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INTRODUCTION
Development of processing and material growth techniques enabled the use of integrated devices in in
our daily lives. With these developments, our need and desire for quicker access to energy and
information have also increased. Every day, we are searching for devices that are smaller, cheaper,
faster or more efficient that what we are using today. This search for next generation devices has led to
significant advancements in the area of optoelectronic integration, where devices conventionally known
as electrical or optical are integrated together on a single chip.
Integration of electrical and optical structures on a single chip is essential for mass production of low
cost optoelectronics due to their smaller footprint, higher throughput efficiencies, and general ease of
handling. As advantageous as optoelectronic integration might be, it is also extremely difficult to realize
with desired quality, due to inherent difficulties arising from material structure. Integration of different
materials requires reliable interfaces, which is hard to achieve in case of heterojunctions, where the
interfacing materials have different crystal properties.
One method of growing reliable heterostructures involves the intentional creation of highly periodic,
localized dangling bonds at the interface of the two materials. This periodic structure, also known as an
interfacial misfit array, has been demonstrated with GaSb/GaAs interfaces. It is claimed that the strain
energy density has almost been completely reduced. However, the optical behavior of the strain
released sample is not examined. Since the idea of a heterojunction is to exploit the properties of one
material without having to change the substrate layer, retaining or pointing out the changes to the
optical properties is key to proper device operation. Atomic and optical characterizations of GaSb/GaAs
structures have been performed using x-ray diffraction and ellipsometry to examine the effects of strain
release on theses junctions.
Physically completing the material characterization experiments is perhaps the easiest of all tasks in this
thesis. However, understanding the principals and techniques used in these experiments requires a
significant background in optics, electromagnetism, quantum theory, and semiconductor materials. This
is why the first two chapters of this thesis are dedicated to the theoretical framework that I acquired
over the course of the last two semesters, in order to understand these characterization methods.
Although this might seem too much for just the theory, it is crucial in trying to analyze the data that
experimenters know about the theory behind their experiments. The application of this theory is then
presented in the last two chapters, along with how the theory is used to obtain optical behavior and
atomic structures of the samples, as well as analyses of the collected data.
Similar work in this field has been extremely material dependent and therefore fragmented. Extensive
background search concludes that previously, although the method of interfacial misfit arrays has been
demonstrated, growth of GaSb on GaAs has not been successfully realized. Therefore, prior to
conducting the experiments, little information on this specific heterojunction could be found.
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CHAPTER 1:
OPTICS & ELECTROMAGNETISM
1.1 Nature of light: A Brief History
The scientific theory as we know today has been gradually developed and altered with new
experimental data since the early ages of civilization. New theories are created to model and predict the
outcomes of experiments, and obsolete theories are replaced with more comprehensive and accurate
descriptions of reality. However, most new theories are based on the foundations of older more
fundamental and traditionally accepted concepts. The history of the scientific understanding of light has
also followed this pattern. [1]
Since the earliest form of humanity, our most important observations have been in the form of vision.
Therefore, it makes sense that the earliest theories of light were simply based on its relation to vision, to
the extent it was understood by the ancient Greeks. It wasn’t until 1600s that light was considered a
form of energy emitted from objects as radiation and sensed by the eye to create vision. This also
explains why the theory of light started in efforts to understand the process of vision.
In the 17th century, it was also known that light propagation could be represented by rays. In fact, this is
how the phenomenon of shadows was explained. It was widely accepted that “Light travels out from the
source along rays which are straight lines”, which produced areas of darkness when obstructed by
opaque objects. Using this idea, one of the most important scientists of the time, Sir Isaac Newton, tried
to explain the behavior of light using his laws of motion. Newton’s first law, which is a simple
restatement of Galileo’s principle of inertia says that “if an object is left alone, is not disturbed, it
continues to move with a constant velocity in a straight line if it was originally moving, or it continues to
stand still if it was just standing still” [2]. Therefore, Newton thought that light must consist of particles
travelling along straight lines described by this law. However, due to his description of planetary motion,
he also knew that any mass in existence would experience a force due to gravitation. Therefore he
concluded that the only way this “light-particle” can travel in straight lines is that it either had no mass,
or moved extremely (perhaps infinitely) fast so that the curvature in its trajectory due to gravity is too
small to detect1. [1]
Around the same time, Newton also studied the phenomenon which was later called interference. He
observed that a convex lens with a large curvature on a flat glass surface creates alternating light and
dark rings when viewed from above. Today, these are known as Newton’s rings. This behavior led him to
think that there must be some sort of periodicity in the description of light, which suggested a wave-lie
description. This is referred to as the classical theory of light; and it is the wave theory that I refer to
when I use this term for the rest of this thesis.
1

This is particularly astonishing that before the classical understanding of optical phenomena, Newton proposed
the quantum and relativistic nature of light.
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With the classical theory of light, given that the wavelengths involved2 were much smaller than the
dimensions of the apparatus used, the linear propagation was described fairly accurately. Based on
Newton’s initial experiments, many other detailed experiments on interference and diffraction were
designed. It was seen that even when the wavelengths involved in the description are close to the
dimensions of the apparatus used, the classical theory can predict what the outcome would be. That’s
why this theory was widely accepted until around early 20th century.
The classical theory of light also enabled scientists to make sense of phenomena that are related to
polarization, the orientation of the oscillation of waves [2]. Malus demonstrated in 1808 that in
situations where multiple reflections of light are observed, the intensity of reflected waves depend on
the relative orientations of the planes in which successive reflections occur3. This type of behavior is not
found in the description of longitudinal waves, where the direction of motion is parallel to the direction
of oscillation. However, it is possible to see this phenomenon with transverse waves whose direction of
propagation is always perpendicular to the plane of oscillations of the wave, also known as the
polarization [3].
During the development of the classical theory of light, it was assumed that there existed an elastic
medium that “light waves” travelled in. This medium was called the luminiferous aether at that time.
However, the existence of such a medium created some difficulties in explaining behavior of light in
various interfaces; assumptions had to be made about the elasticity and the density of the aether. With
Maxwell’s formulation of electromagnetism in the 19th century, it was suggested that light could in fact
be a form of electromagnetic radiation propagating as transverse waves of electric and magnetic fields.
Around the same time, Weber and Kohlrausch determined the ratio of electrostatic and electromagnetic
units4, which had to have units of velocity by dimensional analysis. The result turned out to be very close
to previously measured values of the speed of light; however, the connection was not made by them. It
was Maxwell who compared the results, and integrated those with his theory of electromagnetic
radiation [4]. “In the hands of Maxwell, the classical theory of light became a part of the theory of
electricity and magnetism.” [1]
Towards the end of the 19th century, scientists succeeded in creating electromagnetic radiation of
various non-visible wavelengths. It was soon realized that what we call light is only a small portion of the
electromagnetic spectrum: the range of all possible frequencies of electromagnetic radiation. As far as
we know, this range is uncountably infinite, with no gaps. With enough energy, in theory, it should be
possible to create any wavelength of electromagnetic radiation5.
It wasn’t until the beginning of the 20th century that the idea of quantization has appeared in the
context of light. It was found that appropriate frequencies of light could cause atoms to give up
2

I hesitate to say wavelength of light, because the electromagnetic spectrum wasn’t very well understood until
Hertz succeeded in producing electromagnetic radiation of non-visible wavelengths in a controlled fashion [1].
3
He was not the first one to demonstrate this, but his was the easiest experiment to do as of then [1].
4
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Actually, the shortest wavelength of electromagnetic radiation possible is thought to be on the order of Planck’s
length; whereas the longest wavelength is, in principle, the size of the universe [48].
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electrons, by the process called photoelectric effect. Einstein described this process by suggesting
quantization in energy. He called each quantum a “photon”: a particle whose energy is directly related
to its frequency. This could in fact explain many phenomena which couldn’t previously be explained by
the classical theory.
Around the same time, Planck was concerned with the radiation emitted from hot objects, also known
as blackbodies. In accordance with classical electromagnetism, Rawleigh-Jeans Law stated that the
spectral irradiance per frequency of a blackbody should be proportional to frequency squared. This
behavior was consistent with experimental results at low frequencies; however, increased frequency
meant infinitely large radiance and energy. This was clearly unphysical6, and was resolved with the idea
of quantized packets of electromagnetic energy. Planck showed that this idea results in the spectral
irradiance to approach zero as frequency grows infinitely large7. Quantization of energy and particle
behavior of photons was also verified in 1926 by Compton, who concluded that photons carried
momentum [5].
One of the most essential ideas concerning the behavior of light is relativity. As a result of experiments
on propagation of light, Einstein investigated the theory of dynamics in moving reference frames. He
found corrections to Newtonian mechanics, which didn’t hold true for speeds approaching the speed of
light. The integration of the understanding of light and the theory of relative motion resulted in elegant
observations on observer and event dynamics, time and space intervals and behavior of light in strong
gravitational fields. These effects are explained by Einstein’s theories of special and general relativity.
However, I won’t be mentioning them too often, as they aren’t as essential as classical theory of light or
quantum mechanics in the methodology and the conclusions of this thesis. For such an integration of
relativity and quantum mechanics, one would need to study quantum field theory [6].
The modern understand of light requires the unification of classical and particle theories. Only this way,
the phenomena of interference, diffraction, polarization and the particle like behavior of photons can be
simultaneously explained. The solution lies in modern quantum mechanics, which describes the state of
individual particles using wavefunctions and probability amplitudes. Many notable names like Niels
Bohr, Werner Heisenberg, Max Planck, Louis de Broglie, Albert Einstein, Erwin Schrödinger, Max Born,
Paul Dirac, Wolfgang Pauli and David Hilbert (and many more) contributed to the foundations of this
theory. Countless experiments have been performed to validate the expectations of this formulation. It
was seen that quantum mechanics was successful in explaining many features of matter that were
previously incomprehensible [7].
As far as we know, laws of quantum mechanics govern all particles in the universe, including light.
However, as of today, many effects are much easier to observe and understand in smaller scales.
Researchers all around the world are still working on building larger and larger systems on which effects
of quantum mechanics can be observed. Despite all these efforts, there still aren’t any commonly
accepted arguments to explain how such a complicated theory can precisely predict the outcome
physical events, that are literally incomprehensible [8]. After all, Feynman himself said “I think I can
6
7

Ultraviolet catastrophe
Planck’s law of blackbody radiation
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safely say that nobody understands quantum mechanics. Do not keep saying to yourself, if you can
possibly avoid it, ‘But how can it be like that?’ because you will get ‘down the drain’, into a blind alley
from which nobody has yet escaped. Nobody knows how it can be like that.” [9]

1.2 Electromagnetic Waves
To understand the wave nature of light, we need to examine how the change in magnetic field affects
the electric field, and vice versa. Given below are the most important tools for this analysis: Maxwell’s
equations [6].
⃑
⃑

⃑

(1.1)

⃑
⃑

⃑

Note that the last equation here, Ampere’s Law, includes Maxwell’s correction term. It is in fact this fact
(a changing electric field induces a magnetic field) that enables us to represent electromagnetic waves
using wave equations.
Consider Maxwell’s equations in free space where there is no charge or current. We set
(1.2)
With these constraints, (1.1) reads
⃑
⃑

⃑

(1.3)

⃑
⃑

⃑

This is a set of first order linearly coupled differential equations. Each line represents three equations
since ⃑ and ⃑ are vectors in . To solve this set of equations, we need to uncouple them, which I will
demonstrate for ⃑ , and simply quote the analogous result for ⃑ . Using the second equation from (1.3),
(

