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Chapter 1

Introduction

Gallium arsenide and other III-V materials are well known for
their excellent optical and electronic properties and have led to
the development of high-performance photovoltaic cellsl/?,
photoelectrochemical water splitting3-4, and light emitting diodes
(LEDs)®. Several combinations of III-V semiconductors are now being
considered as potentially attractive alternatives to silicon for
these applications. However, further development requires
fundamental understanding of processes that govern light-matter
interactions. Specifically, surface strain and ultrafast dynamics
are of great interest to the optoelectronic industry.

Strained semiconductor surfaces dominate the design of
optoelectronics and III-V semiconductor-based LEDs. Currently, the
structures of strained surfaces are well characterized with x-ray
diffraction (XRD)® and electron <crystallography’-?. However,
optically-induced electronic behavior at these interfaces are not
fully understood. This has the been one of the stimulants for the
research in this dissertation. To further explore optically-
induced electronic behavior at strained interfaces, I have asked
the following questions:

1. How does static optoelectronic behavior change as a
function of strain?

2. How does surface symmetry and electronic motion change
with respect to strain?

3. How do atomic bonds change as a function of strain?

Another main research goal of this work is to understand
ultrafast subpicosecond processes after pulsed laser excitation.
The knowledge of ultrafast processes dominates the design of
devices in industries that require high temporal and spectral
resolution. Ultrafast atomic motion has been the major focus of
subpicosecond structural dynamics. Currently, these dynamics upon
photoexcitation are well characterized with experimental methods
such as ultrafast x-ray diffraction (U-XRD), ultrafast electron
diffraction (UED), and ultrafast electron crystallography (UEC).
However, ultrafast atomic motion does not occur alone. The bonds
connecting these moving atoms are also affected during this
process. The correlation Dbetween structural and electronic
dynamics 1s not well understood.



To further explore correlated structural and electronic
behavior wupon wultrafast laser excitation, I have asked the
following questions:

1. How does subpicosecond optoelectronic behavior change as
a function of time after femtosecond pulse
photoexcitation?

2. How does subpicosecond surface symmetry and electronic
motion change with respect to time after femtosecond pulse
photoexcitation?

3. How do atomic bonds change as a function of time after
femtosecond pulse photoexcitation?

To address these questions, I used experimental methods
sensitive to both atomic motions and electronic responses:
polarization-resolved second harmonic generation (PRSHG) and time-
resolved, polarization-resolved second harmonic generation (TR-
PRSHG) . The dissertation covers application of these techniques to
III-V semiconductors: gallium arsenide (GaAs), gallium antimonide
(GaSb), and aluminum gallium arsenide (AlGaAs).

This dissertation is organized as follows. Chapter 2 presents
the background of electronic band structures, ultrafast relaxation
processes, and the origin of nonlinear optics from the perspectives
of classical and quantum mechanics. It thus provides a framework
for the static and transient nonlinear optical processes observed
in III-V semiconductors under ultrafast pulse excitation.

Next, Chapter 3 motivates the use of the experimental and
analytical methods as applied to the experimental and theoretical
studies outlined in Chapters 4 and 5. Chapter 4 is devoted to the
understanding of polarization-resolved second-order nonlinear
optical responses of various strained III-V semiconductor
heterostructures resulting from defect-conducive growth
conditions. Simplified phenomenological expressions for the
polarization-resolved second harmonic generation (PRSHG) are first
derived using tensor analysis. Afterwards, these expressions are
used to fit experimental data. The developed formalism is tested
under different conditions to gauge the fit robustness and
sensitivity to mechanical and electronic changes in strained III-
V semiconductors.

Along that same vein, Chapter 5 extends this analytical fit
to describe ultrafast PRSHG responses of GaAs (100) as a function
of transient changes in the interatomic potential within the first
picosecond after photoexcitation. Finally, the dissertation
concludes with Chapter 6 addressing possible directions for future



work. The chapter begins with a description of studies to further

test the sensitivity and robustness of the PRSHG phenomenological

fit and how 1t can be used to characterize more

classes of
materials.



Chapter 2

Background

In this dissertation, my goal was to further understand
correlated structural and electronic behaviors upon ultrafast
laser excitation. In this chapter, I provide a framework for
describing static and transient nonlinear optical responses
observed in III-V semiconductors by presenting a background of
electronic band structures, ultrafast relaxation processes, and
the origin of nonlinear optics from the perspectives of classical
and quantum mechanics. These topics are related in that they
involve linear and nonlinear subpicosecond optical responses in
ITI-V semiconductors excited undergoing excitation above the band
gap. The characteristics of nonlinear optics described briefly in
the following section provide an introduction to the theory behind
the experimental methods and analyses used in the research in this
dissertation.

2.1. Nonlinear Optics Overview

What 1is nonlinear optical behavior?

In materials, the incident optical field has a profound effect
on the resultant linear or nonlinear optical response. The linear
optical response is linearly proportional to the incident electric
field, whereas, the nonlinear optical response 1is not. The
nonlinear response can have quadratic, cubic, or higher order
dependencies on the incident optical electric field. Thus, the
term ‘nonlinear’ involves a wide variety of optical responses.

Factors influencing nonlinearities are directly related to
the nature of an anharmonic interatomic potential or dipole moment
and subsequently induced polarization in a combination of optical
fields. Such factors can be described mathematically. First, let
us consider a material with a dipole moment per volume (?) that
undergoes an induced linear polarization:

P(t) = e, xVE(t) (1)

where €, 1s the permittivity of free space (8.85418782 x 10712 m-3
kgl s* A2) and XU) is the linear optical susceptibility
(dimensionless) .

However, in the case of nonlinearity, the induced
polarization is not linearly proportional to the incident electric

4



field. As stated above, it can have a quadratic, cubic, or higher
order proportionality. Mathematically, this dependence on the
incident electric field can be expanded as a power series

P(t) = €,xWE(t) + eoxPE(E) + €ox PE3® + ... (2)

where XQ) and XB)are the second- and third-order nonlinear optical
susceptibilities (m/V and m?2/VZ2), respectively.

Such nonlinear responses can be classified by order. For
instance, induced polarizations with a quadratic dependence on the
incident electric field are known as second order and those with
cubic dependence are known as third order. In this dissertation,
I focus on second order nonlinearities since they are sensitive to
crystalline order and thus have been used as reliable optical
characterization methods of the crystal symmetries of solids.

Second order nonlinear optical processes can be further
organized Dby the input and output optical electric field
frequencies as mathematically shown below:

e Second harmonic generation (SHG).
o PQw;) = 6o)((Z)El2

e Sum frequency generation (SFG).
o P(w; + w,) =26,y PE,E,

e Difference frequency generation (DFG).
o Plw;—wy) = 260)((2)51E2

e Optical rectification(OR).
o P(0) = 26, P (E,E; + E3E)

Either of these processes can be used to characterize the
crystal symmetry in solids. The most straightforward method is to
second harmonic generation (SHG), since it is the only one that
can be performed with a single input frequency. The other three
require two input frequencies. Therefore, the SHG was chosen as a
main tool to study material properties under consideration in this
dissertation because of its ease of implementation.

The remainder of this chapter covers background topics
relevant to SHG. First, I review the current understanding of the
macroscopic physical origin of SHG. Particularly, the physical
origin can be understood microscopically as either bond charge
movement or macroscopically as centrosymmetry. To approximate the
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nonlinear response to macroscopic quantities, formalisms are
incredibly helpful. There are two major formalisms that can
describe 274 order nonlinear behavior: classical and quantum
mechanical. Finally, I review the classical and quantum mechanical

formalisms of second order nonlinear behavior, paying special

2

attention to Xijk -

Second Harmonic Generation

Second order nonlinear optics (2nd order NLO) covers diverse
topics. Studies of second order optical nonlinearities are
necessary for the characterization of noncentrosymmetric crystals.
Depending on experimental conditions, characterization methods can
involve one or more types of 2™ order NLO described in the previous
section. Of the above types, we turn our attention to second

harmonic generation (SHG). It is also referred to as frequency
doubling of an input fundamental frequency w1 to the second
harmonic 2w:1 (or w2). In this section, I review classical and

quantum descriptions of second order nonlinear optics.

As can be understood from the name, second harmonic generation
occurs when the power at incident frequency (w) converts to power
at frequency at the second harmonic frequency (2w). As shown in
Figure 2.1, two photons of frequency omega are converted into a
single photon of frequency 2w through a quantum-mechanical process
involving a virtual level (dashed line) and ground state (solid
line). However, this isn’t the only contribution to the reflected
beam. It is a combination of three contributions: a zero frequency
(a constant), incident frequency (w), and the second harmonic
frequency (2w) contributions as shown below.

(a) (b)

Q) w
w (2)
— > X X0 ——1-- 2w
— > A
)

Y

Figure 2.1: (a) Geometry of second harmonic generation. (b) Energy-level diagram
describing second harmonic generation's.




From around the late 1960s, there was a growing awareness
that nonlinear optical (NLO) properties can be modeled in a more
practical way than quantum mechanical statistics. This led to the
birth of a much simpler approach of understanding NLO properties.
This approach is called the bond-charge model. It considers NLO
properties as a natural consequence of the localized movement of
an atom’s bound outer valence electrons. The bond charge model
developed by Levinel0./11 relates linear and higher-order
polarizabilities to Dbonds interacting with applied electric
fields. Simply put, NLO properties of a material can be described
by the unequal movement of an electron between two dissimilar
elements with the bond-charge model.

The first stage in this model is the definition of a bond
connecting A and B atoms of different elements. The bond is defined
as a single point charge g between A and B with a bond length d
described as the addition of the covalent radii ra and rs,
respectively. This configuration in shown in Figure 2.2. The NLO
behavior is the calculation of the movement of point charge g
between atoms A and B with expected coupling of an applied electric
field E in a given bond polarization.

(a) [ Fa—Te

(b)

Figure 2.2: The bond-charge model applied to a chemical bond between elements A and B.
Parts (b) and (c) show how the charge moves in response to applied electric fields.
Source: Boyd!3

Classical formulation of Xgi : Nonlinear susceptibility as a

classical anharmonic oscillator

Modeling optical responses as oscillators  works for
visualizing electronic motion in an optical field. 1In this



oscillator model, the electronic motion 1is dominated by the
restoring force exerted on the electron undergoing this field. The
idea that the nonlinear optical response can be modeled as a
harmonic or anharmonic oscillator is an accurately simple one. In
fact, the electron-nucleus interaction can be accurately compared
to a spring. It is generally agreed that the spring mirrors Coulomb
forces dominating the interplay Dbetween Dbinding electron
attraction and repulsion from the nearest neighbor nuclei.
Conceptually, the case of an oscillator driven by an outside force
is similar to the case of a bound electron driven by an applied
electric field. Another term for this interplay of forces is the
interatomic potential. Any nonlinearities developed during this
external driving of the interatomic potential are due to uneven
stretching and/or compression of this “spring”. In terms of
electronic motion, this means that unequal motion along the bond
caused by uneven Coulomb forces or uneven interatomic potentials
produce a nonlinear optical response.

As stated above, two related but different oscillators are
associated with nonlinear optics, namely the driven harmonic
oscillator and the driven anharmonic oscillator. The harmonic
oscillator model applies when the Coulomb forces imparted on the
electron residing between bonded atoms are equal. Thus, the
interatomic potential is considered even and harmonic. Materials
with harmonic potentials are referred to as centrosymmetric.
Usually, centrosymmetric semiconductors are composed of a single
chemical element, such as germanium or silicon. Another thing to
consider is that due to this even interatomic potential, second-
order nonlinearities are not observed but third-, fifth-, seventh-
and higher odd-order ones are.

In 27 order NLO, nonlinearity can be approximately simulated
using a classical anharmonic oscillator. In fact, the approach of
a particle moving in a classical anharmonic oscillator is adequate
for describing uneven electronic motion in a noncentrosymmetric
material. This inequality can be quantified as a measure of
anharmonicity. Materials exhibiting this anharmonicity are
conventionally referred to as noncentrosymmetric. Consider a
material with an anharmonic potential shown in Figure 2.3. This
interatomic potential energy, energy density, and motion produces
nonlinear polarization that couples to the incoming optical field
and produces second-order electromagnetic radiation. Although the
conclusions of this model do not yield quantitative parameters,
the qualitative understanding is physically and intuitively sound.

As described above, second order nonlinear optical behavior
is absent in centrosymmetric materials. As centrosymmetry has such



a significant influence on second order nonlinear behavior, it

indirectly relates to the symmetry of second order nonlinear

optical susceptibility (XSQ) tensor described in Equation 2. This

uneven electronic motion produces a net lattice polarization,
which profoundly influences the optical response. Factors
influencing this lattice polarization are the type and nature of
electronic motion.

U(x) A

~~ parabola

parabola

actual
potential

>

X
Figure 2.3: Anharmonic potential energy function for a noncentrosymmetric medium. Source:
Boyd!?

