also be grown on c-plane sapphire (0001)
substrate by MOCVD, with low temperature AlN buffer layers [99] or by
plasma-assisted molecular beam epitaxy (PAMBE) with Al molar fraction x
varied in approximate equidistant steps between 0 < x < 1 using Al and
Ga effusion cells and a rf-plasma source. The films were nominally undoped
and grown without a buffer layer at temperatures around 800 – 1000 ◦C. The
thickness of the film was≈ 1 µm with the growth rate around 0.5 - 0.6 µm/hr
with root mean square (rms) surface roughness between 5 and 15 nm ob-
tained by atomic force microscopy [100].

AlxGa1−xN nanowires can be grown on GaN by catalyst-free, PA-MBE on
Si(111) substrate under a N-rich environment with no AlN thin buffer layer
grown, resulting in a thin wire density of about 500 - 700 µm−2.
The AlxGa1−xN sections were 200 - 300 nm in length and single nominal Al
composition (xAl) grown on top of the GaN [98].

Lattice Matching

Zhang et al. [101] evaluated the lattice constant of AlxGa1−xN using three
sets of samples. These samples were only different in their buffer config-
urations. The samples were, Al0.2Ga0.8N/AIN superlattice (to reduce the
strain on the substrate), a 25-nm-thick, low temperature AIN buffer before
the Al0.2Ga0.8N deposition, and a 40-nm-thick, high temperature AIN buffer
before Al0.2Ga0.8N deposition. All layers grown on basal plane sapphire
substrate using low-pressure MOCVD were deposited and grown. Results
showed an average lattice constant, a = 3.1482 for the superlattice structure,
c = 5.1362 for low temperature sample, and a = 3.1736 for high-temperature
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sample. Strain engineering and temperature effect on the structure was also
studied by Zhang et al. [101], [102].

Sohi et al. [102], also studied the lattice mismatch of as a function of GaN
layer thickness. Fig. 4.5 shows the lattice-mismatch percentages as a function

FIGURE 4.5: Lattice mismatch as a function of GaN layer thick-
ness, adapted from Sohi et al. [103].

of GaN layer thickness. It could be seen that, as the thickness of GaN buffer
layer is increased, the lattice mismatch increases with a negligible residual
compressive strain of −0.04% [102]. However, Khan et al. [104], found the
lattice-mismatch of the AlN buffer layer and the GaN later to be 3%.

Energy gap

The alloy energy gap can be estimated using the following relation [98]:

Eg(AlxGa1−xN) = xEg(AlN + (1− x)Eg(GaN) + bx(1− x),

where b = 1eV, EDX(AlN) = 6.03eV, EDX(GaN) = 3.473eV.
(4.15)

Here Eg is the band-gap energy, x is the molar concentration of Aluminium,
EDX is the direct band-gap energy and b is the bowing parameter.
Fig.4.6 shows the band-gap energy and equivalent wavelength (right hand

scale), plotted against the lattice constant of AlxGa1−xN and AlxIn1−xN, and
their constituent alloys. The lines are a representation of the bounds of the
parameter space for the both ternary compounds.As mentioned earlier, lat-
tice matched compounds lie on vertical line of this plot. By selecting the com-
position of AlN (Ga = 0) or GaN (Al = 0), one would select the appropriate
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FIGURE 4.6: Band-gap energy and equivalent wavelength
against lattice constant of AlGaN and its alloys [103]

operation wavelength as well as the lattice constant of AlxGa1−xN, matched
with the appropriate substrate. GaN or AlN can be used as substrate, with
preference to a cladding layer made with a material with refractive index
closer to that of GaN to layer made with AlN.