⃑)

(

⃑)
(

)⃑

(
⃑)

(
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⃑

⃑
⃑

)

⃑

(1.4)

Following the same procedure8 for ⃑ , and rearranging constants, we obtain the following equations:
⃑

⃑

⃑

⃑

(1.5)

Note that (1.5) represents six equations in total, each of which is in the form of the three dimensional
wave equation, which is written as
(1.6)
where is propagation speed of the wave. In case of electromagnetic radiation, the propagation speed
in vacuum then is
√

(1.7)

We also know this constant as the speed of light, , today. This was in fact one of the most convincing
arguments that light is an electromagnetic wave in Maxwell’s time.
Solutions to (1.6) are sinusoidal oscillations, which can be written more conveniently in the form given
below
(

(

)

)

(1.8)

Therefore, the electric and magnetic fields, as solutions to (1.5) can be written as
⃑(

)

⃑⃑⃑⃑

(⃑

⃑(

)

)

⃑⃑⃑⃑

(⃑

)

(1.9)

Here, the wave vector ⃑ specifies the direction of propagation, and is related to the frequency
wave speed, :

by the

(1.10)
Notice that these solutions represent monochromatic waves. However, since the differential equations
describing ⃑ and ⃑ are linear and homogeneous, superpositions of solutions of this form are also valid
solutions. Also note that ⃑⃑⃑⃑ and ⃑⃑⃑⃑ are complex in general, since different components of the fields can
have different phase angles.
In applications used in this thesis, incident and reflected electromagnetic waves are travelling in a single
direction. In other words, the wavefronts9 are planar. Such waves are called planar waves; and they
have a constant and well determined direction of propagation, as opposed to spherical waves for

8
9

Here, I used the fact that spatial and temporal derivatives commute, and also the BAC-CAB rule [6].
Each wavefront is the collection of points at which the wave has the same phase.
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example. If we define the positive z-axis to be along the direction of propagation, then (1.9) can simply
be written as
⃑(

⃑⃑⃑⃑

)

(

⃑(

)

⃑⃑⃑⃑

)

(

)

(1.11)

Maxwell’s equations impose further restrictions on ⃑ and ⃑ . (1.3) requires the divergence of both to be
⃑ with the electric field found in (1.9), we conclude the following.
zero. Calculating
⃑

(⃑

(⃑⃑⃑⃑

))

([

[
(⃑

]

(

)

(

)

(

)

(

)

(1.12)
]

)(

(⃑

)

(⃑⃑⃑⃑

)

)
⃑)

The last line of (1.12) requires that the electric field is perpendicular to the direction of propagation. The
analogous result is also obtained for the magnetic field in the same fashion. This shows that
electromagnetic waves are transverse. However, this result alone does not make any conclusions about
the relative directions of the electric and magnetic fields. For that, we need to refer to one of the curl
⃑ equation from (1.3).
equations in (1.3). Consider the electric field given in (1.9) and the

⃑

(⃑⃑⃑⃑
[

))

]

[
(⃑

(⃑

(⃑

)

(⃑

)

⃑

⃑⃑⃑⃑ )
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(

)

(

)

(

)

[

(1.13)
]

]
⃑⃑⃑⃑

(⃑

)

Therefore we can conclude that the electric field, the magnetic field and the direction of propagation
are mutually (1.1) perpendicular to each other10. These results are summarized below.
⃑⃑⃑⃑

⃑

⃑

⃑⃑⃑⃑

⃑⃑⃑⃑

(1.14)

Electromagnetic waves represent transmission of energy through space and time. The energy density
associated with electric and magnetic fields is given by
(1.15)
where these expressions can easily be derived for capacitors and inductors, with the assumptions of
static electric and magnetic fields. Consequently, the total energy density,
, also is proportional
to
or , or even
, since (1.14) shows that and for electromagnetic waves are just related by a
11
multiplicative constant . Therefore all other quantities that are directly related to total energy density
such as irradiance, exitance and intensity are also proportional to
,
, or
. A more through
discussion of this would include the Poynting vector, which also carries information about the direction
of flow of energy, in addition to the magnitude of it. [10]

1.3 Polarization of Light
The polarization state of a wave describes the orientation of the oscillations that make up the wave. In
case of light, or any other nonvisible electromagnetic radiation, polarization refers to the path that the
electric and magnetic field traces as the wave propagates through space. However, by (1.14), for a given
direction of propagation, direction of the electric field is sufficient to determine the direction of the
magnetic field and vice versa. Since these directions are not independent, only one of them suffices to
specify polarization. Due to symmetry, there is no fundamental difference in describing polarization in
terms of the electric or the magnetic field. However, by convention, polarization is always defined by the
electric field, and not the magnetic field. Most books don’t even mention this, and actually describe
polarization as “the direction of the electric field vector” [11].
Given the direction of propagation, and no other constraints, there is only one restriction on the
direction of the electric field: It has to be parallel to the plane whose normal vector is along the direction
of propagation. Therefore, the electric field vector must be described by two basis vectors. Additionally,
since there is energy associated by this electric field, it must have finite, but not necessarily constant,
amplitude. With these constraints, in general, the tip of the field vector traces out an ellipse in the
polarization plane. This is known as elliptic polarization. Linear and circular polarization types are also
commonly used, but they are simply special cases of elliptically polarized light. Note that since
10

Instead of simply quoting it, I wanted to specifically derive this result since it is essential in understanding
polarization. As ellipsometry requires analysis of polarization, the derivation of (1.14) aims to demonstrate the
fundamentals this analysis relies on.
11
This constant is the speed of light.
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polarization refers to the shape of the curve traced by the tip of the electric field vector, it only depends
on the relative ratios of magnitudes of different components of the electric field, and not the magnitude
of the field itself [1].

1.3.1 Jones Vectors
Assume again, that the direction of propagation is along the positive z-axis. Hence, the z component of
the electric field is always zero; it is sufficient to just refer to the x and y components. This suggests the
use of the standard basis in the xy-plane. In this basis, the electric field then is given by the following
[11].
⃑

{ ⃑̃ }

̃
{⃑⃑⃑⃑

(

)

̃
{[ ̃ ]}

}

(1.16)
{[

]

(

)

}

Notice that the phase angles
and
are explicitly noted. As mentioned before, polarization is
determined by the relative amplitudes and phases of the components of the electric field. Therefore the
complex amplitudes can be used to express the polarization state, as a two dimensional vector, in the
form of a Jones vector.
̃
⃑⃑⃑⃑
The parameters

,

,

, and

[

]

(1.17)

therefore describe the polarization state of the electromagnetic

wave. Remember once again that the polarization state depends only on the shape of the curve traced.
Therefore, to generalize this idea even further, I will define the following parameters:
(1.18)
Note that the normalization condition √

is not necessary to determine polarization

since that doesn’t change the shape of the traced curve12.
To demonstrate how these parameters affect the polarization, some examples are given in Figure 1.1.
For each polarization, the Jones vector representation given in (1.17) is also noted, up to a scalar
multiplicative constant of
[12].
For linearly polarized light, it is convenient to define an angle to denote the angle that the trace of the
electric field makes with the horizontal axis. This angle makes it easier to deal with situations where the
12

Though, I used this condition to plot the parametric curves in Figure 1 to scale.
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light passes through a series of polarizers like in many optical instruments. For the linearly polarized
examples in Figure 1.1, these angles are noted as well. Note that if the normalization constant is taken
into account, the Jones vectors for linearly polarized light along must be written as
̃
⃑⃑⃑⃑

[

]

(1.19)

When polarization is not linear, it is customary to distinguish between not only circular and elliptical
polarizations, but also the clockwise and courterclockwise orientations. When viewed head on from the
direction of propagation, these correspond to right and left polarizations respectively. This is the
convention used in Figure 1.1. For instance, when the vertical component lags the horizontal
component,
, which results in right polarized light13 [11].
Depending on the system, representations of polarization in different bases might be beneficial. One
case where this is useful is when reflections are involved. In this case, it is much more convenient to
represent components of electric field with respect to the plane of incidence, which is formed by the
direction of propagation, and the normal to the reflecting surface at the point of incidence. It is
important to realize that the plane of incidence is not the plane over which electric field can trace
ellipses. This is because the electric field has to stay perpendicular to the direction of motion at all times,
as was shown before. Therefore it must have a component parallel to the plane of incidence and one
that is perpendicular to it. These components are called p (for parallel) and s (for senkrecht,
perpendicular in German) respectively (see Figure 1.2). [12]

13

This might seem contradictory, but it results from the negative time dependent exponent in (1.16).
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Figure 1.1 – Parametric curves demonstrating various forms of linearly, circularly, and elliptically polarized light14
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See MATLAB code in appendix.
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Figure 2 – Illustration of p and s polarizations of light:
parallel and perpendicular to the plane of incidence [13]

The Jones vector written in this basis is analogous to (1.17), and is given by
̃
⃑⃑⃑⃑

[

]

(1.20)

The treatment of elliptically polarized light in s and p basis follows from (1.20) exactly the same way it
did from (1.17) when the standard basis was used.

1.3.2 Jones Matrices
The power of Jones representation arises from how easy it makes to quantify polarization. The next
natural step in this treatment is to ask how this representation can be used to manipulate polarization.
In linear algebra, transformations are used to map vectors from one space to another. An analogous
procedure has been developed to model optical instruments that modify the state of polarization as
light passes through them. Since both the incident and throughput vector are two dimensional, then
these optical instruments can be represented using 2x2 matrices known as Jones matrices.
Imagine a device that selectively removes all the vibrations of the electric field in one given direction,
and allows the vibrations in the perpendicular direction to be transmitted. Unpolarized light passing
through this device emerges as polarized in the direction along which the device allowed it to pass
through. This direction is called the transmission axis (TA); and such a device is called a linear polarizer.
In other words, the linear polarizer selects the component of the incident polarization along the
direction of its TA, and destroys the other component. Then the Jones matrices for linear polarizers
whose TAs are along the x-axis and the y-axis must behave as shown [12]:
[

]

(1.21)

With simple algebra, these matrices are found to be
14

[

]

[

]

More generally, the Jones matrix representing a linear polarizer with TA at
given by15 [11]

(1.22)
above the horizontal is

(1.23)
Another important optical device that is used in optical instruments frequently is a rotator, which simply
rotates the polarization of the field without changing its magnitude. This operation is defined by the
rotation matrix, which has many applications in other fields. For a counterclockwise rotation of , the
rotation matrix is given by16 [10]
(1.24)
Note that the rotation matrix can be used not only as the Jones matrix representing an optical rotator,
but also to model situations where a rotation of the coordinate axes is necessary or beneficial.
There are many other optical apparatus that Jones matrices are used for. Most famous examples include
phase retarders such as quarter and half wave plates where a certain phase difference is induced
between the different polarization components [12]. However, no wave plates were used for the
experiments described in this thesis.
Just like Jones vectors, Jones matrices also can be written in the p and s basis instead of the standard
basis. The procedure is exactly the same, and the same results are obtained in the new basis.