Quantum Mechanical Formalism of ng : Nonlinear optical

susceptibility as dipole transition populations

Second order NLO can also Dbe described with a guantum
mechanical formalism. Specifically, 1t can be described as the
product of an electronic transition process undergoing a three-
photon exchange involving real and virtual levels. To obtain an
appropriate description of 2rd order NLO with dipole populations
between real and virtual levels, suitable context is necessary.
The idea that 2nd order NLO can Dbe described as electronic
transitions between levels is a considerable idealization. This
section reviews the description of second order nonlinear optical
properties as an electronic transition. The ways of estimating
electronic dipole contributions to nonlinear behaviors are
outlined.

As mentioned 1in Section 2.1, 27 order NLO in a material
depends on the second order nonlinear optical susceptibility

tensor (XSQ). The subscript ijk refers to Cartesian directions x,
y, and z and the superscript (2) denotes second order nonlinearity



for electric fields and induced polarization. It can be thought of
as a measure of the nonlinearity in all directions resulting
primarily from anharmonicity of the electronic motion in the
presence of an optical field. This susceptibility is conveniently
expressed as dipole populations along the jF and k directions
producing a resultant 27 order NLO response in the 1 direction.
Such optical behavior is evaluated through studies of two main
components: real levels and virtual levels. As shown in Figure
2.1, two photons of frequency w are converted into a single photon
of frequency 2w through a quantum-mechanical process involving a
virtual level (dashed line) and a real level ground state (solid
line). These two components are complementary, and for the best
understanding should be described together.

Explicit descriptions of dipole population behavior during
SHG involves the consideration of three major factors: atomic
energy levels, internal symmetries of the susceptibility, and the
dipole transition moments. These three factors are required for
the preparation of a functional form of the dipole moment
populations as they relate to specific nonlinear susceptibility
tensor elements. It can involve one or more of the following
topics:
e Existence and contribution of real and wvirtual levels to
nonlinear optical behavior,
e Resonant dipole transitions between real and virtual levels,
and
e Relaxation processes between real and virtual energy levels
contributing to transient nonlinear optical behavior.

Since the focus of this dissertation is SHG, the following
description of dipole populations along j and k is considered along
equally spaced real and virtual levels n, m, and g shown in Figure
2.4. For a given material, the second order susceptibility tensor
can be expressed as dipole transitions between excited states n,
m, and g, by the following equation

N Z b G

@ gnnmimg

Xii (a) , W, W )= P ’
ijk\Wao» Pq» Lp thz F L (O)ng — wa)(wmg - O)p)

where N is the number of dipoles undergoing the transition, €, is
the permittivity of free space, Pr 1s the permutation operator
summed over all permutations of input frequencies w, and wg and
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output frequency w,, u&iis the electric dipole transition moment

in the 1 direction between levels g and n, u#n is the electric
dipole transition moment in the j direction between levels m and

n, uﬁg is the electric dipole transition moment in the k direction
between levels g and m, wpgs is the transition frequency between

levels n and g, and wpg is the transition frequency between levels

En—E ir .

nhg——%f where I, is the

population decay rate of level n. Along the same line, the term
Em—Eg _ ilm

Wmg 1s defined as wpyg = - j;-where [;), is the population decay

m and g. The term w,y; is defined as wpy =

rate of level m.

—-1——-—n ————— -0 e il ———T1-m
] o o il
q P P q
- - m - — - A W
nr‘ i o
p g @ .
_4|I '"._.Il __t___n __'“__ -n
ia,) {a,) (b )} (b, ) ia))
] a ! ] 5 !
i) o)
p q
_E_" _1_"
i) i
q P

(b) (b))

Figure 2.4: The quantum resonances 1in the second order susceptibility )(L(]Z,z Source: Boyd'

Thus, the value of the second order nonlinear susceptibility
tensor 1is linearly related to the sum of the excited dipole
transition populations within a given volume. This way of

calculating XSQ is better at estimating the rate of transition for

materials with sharp atomic levels like atomic vapors and molecular

compounds and not broadened levels as with solids. However, it
&)
ijk
elements with respect to each other in terms of dipole populations
along the i, j, and k directions.

does give a qualitative comparison of the relative y tensor
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In Figure 2.4, it 1is seen that there are three possible
mechanisms for generating second order nonlinear optics. All three
mechanisms are considered in the calculation of the second order

(Xio)

estimate the dominant mechanism, the degree of contribution
between these three mechanisms are described by the relationships
between the real and virtual levels and the incoming and outgoing
frequencies. In semiconductors that have a band gap, the dominant
mechanism depends heavily on the incident 1light frequency and
resonant frequencies (local conduction band minima) of the
material.

nonlinear optical susceptibility tensor elements. To

For SHG analyses in Chapters 4 and 5, the responses are
described in terms of the second order nonlinear optical
susceptibility tensor elements and their relevant dipole
populations along j and k directions. These are adequate for
describing the structural responses of III-V semiconductors under
various conditions. In fact, this analysis 1is warranted for
detailed investigation of transient dipolar behaviors as well.

2.2. Electronic Band Structures of Semiconductors

In semiconductors, discussion of electronic behavior should
obviously include a review about the periodic nature of the lattice
and 1its environment that will allow adequate evaluation of the
electronic band structure. The scope of this review includes the
description of band theory. To obtain the maximum benefit from any
analytical method of wultrafast or static nonlinear optical
response, an understanding of the physical origins of the band
structure 1is essential and are reviewed here. An overview of the
characteristics of electronic band structures ©provide an
introduction to photoexcitation dynamics, which are described in
the Section 2.3.

What is a semiconductor?

Semiconductors comprise many electronic and optoelectronic
devices wuseful to the computer and solar cell industries. 1In
semiconductors, the electronic band structure has a profound
influence on the optical response. Factors influencing the optical
response are the geometry of the band structures and laser
wavelength. Thus, the study of laser-induced behaviors in
semiconductors involve excited electronic generation and decay
populations as well as their associated optical responses. For
most purposes, it is necessary to have quantitative measures for
defining semiconductors. This is conveniently done in terms of
carrier density n, conductivity o, and energy gap Eg. The gap is
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defined as the energy difference between occupied and empty states.
In semiconductors, the conduction band (CB) and valence band (VB)
should ideally be analyzed as an electronic continuum. Although in
practice, each part of the band structure should be considered as
part of the whole when considering light-matter interactions. The
characteristics of band structures are numerous and some of the
more important ones are reviewed below.

The electronic band structures of semiconductors can be
classified into two categories: direct and indirect band gap.
Indirect band gap materials have their conduction band minimum
(conduction band edge) and the valence band maximum (valence band
edge) at the different points in the Brillouin zone. Appropriate
examples of an indirect band gap material would be Group IV
semiconductors, such as silicon or germanium. Direct band gap
materials have their conduction band minimum (conduction band
edge) and the valence band maximum (valence band edge) at the same
point in the Brillouin zone. Relevant examples of a direct band
gap material would be group III-V semiconductors, such as gallium
arsenide (GaAs) and gallium antimonide (GaSb). Figure 2.5 displays
examples of an indirect band gap material (silicon) and a direct
band gap material (GaAs) for comparison. For the rest of this
section, I limit the discussion to III-V semiconductors, as 1t 1is
relevant to the studies in this dissertation.

Energy

J00K E,=142eV Energy 300 K E=112eV
_ E=20eY
X-valley P-valley Bu=171eV £=12eV
Ex=190¢eV E_=0044 v
L-valley Eeo =034 eV En=34ey
E,=42eV
Ey
E
<100> g <>
T I T Wave vector <1115
Esg ‘ Heavy holes Heavy hmesWa\re vector
Light hotes \\ Light holes
Split-off band Split-off band

Figure 2.5: The band structures of (a) direct-band gap GaAs and (b)indirect-band gap Si.
Source: Ioffe Institute.

Energy gap characteristics are directly connected to the type
of atomic bonding. In covalently bonded materials where the
electrons are shared between atoms, such as silicon or gallium
arsenide, the energy gaps are small and wide enough to produce a
moderate carrier density (< 107 cm3) and conductivity (107° cm ! -
102 cml). In materials where the bonds are highly ionic,
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manifestations of small band gaps characteristics do not occur.
Instead, these situations produce fairly low carrier densities (<<
1 cm3) and conductivities (< 107° cm™l), where not many electrons
transition between the valence and conduction bands. However, some
insulators that become semiconductors at high temperature, or wide
band gap materials, have been of great interest as of late.

Optical absorption and emission in semiconductors

In semiconductors, laser wavelength has a profound effect on
carrier generation and scattering, thermal equilibration,
recombination, and thermal diffusion rates. At energies far below
the band gap, light is not absorbed and no electron-hole pairs are
created. However, at laser wavelengths above the band gap (hv >
Eg), optical absorption transitions in semiconductors can be either
direct or indirect, depending on their band structures.

To quantify the influence of absorption on semiconductors for
optoelectronic applications, 1t 1s necessary to identify the
patterns in electronic band structures, energetic transitions, and
radiative 1lifetimes. Understanding the forces involved in
absorption and identifying the electronic band features in a
semiconductor enable the formulation of relationships Dbetween
incident electromagnetic radiation and resultant optical
responses. These relationships involve the careful mapping of
electron-radiation interactions within an electronic band, and the
correlation of these interactions with models of optical
transitions. Aspects of this are further discussed in Section 2.3.

2.3. Relaxation Processes of Photoexcited Semiconductors

Femtosecond lasers have proven to be useful in illuminating
scattering dynamics of nonequilibrium photoexcited carriers in
semiconductors. The 1interest 1in these carrier dynamics arises
mainly from the needs of the microelectronic and photonic
industries. Dynamics of band structure, scattering events, carrier
diffusion, and other effects are wvital 1in understanding
semiconductor transport theory and carrier dynamics. A working
knowledge of these topics 1is essential for optimal designs of
future optoelectronic devices. Semiconductor physics tells us
about the electronic and optical response upon photoexcitation,
which may differ greatly depending on incident wavelength and pulse
width. While the concepts of this section apply to all
semiconductors regardless of band structure, any discussion of
photoexcitation 1is generally confined to events seen in direct
band gap materials. While semiconductor transport applies to all
excitations regardless of generation method, any discussion of
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excitations in this work is generally confined to events derived
from femtosecond photoexcitation.

The goal of this section 1is not to review all transport
topics, but instead to provide an introductory overview of carrier
and phonon dynamics of moderately excited (< 101  cm73)
semiconductors. In this regard, I will focus on the case of polar
semiconductors, specifically GaAs. In the following discussion,
emphasis is placed more on processes that can be directly observed
with ~50 fs laser resolution than on exhaustive descriptions for
all interactions. As has been stressed in Chapter 1, there is a
great need for understanding how carrier interactions before
thermal equilibrium correlate to subpicosecond optical responses
in the subject of scattering in semiconductor dynamics.

Scattering arises mainly from interactions between the
lattice and excited electrons and holes. In some materials, these
events occur on the subpicosecond timescale, making femtosecond
measurements useful for probing the effects these events have on
optical properties of the material. These scattering events can be
seen to follow clearly defined processes which form a temporal
evolution of energy and momentum decay called relaxation.

15



118

i S P

£ Ex
Coherent Stage

10fs _L 0

Semiconductor
Bloch Equations

100 fs L i(E )

1ps L
Thermalization

Boltzmann
Transport Eq.

Teo3T L

10 ps L f(E)

Eo Ex
100 ps L .
Carrier Cooling

Te:TL

Effective Temperature
Approximation

y [ 7l S I(E)

10ns _L
Recombination

Rate
Equations

100 ns L fE )

N b

Figure 2.6: Time scale for different stages of relaxation phenomena 1in photoexcited

experiments. Source: Stanton®°

To analyze ultrafast nonlinear optical spectroscopy, it is
essential to review the current understanding of temporal regimes
of relaxation processes 1in polar semiconductors related to
nonequilibrium carrier transport after photoexcitation in polar
semiconductors. We thus need to review the four ultrafast physical
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processes that happen during relaxation of a semiconductor
photoexcited with an ultrashort pulse. These regimes are generally
classified by changes in both carrier and lattice temperatures,
which produce unique optical responses. To fully account for the
changes in carrier and lattice temperature, not only the energetic
and momentum relaxation processes have to be considered, but also
associated excited dynamics such as scattering, decoherence, and
recombination.

In the initial stages of relaxation, the photoexcited
electron and hole share the same energy and momentum, meaning that
they are coherent. This state is described with semiconductor Bloch
equations and retains this behavior for about 10 fs. These
coherent carriers collide with each other, modifying the energy
distribution through a process known as dephasing. Dephasing
modifies the carrier distributions from one that can be described
with semiconductor Bloch equations to those that are more readily
described with either Fermi-Dirac or Maxwell-Boltzmann
distribution functions. This change 1is described through the
Boltzmann transport equation. Once the carrier distributions have
reached either a Fermi-Dirac or Maxwell-Boltzmann distribution
function, this event 1is known as thermalization, where the
electrons can Dbe described as having the same effective
temperature.