Refractive Index/Dispersion

The refractive index of cubic AlxGa1−xN grown on GaAs (001) by MBE was
found to decrease with increasing Al content, as expected from the empirical
observation that the refractive index decreases with increasing direct band-
gap energy.
The refractive indices of AlxGa1−xN at 400 nm can be expressed as a function
of Al content [97] as

n(x) = 2.61− 0.88x + 0.364x2. (4.16)

At 1550 nm, the refractive index of AlxGa1−xN can also be expressed as [105]

n(x) = 2.335− 0.735x + 0.431x2. (4.17)

Fig. 4.7 (a) shows the refractive index of AlxGa1−xN as a function of pho-
ton energy at room temperature with different aluminium concentrations.
Here, at higher concentration, the refractive index is seen to decrease expo-
nentially with decreasing photon energy. For cubic AlxGa1−xN, the refractive
index with lower Al contents are somewhat larger than those of hexagonal
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FIGURE 4.7: Refractive index of AlxGa1−xN below band-
gap plotted against (a) Photon energy at room tempera-
ture, adapted from J. F. Muth et al. [103], (b) Aluminium
concentration for cubic (circle dots) and hexagonal (square
dots) AlxGa1−xN structures in the visible wavelength regime,

adapted from Takanobu Suzuki et al. [97].

AlxGa1−xN resulting in the cubic AlxGa1−xN having a smaller direct band-
gap energy. However, with the increase in Al content, the refractive index of
cubic AlxGa1−xN is almost equal to those of the hexagonal AlxGa1−xN, [see
Fig.4.7 (b)].

AlxGa1−xN Summary

AlxGa1−xN could be grown on GaAs (001) by MBE using metallic sources
(Al, Ga, and a RF-N2 plasma), on c-plane Sapphire (0001) by MOCVD with
low temperature AlN buffer layers, GaN by catalyst-free PA-MBE with N-
rich environment.

The wide band-gap of AlxGa1−xN makes it ideal for high temperature op-
eration devices. So far, the most popular application of AlxGa1−xN is light
emission in UV/blue wavelength regions. Its application for optical emission
in infrared have been investigated by exploring the effect of inter-subband
transitions in AlxGa1−xN/GaN multiple quantum well structures, nanowires
and even planar optical waveguides [98].
Optical emission in the AlxGa1−xN/GaN waveguide has been demonstrated
in UV wavelength regions by carrier injection [105].
However, in infrared, which is far from the material band-gap (λg = 361.5 nm
- 200 nm), both optical gain and absorption in AlxGa1−xN/GaN waveguide
are expected to be negligible, making the material essentially transparent in
the optical communication wavelength range around 1550 nm. Because of
the sub-nanosecond carrier lifetime in GaN and AlxGa1−xN, optical packet
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switching in AWGs could be made possible [105].
The optical properties of AlxGa1−xN alloy are studied extensively by Takeuchi,
et al. [106], P. Wisniewski, et al. [107] and K. Nam, et al. [107]. Dielectric
functions, Phonon and coupled modes are studied extensively by Hu G., et
al. [108]. Second-order nonlinear optical processes including second-harmonic
generation, optical rectification, and difference-frequency generation associ-
ated with inter-subband transitions in wurtzite AlxGa1−xN/GaN quantum
wells were investigated theoretically by Angsheng Liu, et al. [109]. Sub-
micron waveguides based on AlxGa1−xN/GaN multiple quantum wells (MQW)
grown by MOCVD were investigated by S. Keller, et al.. [110]. Different
waveguide configurations (single mode, straight and 2 × 2 couplers) with
GaN core and AlxGa1−xN cladding grown on sapphire are studied exten-
sively by T. Order et al.. [111].
Hui et al, [105], reported that AlxGa1−xN/GaN showed birefringence in a
single-mode optical waveguide operating at 1550 nm. The refractive index
AlxGa1−xN/GaN not only showed dependence on the polarization of the
signal (perpendicular or parallel to the c-plane), but also depended on the di-
rection of the optical propagation in the a-b plane. Fig. 4.8 (b) shows the cross
section of the single-mode (at λ > 1.1 µm), optical waveguide with GaN as
the core layer, AlxGa1−xN as the cladding and sapphire as the substrate.