1.4 Index of Refraction
The discovery of index of refraction results from empirical observation. The simplest of these
observations is that when light hits a mirror, it bounces off from it, and continues to travel in a different
straight line than before. Additionally, the new direction of propagation is such that the angles between
each of the incident and reflected beams and the mirror are equal. This is simply known as the law of
reflection. It is customary to measure the angles from the normal of the mirror surface. Then the law of
reflection is
(1.25)
where the subscripts and stand for “incident” and “reflected” respectively. Notice that this law only
accounts for situations where light stays in a single medium. [2]

15,16

Both of these are simply exercises in geometry, and can be found as practice problems in most introductory
optics texts. That’s why I chose not to go through them here.
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In cases where light travels from one medium into another, it has been observed that light doesn’t
travel in a straight line. Then the natural question to ask is “What is the relationship between the angles
of incidence and refraction?” For different pairs of media, these angles have been recorded and
tabulated about 2000 years ago. However, it wasn’t until the 17th century that a Dutch mathematician
named Willebrord Snell discovered a rule connecting the two angles. [9]
Snell observed that for a given pair of media, the ratio of
to
is constant, and doesn’t depend
on . The subscript is used to denote “refracted” ( being for transmission), to avoid confusion with
. For instance when light travels from medium 1 to medium 2, from medium 1 to medium 3, and from
medium 2 to medium 3, the following ratios are constant.
(1.26)
Moreover, he also found out that these ratios are related by
(1.27)
What this then means is that can be defined as a property of a single material, rather than one that
depends on the adjacent materials. Note that (1.27) is a purely empirical result, and by no means can be
obtained theoretically from (1.26) without any prior assumptions. Therefore we define , , and
as
the refractive indices of the respective media. [14]
(1.28)
Writing any one of the equations from (1.26) in terms of these refractive indices results in the familiar
form of Snell’s law:
(1.29)
It turns out that there is actually a very powerful principle, when applied, can predict that light must
take the path specified by Snell’s law, given that the speed of light in a medium with refractive index is
less than the speed of light in vacuum by a factor of . This is Fermat’s principle of least time, which
states that “of all the possible paths that it might take to get from one point to another, light takes the
path which requires the shortest time17”. Since Fermat’s principle does predict the path of light correctly
under reflection, then its generalization is natural. Hence, the relationship between the speed of light
and the refractive index would make sense if it were real. In fact, with more advanced apparatus, the
speed of light (phase velocity of electromagnetic waves) was discovered to vary with the refractive index
just as described above. [2]
(1.30)
17

The formal statement is one seen commonly in calculus of variations: Any small change in the path of light
causes no first order change in the “time of flight”.
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Due to the restrictions in (1.2), so far, we have only considered behavior of light in free space. Now
imagine that conductivity of the propagation medium ( ) is nonzero, which yields a nonzero current
density [15], since
⃑

(1.31)

As free space constraints are broken, the solutions given in (1.9) for the electric and magnetic fields
need to be modified. However, following a similar procedure to (1.4), we obtain
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⃑)

(

)⃑
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(
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⃑

)

(1.32)

)

Then the new differential equation for ⃑ can be written as

⃑

)⃑

(

)⃑

(

(1.33)

An equation of this form has a wave solution, as given in (1.11). However, the wave vector must be
modified to compensate for the first derivative term in (1.33). Plugging in the proposed solution to the
differential equation yields that , and therefore also , must be complex [11].
̃

(1.34)

Here, is the real part of the complex index of refraction, and is only related to the angles of refraction
[1]. is called the coefficient of extinction, and is a measure of how much the amplitude of the electric
field attenuates as the wave travels into the medium18. The fact that this coefficient does actually result
in an attenuation can be simply shown by using (1.30) to plug (1.34) back into the expression for the
electric field in (1.11). An exponential decay is observed in the wave amplitude as shown below.
⃑⃑⃑⃑
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⃑⃑⃑⃑

(

̃

)

⃑⃑⃑⃑
(

⃑⃑⃑⃑

( (
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)

)

(1.35)

Since intensity is proportional to the square of the electric field, the decrease in intensity is given by
|⃑⃑⃑⃑
Here,
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(

)

|

is called the absorption coefficient, and is defined as

Just like ,

is also a function of frequency, and has its own dispersion relation [1].
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(1.36)

1.5 Fresnel Equations
The laws of reflection and refraction were derived from Fermat’s principle of least time in the previous
section. Although the results are accurate, they don’t describe the relative amplitudes of the reflected
and transmitted waves. These quantities depend not only on the refractive indices and angle of
incidence, but also the polarization of the incident wave, which requires the wave description to be used
in their analyses.
In the following discussion, subscripts , , and will be used to denote “incident”, “reflected”, and
“transmitted”. Assume that a linearly polarized plane electromagnetic wave, given by the following, is
incident on a flat surface. Some of the energy in the incident wave will be reflected back, whereas some
of it is transmitted. Incident, reflected and transmitted electric fields can then be written as
⃑⃑⃑

⃑⃑⃑⃑⃑

(

)

⃑⃑⃑⃑

⃑⃑⃑⃑⃑⃑

(

)

⃑⃑⃑

⃑⃑⃑⃑⃑⃑

(

)

(1.37)

Imagine that the incident wave is s-polarized, with an incidence angle of . Let the angle of refraction
determined by Snell’s law be . In this case, the electric field is then parallel to the interface, and
perpendicular to the plane of incidence. Due to the boundary condition that “the component of electric
field parallel to boundary plane must be continuous”,
(1.38)
Notice that I switched to scalar notation from vector notation, as the directions are already determined
by the assumption that incident radiation is s-polarized. From the analogous boundary condition for the
continuity of parallel component of magnetic field, it can be concluded that
(1.39)
Now imagine that the incident wave is p-polarized. This time, since the electric and magnetic fields are
“switched”, the symmetric boundary conditions must be satisfied. However, reversal of direction does
not affect the electric and the magnetic field in exactly the same way, since they must obey (1.14) at all
times. Then, the boundary conditions yield
(1.40)
and
(1.41)
In (1.39) and (1.41), I already used the fact that the angles of incidence and reflection are equal. Now,
using (1.38), (1.39), (1.40) and (1.41) along with Snell’s law and the indirect result from (1.14) that the
magnitudes of the electric and magnetic fields are related by a constant, the following ratios known as
Fresnel equations , or Fresnel reflection coefficients, can be obtained.
(1.42)
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(1.43)
Note that for a complex index of refraction, the expressions in (1.42) and (1.43) stay the same. Simply,
all indices are changed with their complex equivalents. [11], [16]

1.6 Superposition of Electromagnetic Waves
So far, I have only considered properties of electromagnetic waves emitted from a single source. Due to
the existence of extended light sources and other complex optical phenomena, single source waves can
only help adequately describe a small subset of optics we observe. To describe these “multi-wave
phenomena”, we need to examine the behavior of the resultant wave when two or more waves are
combined. [10]
For linear systems, principle of superposition is an extremely important and useful concept, and is
described by Feynman as the following: “If we have a complicated field that can be broken up in any
convenient matter into a sum of separate pieces, each of which is in some way simple, in the sense that
for each special piece into which we divided the field we can solve the system, then the answer is
available for the whole field, because we may simply add the pieces of the solution back together, in the
same manner as the total field is compounded out of pieces. … The reason why this is true in electricity
and magnetism is that Maxwell’s equations, which determine these fields, turn out to be differential
equations which are linear.” [2]
The simplest case of superposition is the situation where two plane waves of same frequency combine
to produce a resultant wave at a certain point in time and space. For simplicity, I will only show one
component of the field, as the generalization to three dimensions is trivial. Then, at this point in time
and space, the resultant field amplitude is given by the following.
{̃
{

̃}
(⃑⃑⃑⃑

{

(⃑⃑⃑⃑

)

}

{

)

}

(1.44)

}

Note that the phases have been completely absorbed into the angles
and . Once the resultant
amplitude has been written in this format, the solution is essentially complete. However, this can be
expressed in a much more intuitive way, using a geometrical representation.
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Figure 1.3 – Geometrical representation of addition of electric fields 19

Depending on parameters
,
, , and , the magnitude and the phase of the resultant electric
field can change. The maximum resultant amplitude is obtained when
, and then
. In this case, the two fields interfere constructively, to produce a field greater than either of the
⃑⃑⃑⃑ . The cases where the
two. The minimum resultant amplitude is
, and occurs when ⃑⃑⃑⃑
resultant amplitude is less than any one of the individual amplitudes happen when the two fields
interfere destructively. [1]
This procedure can easily be generalized to the addition of more than two fields. However many fields
there may be, they would all be added tip-to-tale, as in Figure 1.3, to find the magnitude of the resultant
electric field. The phase of the resultant field can also be found this way too; however, it doesn’t carry
any physical significance unless the resultant field is superposed with another field later on.
It is apparent from Figure 1.3, that the difference of the phases,
, is what mostly determines the
resultant amplitude. The closer this phase difference is to zero, the closer the resultant amplitude is to
the sum of the individual amplitudes. However, remember that angles are periodic. Therefore any
multiple of , by the same logic, would result in the maximum resultant amplitude possible. To put this
in a physical context, consider electromagnetic waves being reflected from two parallel surfaces,
arranged at a certain distance from each other, as in Figure 1.4. If the extra path travelled by the wave
that bounces off of the second surface accounts for a phase difference that is an integer multiple of ,
then the phase difference between the waves is zero, and they interfere constructively. If the path
length accounts for a phase difference of an odd multiple of , then complete destructive interference is
observed. Any phase difference between these two is also possible.
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Figure redrawn from Pedrotti, Figure 5.3 [11].
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Figure 1.4 – Double beam interference from parallel plane surfaces 20

This phase difference depends on the number of wavelengths that the path difference corresponds to. If
the separation of the surfaces is given by , and the angle between the beam and reflecting surfaces by
, then the path difference is simply the length of the extra distance travelled by the second beam:
. If this path difference is an integer multiple of the wavelength, then constructive interference
of the reflected beams is observed. This is known as the Bragg condition [11]:
(1.45)
Note that this discussion assumes that the media in which the reflections occur are the same. More
importantly, they have the same index of refraction. Otherwise, since the frequency of radiation doesn’t
change upon transmission, the electromagnetic wave would have a different wavelength between the
two reflecting surfaces, which would then change the number of wavelengths the separation
corresponds to. Another assumption here is that the phase change due to reflection, if any, is the same
for both beams that are reflected. Cases where these assumptions are not valid do not require much
more effort to solve; however, they are not necessary for the applications discussed in this thesis.
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Figure modified from Pedrotti, Figures 7.10 and 16.6 [11].
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CHAPTER 2:
SEMICONDUCTORS
2.1 Material Properties
Semiconductors are materials whose conductivities are between those of metals and nonmetals. There
are two general categories under which semiconductors can be grouped. The first one of these
categories is elemental semiconductors. These are elements that exhibit semiconductor properties in
their element form, and are found in group IV of the periodic table. Si and Ge are the most common
examples. The second category is called compound semiconductors, most of which are formed by
specific combinations of elements from groups III and V, also known as the III-V semiconductors. AlP,
AlAs, GaP, GaAs, InP, and InAs are examples of binary materials, as they are each made of two elements.
There are examples of ternary materials that are III-V semiconductors such as InGaAs and InGaP. In
some applications, it is particularly convenient to use semiconductors made from elements in groups II
and VI, called II-VI semiconductors. Examples include ZnSe, CdS and CdSe. [15]

Figure 2.1 – Groups II through VI of the periodic table [17]
One of the most important properties of semiconductor materials is that their conductivities can be
modified by a process called doping. Doping is intentional introduction of impurities in the
semiconductor materials to modify not only their conductivities, but also other electrical and optical
properties. Depending on the type of the dopant material, doped semiconductors can be n-type or ptype. For instance, if intrinsic (pure, not doped) silicon is doped with phosphorus, extra electrons are
introduced, and the silicon is now n-type. Conversely, if silicon is doped with boron, then it is p-type, due
to the absence of electrons. Compound semiconductors can also be doped. For example, If GaAs is
doped with Si, and Si replaces some of the Ga atoms in the structure, then the GaAs is n-type. Similarly,
If Si replaces some of the As atoms, then the GaAs is p-type. [18]
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All of the semiconductors listed above, are solids at room temperature. In fact, if they weren’t solids,
they wouldn’t be able to retain their electrical and optical properties for long periods of time, since most
of these properties are due to their atomic structures. A collection of atoms the solid state, as long as it
is not amorphous, distinguishes itself from liquid or gas forms by a certain crystalline structure. In such a
solid, the periodic arrangement of atoms is repeated over the entire crystal, in three dimensions. These
are called crystalline solids. In contrast, some solids have multiple crystalline regions that have different
periodicity or arrangement of atoms. These are called polycrystalline solids. The semiconductors listed
above and most other pure semiconductors, as long as they are not in amorphous form, exhibit
crystalline behavior. It is this behavior that makes them reliable in numerous optoelectronics
applications. [19]
This crystalline nature is crucial in determining how the semiconductor material behaves when exposed
to various stimuli from outside. These stimuli can take many forms such as an external voltage, incident
electromagnetic field, or even physical contact or bonding with a different lattice, all of which are used
in applications today. The smallest unit of crystalline structure, which can reproduce a similar region of
the crystal when translated by appropriate amounts is called a unit cell. The arrangement of atoms in
the unit cell almost determines the whole structure of the crystalline solid [15]. Some common unit cells
are given in Figure 2.2.