The progressive decrease in effective electron temperature
causes a related increase in effective lattice temperature through
a process known as carrier cooling. This transfer of temperature
or energy can be described by the effective temperature
approximation and signals thermal equilibrium when the lattice and
electron temperature are equal. Once the excited carriers and the
lattice reach thermal equilibrium, this leads to an accumulation
of carriers at the conduction band edge until they are relieved by
a longer event called electron-hole recombination. Depending on
the semiconductor, recombination can occur from hundreds of
picoseconds until hundreds of nanoseconds. Recombination ends when
the all electrons have recombined with holes.

To review, ultrafast relaxation behaviors in the following
order:
® Coherent regime (< 200 fs),
® Nonthermal regime (< 2 ps),
® Hot carrier regime (1 - 100 ps), and
® TIsothermal regime (> 100 ps).
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Another step in relating wultrafast transient optical
responses to dynamic carrier phenomena is to identify all the
contributing factors as discussed below.

Coherent Regime (< 200 fs)

In the above temporal classification, the coherent regime is
defined in terms of phase coherence of the carriers with incident
optical polarization, also known as the electric field of the
incident pulse. This coherence is lost usually within 200 fs after
excitation.

Nonthermal regime (< 2 ps)

By the term nonthermal, it is generally understood that this
is before the carriers reach a common temperature. Processes that
happen in the nonthermal regime are of major interest to the
optoelectronics and high-speed electronic industries. For these
applications, nonthermal processes are studied extensively by
those looking to create faster and more energy-efficient device
designs. The dominant contributions to the transient optical
responses are directly related to the loss of coherence of the
excited carriers to the incident electric field / optical
polarization discussed earlier. Different materials have different
decoherence timescales, sometimes for the same incident energies.

The major outcomes of decoherence are twofold. The first
outcome is to allow electrons and holes to reach the same energetic
distribution with themselves, which takes a few hundred
femtoseconds. The second outcome is to allow the excited electrons
and holes to reach the same carrier energetic distribution with
each other, which can take up to several picoseconds. This is
achieved through carrier-carrier scattering.

Hot carrier regime (1-100 ps)

In this regime, the carriers can be considered to have a
common carrier temperature and are no longer considered
nonthermal. The dynamics of excited electrons and holes in the hot
carrier regime deals with similar relaxation processes in
principle as are faced in macroscopic thermal transport. However,
the timescale of nanoscopic thermal transport are considerably
shorter than macroscopic transport because of the much shorter
path lengths involved. These differences are magnified by rapidly
changing interconnected electronic processes (especially with
higher carrier densities), phonon-influenced changes in the band
structure, surface states, and the presence of surface electronic
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fields. Carrier cooling, the dominant feature in this regime,
happens when the common excited carrier temperature heats the
lattice temperature until they reach equilibrium.

There are many processes for excited carriers at a common
temperature to release energy to the lattice, which may be divided
into two types: electron-phonon scattering and phonon-phonon
scattering. These scattering events allow excited carriers to
relax 1into energetically broad thermal distributions. While
phonon-related processes are the major contributor to thermal
equilibrium between the carriers and the lattice, the timescales
vary depending on the material rather than the phonon processes
themselves.

Isothermal regime (> 100 ps)

The isothermal regime is the name often given to the period
after the lattice and carriers reach the same temperature,
conventionally known thermal equilibrium. At this stage in the
relaxation, the excited carriers then decay through two types of
recombination: radiative and nonradiative recombination. Depending
on the material and excitation parameters, recombination can range
from around 100 picoseconds to nanoseconds.

Z2.4. Summary

This chapter aimed to introduce the theory behind the
experimental methods and analysis used in the research performed
in this dissertation. Specifically, I reviewed the current
understanding of the correlation between structural and electronic
behavior upon ultrafast laser excitation. Three main areas were

covered: nonlinear optics with a focus on second harmonic
generation, electronic Dband structures of direct band gap
semiconductors, and relaxation processes of photoexcited

semiconductors. These topics are related in that they involve
linear and nonlinear subpicosecond optical responses in III-V
semiconductors excited above the band gap. These underlying
physical processes contribute heavily to answering the research
questions reviewed 1in Chapter 1. In the following chapter, I
present the motivations as well as the experimental and analytical
methods for the research performed in Chapters 4 and 5.
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Chapter 3

Previous Work and Study Justification

In this dissertation, my goal was to further understand
correlated structural and electronic behavior upon ultrafast laser
excitation. The underlying physical processes described in the
previous chapter contribute heavily to answering the research
questions from Chapter 1. In this chapter, I provide an experiment-
specific framework for characterizing the static and transient
nonlinear optical behaviors observed in III-V semiconductors.

This chapter is organized as follows. Section 3.1 presents a
project summary and a statement of broader impact. It thus provides
an overview of the research performed in this dissertation and
motivates the research into static and transient nonlinear optical
responses in III-V semiconductors. Next, Section 3.2 reviews the
relevant literature in three areas: SHG from unstrained surfaces,
SHG from strained semiconductors, and transient SHG spectroscopy
of photoexcited semiconductors. This review relates the
dissertation project to the state of the field.

Sections 3.3 and 3.4 summarize the objectives and aims as
well as the experimental methods used in this dissertation project.
Section 3.3 is devoted to outlining Study 1, the study of
polarization-resolved second-order nonlinear optical responses of
various III-V semiconductor architectures resulting from strain,
defect-conducive growth conditions, and substrate choice. Along
that same vein, Section 3.4 highlights the methods and objectives
of Study 2, which relates the ultrafast PRSHG response of GaAs
(100) as a function of transient interatomic potentials within the
first picosecond after photoexcitation. Finally, the chapter
concludes with a summary of research questions in Section 3.5.

3.1. Overview

Project Summary

There is a large body of materials research on the connection
between second order nonlinear optical responses of semiconductors
and lattice behavior. The research on second harmonic generation
(SHG) on semiconductors largely ignores an important factor
related to experimental analysis: input polarization angle. The
existing research on the factors influencing SHG in crystalline
semiconductors suggest that analyses of SHG spectra are largely
driven by the assumption concerning which nonlinear optical
susceptibility tensor elements contribute the most to the
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resultant SHG. Previous analyses of crystalline materials have
previously assumed that the same susceptibility tensor elements
contribute to the SHG no matter what the input polarization angle.
However, in bulk crystalline materials, this assumption cannot be
kept.

It is possible that for the surface of crystalline materials,
different tensor elements contribute separately to output SHG
intensity depending on input polarization angle. However, it is
unclear whether this dependence on polarization angle is sensitive
to optically-induced wvariations on a crystalline surface after
photoexcitation. Tensor analysis relates the influence of
polarization angle on SH intensity while demonstrating an apparent
change in amplitude is, in fact, a change in symmetry.

In addition, surfaces under various conditions (i.e., strain,
band bending) may have different SHG responses depending on input
polarization angle and therefore display differing symmetries.
Thus, it 1s wunclear how variations in semiconductor surfaces
influence the nonlinear optical responses at various input
polarizations. Also, it 1is not known how subpicosecond lattice
symmetry changes transient nonlinear optical responses, such as
transient SHG.

The research in this dissertation attempts to determine the
specific factors that influence SHG in crystalline semiconductors.
Study 1 investigates whether lattice distortions can accurately be
modeled by changes in the nonlinear optical susceptibility tensor

components. Several variables related +to lattice distortion
include strain and interfacial band bending. The results of this
study help determine which tensor elements, interatomic

potentials, and dipole populations are sensitive to different
types of lattice distortions. Study 2 investigates the 1light-
matter interactions undergoing femtosecond excitation. This study
extracts transient changes in the susceptibility tensor elements
and relates them to their respective dipole populations and
interatomic potentials.

Broader Impact

The research of this dissertation represents an initial
exploration of the factors influencing nonlinear optical
responses on semiconductor surfaces. The results of this research
have the potential to inform the field of nonlinear optics about
which lattice behaviors are most likely to contribute to static
and transient SHG. This information may allow for future work to
focus on the connection between SHG, dipole contributions, and
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interatomic potentials 1in semiconductors under different
conditions. This research also provides information about whether
strain, resonances, and subpicosecond lattice behaviors can be
fit with a simple analytical solution. Since the results of this
research reveal that an analytical fit of polarization-resolved
SHG is sensitive to interatomic potential and dipole variations
in all three dimensions simultaneously, this may suggest the need
for improved fitting for other semiconductors as well as the need
for increased study of other materials.

3.2 Relation of Dissertation Project to the State of the Field

Nonlinear optical spectroscopy has been used to characterize
order at crystalline surfaces. Currently, both transient and
static second harmonic generation (SHG) spectroscopy techniques
are Dbecoming increasingly common tools 1in describing surface
order. While reviewing the literature of SHG from crystalline
surfaces, I found there to be limited research into difficulties
in describing surface bond interatomic potential and dipole
population contributions to resultant SHG intensities from III-V
semiconductors. The purpose of this literature review is to report
the state of the field and provide context related to the research
presented 1in this dissertation. The following three main
challenges to quantifying surface bond contribution to SHG emerged
from the literature: SHG from unstrained III-V surfaces, SHG from
strained III-V semiconductors, and transient SHG from III-V
semiconductors.

Overall, it is evident that the characterization of surface
interatomic potentials’ contributions to nonlinear optical
responses can be a challenge. In fact, providing quantitative
understanding of transient nonlinear <contributions can Dbe
problematic when implementing current phenomenological models of
transient SHG. As a result, 1t 1s evident that a complete
analytical fit is pertinent to overcome the challenges presented
by both transient and static SHG characterization of III-V
semiconductor surfaces.

SHG from unstrained surfaces

The analysis of SHG spectra from semiconductors can pose a
significant challenge to researchers. While microscopic crystal
structures can be deduced from rotational azimuthal SHG (RA-SHG)
measurements, little has been understood about which interatomic
potentials dominate nonlinear responses. Consequently, extracting
these contributions from SHG data motivated the development of
several bond and field models. In this section, I review the major
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developments in this area and provide context for the analysis
derived in this dissertation.

In 1987, Sipe et all? developed a phenomenological model for
silicon to extract macroscopic field information from SHG
measurements. The model includes contributions from electric
dipoles, electric quadrupoles, and magnetic dipoles at the surface
and bulk. This was the first study that employed the analytical
use of input-output polarization experimental parameters to
separate surface and bulk contributions from each other. The study
found that as a result of restricting input and output SHG
polarizations, one could quantify possible contributions related
to relevant geometry arguments. These contributions were directly
relatable to easily fitted Fourier coefficients. With this, it is
possible to infer physical insight into the origins of the
nonlinear optical responses in silicon.

However, this approach does not generalize well to other
materials and had significant limitations. For instance, only the
contributions from a centrosymmetric material were considered. For
noncentrosymmetric materials like ITI-V semiconductors, an
entirely new method would need to be created. While the model was
found to correlate well with silicon surfaces, it was unable to
include microscopic variations such as vicinal surfaces and a new
model to include this was developed.!®

Similar to Sipe et all4, Powell et all® produced an analytical
model to describe dipole radiation contributions to SHG. The aim
of the study was to directly connect the observed macroscopic
nonlinear responses to microscopic bond charge behaviors. The
researchers sought to achieve this by condensing all fields to
only 4 bonds, or a simplified bond hyperpolarizability model
(SBHM) . While it provided an accurate and simpler physical
understanding, this model had significant limitations. For
instance, a perfect bulk crystal could easily be described with
only 4 repeating bonds. However, surfaces, dangling bonds, vicinal
surfaces and strained surfaces cannot. In fact, an incredible
amount of numerical computations considering a variety of defects
would be required in order to do so. This study also shares the
silicon specificity of the Sipe et all? phenomenological study. In
order to expand the simplified bond model for other materials, one
would need to return to first principles.

Interestingly, Germer et all’” developed a phenomenological
model for GaAs relating SHG to the depletion electric field. This
model consisted of three terms: dipole bulk contributions as well
as first- and second-order depletion field contributions. This
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model was compared to experimental RA-SHG of doped GaAs(100)
surfaces for a range of input energies. Of the three contributions,
the first-order depletion field was the greatest contribution to
SHG in GaAs. The fit from this model correlated significantly to
the experimental data. However, due to only considering three

polarization combinations (pin/Pout, Pin/Sout, and Sin/Pout) 1in the

. . 2 .
model, various effective ng tensor elements were 1gnored.

Therefore, a limitation of the study is that it does not produce
a complete picture of interatomic potential or dipole behavior
that would be engaged with other polarization combinations.
Nonetheless, a strength of this study is that a significant gap in
the literature was identified; the contribution of depletion field
to nonlinear optical responses.

In order to address these limitations, Park, Tolk et alils
developed a polarization-resolved phenomenological model to
extract macroscopic field information from SHG measurements of

silicon. This was the first study that employed a tensor formalism

to extract XSQ tensor elements from PRSHG experimental data. The

study found that it was possible to quantify (what contributions?)
contributions with relevant geometry arguments. With this, they
inferred physical insight into the origins of the nonlinear optical
response in cubic centrosymmetric crystals like silicon. While the
model assumed only a dipole radiation contribution to the PRSHG,
it was found to closely fit the experimental data.

In summary, the literature suggests that an analytical model
relating polarization-resolved nonlinear optical responses and
electric fields is pertinent in the characterization of
semiconductors. However, no model has been shown in the literature

that can relate most of the 27 X52 tensor elements to the SHG data

in III-V semiconductors like GaAs. Consequently, it is imperative
that such model can be demonstrated and aim to characterize this
and other types of crystalline materials.