AlxGa1−xN demonstrates potential in achieving a functional optical waveg-
uide device in the in telecommunication wavelength region, however, some
challenges exist. When using GaN as a guiding layer [111], the refractive in-
dex contrast ∆n is very large: ∆n ≈ 0.6 with sapphire and ∆n ≈ 1.4 with air
at visible wavelengths. This index contrasts give high confinements but they
are also known to cause high propagation losses, as a result of the propagat-
ing light scattering at the interfaces, which is one of the main contributions
to the optical losses in waveguides. The use of cladding layers with a refrac-
tive index closer to that of GaN would be preferred in order to minimize the
losses. AlN, or more preferably, the alloy AlxGa1−xN in which the refractive
index can be adjusted by varying the Al concentration x, should be consid-
ered instead of using GaN or AlN as the guiding layer [111], [see Fig.4.7 (b)].

At present, it is also difficult to grow the thick AlxGa1−xN cladding layers re-
quired for optical confinement due to the formation of cracks. The stress in-
troduced in the AlxGa1−xN cladding layers due to the lattice mismatch, and
the difference in thermal expansion coefficients of the AlxGa1−xN cladding
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FIGURE 4.8: (a) AlxGa1−xN-GaN heterostructure, repro-
duced from Khan et al. [104], (b) Cross section of GaN-
AlxGa1−xN/Sapphire waveguide, reproduced from Hui et

al. [105].

layers and GaN results in poor-quality materials. Thick AlxGa1−xN layers
can be grown over GaN buffers, but this buffer layer drastically decreases
efficient light extraction in deep-UV emitters resulting from strong absorp-
tion [112]. Due to the complication in the growth of this material, thin buffer
layer of AlN and a thick GaN layer is grown in-between the sapphire sub-
strate and the AlxGa1−xN layer, [see Fig. 4.8 (a)]. This was done to control
the dislocation density and lattice-mismatch between the AlxGa1−xN and the
sapphire substrate.
Structurally, with AlxGa1−xN lattice matched to GaN, the layer quality de-
creases with an increase in the Al content, leading to surface imperfections,
roughness and cracks. This degradation in the crystalline quality becomes
even stronger for x ≥ 0.5, which in part explains why there isn’t any data in
literature on AlxGa1−xN with more than 50% of Al. These surface imperfec-
tions are due to the differences in surface mobility of the reactants, optimized
growth temperature for GaN, but not for AlN, and also the lattice mismatch
between AlxGa1−xN and GaN base layer for AlxGa1−xN/GaN heterostruc-
ture [95].

4.4 Conclusions

This chapter began by detailing the required material properties for selecting
a potentially efficient material candidate for nonlinear integrated photonics-
on-a-chip. Various properties of these materials have been reported in a con-
cise manner, detailing the current applications, substrates for growth, the
growth process, and some of their optical and electronic properties. Also,
challenges associated with the growths were briefly discussed.



Chapter 4. Nonlinear Photonic Integration: Quest for new materials 101

InxGa1−xPyN1−y has gained much attention in the past decade as an excellent
material for transistors and light emitting diodes due to its strong photolu-
minescence as electroluminescence, which is as a result of Nitrogen incorpo-
ration. So far, its primary application is in solid-state lighting. In integrated
optics, InxGa1−xPyN1−y would be used an an efficient light source, but it has
not yet been explored for potential applications in integrated optics. Only
very isolated studies of the properties of this material has been performed.
However, at this moment, not much is known about this material in terms
of its integrated optical applications. This is because, studies related to the
direct-to-indirect band-gap transition as a function of the material composi-
tions, has been inclusive, with studies showing different cross-over points
for similar or the same material composition. This in essence, poses another
difficulty in the growing defect-free III-V-N layers as a result of the large dif-
ference in the length of the covalent bonds between Nitrogen and the other
composition of the compound.

AlxGayIn1−x−yP has the widest direct band-gap structure (1.9 eV to 2.5 eV),
known to be lattice-matched with a high quality, commonly available III-V
substrate, GaAs. It is mostly used in the development of high power and high
temperature semiconductor devices such as, LEDs and lasers in the visible
spectrum, with primary application in optical storage of information. This
material, though not yet explored for potential applications in integrated op-
tics, would also be used as an efficient light source. Its GaAs substrate makes
it a very interesting candidate as it has a very small lattice-mismatch. Op-
tical properties of AlxGayIn1−x−yP has been studied extensively. However,
just like InxGa1−xPyN1−y, the direct-to-indirect band-gap cross-over point as
a function of material composition, is not fully understood. These studies
show that AlxGayIn1−x−yP is not subject to deterioration due to hydrolysis,
as it is with its constituent alloy, AlP. This studies does not however, account
for the material degradation from oxidation as a function of Al composition,
since Al is known to oxidize at high concentrations.