Figure 2.2 – Simple cubic, body centered cubic and face centered cubic unit cells [20]

The other parameter that is essential in determining crystal structure is called the lattice constant. This
is the distance between adjacent unit cells, and is usually on the order of Angstroms. With the unit cell,
and the lattice constant, the energy levels in crystalline materials can be described. The arrangement of
these energy levels is called the band structure of the material, and is essential in determining the
behavior of charge carriers in these materials.
Solving for the band structure of a three dimensional solid is complicated, and not necessarily required
to understand the processes that are described in this thesis. However, it is useful to at least outline the
process for a one dimensional material. Here, I will not quantitatively solve for the band structure, but
describe two equivalent methods that can be used for this task21.
The first method is the more conventional one. Assume the system consists of one free electron and a
string of stationary atoms, each creating its own Coulomb potential. Then the potential is periodic with
the same periodicity as the atomic periodicity, or the lattice constant. This is known as the BornOppenheimer approximation. Since the potential is periodic, then the probability density of the
21

Both methods are summarized from [49] and [50]
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electron, which is derived from its wavefunction, must also be periodic. Wavefunctions satisfying these
conditions are eigenstates of both the Hamiltonian of the system, and the displacement operator, which
represents the periodicity of the potential. These states are called Bloch states; and they represent
stationary and propagating states within the infinite crystal lattice22. In principle, these are enough to
solve for the states and the energies. However, the periodic Coulomb potential can be simplified to a
train of finite potential wells to make the process even easier. This train of potential wells is called the
Kronig-Penney model. Just like any other system, the boundary conditions impose restrictions on the
values of , the magnitude of the wave vector. Solution with the Kronig-Penney model suggests that
there are values of that are simply not allowed for the electron. This constraint results in intervals of
energy, which the electron cannot occupy. These regions are called bandgaps, a parameter of extreme
importance in semiconductor physics.
The second method for determining the band structure makes use of time independent degenerate
perturbation theory. We know that the energy of a free electron is given by
(2.1)
as shown in Figure 2.3(a). Then, the periodic Coulomb potential provided by the crystal lattice can be
treated as a perturbation. The matrix elements of the perturbing Hamiltonian can be found by
evaluating inner products in the basis formed by the free space wavefunctions travelling left and right
(with
values). Around regions where
is an integer multiple of
, the eigenvalues of this
perturbing Hamiltonian turn out to have opposite signs, which represents digression from the free
electron energy in opposite directions. This results in the familiar quadratic digression from the free
electron energy given in (2.1), as shown in Figure 2.3(b).

(a)

(b)

Figure 2.3 – Band structure of (a) free electron, (b) electron in 1D periodic potential [18]

Following the same procedure in three dimensions, band structure of all of the aforementioned
semiconductors can be found. Given in Figure 2.4 are the band structures of Ge and GaAs, where arrows
22

Stationary means that the wavefunction is an eigenstate of the Hamiltonian; so that the expected value of all
possible observables is constant over time. Propagating means that the phase propagates within the crystal lattice,
which can be considered infinite due to periodic boundary conditions.
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specify the easiest transitions from the top of the valence band to the bottom of the conduction band,
through the bandgap. Note that this transition in the GaAs band diagram is vertical, as it requires no
change in momentum. Such a bandgap is said to be direct, whereas the equivalent transition requiring
the least amount of energy for Ge also necessitates a change in . This type of a bandgap is called
indirect, which causes the incident light to be absorbed less. It is also important to note that, in an ideal
semiconductor, only electromagnetic radiation with energy greater than the bandgap energy can be
absorbed, since there aren’t any bands that can allow otherwise. [19]

Figure 2.4 – Band structure of Ge (indirect bandgap) and GaAs (direct bandgap) [21]

2.2 Semiconductor Heterojunctions
Although Si in its element form has been extremely useful for mass production of electronics, it has
some important drawbacks. Most of these arise from the fact that it has an indirect bandgap, just like
Ge. Because of this, it has a lower absorption coefficient than most other direct bandgap
semiconductors. Additionally, for photovoltaic applications, 1.1eV bandgap of Si is too low to achieve
desired conversion efficiencies. On the other hand, compound semiconductors can offer some of these
properties that elemental semiconductors cannot. III-V materials like GaAs do in fact have the desired
direct bandgap, and hence higher absorption coefficients. The bandgap is also greater than that of Si,
which can provide higher conversion efficiencies [19]. However, for many applications, the need for
faster and more efficient processes requires use of multiple materials within the same device.
Consider the solar to electrical energy conversion process. Devices that are used in this process, known
as solar cells, are made of pn-junctions, which are regions near the boundary of p-type and n-type
regions created on a single semiconductor crystal. The basic operation of a solar cell involves the
absorption of photons with appropriate energy to create electron-hole pairs. These pairs are then swept
away in opposite directions by the built-in junction voltage; hence current created. For an electron in
25

the valence band to reach the conduction band, incident photons must carry energy at least equal to the
bandgap energy of the material. The excess energy of the photon is then wasted to lattice vibrations and
heat. Due to the step-wise nature of the process, there are different efficiencies that have been defined
to describe the quality of the device. [22]
The first one of these is called the internal quantum efficiency (IQE), which is the ratio of electron-hole
pairs that contribute to short circuit current to the number of absorbed photons. A more comprehensive
efficiency, known as the external quantum efficiency (EQE), is given by the ratio of electron-hole pairs
that that contribute to short circuit current the number of incident photons. Due to effects like
transmission and reflection, not all incident photons can excite electron-hole pairs. Therefore the EQE is
always less than the IQE [23]. However, for most devices, the quantum efficiencies are not the limiting
factors in the energy output. The most comprehensive efficiency, and also the efficiency that everybody
is interested in for a new device, is the conversion efficiency [24]. This is simply the electrical energy
output divided by the energy input due to the incident photons. The world record in conversion
efficiency is currently around 42%23. However, devices achieving such efficiencies are not feasible for
mass production and use due to excessive manufacturing and operation costs. Commercial Si cells
provide conversion efficiencies of around 15% [25].
Let us consider how one would optimize the conversion efficiency of a single junction solar cell. For this,
assume that the device has an EQE of 100%. In other words, let the conversion efficiency be determined
only by the bandgap energy of the material. Any photons carrying less energy than the bandgap are
simply useless for energy conversion. And since one photon can only create one electron-hole pair, the
number of absorbed photons directly determines the number of electron-hole pairs generated. This
requires that the bandgap be small, in order to capture more photons. However, when the electron-hole
pairs are swept across the junction, they can only yield electrical energy at most equal to the bandgap
energy they have been excited through. Then, to maximize the energy yield of each electron-hole pair,
the bandgap needs to be large. With the description given, this is a simple optimization problem. The
solution is obtained by using the blackbody spectrum to optimize the product of the number of
absorbed photons and the energy that can be harnessed from each photon [26]. However, the single
junction efficiency is not anywhere near the desired efficiency levels. That’s why, in photovoltaics, the
need for more advanced devices requires use of more than a single junction.
The need for higher efficiency in photovoltaics, various other desired properties such as faster devices
for applications in communications and computing, and the difference in handling and manufacturing
costs between different semiconductors have made using multiple materials in a single device
inevitable. When two semiconductors with different bandgap energies and lattice constants are brought
together, heterojunctions are formed. These junctions have increased throughput and conversion
efficiencies and overall performance of optoelectronic devices drastically. A heterojunctions is formed
by chemical bonding at the interface of the two materials. Usually, these are formed by epitaxy, where
the material growth on substrate is done with a specific orientation. Ideally, the lattice constants of the
23

The debate on who has the highest efficiency solar cell between Spectrolab of the U.S. and Fraunhofer Institute
of Europe still continues. [51]

26

two materials would be the same, creating the perfect heterostructure. However, this is rarely the case,
as there is usually misfit between the two semiconductors. Misfit is given by the relative difference of
the lattice constants of the materials at the interface, and is usually expressed as a percentage.
|

|

(2.2)

Here
and
are the lattice constants of the substrate and the material grown on top respectively
[27]24. Misfits, when unintentional, are normally undesirable25, since they can cause dislocations, which
act as short circuit sites within the device. This is not a big risk, unless these dislocations tend to
propagate through the crystal structure, towards the active region of the device. Then, the device is
essentials shorted, and simply becomes unusable due to inhibit carrier transport mechanisms by
decreased minority carrier diffusion lengths and lifetimes. In short, misfits, when they create threading
dislocations, affect device operation negatively. On the other hand, small amounts of misfits (<2% [27])
are usually inevitable, and may not affect device operation if they can be controlled.
This is why lattice matching by varying material composition is essential in designing heterostructures.
For example, when designing multi-layered photovoltaic cells with two or more junctions placed on top
of each other, one has to consider if the misfit between the materials can cause dislocations. For solar
cells, one also has to make sure that the layers are spectrally arranged for optimum conversion
efficiency. There aren’t many materials that can be lattice matched and spectrally arranged at the same
time. Figure 2.5 shows the bandgap energies and lattice constants of common semiconductor materials.

Figure 2.5 – Bandgaps and lattice constants of common semiconductors [28]
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Reverse descriptions can also be found in literature [19], where the lattice constant of the epitaxial later is in the
denominator.
25
Intentional misfits can be used for bandgap engineering [53].

27

Whether the task is to come up with photovoltaic device design achieving unprecedented conversion
efficiencies, or it is to build transistors with ultrafast switching capabilities, the use of heterojunctions is
extremely valuable. That’s why there have been significant research efforts in trying to manufacture
devices with stable heterojunctions [27].