SHG from strained semiconductors

Currently, there is a growing use of nonlinear spectroscopic
techniques such as SHG to non-destructively characterize strained
semiconductors for optoelectronic applications. While it is a
widely-researched topic, I found there to be limited research on
surface electric field behavior of semiconductors under strained
conditions. Consequently, the purpose of this section is to explore
the current state of the field and outline the challenges related
to the surface (electric) field determination of strained
semiconductors.
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In a theoretical study, Lyubchanskii et al 1? identified two
types of strain that influence SHG of a strained semiconductor
film. Specifically, they developed a phenomenological model that
relates lattice misfit strain and misfit dislocation strain to a
i
is a lateral strain defined as the ratio of a difference in lattice
constants of a film (ar) and substrate (as) to the lattice constant
of the substrate (as). This misfit can be calculated by the

following relation:

material’s y effective tensor components. Lattice misfit strain

f= (af — ag)/ag

However, misfit dislocation strain cannot be as easily
related to the 1lattice constant. Instead this type of strain
depends on the thickness of the strained film as well. For films
less than a material specific parameter known as the critical
thickness, there are almost no dislocations. However, for films
greater than the critical thickness, there is dislocation strain
both along and normal to the surface. For GaAs, the critical
thickness is around 30 nm.

Both types of strain contribute to the SHG of a strained film.
To distinguish  between the different contributions, the
Lyubchanskii group postulated that these two types of strain can
be separated by polarization analysis of the scattered light (i.e.

by using specific probe output polarization angles). The effective

2 o . . .
Xég tensor elements most sensitive to a dislocation strain can be

observed with s-output SHG. On the other hand, p-output SHG was
calculated to be sensitive to both dislocation and misfit strain
types.

Further evidence to support this approach to strained
materials was experimentally verified by Jeong et al?®. This study
measured SHG from a strained piezoelectric film. The aim of the
study was to identify and separate the lattice mismatch strain

contribution to SHG from electric polarization in the strained

piezoelectric film. The study highlighted the extraction of 3X52

tensor components and photoelastic tensor elements from the RA-
SHG data. This study, however, did have some limitations. Due to

the small number of tensor elements, one cannot generalize the
findings to the entire ng tensor. But the study did identify a
gap 1in understanding and suggested further studies that are
necessary to consider the association of strain and SHG intensities

along different input polarization angles.
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Similar to Jeong et al?% Sun et al?! and Tahini et al??
discussed the importance of developing a theoretical picture for
strain effects in crystalline semiconductors. Specifically, this
study focused on three different semiconductors of particular
importance to the CMOS industry: Si, Ge, and GaAs. The aim of the
study was to provide a detailed investigation of strain altered
band structures. This study highlighted that strain affects the
band structures with deformation potentials in the conduction and
valence Dband valleys. Consequently, such Dband distortions
drastically affected carrier mobilities. For instance, GaAs was
shown to have lower electron mobility and enhanced hole mobility
by a factor of 10. These two factors affect carrier screening of
the surface. This study, however, did have some limitations.
Namely, the changes 1in the band structure did not translate
directly to changes 1in nonlinear optical responses such as SHG.
Nevertheless, this study did identify how strained III-V
semiconductors change electronically which could possibly be
exploited with resonant SHG measurements near the deformed band
edges of strained materials.

Similar to Lyubchanskii et all®?3 and Jeong et al?’, Schriver
et al?? discuss the importance of SHG in characterizing strained
semiconductor thin films in their review article. Specifically,
the review describes a potential for effectively characterizing
different types of strain in silicon. The review suggests that any
analytical model that can characterize the surface field behavior
might apply to understanding the structural symmetry of strained
silicon. The review found that relating material behavior to
nonlinear optical responses could potentially lead to expanding
the capabilities of strained silicon.

In summary, the literature suggests that an analytical fit
relating nonlinear optical and electric field behavior 1is
pertinent in the characterization of strained semiconductors.
However, no model has been shown in the literature that can relate

most of the 27 ng
semiconductors. Consequently, it is imperative that such a model
can be demonstrated.

tensor elements to the SHG data in strained

Transient SHG spectroscopy of photoexcited semiconductors

The analysis of transient SHG spectra from semiconductors can
pose a significant challenge to researchers studying ultrafast
photoinduced changes. While microscopic crystal structures can be
deduced from transient SHG measurements, little has been
understood about which field and bond contributions dominate such
nonlinear responses. Consequently, extracting contributions from
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SHG motivated the development of several transient SHG experiments
and analyses.

Understanding lattice dynamics with femtosecond time-resolved
SHG can pose another significant challenge. Namely, changes in the
linear dielectric function and the electron temperature after
excitation are evident in transient SHG responses?:?2:26 in metals
after 2 ps. Consequently, semiconducting materials have slower
heating timescales, which slows SHG contribution from the photo-
induced changes in the linear dielectric function. In this section,
I review the major developments in transient SHG in semiconductors
and provide context for the work in this dissertation.

In a quantitative study, Nelson et alz? identified
difficulties in characterizing wultrafast interfacial charge
transfer at semiconductor interfaces. Time-resolved SH rotational
anisotropy spectra for GaAs interfaces were performed at various
temperatures. The study did not produce a direct model relating
bond polarization, interatomic potentials, or dipole populations,
but it did reveal a change in symmetry around SH wavelength of 410
nm. The study suggests that for effective probing of charge carrier
dynamics of III-V semiconductor surfaces, forming an experimental-
theoretical relationship between SH and ultrafast charge dynamics
is imperative. This study further suggests that transient SH phase
can be of great importance and incorporation in an analytical fit,
thereby allowing characterization of long-lived surface fields.
However, the study found that competing frequency-domain
interferometric SH (FDISH) and electric field induced second
harmonic (EFISH) intensities also contribute strongly to transient
rotational azimuthal (RA-SHG) intensities. As a result, there was
no determination of transient changes of surface bond
polarizations, interatomic potentials, or dipole contributions
after photoexcitation.

Further evidence to support the relevance of ultrafast SHG
spectroscopy to characterize surface dynamics of ITI-V
semiconductors was identified by Chang et al2?®., The aim of this
study was to provide an experimentally verified general theory
that describes how pump-induced displacements of surface atoms (or
phonons) can be accurately detected with time-resolved SHG. This
study highlighted that up to four pump-induced phonon mechanisms
are responsible for <changes in transient SHG. In the first
mechanism, the pump pulse increases carrier density and the atoms
are excited into new equilibrium positions. The newly-displaced
atoms modify interatomic potential which 1is sensitive to SHG
spectroscopy. A second mechanism is that excited carriers screen
the built-in surface electric field, which in turn induces atomic
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displacement. The third mechanism 1is sensitive to the crystal
orientation and the pump polarization. It 1s related to the
coherent vibrations in free molecules and molecular crystals. The
fourth mechanism 1is the atomic displacement caused by rapid
electronic excitation and de-excitation, 1in which the atoms
accelerate when electrically excited.

In summary, the authors observed an ultrafast increase in the
SHG intensity for the GaAs (100) surface after photoexcitation and
attributed this to rapid carrier-induced screening 1in the
depletion field. The phonon driving mechanisms described earlier
contributed to the oscillations found in the transient SHG spectra.
Fourier transforms then delineated the ©periods of these
oscillations and highlighted several THz phonon frequencies
corresponding to interfacial and bulk phonons?8.

However, without knowledge of the surface construction,
assigning bond behavior to transient SH response proves difficult.
All vicinal surfaces in this study produced different transient SH
spectra. If one were given a material to characterize without
knowing the structural information beforehand, it would be
difficult to assign SH response to specific atomic behaviors.
Moreover, it 1s not possible generalize the findings to any
crystalline material with this model. However, the study did
identify a gap in correlating SH and lattice displacement which
suggests that further studies should be carried out to consider
the association between the two phenomena.

Similar to Chang et al?®, Wilcox et al?® discussed the
relevance of using time-resolved SHG measurements to characterize
photoinduced charge transfer. The aim of the study was to resolve
the direction of picosecond charge transfer after excitation. They
measured TRSHG intensity and phase as a function of time after
pump excitation. This study identified the challenges of reducing
stray light and enhancing sensitivity. The method they used was a
heterodyne detection scheme which has the advantage of reduced
noise and detector dark current. In such a measurement, the phase
of a transient signal of one wavelength is compared to the phase
of a reference beam of another wavelength. The phase offset
provides information about transient changes 1in the sample
material.

However, this type of measurement has several limitations.

Phase-based heterodyned measurements cannot be used to extract ng

tensor components without polarization rotation resolution.
Another limitation becomes more evident in birefringent materials,
which may have different ordinary and extraordinary refractive
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indices depending on the wavelength. This restricts the
application of this method to materials that do not display large
wavelength dependences on refractive indices. Finally, this type
of measurement requires comparing phase changes, which may be small
in reflective transient SHG measurements. Nonetheless, a strength
of this study is that a significant gap was highlighted relating
changes in transient SHG to ultrafast interfacial processes.

Interestingly, Park et al3® extended transient SHG measurement
and analysis to probe organic semiconductor thin films. The aim of
this study was to observe photoinduced charge separation dynamics
in organic semiconductor thin films. The researchers sought to
achieve this by observing time-resolved SHG responses. They found
that the transient electric field perpendicular to the film surface
interacts with the already existing surface space charge field
present before irradiation. In addition to providing an accurate
and simple physical understanding of photoexcited polymers, this
model further demonstrated the versatility of a time-resolved
nonlinear optical spectroscopy method to characterize surface
dynamics.

In summary, the literature suggests that an analytical fit
relating time-resolved nonlinear optical responses and transient
electric field behavior is pertinent in the characterization of

semiconductors. However, a model has not been shown in the
(2)
ijk
subpicosecond transient SHG response. Consequently, it is
imperative that such a model can be demonstrated and aim to
characterize III-V semiconductors as well as other types of

crystalline materials.

literature that can relate more than 3 y tensor elements to the

3.3. Study One: Influence of static lattice distortions on
polarization resolved SHG

Objectives and Specific Aims

The goal of Study 1 was to assess static surface fields in
semiconductors undergoing various types of distortions. One key
piece of this assessment is the relationship between distorted
surface fields and static nonlinear optical responses. In previous

studies, this relationship has been interpreted as either changes

in the lattice symmetry through only one bulk ng tensor

component. However, existing experimental and analytical methods
do not provide sufficient means of quantifying interrelated

contributions to SHG. Nor do these methods quantify how lattice

()

symmetry and Xijk elements change with respect to static lattice
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distortions. Study 1 aims to fill this gap 1in knowledge by

isolating the XSQ

SHG response and symmetries resulting from different lattice
distortions.

tensor components that contribute to the static

The major hypothesis to be tested is that different types of
static lattice distortions affect lattice symmetry as well as

interatomic potentials on the surface of crystalline materials.
i
from static SHG measurements as a function of input polarization
angle. While such extraction has been performed for undistorted
free surface crystalline materials previously in the Tolk group??8,
it has not been operationalized in previous research. This study
introduces an analytical approach that aims to isolate lateral and

normal interatomic potential contributions to SHG from their

respective XSQ elements for distorted crystalline materials. This

This hypothesis depends on the extraction of y tensor elements

strategy focuses on the following three objectives:

1. SHG symmetry response as a function of incident
polarization angle. The first objective is to extend the
characterization method developed in previous studies of
Group IV semiconductors that focuses on the observation
of polarization-dependent surface symmetry change as a
function of incident polarization anglel®. This extension
includes surface contributions of III-V semiconductors.

2. Changes in surface symmetries as a function of distortion
type. The second objective 1is to observe changes 1in
lattice surface symmetries of experimental PRSHG data
through distortions like strain and band bending.

3. Changes in lateral and normal electric surface fields as
a function of distortion type. The final objective is to
describe these fields due to strain and band bending.

Experimental Methods

The polarization-resolved SHG spectroscopy used in this work
has been described elsewhere!® and the setup is shown in Figure 3.1
below. The excitation light source is a tunable (750 nm - 900 nm)
76 MHz Ti:sapphire laser delivering 120 fs pulses with an average
power of 1200 mW. The experiments as explained in this dissertation
are performed at 800 nm that induces a second harmonic frequency
of 400 nm.

The 1linear polarization of the incident probe beam is
continuously rotated by a half-wave plate which is mounted on a
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step rotation motor. For each value of ¢ (the polarization angle
relative to the collision plane), a SHG intensity is recorded for
a total of 61 angles between 0° and 360°. The SH wavelength of 400
nm was chosen to observe surface behavior, since the escape depth
of 400 nm in GaAs is 15 nm. The 400 nm SHG reflected beam is
separated from the fundamental (800nm) reflection by a band-pass
filter and directed into a photomultiplier tube (PMT) that is
connected to photon counter (PC). The SHG intensity is then counted
with a photon counter for at least 10 seconds to assure steady-
state SHG response. After 10 s collection at a polarization angle,
the half waveplate is rotated to a new polarization angle and the
process repeats. The SHG relative intensity values used in this
study to calculate steady-state surface fields can be considered
valid.