AlxGa1−xN, with its wide band-gap (3.44 eV to 6.28 eV), makes it ideal for
light emission in the UV/blue wavelength region. It is also suitable for de-
vices requiring high temperature operation. In integrated optics, it would
be used as an efficient light source. Several structures based on this material
have been studied. The optical and electronic properties of AlxGa1−xN in-
cluding but not limited to, second-order nonlinear processes (SHG) in QW,
and sub-micron waveguides, birefringence and nonlinear absorption, have
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TABLE 4.1: Table showing potential III-V material candidates,
their substrate, energy gap and their refractive indices.

Material Substrate x y Band-gap
Type

Eg
(eV) λ(µm) nmin nmax Ref

InxGa1−xPyN1−y
GaAs 0 0 I 2.20 0.56 3.00 3.13 [113]1 0 I 2.36 3.12
GaP 0.51 1 D 1.85 0.67 3.61 [26]

AlxGayIn1−x−yP GaAs 0 0.51 D 1.90 0.65 3.13 3.78 [26]0.53 0 I 2.33 0.53 2.92 3.75

AlxGa1−xN

Sapphire 0 - D 3.23 0.38 2.35 2.77 [26]1 - D 5.20 0.24 2.04 2.27

GaAs 0 - D 3.42 0.36 [26]1 - D 6.20 0.20
GaN

GaxIn1−xP GaAs 0 - D 1.35 0.92 [26]1 - D 2.76 0.45 3.05 4.54
D - Direct band-gap, I - Indirect band-gap,
Eg – energy gap,
nmin and nmax are minimum and maximum refractive indices respectively, as found in literature.

been performed. AlxGa1−xN shows great potential in for use in integrated
optics, but this endeavour is faced with multiple challenges. First, it is diffi-
cult to grow thick layers of lxGa1−xN without using the buffer layers. This is
due to the large lattice-mismatch and the difference in the thermal expansion
coefficient of AlxGa1−xN and its constituent alloys. These buffer layers dras-
tically reduces the light extraction as a result of strong absorption.
Secondly, when using GaN as the guiding layer, there is a very large refrac-
tive index contrast between substrate-air interface and the core-substrate in-
terface. Though this index contrast is needed for high confinements, but it
is also associated with high propagation losses as a result of the propagating
light scattering at the interfaces.
With the more attention to the lattice-mismatch, choosing sapphire instead
of GaAs or GaN as the cladding, one would have to choose the composition
of Al such that, the guiding layer has a refractive index closer to that of GaN
instead of AlN.

Table 4.1 shows the summary of these identified promising materials, speci-
fying their energy gaps and their corresponding band-gap equivalent wave-
lengths for a given material composition to which the material can have ei-
ther a direct (D) or indirect (I) band structure. With this table, one can have a
broad overview of all the materials considered in this thesis.
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Chapter 5

Conclusion

5.1 Conclusion

This masters thesis was motivated by the importance of the applications of
integrated optics in providing viable solutions to filling several technological
gaps in the fields of optics and electronics. Being able to monolithically inte-
grate both active and passive devices on the same chip could be of benefit to
several applications and processes. Applications like nonlinear wavelength
conversion is necessary to extend the operation range of the current inte-
grated laser sources, and for all-optical signal processing which would solve
the fundamental bottleneck of electronic signal processing. Hence, explor-
ing the optical nonlinearity in III-V semiconductors is of great importance in
quest of finding a suitable and efficient material platform for this monolithic
integration.