2.3 Strain and Dislocations
Due to the difference in lattice constants of semiconductors, there are almost always misfits at the
interfaces of heterojunctions, also known as interfacial misfits. Even small amounts of misfit can cause
random and unwanted dislocations, which can affect the device performance poorly. This is apparent
from the classification of amounts of misfit between adjacent layers due to lattice mismatch, given in
Table 2.1.
Misfit Amount
<2%
3-4%
>6%

Classification
low
moderate
high

Table 2.1 – Misfit classifications in heterojunctions [27]

Misfit causes the atoms to shift from their equilibrium positions determined by the crystalline structure
of the material. This is analogous to the displacement of a mass-spring system from its equilibrium
position, by the application of an external force. Just like the compressed or elongated spring stores
elastic potential energy, atoms displaced due to misfit in a crystal structure also store energy, known as
the strain energy. This is why misfit is also referred to as strain, whose definition is again given by (2.2)
[19]. Figure 2.6 shows graphical representations of interfaces with tensile and compressive strains.

epitaxial layer

substrate
(a)

(b)

Figure 2.6 – Heterojunctions with (a) tensile strain, (b) comressive strain [29]
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Consequently, the energy stored due to compression or tension at the interface is called the strain
energy. The strain energy at the interface is stored in the changes in the bond lengths in the crystals.
However, just like there is a limit to how far a regular spring can be extended or compressed before it
breaks, there is also a certain point at which the interface cannot handle the buildup of strain energy. To
understand what factors determine when this condition is achieved, consider the strain energy density
given by
(

)

(2.3)

In this equation, is the misfit ratio given in (2.2), and is the thickness of the epitaxial layer [19].
and
are elastic constants of the epitaxial layer. These terms in parentheses depend only on the type
of the material, and can all be absorbed into a material dependent constant, . It was seen that
substrate dependent corrections to can yield slightly different results [27]. However, (2.3) is sufficient
to gain a qualitative understanding of the strain energy density. Note that the greater the misfit ratio
between the substrate and the epitaxial layer, the greater the strain energy density is. This is expected
as the mismatch in lattice constants increases, there would be more strain at the interface. Also note
that strain energy density also increases with the thickness of the epitaxial layer. This is more subtle
than the latter; however, it can still be explained in simple terms. Consider a single layer of lattice
mismatched epitaxial growth. Since there isn’t another layer on top, the position of the unit cells of the
epitaxial layer is mostly determined by the crystal structure of the substrate. However, as more epitaxial
layers of the same material is grown, then the layer itself starts to conform to its own crystal structure,
as the effect of surrounding cells on one unit cell is greater. This causes the strain to increase, resulting
in the increase of strain energy density.
Certain amount of strain can be accommodated by the interface; however, the battle between the
crystal structures of the substrate and the epitaxial layer can only last so long, until the epitaxial layer
reaches a thickness where the strain energy has to be released. This thickness of the epitaxial layer is
called the critical thickness. Once it is reached, strain energy is released, usually in the form of misfit
dislocations at the heterojunction interface. Dislocations at the interface can take various forms,
depending on the direction of the dislocation with respect to the alignment of the interface [30].

Figure 2.7 – Example for determining Burger’s vector for an edge dislocation [31]
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The easiest way to distinguish between different types of dislocations is to refer them by an angle
determined by their orientation. For an angle to be specified, two vectors need to be defined. In this
case, the first vector is called the Burger’s vector, named after Dutch physicist Jan Burgers. The
procedure for determining the Burger’s vector of a dislocation is shown in Figure 2.7, and described
here: The crystal structure is first visualized with the dislocation. On this structure, a loop is drawn
around the region where the dislocation is, circumscribing a few atoms on each side of the dislocated
region. This is called a Burger’s circuit. Now the structure is visualized without the defect. The exact
same loop is now drawn on this sample, by taking the same number of steps in the same directions as
before. Due to the defect, the atom at which the Burger’s circuit has started will not be the one the loop
ends at. The vector needed to return to the atom the circuit began at (or the vector needed to close the
circuit) is the Burger’s vector. As with most conventions, the sign of this vector is picked at will. In fact, if
the reverse procedure was followed, the Burger’s vector would have been in the exact opposite
direction. [32]
Now that we have the first vector, another one is needed to define an angle. This second vector is called
the dislocation line [32], or the line vector [31]. It simply describes the direction in which the dislocation
occurred. If the dislocation continues throughout the crystal, it would have a symmetry around the
dislocation line. For instance, in Figure 2.7, the line marked with , perpendicular to the plane of the
page, is the dislocation line, as the dislocation continues throughout the crystal (at least for a few unit
cells) around this line. We can finally characterize the dislocation by the angle between its Burger’s
vector and dislocation line. In this case, the angle is 90 degrees. 90 degree dislocations, also called edge
dislocations, are unique in that they appear in two dimensional planes, and cannot propagate out of
these planes. In other words, an edge dislocation that originates at a heterojunction interface stays at
the interface, cannot move perpendicularly towards the active region of the device, and is therefore not
associated with threading dislocations. [27]

Figure 2.8 – An example for screw dislocation (0 degree dislocation) [32]

However, majority of dislocations are not edge dislocations. For instance, the example shown in Figure
2.8 is a 0 degree dislocation, and is also known as a screw dislocation. Following the methods described
above, it can be shown that in this case, the Burger’s vector and the dislocation line are parallel to each
other. This is why this type of a dislocation is called the 0 degree dislocation. The irregularity does not
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appear on a plane parallel to the interface, and can therefore propagate through the structure. If the
dislocation ends up threading into the active region, the device is shorted and essentially unusable.
Other dislocations with vertical components such as 30, 45, or 60 degree dislocations are also possible,
depending on the geometry of the interfacing crystals. [33]
As mentioned before, random dislocations are undesirable, since they are usually in the form of
threading dislocations that propagate through the crystal. As these dislocations tend to create
intermediate steps for electron and hole transmissions, they result in increased recombination rates.
This recombination process decreases the lifetime of minority charge carriers, which negatively affects
the operation of minority carrier devices like photovoltaic cells, decreasing their conversion efficiencies
[34]. Similarly, in conventional LEDs and lasers, increased recombination rates decrease luminescence
and operation efficiency in general. [35]
However, stable lattice mismatched interfaces has drawn considerable attention due to various
advances in optoelectronics technology, mostly aimed towards device integration with CMOS-like
structures [36]. One of the key difficulties in this integration is the stable and reliable growth of Sbbased materials on substrates like Si and GaAs without threading dislocations. This means that the only
edge dislocations through the interface can be tolerated. Once this is satisfied, the growth of epitaxial
Sb-based layer on such substrates beyond the critical thickness can enable significant advances in
devices manufactured on single pieces of crystals, also known as monolithic devices [37]. These devices
are essential for the production of high volume and low cost optoelectronics, due to their ease of
handling. Since the device is fully fabricated on a single substrate, piecework and assembly in
manufacturing process is minimized. This ensures robustness, high mechanical reliability and reduction
of parasitic effects that can cause limitations in device performance. [38]
One method that researchers have been experimenting with in order to manufacture reliable
heterojunction interfaces involves the use of intentional and highly periodic edge dislocations at the
junction interface. These periodic arrangements of dislocations are called interfacial misfit arrays (IMF).
One way that these periodic misfits can be realized is to make sure that either the substrate or the
epitaxial layer has a pair of dangling bonds, with a spatial period determined by the lattice constants of
the interfacing materials [27]. Other methods for implementing IMFs include synchrotron radiationbased lithography [39], and electrodeposition of intermediate layers between the substrate and the
epitaxial layer [40]. The IMF sample used in the experiments described in this thesis was manufactured
with the dangling bond method described above. More detailed growth information on these samples
will be presented in the next chapter.
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CHAPTER 3:
APPARATUS AND METHODOLOGY
3.1 Structure of Thin Films Used
To examine the effects of strain release on heterojunction interfaces, an epitaxially grown layer of GaSb
on GaAs substrate has been used. The results are compared with two control samples of homojunction
interfaces, namely GaAs epitaxial layer on GaAs substrate, and GaSb epitaxial layer on GaSb substrate.
For reference, Table 3.1 lists some important physical properties of intrinsic GaAs and GaSb.
GaAs
4 6
6
Zinc blende

Bandgap Energy (eV)
Lattice Constant (Å)
Crystal structure
Density (g/cm3)
Dielectric constant
Effective mass of electron
Effective mass of hole
Electron mobility (cm2/Vs)
Hole mobility (cm2/Vs)
Elastic constant
(dyne/cm2)
Elastic constant
(dyne/cm2)

GaSb
6 6
Zinc blende
6

6
4
4
4

4

Table 3.1 – GaAs and GaSb properties at 300K [41], [42]

These electrical and mechanical properties of pure and intrinsic GaAs and GaSb are only useful if the
specific structures of the materials used are known. Listed in Table 3.2 are the layered structures of the
aforementioned thin films used in this thesis.
R9-79, R9-81, and R9-86 are simply names given to these specific compositions by the manufacturer.
The key point to note here is that R9-81 is the heterostructure where the IMF array is used. Between
layers 1 and 2 of R9-81 is the heterojunction interface where strain is claimed to be released by the use
of IMF arrays. The validity of this claim will be shown in the next chapter.
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R9-86

R9-81

R9-79

Name

Layer
7
6
5
4
3
2
1
0

Material
GaAs
Al0.4Ga0.6As
GaAs
GaAs
GaAs
GaAs
GaAs
GaAs substrate

Doping type
p-type (Be)
p-type (Be)
p-type (Be)
p-type (Be)
intrinsic
n-type (Si)
n-type (Si)

8
7
6
5
4
3
2
1
0

GaSb
Al0.4Ga0.6Sb
GaSb
GaSb
GaSb
GaSb
GaSb
GaAs
GaAs substrate

p-type (Be)
p-type (Be)
p-type (Be)
p-type (Be)
intrinsic
n-type (Te)
n-type (Te)
n-type (Te)

7
6
5
4
3
2
1
0

GaSb
Al0.4Ga0.6Sb
GaSb
GaSb
GaSb
GaSb
GaSb
GaSb substrate

p-type (Be)
p-type (Be)
p-type (Be)
p-type (Be)
intrinsic
n-type (Te)
n-type (Te)

Doping concentration (cm-3)

Thickness (nm)

4

4

Table 3.2 – Layered structure of GaAs and GaSb thin films used in this thesis26

3.2 X-Ray Diffractometry (XRD)
One of the most useful properties of light is due to the continuous nature of the electromagnetic
spectrum. I mentioned previously that, because of this continuity, the wavelength, in principle, can be
any length between Planck length and the size of the universe. And we also know that the interference
of electromagnetic radiation with itself or its surroundings depends on its wavelength. This is why use of
electromagnetic radiation is extremely useful in the science of measurement, also known as metrology.

26

Data provided by Prof. Ganesh Balakrishnan of University of New Mexico along with the thin films.
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The basic idea of diffractometry relies on this principle to analyze the scattering pattern when a beam of
radiation (or even particles) is incident on a material, since the scattering pattern contains information
about the crystal structure of the material. However, for diffractometry to be an effective method of
analysis, the wavelength of incident radiation, or the wavelength associated with incident beam of
particles27, must be on the same order as the atomic spacing in the crystal. The spacing between atoms
in crystal structure of solids, specifically for all of the semiconductors mentioned in the previous
chapter, is on the order of angstroms. Electromagnetic radiation with wavelength of this order is known
as x-rays. Therefore, diffractometry that makes use of x-rays is called x-ray diffractometry (XRD).
The schematic of a basic x-ray diffractometer is given in Figure 3.1. Note that this setup looks very
familiar with the situation described in Figure 1.4, where electromagnetic waves are being reflected
from two parallel surfaces, arranged at a certain distance from each other. Therefore, the Bragg
condition given in (1.45) can be used to analyze the interference pattern, which is recorded by the x-ray
detector shown.