Rotating Half
Waveplate

76MHz Ti:Sapphire Laser 800 nm b Sample
120fs

/ 1)
13 nJ / pulse o= 450 K

Filter

800 nm + 400 nm

Photon
Counter

Figure 3.1: Schematic of the setup (a) and sample configuration (b). Probe beam 1is
incident on the sample surface at an incident angle of 45°. Polarization of the probe
beam rotates from p-polarization (0° with respect to the collision plane) and s-
polarization (90° with respect to the collision plane)

3.4. Study Two: Influence of photoexcitation on time-resolved,
polarization-resolved SHG

Objectives and Specific Aims

The goal of Study 2 was to assess the levels of subpicosecond
interatomic potential Dbehavior in semiconductors undergoing
photoexcitation. One key piece of this assessment is the
relationship between ultrafast excitation and changes in the
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(XS

elements and second harmonic generation (SHG). The relationship
has been interpreted as evidence of a sole transient electric field
perpendicular to the film surface. However, existing research does
not provide sufficient means of quantifying pump-induced changes
in SHG due to multiple transient electric fields 1in several
directions simultaneously.

effective second order nonlinear susceptibility tensor

Study 2 aims to fill this gap in knowledge by isolating the

ng tensor components that contribute to multi-directional pump-

induced electric fields and transient SHG symmetries. The major
hypothesis to be tested is that pump-induced transient electric
fields affect variations in transient SHG with respect to input

polarization angle. This hypothesis depends on the extraction of

X52 tensor elements from transient SHG due to changing incident

optical fields as a function of input polarization angle. This
extraction of transient SHG based on input polarization has not
been operationalized in previous research. This study introduces

an analytical approach that aims to isolate transient fields in

the x, y, and z directions from their respective x&? elements.

This strategy focuses on the following three objectives:

1. Pump-induced symmetry change as a function of time. The
first objective is to extend the characterization method
developed in Study 1 that focuses on the observation of
polarization-dependent surface symmetry change as a
function of time.

2. Change in fields as a function of time. The second
objective is to apply the analytical model developed in
Study 1 in order to describe the transient field behaviors
both lateral and normal to the free surface.

3. Decay of transient fields. The final objective 1s to
characterize the decay of lateral and normal transient
fields to see if they are anisotropic or isotropic.

Experimental Methods

The transient PRSHG (TR-PRSHG) setup used in this work is
similar to the PRSHG setup has been described in the Experimental
Methods of Study 1 (Section 3.3). The excitation light source is
a tunable 76 MHz Ti:sapphire laser delivering 120 fs pulses with
an average power of 1200 mW. This source is split into a pump beam
and a probe beam with a 50/50 beam splitter. A retroreflector
mounted to a translation stage for the pump beam line delays the
time between pump and probe pulses, allowing control of ultrafast
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observations. For each value of At (the time delay between pump
and probe beam pulses) and each value of ¢ (the probe polarization
angle relative to the collision plane), a SHG intensity measurement
is recorded for a total of 61 angles between 0° and 360° at 41 time
points between -800 fs to 1200 fs.

The 400 nm SHG probe is separated from the 800 nm reflected
probe by a band-pass filter and directed into a photomultiplier
tube. The total intensity is collected with a lock-in amplifier
set to the frequency of the pump beam chopper. The linear
polarization of the incident probe beam is continuously rotated in
the collision plane by a half-wave plate mounted on a step rotation
motor before the sample surface. The linear polarization of the
pump beam remains horizontally polarized (p-polarized) throughout
the measurement. Finally, the PMT voltage and lock-in settings
were adjusted to separate nonlinear optical response to the level
of dark current from the PMT and noise level of the lock-in
amplifier. The SHG relative intensity values used in this study to
calculate steady-state field dynamics can be considered valid.

Ti:Sapphire Laser

120 fs
13 nJ/pulse

Probe
76 MHz Beam
Pump
Beam

f Half
Delay Stage %l: Waveplate |

Chopper

Function
Generator Q
Sample

Lock-in
Amplifier

Detector

PMT

Figure 3.2: Schematic of the setup (a) and sample configuration (b). Probe beam 1is
incident on the sample surface at an incident angle of 45°. Polarization of the probe
beam rotates from p-polarization (0° with respect to the collision plane) and s-
polarization (90° with respect to the collision plane)

3.5. Summary
Group III-V semiconductors such as gallium arsenide (GaAs)

and gallium antimonide (GaSb) as well as the III-V alloy (AliGai-
As) were tested due to their strong nonlinear optical responses,
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yielding any distinct SHG changes to be clearly seen. The studies
utilize a polarization-dependent design. Polarization dependent
SHG measurements allow the researcher to explore the main effects
of dipole responses with varying the direction of the input optical
fields.18:31 Polarization-dependent or polarization-resolved SHG
measurements require fewer alignment changes than the more common
rotational azimuthal SHG.
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Chapter 4

Polarization-resolved Second Harmonic Generation from
Strained and Unstrained III-V Interfaces: Phenomenological
Theory and Experiments

4.1 Introduction

Nonlinear optical spectroscopy serves as a valuable
characterization method for materials vital to the semiconductor,
photovoltaic, and biological sensing industries. One of the most
common nonlinear optical characterization methods 1is second
harmonic generation (SHG). This method is particularly sensitive
to material symmetries, which are directly related to the
electronic structure of materials.

The most common experimental method for SHG characterization
is rotational azimuthal SHG (RA-SHG), in which the sample 1is
rotated and the SH intensity is collected as a function of sample
azimuthal angle. For years, RA-SHG was successfully employed to
characterize Group IV32,33, Group III-V34, magnetic3s.36, and
strained?3.37,38 semiconductors. In 1987, Sipe, Moss, and van Driell?
developed a phenomenological model to relate the SHG intensity as
a function of sample azimuthal angle to the electric dipole,
electric quadrupole, and magnetic quadrupole contributions.
Subsequently, this breakthrough became the subject of intensive
research in not only centrosymmetric semiconductors32.39.40, but also
nonmagnetic noncentrosymmetric semiconductors?l-42, as well as
magnetic35-42-44  and antiferromagnetic crystals?2.44/45,  For the
evaluation in centrosymmetric and noncentrosymmetric materials,
the combination of rotational-azimuthal SHG (RA-SHG) and sample-
rotation-based phenomenological modelingl4/15:46 has been applied
effectively as an indicator of changes in some of the second order
nonlinear optical susceptibility tensor elementsl4 23,46,47,

However, there is a major limitation intrinsically connected
to RA-SHG measurements and associated models. Specifically, the
results obtained from these models are only applicable to specific
crystal classes. Generally, a separate model is required for each
material system. In the cases of strained heterostructures with
deformed lattice structures, the model deviates even more from the
data and a new model is necessary for each strained configuration.
Therefore, such complex system cannot be accurately modeled with
a RA-sensitive model. Therefore, it is of great interest to develop
experimental and analytical techniques to probe strained
semiconductors that are easily extendable to complex systems.
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One possible solution is to employ an experimental technique

currently used 1in other contexts. Structural information in
biological samples48-53, nanocrystalgss4-56, polymers>7-59,
dichalcogenides®?, and noncentrosymmetric surfaces of

semiconductors!8 6l can be uncovered by studying the polarization
dependence of second harmonic generation (SHG) intensities while
keeping the sample stationary. Analytical methods allow the
extraction of second-order nonlinear tensor elements from SHG
intensities as a function of polarization angle.

This polarization-resolved SHG (PRSHG) experimental method
can be exploited to understand steady-state lattice deformation
and 1its effects on associated surface fields, interatomic
potentials, and dipole populations of bare and strained
semiconductors. In a similar way, PRSHG in combination with a new
polarization-resolved phenomenological fit can be used to
interpret multilayers as a single effective medium. With this
interpretation, it is possible to calculate the relative effective
i
and probe strain-induced lattice and field modifications.
Specifically, a polarization-resolved phenomenological fit can
relate contributions of electronic dipole ©populations and
i
tensor elements. In this way, the anharmonic potentials
contributing to the surface lattice polarization can clearly be
visualized without additional sample movement, and so are free

from artifacts caused by variations in alignment during rotation.

second order nonlinear optical susceptibility tensor elements y

interatomic potentials to PRSHG intensities from specific Yy

In this chapter, I use a generalization of second order
nonlinear theory along with polarization-resolved experimental
techniques to study steady-state lattice polarization on native-
oxide covered gallium arsenide (GaAs), low-temperature grown GaAs
(LT-GaAs), gallium antimonide (GaSb)/gallium arsenide (GaAs)
heterostructures, and gallium antimonide (GaSb)/aluminum gallium
arsenide (AlxGai-xAs) heterostructures. By using a polarization-
resolved phenomenological fit, I show that it 1is possible to
retrieve the distribution of the static surface electric field,
interatomic potentials, and dipole populations from the relative
amplitudes of second-order nonlinear optical susceptibility tensor
elements. This method uncovers steady-state surface field
behaviors that are not visible with conventional rotation
azimuthal measurements and related models.

The chapter is organized as follows. Section 4.2 reviews the

setup used in this study to obtain p-out and s-out second harmonic
intensities as a function of input polarization angle. Also,
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included in this section is a description of each sample used in
this study. Section 4.3 ©presents the derivation of the
polarization-resolved phenomenological fits which relate PRSHG
intensities to specific second order nonlinear optical
susceptibility tensor elements. As discussed in Chapter 2, these
tensor elements relate directly to interatomic potentials and
dipole populations, which give information about the surface
lattice polarization. Section 4.4 presents experimental data from
the several III-V heterostructures structures along with their
respective fits developed in Section 4.3. The major focus of this
section is to test the robustness and sensitivity of this fit to
various structural configurations of III-V semiconductor
interfaces. Finally, the chapter concludes with Section 4.6, which
reviews the robustness of this fit and possible applications for
further research.

4.2 Methods

Experimental Setup

The polarization-resolved SHG spectroscope used in this work
has been described elsewherel!® and the setup is shown in Figure 3.1
below. The excitation light source is a tunable 76 MHz Ti:sapphire
laser delivering 120 fs pulses with an average power of 1200 mW.
The incident wavelength is set at 800 nm to generate 400 nm SHG.

The linear polarization of the incident probe beam is then
continuously rotated by a half-wave plate that is mounted on a
step rotation motor. For each value of ¢ (the polarization angle
relative to the collision plane), a SHG intensity measurement is
recorded for a total of 61 angles between 0° and 360°. This SH
wavelength was chosen to observe surface behavior, since the escape
depth of 400 nm in GaAs is 15 nm. The 400 nm SHG reflected beam is
separated from the 800nm reflection by a band-pass filter and
directed into a photomultiplier tube (PMT) and photon counter (PC).
The SHG intensity is then counted with a photon counter for at
least 10 seconds to assure steady-state SHG response. After 10 s
collection at a polarization angle, the half waveplate is rotated
to a new polarization angle and the process repeats. The SHG
relative intensity values used in this study to calculate steady-
state surface fields can be considered valid.
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Figure 4.1: Schematic of the setup (a) and sample configuration (b). Probe beam 1is
incident on the sample surface at an incident angle of 45°. Polarization of the probe
beam rotates from p-polarization (0° with respect to the collision plane) and s-
polarization (90° with respect to the collision plane)

Samples

All samples other than bare GaAs were grown with molecular
beam epitaxy (MBE). For these samples, the preparation procedures
are described elsewheref?. The growth rates and conditions for the
various thin films are reviewed below.

20 nm GaSb on GaAs substrate. A 20 nm GaSb film was grown at
a growth rate of 800 nm/h on top of a 100 nm undoped GaAs buffer
layer. This GaAs buffer layer was first grown on a semi-insulating
GaAs (100) substrate at a rate of 750 nm/h.

20 nm GaSb/AlxGaixAs. A 20 nm GaSb film was grown by MBE with
a growth rate of 800 nm/h on top of a 800 nm AliGai-xAs (x = 0.27)
buffer layer. This AlGaAs layer was grown on a 100 nm undoped GaAs
buffer layer at a rate of 800 nm/hr. The GaAs buffer layer was
first grown on a semi-insulating GaAs (100) substrate at a rate of
750 nm/h.

400 nm GaSb/GaAs. A 400 nm GaSb film was grown at a substrate
temperature of Ts = 490°C at a growth rate of 800 nm/h on top of a
100 nm undoped GaAs buffer layer. This GaAs buffer layer was first
grown on a semi-insulating GaAs (100) substrate at a rate of 750
nm/h.
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400 nm (low-temperature) LT-GaSb/GaAs. A 400 nm GaSb film was
grown at a substrate temperature of Ts = 275°C at a growth rate of
800 nm/h on top of a 100 nm undoped GaAs buffer layer. This GaAs
buffer layer was first grown on a semi-insulating GaAs (100)
substrate at a rate of 750 nm/h.

4.3 Comprehensive SHG Phenomenological Model

One of the basic concepts in nonlinear optics is to describe
contributions to the nonlinear polarization of a material system
as a function of the strength of an applied optical field. For
second-order nonlinear optical polarization, the analytical
procedure is rather straightforward. Typical amplitudes of the
second order response are several orders of magnitude smaller than
the first order polarization.