Presented in this thesis, is a detailed result on the exploit of ternary and qua-
ternary III-V semiconductor materials for potential applications in integrated
optics.
As a starting point, optical characterization of Aluminium Gallium Arsenide
(AlGaAs) waveguides with enhanced nonlinear interactions was carried out.
We have demonstrated experimentally, an efficient and tuneable four-wave
mixing at different wavelength ranges with three different waveguide ge-
ometries. There are trade-offs unique to each geometry that could be ad-
vantageous in different applications. These studies show a higher four-wave
mixing conversion efficiency, with increased conversion range for strip-loaded,
nanowire and the half-core geometries than previously reported studies, as
detailed in Chapter 2. Both linear and nonlinear loss measurements are also
presented for all three geometries that were studied. As a complementary
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effort, we have included a concise review of the AlGaAs waveguide design
parameterization as was performed by K. Awan [28].

AlGaAs is one of the most widely studied materials in the III-V group of
semiconductors, but there exist a large number of unexplored materials in
the same group with promising properties. Waveguides are the building
blocks of integrated photonic devices, and the exploration of potential mate-
rial candidates can be performed by building waveguides with ternary and
quaternary III-V semiconductor materials, and assessing their performance.
To succeed in this endeavour, several material properties would have to be
readily available. Intrinsic material properties like energy gap and refrac-
tive index of these ternary and quaternary III-V materials are only available
for few binary compounds in very isolated spectral window. Hence, there
is need for a precise inter-relationship between these intrinsic properties. By
interpolation, the properties of these ternary and quaternary III-V materials
could be obtained from the individual elemental and binary compositions.
Several propositions have been made to predict different material properties
from other intrinsic properties, as detailed in Section 3.2. To take this effort
further, we have developed a model capable of interrelating the refractive
indices of binary, ternary and quaternary III-V semiconductor materials to
their band-gap energies. We have compared this model with existing exper-
imental data and other known models and found that our model is in good
agreement with the known experimental values, and also presents the lowest
margin of error amongst the existing models. This tool is uniquely important
as it tries to bridge the gap between the available data in the literature with
respect to the design of integrated optical devices with ternary and quater-
nary III-V semiconductor compounds.

As a final step, we have identified other potential III-V material candidates
for integrated optics at different wavelength ranges. These candidates were
chosen based on several criteria as detailed in Section 4.2. The properties of
each of these materials are provided in a concise manner. This includes their
advantages and potential strongholds in the adoption of each candidate as a
potential material platform for integrated photonics.

5.2 Future Work

In this thesis, we have investigated the optical interactions in AlGaAs waveg-
uides of three different geometries. It was observed that the cumulative effect
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of the nonlinear absorption depends on the waveguide geometry, and this
absorption is stronger for the waveguides with tighter mode confinement.
While the nonlinear absorption coefficients α2 and α3 represent material pa-
rameters, there is an uncertainty about the material compositions for which
these values are obtained. Due to the limited time frame of this program, this
material composition relationship of the nonlinear absorption coefficients α2

and α3 could not be performed. As this is a very important material param-
eter, the next step would be to perform a detailed study of this relationship
for each waveguide geometry in order to fully characterize this material. The
concepts and approaches presented in this thesis have made a clear path into
this study.

Although our model relating the refractive index of ternary and quaternary
III-V materials to their band-gap energies, presents excellent results when
compared with other existing results, it is still missing a fundamental phys-
ical explanation for this exponential dependence on the energy-gap of the
material. Also, since refractive index is a material property that is a func-
tion of several other quantities, our model does not account for the vari-
ation in wavelength of the interacting light. Incorporating dispersion into
our model would ultimately make our model a very powerful tool for pre-
dicting material properties in the design of integrated waveguide structures.
The next step in this endeavour would be to find a physical explanation for
this exponential dependence and incorporate dispersion into the model. One
idea comes to mind, exploring the Lorentz oscillator (with one resonance)
and Wemple-DiDomenico models would present refractive index dispersion
for photon energies below the band-gap (no absorption). This dispersion is
quantified as a measure of the strength of the inter-band optical transitions
in the material.

This master’s thesis presents a repeatable and reliable exploration of the op-
tical nonlinearities in III-V semiconductor materials with both practical and
analytical approaches.
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