Figure 3.1 – Schematic diagram of a basic x-ray diffractometer [43]

XRD has many uses in determining the crystal structure and orientation of solids, such as differentiating
between crystalline and amorphous materials, determining the composition of an unknown material or
identifying imperfections within crystals. However, the material composition and structure of samples
R9-79, R9-81 and R9-86 are already known. That’s why XRD is used to identify interatomic distances of
GaSb and GaAs layers in the composition of these samples. This data is then used to identify misfit and
strain energy density to quantify how much of the strain has been released by periodic edge
dislocations.

27

This is known as the de Broglie wavelength:
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There are analysis software packages that are created specifically for analyzing XRD data. If the task here
was to identify the material composition of the samples, then the analysis software would have been a
great choice, since they have optimized curve fitting algorithms for determining what peaks of the
experimental data line up the peaks of materials that are looked up from a database. However, it was
seen from multiple resources that determination of strain for known materials is a simpler procedure,
and does not require the curve fitting features of the XRD software packages [44], [45]. Therefore,
instead of using existing software, a MATLAB program was created for this task. This program essentially
finds the angles at which peaks of the XRD data occur. Then, it calculates the spacing corresponding to
each one of those peaks, , along with the order of interference, , using Bragg’s condition. Then these
values are matched with GaAs or GaSb accordingly. MATLAB code can be found in the appendix.
To test the validity of the results obtained with this program, XRD data of pure GaAs and GaSb samples
(not R9-79 or R9-86) were used. Compared with the data given in Table 3.1, it was seen that the lattice
constants were identified with an accuracy of over 99%. Table 3.3 summarizes these validation tests of
the software.
material (order
of
interference)

peak angle,
(degrees)

lattice
constant
( )

GaAs (n=1)
GaAs (n=2)
GaSb (n=1)
GaSb (n=2)
GaSb (n=3)

31.95
66.33
29.71
61.11
98.88

5.6020
5.6370
6.0143
6.0656
6.0883

measured average
lattice constant
( )
6
6

interference
periodicity

known
lattice
constant
( )

4
6

accuracy

6
6

6

Table 3.3 – Validation demonstration of custom XRD software written in MATLAB

Here, due to the lack of a measure of how well the program would perform on XRD data of R9 samples,
another metric, called interference periodicity, is defined. This is simply how periodic the interference
peaks are in any given data set. It is calculated as the correlation coefficient of the determined orders of
interference with the theoretical values. For instance, for GaAs, the orders were found to be 1.0000 and
1.9831, where they are supposed to be 1 and 2. This periodicity percentage is simply the correlation
coefficient between these two vectors given by
⟨ |

⟩

√⟨ | ⟩⟨ | ⟩

(3.1)

The specific instrument used in these measurements is made by Bruker, and it is called “AXS C2 Phasor
X-Ray Diffractometer”. The wavelength of the beam is
4
, which is used in finding the lattice
constants. The measurements were performed at Integrated Sciences Cleanroom and Nanofabrication
Facility of Boston College, Newton, MA.

35

3.3 Ellipsometry
Ellipsometry is one of the most accurate methods for non-destructive optical characterization of thin
films. Since the purpose of this thesis is to discover how strain release affects optical properties of thin
films (specifically the R9 samples), ellipsometry is the perfect choice. Complex index of refraction,
complex dielectric constant, film thickness, and surface roughness are examples of parameters that can
be determined using ellipsometry. [16]
One of the most common types of ellipsometers is called VASE®, or Variable Angle Spectroscopic
Ellipsometry. This is also the type of the ellipsometer used in the measurements described in this thesis.
Therefore, the discussion of ellipsometers from now on will focus specifically on this type.
Electromagnetically speaking, as semiconductor materials have dielectric properties, complex indices of
refraction and the complex dielectric constants are in general not constant. They are in fact functions of
wavelength of incident radiation. An ellipsometer therefore measures those parameters as a function of
wavelength, or photon energy.
For VASE® ellipsometers, the operation principle relies on the measurement of time dependent intensity
of a beam reflected off the sample, at different wavelengths. To achieve different wavelengths, a
monochromator is used along with an incandescent lamp, for continuous spectrum. Then, this
monochromatic beam passes through a linear polarizer. The linearly polarized light is incident on the
sample surface, which reflects it in the direction determined by the incidence angle. Upon reflection, as
shown by Fresnel equations previously, the polarization of the beam is changed. In general, this
reflected beam is elliptically polarized, since linear and circular polarizations are just special cases of
elliptic polarization. A schematic diagram describing this reflection process is given in Figure 3.2. [16]

Figure 3.2 – Simplified description of the reflection inside an ellipsometer [46]

This beam reflected off the sample carries information about how the polarization state has changed
after reflection. This is the beam whose time dependent intensity is measured, by using a constant
speed rotating analyzer. An analyzer is simply a linear polarizer, which is specifically used to measure the
polarization of incident radiation. Since the intensity upon incidence on a polarizer depends on the
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component of the incident electric field along the direction of the polarizer’s transmission axis, the
transmitted intensity is then dependent on the dot product of the polarizer vector with the incident
electric field. To quantify this claim, and the rest of the discussion, assume that the polarizer vector ( )
and the incident electric field ⃑ ( ) are given by the following.
(
(

( )

)
)

(
(

⃑( )

)
)

(3.2)

The angle accounts for any initial phase difference there might be between the two vectors. Note that
since the polarizer represents a vector with constant magnitude, over time, it traces a circle. On the
other hand, since the electric field is elliptic, its magnitude is not constant. This is taken into account by
coefficients and 28. Then the voltage read by the detector is proportional to
( ) ⃑( )

( )

(

)

(

)

(

)

(

)

(3.3)

Using trigonometric identities for the sum of angles inside cosine and sine, and the double angle
formula, this intensity can be rewritten as
( )

(

)[

( )
( )
( )[ ( )
(

)

( )
( )

( )

( )]
( )
(

)

( )]
(3.4)

which can be expressed in a simpler form given by
( )

(

)

(

)

(3.5)

The ellipsometer calculates these coefficients, and , by evaluating the Fourier series coefficients of
the recorded intensity [16]. To relate these coefficients to the optical parameters of the sample, Jones
vector analysis is performed, and the polarization of the reflected beam is calculated. The rest of this
section focuses on this specific task, and how it can be used to solve for the optical parameters.
Let the p and s polarization states be the basis states. Imagine the angle between the transmission axis
of the input polarizer and the p-axis is given by . Also assume that the transmission axis angle of the
rotating analyzer is given by , again with respect to the p-axis, just as it was above. The only missing
piece of information in this analysis is the Jones matrix for the sample surface. If the surface is not
anisotropic, depolarizing, or too rough, its Jones matrix is given by
̃
̃

28

(3.6)

This is actually not the most general representation of the situation, as the elliptic trace of the electric field does
not necessarily have to be upright. In other words, there might be a phase difference between the two
components of the electric field. However, the procedure for demonstrating the time dependence of measured
amplitude would be exactly the same.
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where ̃ and ̃ are the complex Fresnel refraction coefficients given in (1.42) and (1.43) [16]. The
incident electric field can be calculated by the dot product as above. Then the intensity of the beam,
which is proportional to the square of the electric field magnitude, is given by
|(

̃
̃

[

̃
( )
|
|
( )
̃
( ) ̃

])
|̃

(
(
(

)
|
)

(3.7)

)

(3.8)

)|

After invoking similar trigonometric identities as above, this can be rewritten as
| |
| |
where

(

)

{ }
| |

(

is a complex number, called the ellipsometric parameter, given by
̃
̃

Use of these two angles,

(

)

(3.9)

and , is convenient since the detector intensity can now be written as
(

)

(

)

(3.10)

(
) and (
) are determined from Fourier analysis, magnitude and phase of
As coefficients of
the ellipsometric parameter can be solved. Then, through the measurement of the parameters using
numerous incident angles (65, 70, and 75 degrees by default), and by the definition of Fresnel
coefficients given in (1.42) and (1.43), the complex index of refraction is determined at each wavelength.
[16]
The analysis presented so far is only valid for bulk materials, as multiple layers introduce additional
refractions. This requires the use of iterative techniques for determining the complex indices of
refraction of layered materials. This is the main job of the ellipsometer software, as computers
nowadays do have the required computational power to carry out fairly high-resolution iterative
processes. It is this very process that makes spectroscopic ellipsometry combined with variable angle of
incidence an extremely powerful measurement technique. [16], [47]
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CHAPTER 4:
RESULTS AND ANALYSIS
4.1 Expected Strain Release in R9-81
To understand the effects of strain release by the method of periodic IMF arrays, first the expected
amount of strain for the given material composition needs to be calculated. By the definition of misfit
from (2.2), material properties of GaAs and GaSb from Table 3.1, and the layered structure of sample
R9-81 from Table 3.2, the amount of misfit between layers 1 and 2 of this sample can be found as
|

|

| 6

6
6

6|

4

(4.1)

Note that this represents how much strain there would be between these two layers if no mechanisms
of strain release were used. It is important to mention that although misfit so far has only been
considered with respect to a substrate and a single epitaxial layer, as the substrate (layer 0) in R9-81 is
lattice matched to layer 1, the strain between the substrate and layer 2 is also given by (4.1). Here, as
the lattice constant of the substrate is less than that of the epitaxial layer, the epitaxial layer is
compressively strained.
The manufacturing methods described in [27] for this specific sample indicate that the IMF array of
periodic edge dislocations corresponds to exactly 13 GaSb lattice sites and 14 GaAs lattice sites.
Although not mentioned in the paper, it is important to note that, by some crude assumptions, this
periodicity is actually ideal for the GaSb / GaAs interface. If the edge dislocation is only to occur by the
periodicity of a pair of dangling bonds of only one Ga atom, then it must be true that
(

)

(4.2)

) instead of (
), this would indicate two Ga atoms with pairs of
If the first term in (4.2) was (
dangling bonds instead of one. With the lattice constants used above, the solution to this equation is
. However, since only integer multiples of lattice sites can physically exist, the closest integer
solution is 13, which gives the number of lattice sites of the epitaxial layer. This is exactly same the
result as “13 GaSb lattice sites and 14 GaAs lattice sites” as given by the authors in [27].
To calculate the expected amount of strain with the IMF arrays, the modified lattice constants need to
be taken into account. However, rather than doing that, using the result from (4.2) makes this
calculation easier, as it defines the scale of the new “composite unit cell” for the interfacing layers,
which I will denote with for GaAs and for GaSb. Then
4

4

4
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(4.3)

Using the same definition as in (4.1), the corresponding amount of hypothetical misfit with IMF array,
, is then given by
|

|

| 4

|
4

|

4 |

4
4

(4.4)

Comparing (4.1) and (4.4), it can be concluded that by the use of IMF arrays, misfit between the
interfacing GaSb and GaAs layers is expected to be decreased by
(4.5)
The expected decrease in strain energy density can also be similarly calculated. By (2.3), strain energy
density is proportional to the square of the misfit between the interfacing layers. Therefore the
percentage decrease is given by
( )

(4.6)

The authors in [27] calculate the dislocation energy per unit area by using the expected length of the
Burger’s vector corresponding to the edge dislocation at this specific interface. Their expected results
are that the IMF array of periodic edge dislocations release 98.5% of the strain energy density due to
lattice mismatch. Clearly, this result is well within the expectations calculated above by the use of the
composite unit cell method. These expectations of strain release will be compared with measured
values in the next section.