Strictly speaking, this enables the applicability of using a
power series to describe the superposition of linear and nonlinear
contributions to the resultant material’s polarization.
Furthermore, 1t makes sense to apply Maxwell’s equations to
generate an expression for the resultant nonlinear response. It is
stipulated by the fact that in the material the nonlinear optical
response is a direct result of the unequal charge acceleration in
the material. This wuneven electronic movement between atoms
generates a time-varying polarization which couples to the applied
electric field. From this, an analytical solution for fitting
polarization-resolved SHG experimental data can be obtained in a
straightforward way.

The theoretical development for nonlinear optical response is
described in Chapter 2. However, the following point is discussed
here in some detail. Let us consider the circumstance in which the
applied laser electric field incident upon a nonlinear optical
medium. Specifically, the incident laser electric field with
frequency w is described by

E(t) = Ee "t 4 c.c. (4)

The oscillating second order nonlinear polarization P@(t) has the
form

P(Z)(t) — Z P(wn)e—iwnt (3)

The time-varying portion of that second order nonlinearity has a
radiation of wavelength of 2wi, or twice the incident wavelength
w1. It is convenient to describe this time-varying polarization as
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Pz(t) — Z P(a)n)e‘i‘“nt — EOX(Z)EZ(t) (6)
n

The second order nonlinear polarization in a Cartesian direction
i may be written as a function of the product field amplitudes in
the following manner:

2 7
P;(w3) = EOZXi(jlz(wS'wllwl)Ej(wl)Ek(wl) )
jk
with
1 (8)
_ )
dy = E)(ijk
where Xe)is the second-order susceptibility tensor and ijk are

ijk
Cartesian field components.

Since the focus of this study is on crystalline materials,
symmetry conditions and Kleinman contracted notation (d;jx) can

further simplify the above expression. Additionally, the SHG
i
in the j and k directions are of the same wavelength i, making
the two 1ndices interchangeable. Thus, Kleinman symmetry
condition simplifies j and k into a combined 1 direction shown in
the table below, where 1, 2, and 3 are x, y, and z Cartesian
directions, respectively.
jk:\ 11 22 33 23,32 31,13 1221

L1 2 3 4 5 6

response further simplifies the y;;; tensor since the input fields

Such notation contracts the third rank Xgi tensor 1into the

following two-dimensional matrix dij

d21 d22 d23 d24- d25 d26

di1 diz diz dig dis dye (9)
dy =
d3; dizp; diz dzs dizs dsg
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Therefore, the total second order polarization in the x, y, and =z
directions can be expressed as the matrix equation below

Exx (10)

PQwy) =| b dz1 dyp dpz dpy dps de 2E,E,
P, d3; dizp dzz dzg dis dze \ZEsz

2ELE,
d11Exx + di2Eyy + di3E,; + 2d44E E, + 2d15EXE, + 2d16ELE,
= 2€, | d21Exx + d22Eyy + da3E,, + 2d34 EVE, + 2d,5EXE, + 2d36 ELE,
d31Exx + d3zEyy + dssEy, + 2d34EE, + 2d3sEXE, + 2d36ELE,

P di; di, dix dis di< d Eyy
X 11 12 13 14 15 16 E
= 2¢€, < ) 7z

A crystal’s symmetry can also further simplify the
polarization matrix, Pyxr. The periodic order in crystalline
materials ensures that the interaction of the three electric fields
(two incident fields and one resultant field) cancel each other,
rendering certain di; matrix elements zero. This topic will be
reviewed in Sections 4.3.1 and 4.3.2. Below 1s a table which
denotes the nonzero tensor elements for each of the 32 crystal
classes.
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Table 4.1:
Each element is denoted by its Cartesian indices. Source: Boyd!?

Crystal System

Crystal Class

Nonvanishing Tensor Elements

Triclinic 1=C All elements are independent and nonzero
1=5 Each element vanishes
Monoclinic 2=0 XYZ,XI¥, XXy, X¥X, YXX, VVY, VZZ, VIX, VXZ, IVI,
zzy, zxy, zyx (twofold axis parallel to 7)
m=Cyy XXX, XYY, X2Z, XZX, XXZ, Y¥T, YTV, YXY, YYX, TXX,
7Yy, 222, 22X, zxz (mirror plane perpendicular to ¥)
2/m = Cyy Each element vanishes
Orthorhombic = 222 = D> XYZ,XZ¥, YIX, YXZ, XY, IVX
mm2 = Co, XZX,XXZ,Y¥Z, VIV, IXX, ¥y, 222
mmm = Dy, Each element vanishes
Tetragonal 4=0Cy XyZ = —YyXZ,XI¥ = —YIX,XIX = yIy,XXZ = VyZ,
ZXX = ZYY,ZTT, XY = —IyX
4=25 XYZ =YXZ,XIy = YIX,XZX = —YyIV¥,XXZ = —VVZ,
ZXX = —ZYY,ZXy =ZyX
422 = Dy XyZ = —YyXZ,XI¥y = —YIX,IXYy = —IyX
dmm = Cyy XZX = YIV,XXI=YYyZ,ZXX =Zyy, 222
42m = Dy XYZ = yXZ,XIy = YIX,IXYy = IyX
4/m = Cyy Each element vanishes
4/mmm = Dyy, Each element vanishes
Cubic 432=0 XyZ = —XIy =YyIX = —YXI =ZXy = —IVX
43m = Ty XYZ =XZY = YIX = YXZ=2IXy=2ZIyX
23=T XYZ = VIX =ZXY, XY = YXI=Z¥X
m3 =Ty, m3m = Oy Each element vanishes
Trigonal 3=Cy XXX = —XYyy = —VyI = —VXV,XYZ = —YyXZ,XIV = —YyIX,
XIX = YTV, XXZ=YVT, YYY = —YXX = —XXy = —XyX,
ZXX = ZYY, 22T, XY = —IyX
32=D; XXX = —Xyy = —VyX = —YyXy,XyI = —YyXZ,
XY = —YIX, ZXY = —Iyx
3m=Cs3y XIX = YTy, XXZ=YYI, XX = ZVY, 2L, YYY = — VXX =
—xxy = —xyx (mirror plane perpendicular to %)
3=S.3m = D3y Each element vanishes
Hexagonal 6 =Cg XYZ = —YyXZ,XI¥ = —VIX,XZX = VIV, XXZ= VyZ,
ZXX = ZYY, ZTT, TXY = —IyX
6=Cs, XXX = —XYY = =YXy = —yy¥X,
YYY = —YXX = —XYX = —XXY
622 = Dg XyZ = —YyXZ,XIy= —VXZ,IXy = —ZIVX
omm = Cgy XZX = YyIY,XXZ=YYyZ, XX =¥V, 222
6m2 = Dsy, YYY = —yXX = —XXy = —XyX
6/m = Cgp, Each element vanishes
6/mmm = Dgy, Each element vanishes
Form of the second-order susceptibility for each of the 32 crystal classes.

Moving to the experimental configuration,

components Ex,
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Ey, and E; for a laser with an incident angle 6 are



E siny

(Ecos@cos¢> (11)
E sin @ cosy

E,
E@)=(Ey )=
E,

where E is the amplitude of the electric field and ¢ is the laser
polarization with the convention that the polarization
horizontally-oriented with respect to the collision plane is p-
polarized (0°) and vertically-oriented is s-polarized (90°) as
shown in Figure 3.1.

The dependence of the PRSHG intensity is general and can be
expanded to any incident angle, any output PRSHG polarization, and
any crystal structure. In this case, the effect of input
polarization angle on the generated harmonic intensities can be
deduced with setting the incident angle and the collected
polarization output angle collected by the PMT.

In this study, I separately collect in two configurations: p-
out (0°) and s-out (90°). The contributions to the SHG outputs in
p- and s-polarization outputs arise from different second-order
nonlinear optical susceptibility tensor elements. The
contributions of the tensor elements differ in their expressions
because of their geometries. For both the p- and s-polarization
outputs, the macroscopic PRSHG intensity as a function of input
polarization angle (¥) can be written in terms of the contracted
Kleinman matrix elements.

Of the two collected polarizations, I first turn the reader’s
attention to p-polarization or 0° output. The resulting
phenomenological models are then evaluated against experimental
data of GaAs (100), strained GaSb/GaAs (100), and strained
GaSb/AlGaAs. These measurements are complementary and are
discussed together.

Output p-polarization

Considering an incident angle 6 of 45°, the incident electric field
components Ex, Ey, and E:z can be expressed as

. /ngcosw\ (12)

E
E@)=(Ey|=| Esiny |
E, 1. /
7 cosy
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For the output p-polarization, only the nonlinear fields in
the x and z directions are collected, leading to

EQw)yop = AxPe + AP, (13)

where E(2w)yp 1s the amplitude of the p-polarized output SH
resultant electric field generated from the fundamental input
polarization angle (¥). From Equations (7) and (10), the electric
field expression for the SH p-output yields

EQw)yop = AxE*(dy1Exy + dioEyy + di3Eyy + 2d14EyE, + 2dy5ELE, (14)
+ 2d16ExEy) + AzEz(d31Exx + dngyy + d33EZZ + 2d34EyEZ
+ 2d35E B, + 2d36EE,)

for any crystal class. With the electric field matrix Eqg. (9), the
above equation becomes
1 ) 1
EQw)yop = AxE? (E dq, cos? P + dy, sin? P + §d13 cos?
+V2d,, cosp siny + dy5 cos? P + V2d, 6 cos P sin 1/))
1 ) 1

+ A,E? (E d3; cos? Y + d3, sin? Y + §d33 cos?y
+V2d34 cos P siny + dss cos? P + V2dsg cos P sin )

Since the intensity of an electromagnetic field is the square of
the electric field, the intensity can be described as

[Q2w)ysp = |EyopRw)|? = |Bp cos? P + C, cosP sinp + D, sin® 1/)|2 (16)
where

1
B, = > (di1 +dy3 +d3q +ds3) +dys + dss

Cp = V2 (dyy + dyg + dzq + dsg)
Dp = d12 + d32

For the GaAs (100) surface, which has mm2 symmetry, only dis, doag,
ds1, dsz2, and dz3 are nonzero elements. In bulk GaAs (100), which has
symmetry of 43m, the tensor elements, dis, dzs, and dss are equal and
nonzero. Together, these simplify the B, C, and D coefficients to

1 (18)
B, = E(d31 + d33) +dis
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Cp = V2 (dy4 + d3e)
Dp = d32

To allow for fit tolerances, the above expression was expanded
which increased the number of fit coefficients to five, yielding

I2w)y—p = Hcos* 1 + ] cos® P siny + K cos? 1 sin®y + L cosp sin® 1 (19)
+ M sin*

where

H, = B} (20)
Jo = 2B, Gy
K, = 2B, D, + C}
L, =2C,D,
M, = D2

Output s-polarization

Following the same scheme, it is possible to derive expressions
for the s-polarization output. Equation 10 is modified to describe
the s-polarization electric field as

EQw)yos = AyP, (21)

where E(20)y.s 1s the amplitude of the resultant SH s-out
polarization electric field generated by any ¥ fundamental input
polarization angle. From this equation, the s-out electric field
as a function of input fundamental electric field yields

EQRw)yos = AyE?(dy1Exy + doyEyy, + dosEyy + 2day By E, + 2dy5ELE, (22)
+ 2dy6ELEy

for any crystal class. With the input electric field matrix
Eg. (10), the output s-polarized SHG intensity as a function of
input fundamental polarization angle is

1 1 23
EQw)yos = AyEZ(E d,1 cos? Y + dy, sin? P + §d23 cos? (23)
+V2d,, cosp siny + dys cos? P + V2d, cos sin )
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which yields an intensity of the form

I2w)yos = |Eyss(2w)|? = |Bscos® P + Cs cosyp siny + Dg sin® |? (24)

where

1
By = > (dy1 +dz3) +dps

Cs = V2 (dgq + d3e)
Ds = dy;

For the GaAs (100) surface, which has mm2 symmetry, only dis,
dog, d31, dszz, and di3z are nonzero. The bulk of GaAs has 43m symmetry
which has only dis = dzs = dsze as nonzero. Together, these
contributions simplify the B, C, and D coefficients to

BS:d25 (26)
Cs = V2 (daq + dae)
D,=0.

To allow for fit tolerances, the above expression was expanded
which increased the number of fit coefficients to five, yielding

[2w)ys = Hgcos* P + Jscos® Psiny + K cos? Psin®y + Lgcosypsin®y  (27)
+ M, sin* ¢

where

H, = B? (28)
Js = 2BsC;
K, = 2B,D + C?
Ly = 2CD;
M = Ds2

For SHG measurements involving a photomultiplier tube and
photon counter combination, an inherent dark current contributes
to the SH background signal count. To account for this background
count in the model, an extra term Ilpgekgrouna(2w) is included in the
fitting equation below

I(Zw)lp—m,s = Ibackground + I(Zw)z,b—m,s (29)
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In the case for both p-out and s-out PRSHG responses, the fit
coefficients Bp/s, Cpss, and D p/s can be obtained with the following
relations:

|Bp,5| = Hps (30)
|DnJ::V}%S

G| = 52—
7 2|B,
CLl = 575—
2Dy

which can yield nonphysical complex values. To avoid this, I

limit the arguments H and M to be greater than or equal to zero.