4.2 X-Ray Diffractometry of R9-79, R9-86, and R9-81
Use of XRD has previously been described as a useful method for determining material composition of
unknown crystals as it can accurately identify lattice constants. The layered structure of the samples
used in this thesis is already known, and given once again by Table 3.2. However, XRD can still be used to
identify lattice constants in all three of the samples to measure the amount of misfit and strain energy
release. To do this, XRD data of all three of the samples are examined for peaks. Then, the lattice
constant corresponding to each peak is determined. This is used to determine misfit ratios and strain
energy release.
Given on the following pages are the XRD plots for R9-79, R9-86, and R9-81 respectively. The vertical
axis is the detected intensity in arbitrary units; and the horizontal axis is
(see Figure 1.4). Each plot is
analyzed using the custom MATLAB program described in the previous chapter. For each plot, peaks are
identified. Then, using the Bragg condition given in (1.45), and the wavelength of the diffractometer
4
, the interference orders, and the lattice constants are calculated. The periodicity of the
interference is determined by the ratios of the interference orders, as a given in (3.1).
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intensity (arbitrary units)

𝜃 (degrees)
Figure 4.1 – XRD data for R9-79

material (order of
interference)
GaAs (n=1)
GaAs (n=2)

peak angle,
(degrees)
31.93
66.31

lattice
constant
( )
5.6051
5.6384

average
lattice constant
( )
6

Table 4.1 – XRD lattice constant analysis for R9-79
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interference
periodicity

intensity (arbitrary units)

𝜃 (degrees)
Figure 4.2 – XRD data for R9-86

material (order of
interference)
GaSb (n=1)
GaSb (n=2)
GaSb (n=3)

peak angle,
(degrees)
29.71
61.11
98.88

lattice
constant
( )
6.0143
6.0656
6.0883

average
lattice constant
( )
6

6

Table 4.2 – XRD lattice constant analysis for R9-86
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interference
periodicity

intensity (arbitrary units)

𝜃 (degrees)
Figure 4.3 – XRD data for R9-81

material (order of
interference)
GaSb (n=1)
GaSb (n=2)
GaAs (n=2)

peak angle,
(degrees)
29.60
61.00
66.33

lattice
constant
( )
6.0361
6.0754
5.6370

average
lattice constant
( )
6
6

Table 4.3 – XRD lattice constant analysis for R9-86
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interference
periodicity

It is important to note that R9-79 and R9-86 cannot be simply treated as bulk GaAs and GaSb. Their
structures are also layered, as given in Table 3.2. Since these two samples are provided as “control”
variables to analyze the IMF array sample, R9-81, the analysis of strain release must use the lattice
constants given by the analyses of R9-79 and R9-86. These parameters are different than those of bulk
materials used in calculating the expected strain release of the R9-81 structure. However, the method I
will follow is the same.
As explained before, the analyses of R9-79 and R9-86 simply involve determining where the peak
interference intensity is observed. Then by Bragg’s condition, the lattice constants are found using
simple algebra. Note that the n=3 peak for GaAs (R9-79) occurs at around
degrees; however,
its intensity is much lower than the other two peaks. This is why it is not taken into account in
calculating the lattice constant of GaAs. On the other hand, the n=3 peak for GaSb at around
degrees is clearly visible, and is factored into the calculation of lattice constant for GaSb. By following
the described procedure on R9-79 and R9-86, the lattice constants for GaAs and GaSb are found to be
( 6
) and
(6 6
) respectively. These lattice constants
result in an expected misfit ratio of
|

|

(4.7)

Note that misfit is still compressive as
. This is expected as epitaxial growth cannot
change the inherent lattice constants of materials, certainly not as much to reverse the direction of
strain between the substrate and the epitaxial layer.
To compare this with the amount of strain actually present in R9-81, a similar analysis is performed on
the XRD data of that sample. The same program is used to determine angles at which peaks occur, and
lattice constants of the constituent materials are deducted. Apart from slight changes in the lattice
constants of GaAs and GaSb from
and
, it was seen that the n=1 line for GaAs, which was
at around
degrees for R9-79, was missing from the XRD spectrum of R9-81. Nevertheless, a
clear peak was observed at
66
degrees (n=2), and the lattice constant was found29. Also note
that the intensity of the n=3 line for GaSb in the spectrum of R9-81 was much lower than the other
peaks. This is why only n=1 and n=2 peaks were used to find the lattice constant for GaSb in R9-81. The
lattice constants for GaAs and GaSb in the structure of R9-81 are found to be
6
and
6
. Using these lattice constants, the measured misfit ratio is found to be
|

|

4

(4.8)

Note that this not only is a vastly different number from found in (4.4), but also represents a different
quantity. It is of paramount importance to not confuse the two. In fact, if
was close to zero like ,
29

This means I cannot calculate the deviation in the lattice constant from the mean. This is why I cannot propagate
any errors further than this in this part of the analysis.
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that would mean that the interfacing GaAs and GaSb crystals in R9-81 have somehow shifted their forms
to conform to each other, and now have the same lattice constant. This is exactly the opposite of what
IMF arrays are intended to do. On the contrary, if the implementation of IMF arrays was successful, one
would expect
to be as close to as possible, since that would mean that strain energy is released by
edge dislocations, and that the interfacing GaAs and GaSb crystals have the same ratio of lattice
constants they had before. Therefore, misfit between the GaAs and GaSb layers is measured to have
decreased by
6

(4.9)

A similar twist is encountered when this result is used to calculate the percentage decrease in the strain
energy density. However, by simple logic, it can be seen that the decrease in strain energy is given by
(

)

(4.10)

These results in (4.9) and (4.10) are experimental values of decrease in misfit and strain energy density
where the theoretical expectations were found in (4.5) and (4.6). A comparison summary of these
results is given in Table 4.4.

Expected
Decrease is misfit
Decrease in strain energy density

Measured
6

Table 4.4 – Summary of expected and measured decrease in misfit
and strain energy density due to the use of IMF arrays

It can be seen that the measured effects of IMF arrays are slightly less than the expected effects.
However, the technique is still extremely effective in the release of strain energy density, which is, as
mentioned before, crucial for preventing threading dislocations.
Note that this analysis assumes that the decrease in strain energy density is purely due to the IMF array
of edge dislocations, and not at all due to any threading dislocations. This is not always a good
approximation; however, the authors in [27] report that they didn’t observe any other kinds of
dislocations in these samples. To fully test this, the same XRD analysis would need to be performed on a
sample that has the same layered structure as R9-81, but not the IMF arrays of edge dislocations. Then
one could compare the differences of strain release due to threading dislocations to strain release due
to periodic edge dislocations.
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4.3 Strain Release and Optical Properties
The idea of an ideal heterojunction is to be able to retain the electrical and optical properties of the
epitaxial layer regardless of the substrate it is mounted on. Using ellipsometry, these optoelectronic
properties of thin films can be examined, as the complex index of refraction carries detailed information
about the response of the material to optical disturbance. Following the logical progression in the
previous section, first the ellipsometry data from samples R9-79 and R9-86 are analyzed. Then the data
same data from R9-81 is compared with these two to make conclusions about the effects of strain
release on optical properties of the heterojunction.
The following plots of ellipsometry data are presented in a similar fashion as in the last section. For each
sample, the first figure is a plot of the index of refraction, , and the coefficient of extinction, . These
figures carry almost all the information about the optical behavior of each sample. The second figure is a
plot of the absorption coefficient, . Since absorption contains more direct information about the band
structure of the material, electronic properties can be more easily inferred from these second figures.
Each sample also has a table that shows the device model used in the ellipsometer software. This, along
with the correlation coefficient for each data set will be used to gauge how accurate the ellipsometer
data fit is for each sample.
First of all, note that the data plotted on the following pages is only the fit data by the ellipsometer
software. The correlation coefficient given in the respective table for each sample is a measure of how
accurate this fit data is, compared to the measured values. All three of the correlation coefficients are
over
; however, even small changes in this coefficient can point out significant mismatches
between the measured and fitted data. This can also be seen by examining the fitted layer thicknesses
for each sample, again as given in their respective tables.
To account for any surface effects, an artificial layer called “surface roughness” was used as the top
layer for each sample. Although not very significant, this corrected some of the non-smooth parts of the
n and curves for the samples. The thickness of this layer was set to zero to begin with, and then was
completely determined by the ellipsometer software. On the other hand, the thicknesses of the other
layers were set to the values given in Table 3.2. Since the software treated adjacent layers of the same
material as one single layer, layers 1 through 5 of R9-79, 2 through 5 of R9-86, and 2 through 6 of R9-81
were combined together.
Note that samples R9-86 and R9-81 have layers of Al0.4Ga0.6Sb in their composition. Although
Al0.4Ga0.6As, as in R9-79, was in the database of the ellipsometer, Al0.4Ga0.6Sb was not. That’s why a
Cauchy model for fitting the optical parameters for those layers was used in samples R9-86 and R9-81.
The thicknesses of all layers were set to their known values at the beginning of the data fitting
operation. Then some thicknesses were used as fit variables for the n and functions. These specific
thicknesses are marked with * on Tables 4.5, 4.6, and 4.7. Note that only slight changes in thickness are
introduced by the data fitting procedure. This shows that the ellipsometry model represents the optical
properties of the sample quite accurately, which is quantified by the aforementioned correlation
coefficients.
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n
complex index of refraction

absorption coefficient (cm-1)

𝜅

energy (eV)

wavelength (nm)

Figure 4.5 – Absorption coefficient of R9-79
as a function of incident photon energy

Figure 4.4 – Complex index of refraction of R9-79
as a function of wavelength

Layered Structure Fit (R9-79)
Material
surface roughness
GaAs
Al0.4Ga0.6As
GaAs
GaAs (substrate)

Correlation
Coefficient

Thickness (nm)
1.7*
9.2*
45.6*
5250.0
(0.25mm)

Table 4.5 – Ellipsometer fit model and its accuracy for R9-79
* denotes corrected thickness
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n
complex index of refraction

absorption coefficient (cm-1)

𝜅

energy (eV)
Figure 4.7 – Absorption coefficient of R9-86
as a function of incident photon energy

wavelength (nm)
Figure 4.6 – Complex index of refraction of R9-86
as a function of wavelength
Layered Structure Fit (R9-86)
Material
surface roughness
GaSb
Cauchy Model
for Al0.4Ga0.6Sb
GaSb
GaSb (substrate)

Correlation
Coefficient

Thickness (nm)
0.5*
10.0
50.0

6

5650.0
(0.25mm)

Table 4.6 – Ellipsometer fit model and its accuracy for R9-86
* denotes corrected thickness
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n
complex index of refraction

absorption coefficient (cm-1)

𝜅

energy (eV)

wavelength (nm)

Figure 4.9 – Absorption coefficient of R9-81
as a function of incident photon energy

Figure 4.8 – Complex index of refraction of R9-81
as a function of wavelength
Layered Structure Fit (R9-81)
Material
surface roughness
GaSb
Cauchy Model
for Al0.4Ga0.6Sb
GaSb
GaAs
GaAs (substrate)

Correlation
Coefficient

Thickness (nm)
3.3*
10.0
43.9*
5653.8*
50.0
(0.25mm)