With this limit, the wvalues for B, C, D, and subsequently the Xgi

tensor elements are physical.

The tensor element contributions can then be extracted from
the p-out and s-out PRSHG data and fit coefficients through Eqg.
(14), (22), and (27) to produce the relationships in Table 4.2
below.

.XQ) Calculated from Fit Coefficients

ijk
S+ x4 5 xD) 4 5%, 1 %2 25y
X2, + X3, + X2 + X2, Ve,
Ry 2D,
3 2+ X2) + X2, 2
Xy + Xy vac,
Xy 2Ds

Table 4.2: Second order nonlinear optical susceptibility tensor elements calculated from
fit coefficients

4.4, Results and Discussion

In this work, I implemented polarization-resolved  SHG
experimental methods and to probe the orientation of the surface
lattice polarization on various III-V interfaces. In the following
sections, I present the results of the phenomenological fit to the
experimental data for III-V free surfaces, defect-heavy thin
films, and heterostructures. In this way, relative nonlinear
optical susceptibility tensor elements can be effectively modeled
with great sensitivity to structure, defects, and strain. However,
I ignore resonant nonlinear responses near the band gap. In this
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section, I present the applications of this model to four specific
samples: (100) GaAs, low-temperature GaAs (100), and GaSb/GaAs and
GaSb/AlGaAs heterostructures. The structural parameters of
noncentrosymmetric surfaces are often expressed in terms of 27
second-order nonlinear optical susceptibility tensor elements,
which relate the SH intensities to specific dominant lattice
polarizations. All fits in this study were performed in OriginPro
9.0.

PRSHG of native-oxide GaAs (100)

The p- and s-polarized output PRSHG responses from native-
oxide GaAs (100) are presented in Figure 4.2. This figure shows
the single beam PRSHG spectra as a function of incident probe
polarization angle with 0° (p-polarized) defined as parallel to
the collision plane between pump and probe and 90° (s-polarized)
defined as perpendicular to the <collision plane. For Dboth
measurements, the SH intensities were recorded for 61 incident
polarization angles between 0° and 360°.

To compare the trends in the p-out and s-out PRSHG data, each
data set was normalized to its maximum to remove variation between
the spectra during collection. The solid red lines indicate the
previously mentioned fits derived in Section 4.3. From this figure,
it is clearly seen that the fits (red lines) match closely to both
sets of polarization-resolved SHG data.

Normalized SHG Intensity

Figure 4.2:

o
™
1

74
o
I

o
'S
1

2
)
1

m GaAs p-out

L L L R | T T T
100 150 200 250 300 350 400

Polarization Angle (¢)

Normalized SHG Intensity

1.054

=3
o
1

0.95

-
0.90

0.85

= GaAs s-out

PRSHG obtained for native-oxide GaAs

T T T T T T
0 45 90 135 180 225 270 315 360
Polarization Angle (¢)

(100) . The data are shown for p-

polarized (0°) output (a) as well as s-polarized (90°) output (b).

Cor

From
configurations,
reproduced Dby
equations
Dp,

(

IEB:; ’

comparing the
the
and (27)
and Ds

26)
Cs,

experimental
it is evident that the material responses are well
polarization-resolved phenomenological
to obtain the fitting coefficients I,
given in Equations

results of both

fit
By,
and (206).

(16), (24),



These coefficients for GaAs (100) are shown in Table 4.3. From the

fit coefficients in Table 4.3 for GaAs under no external strain,

()

I obtain the Yy tensor elements shown in Table 4.4.

ijk
GaAs (100)
p-out s—-out
Hp 0.004 Hs 0.302
Jp -0.115 Js -0.024
Fit from Kp 0.402 Ks 0.596
Eg. (26) Lp 0.639 Ls -0.064
My 0.359 Ms 0.365
I 0.497 I 0.608
Bp 0.066 Bs 0.549
C?igilg;‘?d Dy 0.599 Ds 0.605
(27) Cs 0.870 Cs 0.022
CL 0.533 Cy 0.053

Table 4.3: Fit coefficients from Equations 26 and 27 for normalized PRSHG s-out and p-
out data on (100) GaAs

The polarization-resolved fit of second order nonlinear
optical properties are in good agreement with previous bond-charge
and RA-SHG models. The results from the polarization-resolved
phenomenological fits to the data reveal that several prominent
features of the nonlinear optical responses arise from the
combinations of specific tensor elements, and that the effects in
the observed SH intensities are small perturbations of these tensor

elements. When the X52
to previous work done by others, it is evident that the ones that
contribute the most to the PRSHG intensities match those found in
the Sipe RA-SHG model for noncentrosymmetric cubic semiconductors.

This indicates that, to a good approximation, the extraction of

tensor elements from this model are compared

relative X52 tensor elements are 1indeed transferable to new

geometries and materials.
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Calculated from Fit x®
Coefficients ijk
2B 0.132 1 e 2 2 2 2 2
P E (Xxx)x + Xz(x)z + Xz(xzc + Xz(z;) + Xa(cx)z + Xz(x)z
2 2 2 2
\/ECP 0.992 Xa(cy)z + Xa(cx)y + Xz(y)z + Xéxg/
1.198 ) (2)
2Dy - Xeyy T Xayy
2B 1.0098
: S+ X2 + X
N 0.0375 X;zy)z n X%)x
1.210 )
2D, Xyyy

Table 4.4: Normalized second order nonlinear optical susceptibility tensor elements
for (100) native-oxide GaAs PRSHG s-out and p-out data

PRSHG of low-temperature GaSb on GaAs

In this work, I also utilized the same procedure to probe the
orientation of the depletion-field lattice polarization on high-
defect low-temperature grown III-V heterostructures, specifically
GaSb thin films grown on GaAs substrates. In principle, one should
be able to use this method to characterize surface defects caused
by growth conditions of semiconductors. Here, I will focus on the
consequences that low-temperature growth defects have on PRSHG
spectra. The comparison between low-temperature grown GaSb (LT-
GaSb) and normally grown GaSb films is illustrated in Figure 4.3.
To compare the trends in PRSHG data between the two samples, each
data set was normalized to its maximum. This removes sources of
alignment variation between SH spectra during collection.
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Figure 4.3: PRSHG obtained for (100) 400 nm low-temperature-grown LT-GaSb on GaAs and
400 nm GaSb on GaAs substrate. The data are shown for p-polarized (0°) output (a), (b)
as well as s-polarized (90°) output (c), (d).

For 400 nm GaSb and 400 nm low-temperature GaSb films grown
on GaAs substrates, Figure 4.3 shows the p-out and s-out PRSHG
spectra as well as the phenomenological fits (red lines) to the p-
out and s-out PRSHG data for 400 nm LT GaSb/GaAs (a), 400 nm
GaSb/GaAs (100) (b) and p-out PRSHG data for 400 nm LT GaSb/GaAs
(c), 400 nm GaSb/GaAs(100) (d). The red 1lines are the fits
discussed 1in Section 4.3 as a function of incident probe
polarization angle. To my knowledge, this is the first discussion
of all 27 tensor elements from SHG spectra. From this figure, it
is evident that there is considerable agreement between the fit
and PRSHG responses in all four cases. The fitting coefficients
from the model are displayed below in Table 4.5.

LT-GaSb/GaAs Heterostructures

p-out
400 nm GaSb/GaAs 400 nm LT-GaSb/GaAs
Fit from Hp 0.420 0.093
Eg. (26)
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Jp -0.626 3.092e-4
Kp 0.142 0.375
Lp -0.153 0.597
Mp 0.213 0.317
I 0.419 0.524

Calculated Bp 0.0648 0.305

from Eqg.

(27)
Dp 0.462 0.563
Cs 0.483 ——
CL 0.166 0.530
s—-out

Fit from Hs 0.042 0.014

Eg. (26)
Js -0.434 -0.007
Ks 1.224 1.569
Ls -1.052 -1.485
Ms 0.237 0.395
I 0.165 0.064

Calculated Bs 0.205 0.120

from Eqg.

(27)

Ds 0.486 0.629
Cs 1.058 0.030
CL 1.081 1.181

Table 4.5: Fit coefficients from Equations 26 and 27 for normalized PRSHG s-out and p-
out data on 400 nm LT-GaSb/GaAs and 400 nm GaSb/GaAs heterostructures

In order on include defect-induced lattice polarization in
the model described earlier, the model includes the defect

. . 2 . .
concentrations as effective xéﬁ tensor elements. Since changes 1n

SHG intensity are proportional to defect density as discussed in

previous studies®3:%, one possibly could relate variations in

effective XSQ

and dipole populations affected by defect densities. These results
indicate that this experimental and analytical method is well
optimized for a description of growth-mediated defects as well as
bare surfaces and buried heterointerfaces.

tensor elements directly to interatomic potentials

400 nm GaSb/As and LT-GaSb/GaAs Heterostructures

Normalized Effective XSQ 400 nm 400 nm LT-
GaSb/GaAs GaSb/GalAs
1.296 0.610

1 2 2 2 2
E (Xa(cx)x + Xz(x)z + Xz(xgc + Xz(z;)
+ X2 + X2

XXZ ZXZ
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2 2 2 2
Xéé'+xég;+ké£f+xé& 0.459 0.750
) )
x® 1 x® 0.924 1.126
1 0.410 0.240
)] ) 2
E(nyx +Xyzz) +nyx
2 2
Xj(ly)z-l_nyx 1.070 1.670
Xg& 0.972 1.258

Table 4.6: Normalized second order nonlinear optical susceptibility tensor elements for
PRSHG s-out and p-out data on 400 nm LT-GaSb/GaAs and 400 nm GaSb/GaAs heterostructures

The tensor elements display defect-sensitive responses not
only in the p-out PRSHG response but also in the s-output PRSHG

response at 3.1 eV. Although the normalized XJ(,i,)y and X,(Ci,)y+Xz(§,)y

tensor elements increase for the low-temperature grown sample,

. 1
this is counterbalanced by the drastic decrease of the Eodii+n&§;+

XZ(,ZC26+X§2)+XSC)Z+XZ(?Z element group, resulting in marked changes in
the PRSHG responses.

For the LT-GaSb film, the s-out PRSHG displays distinct peaks
at 30° and 210° that are noticeably absent from the normally grown

GaSb film. Therefore, the low-temperature defects cause an

enhancement from the normalized X%% and Xﬁ%f+ké2,tensor elements.

This varied response could be understood within the context of
defect-dependence on low-temperature grown III-V semiconductors.
In previous work, such growth conditions were credited to the
creation of native point defects, specifically antisite Asga and
gallium vacancies (Vga) defects. Antisite Asga and Vga defect
distortions relieve the strain in the low-temperature GaSb®/6¢, The
relief of this strain normal to the surface is compensated by
lateral strain 1in the x and y directions. Such compensation
increases the value of the y-based tensor elements which manifests
in the s-out PRSHG response.

This enhancement is not only observed in the s-out PRSHG. For
instance, the p-out PRSHG response displays a noticeable
suppression of the peaks at 160° and 340°. The only set of tensor
elements undergoing a decrease is %(X,(Ci)x+Xz(,ZC)Z+X§,ZCL+X§2)+X,(Ci)z+Xz(,26)Z,
by about half. This set of tensor elements dominates the p-out
PRSHG response of as-grown GaSb whereas it 1s the smallest
contribution for the low-temperature grown GaSb. This wvaried SH
response could be understood within the context of defect-
sensitivity mentioned earlier with s-out PRSHG. The same antisite
Asca and Vga defect distortions relieve perpendicular strain in the
low-temperature GaSbf56¢, The relief of this strain normal to the
surface is compensated in lateral strain in the y direction. Such
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compensation increases the value of the X,(Ci)Z-I—X,(Ci)y+XZ(32,)Z+XZ(2, and

Xg&—FXg& to a much greater extent. The model developed in this

study appears to be rather sensitive to such defects at fundamental
wavelengths above the band gaps of both III-V semiconductors.

PRSHG of GaSb/GaAs and GaSb/AlGaAs heterostructures

Since previous SHG measurements and models have not
effectively distinguished resonant electronic contributions in
strained semiconductors, I placed special emphasis on obtaining at
least one case of Dband gap distortion in strained III-V

semiconductors. To this effect, I implemented polarization-
resolved SHG spectroscopy to probe the orientation of the
depletion-field lattice polarization on strained I1I-V

heterostructures, specifically GaSb/GaAs and GaSb/AlGaAs bilayers.
This is the first discussion of all 27 tensor elements from SHG
spectra originating from the surface of buried III-V
heterointerfaces.