Table 4.7 – Ellipsometer fit model and its accuracy for R9-81
* denotes corrected thickness
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To assess how well the optical properties of the strain released GaSb epitaxial layers on GaAs have been
retained, the complex index of refraction and the absorption coefficients of R9-81 need to be compared
with those of R9-86. Plots of data from R9-79 will be helpful in explaining why some of these changes
may have occurred when GaSb was grown on GaAs using the IMF array method.
From the real part of the refractive index of R9-86 and R9-81, it can be seen that the wavelength at
which the peak occurs doesn’t change. This wavelength is slightly greater than 600nm for both samples.
However, the value of the refractive index at this point is different. The traditional GaSb junction
reaches a maximum index of refraction of
; whereas the strain released junction almost reaches a
refractive index of
6. Despite this difference, the refractive indices for both junctions tend to settle
around 3.7 for longer wavelengths. Therefore, if a GaSb device is to be used for applications at around
wavelengths corresponding to its bandgap energy
4
nm, then the strain released
sample doesn’t introduce significant changes in the refractive index. However, if for some reason, a
GaSb device is being used for wavelengths around 600 nm, one then needs to take into account the
increase in the refractive index due to effects of strain release.
The change in the bandgap energy can, in principle, be determined by the absorption coefficient plots
given in Figures 4.7 and 4.9. However, due to the range of the ellipsometer, the response around 0.7 eV
is extremely weak. Therefore a direct determination of change in bandgap energy cannot be done with
this data30. However, for the R9-79 sample, note that the expected bandgap energy of 1.4eV (for GaAs)
is observed around 1.5eV, where the absorption coefficient has a minimum. One would consequently
expect to see zero absorption for lower energies; however, as seen from Figure 4.5, this is not the case.
The nonzero absorption for energies less than the bandgap energy is most likely due to instrumental
reasons, where the reflected light is not incident on the detector aperture of the ellipsometer. Hence, it
is considered as absorbed, which explains the nonzero absorption for GaAs for energies below 1.4eV.
For samples R9-86 and R9-81, although the increase in absorption coefficient around the bandgap
energy cannot be clearly seen, other conclusions can be made for incident radiation of higher energy.
For instance, it is apparent that the absorption coefficients for R9-86 and R9-81 have different
magnitudes when the incident photons carry energy greater than 3 eV. Specifically, the strain released
sample has a greater coefficient of absorption in this region31. This can be exploited in applications
where higher absorption is needed such as imaging technologies. However, it is important to note that
this increase in absorption is specific to the release of compressive strain of GaSb epitaxial layer on GaAs
substrate. One might expect that release of tensile strain can result in an opposite effect. One should
also keep in mind that enhanced absorption does not always yield increased performance since effects
like nonradiative recombination, where recombination of electrons and holes result in not photons, but
instead in lattice vibrations known as phonons.

30

I also tried to determine the change in bandgap energy by using photoluminescence. However, the detectors we
have can only go up to 1600 nm with a decent responsivity. Therefore, due to the lack of appropriate wavelength
optical detector, bandgap energy comparison could not have been completed.
31
Note that the vertical axes for Figures 4.7 and 4.9 have different scales.
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By an examination of the optical properties of R9-79, one can quickly conclude that the optoelectronic
behavior of GaAs is vastly different from that of GaSb due to the difference in the peaks of their
refractive indices and absorption coefficients. Prior to understanding the nature of IMF arrays, one
might think that in a heterojunction interface, the substrate influences the optical behavior of the
epitaxial layer to resemble that of the substrate itself. However, this is not the case, due to comparison
of optical behavior of R9-86 and R9-81 given above. This means that strain release by the use of IMF
arrays is generally successful in helping epitaxial layer retain its optical properties.
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CONCLUSION
By the measurement of the inter atomic spacing for two control structures and one heterostructure
using x-ray diffractometry, it was seen that highly periodic arrangements of edge dislocations, also
known as interfacial misfit arrays, can help release most of the energy density buildup due to strain at
the interface. Specifically, in GaSb/GaAs heterojunctions, this method was measured to release over
99% of the strain energy density stored at the interface. The accuracy of the diffractometer was
measured by periodicity of the peaks corresponding to a single crystal. As seen by the interference
periodicity in Tables 4.1, 4.2, and 4.3, the diffractometry results have been found highly accurate. The
measured decrease in strain energy density is also found to be in close agreement with the expected
results of strain release, as shown in Table 4.4.
As the misfit array for the R9-81 sample used in this experiment consists only of 90 degree dislocations,
the dislocations are confined to the plane of the heterojunction interface. Since these dislocations
cannot propagate vertically, they cannot thread through the active region of the device. This is essential
in successful device operation, as dislocations, which act as short circuits, in the active region make the
device simply unusable. The quality and periodicity of the misfit arrays were verified and demonstrated
in [27], by the same researchers who have grown the samples R9-79, R9-81, and R9-86.
After making sure that the dislocations are localized at the interface plane, and therefore the device is
still in good condition, the optical and electrical properties of the epitaxial layer are examined. Ideally, to
allow for as many design parameters as possible, one would like the behavior of the epitaxial layer to
not depend on what substrate it is grown on. After all, that is the reason why one would like to grow
materials on top of each other in the first place: to take advantage of the properties of one crystal
where the system might be built on a different crystal. The optical and electrical properties of the
epitaxial layers were measured by use of ellipsometry.
It was seen that both the real and the imaginary parts of the complex index of refraction keep their
general shapes, as the plots given in Figures 4.6 and 4.8 have similar behavior. However, within the
visible range, specifically at around
6 nm, the strain released sample was observed to have a
greater index of refraction, which is an important design parameter for devices to be used in the visible
range.
It was also seen that for energies greater than 3 eV, the absorption coefficient of strain released GaSb
heterostructure (R8-81) is greater than that of the traditional GaSb homojunction structure (R9-86), as
shown in Figures 4.7 and 4.9. For devices where the absorption coefficient matters, this is an important
factor that needs to be considered during the design of the device. However, this result is only specific
to the GaSb/GaAs heterojunction grown using the aforementioned interfacial misfit arrays, and cannot
be easily generalized to other structures where compressive strain is released by means of other
methods, without similar examination of samples grown with these different methods.
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In general, release of compressive strain in GaSb epitaxial layers grown on GaAs substrate, caused the
index of refraction and the absorption coefficient of the device to increase. Due to limitations of the
ellipsometry hardware, and lack of an appropriate wavelength detector, no accurate information about
the change in bandgap energy of GaSb between the strain released heterojunction and the traditional
homojunction could have been collected.
It is important to note once again that the results found in the experiments described are specific to
GaSb/GaAs heterojunctions. To come to more general conclusions about the effects of compressive or
tensile strain release in heterojunctions, more heterostructures need to be examined using the same
methods. Additionally, with appropriate detectors, micro-photoluminescence can be used to identify
the optical quality of the structure, and how the quality varies across the sample surface. This can be
used as another method to evaluate the effects of strain release via interfacial misfit arrays on the
optical behavior of the crystal. Future work can also focus on the effect of the amount of strain release
on optical properties, which requires the use of samples whose strains have been released by different
amounts. This can lead to comparison of optical effects of tensile and compressive strain release, which
can be useful in generalizing effects of strain release on optical quality and behavior of semiconductors.
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APPENDIX
A.1 Sample MATLAB code for polarization plots
D_phi = pi/2;
phi_x = 0; phi_y = phi_x + D_phi;
gamma=2;
E0y = 1; E0x =gamma*E0y; E = sqrt(E0x^2 + E0y^2);
E0x=E0x/E; E0y=E0y/E;
N=100;
theta = 0: pi/N : 2*pi;
Ex = real(E0x .* exp(j*(-theta+phi_x)));
Ey = real(E0y .* exp(j*(-theta+phi_y)));
subplot(2,4,6);
hold off; plot(Ex,Ey,'LineWidth', 4, 'color', 'k'); hold on;
axis([-1 1 -1 1]); axis off;
plot([-1 1],[0 0], 'k-'); plot([0 0],[-1 1], 'k-'); hold off;

A.2 MATLAB code for analyzing XRD data
load 'gaas.txt';
load 'gasb.txt';
load 'r979.txt';
load 'r981.txt';
load 'r986.txt';
lambda = 1.5418;
%% GaAs and R9-79
clc;
M=gaas;
plot(M(:,1),M(:,2),'k-', 'linewidth', 2);
%xlhand = get(gca,'XTickLabels');
%set(xlhand,'fontsize', 30);
x = M(:,2) == max(M(:,2));
x = sum([(M(:,1).*x), (M(:,2).*x)]);
d1 = 2 * lambda / sind(x(1)/2);
a1 = x(1); c1=x(2);
l = size(M); l = round(l(1)/3); M = M(1:l,1:end);
%plot(M(:,1),M(:,2));
x = M(:,2) == max(M(:,2));
x = sum([(M(:,1).*x), (M(:,2).*x)]);
d2 = lambda / sind(x(1)/2);
a2 = x(1); c2 = x(2);
[d1,d2]
average_d = (d1+d2)/2
stdev = std([d1,d2])
[a1, a2]
angle_coeff = sind([a1, a2]/2)/min(sind([a1, a2]/2))
sigma = 1-(sum([2 1].*angle_coeff)/sqrt(sum([2 1].*[2 1])*sum(angle_coeff.*angle_coeff)))
[c1, c2]
%% GaSb and R9-86
clc;
M=r986;
plot(M(:,1),M(:,2),'k-', 'linewidth', 2);
l1 = size(M); l1 = round(l1(1)/3); N = M(1:l1,1:end);
%plot(N(:,1),N(:,2));
x = N(:,2) == max(N(:,2));
x = sum([(N(:,1).*x), (N(:,2).*x)]);
d1 = lambda / sind(x(1)/2);
a1 = x(1); c1 = x(2);
l2 = size(M); l2 = round(l2(1)/2); N = M(l1:l2,1:end);
%plot(N(:,1),N(:,2));
x = N(:,2) == max(N(:,2));
x = sum([(N(:,1).*x), (N(:,2).*x)]);
d2 = 2*lambda / sind(x(1)/2);
a2 = x(1); c2 = x(2);
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N = M(l2:end,1:end);
%plot(N(:,1),N(:,2));
x = N(:,2) == max(N(:,2));
x = sum([(N(:,1).*x), (N(:,2).*x)]);
d3 = 3*lambda / sind(x(1)/2);
a3 = x(1); c3 = x(2);
[d1,d2,d3]
average_d = (d1+d2+d3)/3
stdev = std([d1,d2,d3])
[a1, a2,a3]
angle_coeff=sind([a1, a2, a3]/2)/min(sind([a1, a2, a3]/2))
sigma = 1-(sum([1 2 3].*angle_coeff)/sqrt(sum([1 2 3].*[1 2 3])*sum(angle_coeff.*angle_coeff)))
[c1, c2, c3]
%% IMF R9-81
clc;
M=r981;
plot(M(:,1),M(:,2),'k-', 'linewidth', 2);
l = size(M); l1 = round(l(1)/3); N = M(1:l1,1:end);
%plot(N(:,1),N(:,2));
x = N(:,2) == max(N(:,2));
x = sum([(N(:,1).*x), (N(:,2).*x)]);
d1 =lambda / sind(x(1)/2);
[d1, x(1)]
a1 = x(1);
x(2)
l2 = round(l(1)*57/124); N = M(l1:l2,1:end);
%plot(N(:,1),N(:,2));
x = N(:,2) == max(N(:,2));
x = sum([(N(:,1).*x), (N(:,2).*x)]);
d2 = 2*lambda / sind(x(1)/2);
[d2, x(1)]
a2=x(1);
x(2)
(d1+d2)/2
peridicity = sind([a1 a2]/2)/min(sind([a1 a2]/2))
l3 = round(l(1)*64/124); N = M(l2:l3,1:end);
%plot(N(:,1),N(:,2));
x = N(:,2) == max(N(:,2));
x = sum([(N(:,1).*x), (N(:,2).*x)]);
[2*lambda / sind(x(1)/2), x(1)]
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