To test the effect band gap distortion has on nonlinear
optical responses, I excited SHG with a fundamental frequency (1.5
eV) between the band gaps of the GaSb film (0.73 eV) and AlGaAs
substrate (1.76 eV). If intermediate band structures exist near
1.5 eV, a resonance contribution to the SHG intensity is likely to
at the GaSb/AlGaAs heterointerface. Within this context, I find
that the dominant interaction of the surface PRSHG response is due
to resonant electron contribution from the AlGaAs (27% Al)
substrate. To compare the trends in the data between the two
samples, each data set was normalized to its maximum. This should
remove sources of alignment variation between SH spectra during
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Figure 4.4 PRSHG obtained for (100) 20 nm GaSbh on GaAs (a), (c) and 20 nm GaSb on AlGaAs
substrate (b), (d). The data are shown for p-polarized (0°) output (a), (b) as well as s-
polarized (90°) output (c),(d).

Figure 4.4 shows the result of the phenomenological fit (red
lines) to 20 nm GaSb/GaAs s-out (a)and p-out (c) PRSHG data as
well as the 20 nm GaSb/AlGaAs s-out (b)and p-out (d) PRSHG data.
The fit closely matches spectra structures, of all but Figure 4d.
These relate to resonant electronic contributions compounded by
effect that strain has have on the band structure. The nonlinear
response may be increased in regions of strain and suppressed in
regions without strain as shown in the previous sections. To
determine which tensor elements are affected, I employ the
macroscopic polarization-resolved fit mentioned in the previous
sections. These fit coefficients from the normalized PRSHG data of
the 20 nm GaSb/GaAs and 20 nm GaSb/AlxGai-xAs heterostructures are
summarized in Table 4.7 below.
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20 nm GaSb/GaAs and 20 nm GaSb/Alj »7Gao.73As Heterostructures

p-out
20 nm GaSb/GaAs 20 nm GaSb/Alo.27Gaog.73As
Fit from Hp 0.303 0.057
Eg. (26) Jp -0.636 -0.134
Kp 1.479 2.368
Lp -0.248 -0.368
My 0.000 0.669
I 0.270 0.058
Calculated Bp 0.550 0.239
from Eqg.
(2°7)
Dp 0.000 0.818
Ca 0.578 0.280
Cr -— 0.225
s—-out
Fit from Hs 0.042 -
Eg. (26)
Js -0.434 0.183
Ks 1.224 2.512
Ls -1.052 -0.235
Ms 0.237 -—
I 0.165 -=
Calculated Bs 0.205 -
from Eqg.
(27)
Ds 0.486 -
Cg 1.058
C. T 081 Cx 1.585

Table 4.7: Fit coefficients from Equations 26 and 27 for normalized PRSHG s-out and p-

out data on 20 nm GaSb/GaAs and 20 nm GaSb/Aly. .7Gag.73As heterostructures

From the fit coefficients in Table 4.7 and the relations in
possible to determine the 27
susceptibility tensor
GaSb/GaAs and 20 nm GaSb/AlGaAs heterostructures.

Table 4.2, it
optical

nonlinear

are given in Table 4.8 below.
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20 nm GaSb/As and GaSb/AlGaAs Heterostructures

XQ) 20 nm 20 nm
ik GaSb/GaAs | GaSb/Alo.27Gag.73AS
1 2 2 2) 2) 1.100 0.478
E (X)((X)X + X;X)Z + szx + Xzzz)
2 2
prout O OR X(X))(Z * X(Z))(Z
2 2 2 2
Xxyz+Xxxy+Xzyz+szy 0.817 0.357
©)) ©)) —-—
Xxyy + Xzyy 1.636
1 0.084 -
) 2 ©))
E (nyx + Xyzz) + nyx
s—out X§/§I)Z+X}(I§7)X 1.512 2.242
x(2 0.972 ——
yyy

Table 4.8: Normalized second order nonlinear optical susceptibility tensor elements for
PRSHG s-out and p-out data on 20 nm GaSb/GaAs and 20 nm GaSb/Aly.27,Gap.73As heterostructures

From Table 4.8, it is clear that
the factors XA XD+ XD A XD+ XD + X3 and
X@)4-X@)4-X@)4-X$; are responsible for the p-out PRSHG signal at

XyZ XXy VAYA

3.1 eV for the 20 nm GaSb/GaAs. The last

X52 relation does not contribute significantly to the PRSHG spectra
for this sample. For the s-out PRSHG signal, the X;%-+X§%
contribution is dominant. From these observations, it is clear
that the GaSb layer at the interface is considerably strained

normal to the interface.

This behavior is in good agreement with RA-SHG experiments on
various thicknesses of strained III-V multilayers. For film
thicknesses below the critical thickness, it is reported that the
distortion caused by the difference in lattice constants creates
strains which affect SHG intensities!?®20.23, Furthermore, other
studies have postulated that the strained films form an estimated
defect density, which produces increased SHG intensity®3.64, It is
reasonable to speculate that the strained film produces distorted
interatomic potentials in the depletion field which is sensitive
to PRSHG spectroscopy.

For the 20 nm GaSb/AlGaAs heterostruture, the factor X§2,+

Xg& factor contributes the most to the p-out PRSHG intensity as
shown in Table 4.8. From this information, one could surmise that
the GaSb film is more strained by the AlGaAs substrate than by the
GaAs substrate. However, that is not the case. Both 20 nm GaSb

films have similar 1levels of 1ncreased strain due to the
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differences in lattice constants between GaAs (a = 5.65325 A),
GaSb (a = 6.09593 A) and Alo.27Gao.73BAs (5.65541 A). Therefore, this
lattice mismatch between GaSb and Alop.27Gap.73As is about the same
as the mismatch between GaSb and GaAs, so the strain is not much
different between the two heterostructures and would not explain
the observed differences between the PRSHG responses.

One explanation for the varied PRSHG responses 1is resonance
behavior. From the discussion in Chapter 2, resonance second
harmonic response can be generated when either the fundamental
excitation or harmonic response is the same frequency as a level
in the band structure. In the case of the GaSb/GaAs
heterostructure, the fundamental beam of 1.55 eV is larger than
the GaSb band gap (0.726 eV) and the GaAs band gap (1.424 eV).
However, the fundamental beam of 1.55 eV falls within the
intermediate bands of the strained GaSb/AlGaAs heterostructure.
This effect is illustrated below in Figure 4.5. Therefore, this
data for the AlGaAs substrate does confirms the statement that the
resonant electronic contribution from the subsurface could
dominate the nonlinear optical response. In fact, it may have a
larger contribution than the interfacial strain.

A
1.55 eV

..
d -
Ec .. EV _- 155eV
— GaSb .
E,=0.726eV &%
E\,r —‘ g _:
GaSb " "
. -
Eg = 0'726 eV "— _— E\,r .
— E
GaAs Aly27Gag 73AS
E, = 1.424 eV o1 761ey

Figure 4.5: Simplified band diagram of interfacial band distortion in III-V semiconductor
heterostructures

The model developed in this study cannot readily determine
the resonant contributions to nonlinear optical responses.
However, based on trends found in this study, I offer suggestions
for future work that isolate resonant contributions to PRSHG
spectra. For example, one could vary the input fundamental probe
frequency to quantitatively study the resonance-related increase

(2) @)
of the Xyyz + Xyyx and
X@)-FX@) tensor elements to understand how the distorted band

xyy zyy
structure of the GaAs/AlGaAs system contribute to the nonlinear
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optical behavior of III-V heterostructures. However, that 1is
beyond the scope of this study but serves as a starting point for
future experiments. To summarize, the results clearly show that
PRSHG is sensitive not only to strain and vacancy defects but also
to the resonant SHG responses of buried III-V semiconductor alloy
interfaces.

4.5. Conclusions

In summary, I have applied a polarization-resolved model to
study the surface lattice polarizations of free and buried
interfaces of III-V semiconductors in three cases. The
phenomenological fit developed in this study has been shown to
qualitatively reproduce most of the experimental features of the
PRSHG spectra from free interfaces, growth-mediated defects, and
strained thin films. By fitting the coefficients of this model to
the data, it 1is possible to relate SH intensities to specific

interatomic potential changes in the depletion region caused by

strain from the relationships between all 27 x52 tensor elements.

However, the model does not account for resonant electronic
behavior from the mid-gap GaSb/AlGaAs heterostructure. This
suggests that resonant electronic contributions to the PRSHG
spectra may not be as easily fit with this method. The sensitivity
shown by this model is such that one can refine PRSHG response by
varying experimental parameters such as wavelength to induce
resonant PRSHG responses. To understand interatomic potentials
without the influence of such resonances, the GaAs/AlGaAs sample
should be studied at various wavelengths away from the band gap of
AlGaAs. However, this is beyond the scope of this chapter. Although
the model is not accurate for determining which tensor elements
contribute to resonant PRSHG intensities, it provides an
appropriate starting point for more detailed models of the PRSHG
spectra. More importantly, the primary advantage of this approach
is its applicability to both surface and bulk polarizations. In
conclusion, such work leads the way to structural gquantitative
characterization of crystalline materials.

59



Chapter 5

Characterization of Depletion-Field Dynamics in GaAs by Time-
and Polarization-resolved Second Harmonic Generation

5.1 Introduction

Structural field dynamics are key parameters in a large
variety of wultrafast optoelectronic phenomena. Polarization-
sensitive imaging has been exploited in biology to image in vivo®’
and iIn vitro 3D molecular orientation distributions of collagen
fibrilsb5l,©8,69, skeletal muscles’?, microtubles®3, and thick tissues’?
among others. Deducing 3D structural information in semiconductors
using polarization-resolved second harmonic generation data is the
next logical step.

Since the introduction of second harmonic generation (SHG)
microscopy in semiconductor imaging, it has been widely used to
image disorder from free-surface, buried-surface, micro- and
nanopatterned, and ion-implanted®’:72 semiconductors. Coherent SHG
occurring naturally at noncentrosymmetric surfaces 1is currently
exploited as a functional opportunity for the development of
ultrafast surface optoelectronics. In addition to monitoring
atomic distortions native to the material, SHG can also
characterize the controllable active distortions of lattice
polarizations caused by photoexcitation from a femtosecond laser
pulse.

Previously, semiconductors have been imaged through
rotational azimuthal second harmonic generation (RA-SHG) based on
the use of a phenomenological model dependent on the rotation of
the probed sample. Such measurements and models applied to III-V
semiconductors, specifically gallium arsenide (GaAs), have shown
that the GaAs structure can be reduced to an equivalent material
with only 4 tetrahedrally-bonded atoms’374. Many works have
developed this bonded model to quantify atomic order in III-V
semiconductors from experimental data.

In complex environments, however, such as pump-induced
variations 1in surfaces of III-V semiconductors, more complex
behavior is expected. It is imperative to create a model for this
behavior. Tentative analyses have been performed in this direction
by collecting transient SHG data at one polarization angle.’®
However, these models are incomplete because adding a single
ultrafast parameter to the analysis of the nonlinear optical
susceptibility tensor elements leads to ambiguous and incomplete
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determinations. In addition, these parameters remain dependent on
extreme lattice disordering only available through nonthermal and
thermal melting at high laser fluences (> 1kJ/m?).

Finally, the estimation quality of the second order nonlinear
optical susceptibility tensor elements strongly depends on the
reliability of the SHG measurements, which can be difficult to
maintain while rotating the sample during RA-SHG collection. For
RA-SHG measurements, incorporating a time-resolved component in
addition to sample rotation drastically increases the difficulty
of the measurements as well as the noise level of the data. Through
the interpretation of transient RA-SHG responses, the connection
of an analytical bond-based model to the phenomenological sample
rotational azimuthal model ultimately fails to provide a reliable
picture of transient interatomic potentials, dipole populations,
and fields.

Here, I ©propose a novel phenomenological fit and an
experimental method to encompass all available orientational
transient behaviors without the need to rely on a bond-based model
or an inherently noisy experimental method. Along the same lines
as what has been previously developed for polarization analyses in
biological samples, I base this approach on a tensor analysis of
the second order nonlinear optical susceptibility tensor elements
with respect to the incident optical fields as a function of input
polarization angles. This fit includes 23 possible second order
nonlinear optical susceptibility tensor elements, which were not
accessible in the RA-SHG phenomenological models. From these
tensor elements, one can extract general information on the
transient interatomic potentials and lattice polarizations after
photoexcitation. I develop this model with a three-dimensional
(3D) approach adapted for the TR-PRSHG geometry and apply it to
the changes in spatiotemporal interatomic potentials and lattice
polarization after femtosecond photoexcitation.

The purpose of the present study is to extract contributions

to the polarization-dependent wultrafast SH intensities of a

. . 2 .
noncentrosymmetric surface 1n terms of X&g tensor elements. This

nonlinear optical behavior 1s characterized by subpicosecond
ultrafast dipole behavior, which interpolates across the depletion
field. In this work, I investigate an experimental method able to
extract information on the pump-induced surface in III-V
semiconductors from transient polarized second harmonic generation
(TR-PRSHG) . The subpicosecond Dbehaviors of this surface are
estimated by monitoring SHG intensity as a function of polarization
angle and time delay between pump and probe beams. We introduce a
three-dimensional spatiotemporal approach allowing the retrieval
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of information not available 1in traditional azimuthal-oriented
methods.

5.2 Experimental Methods

The transient PRSHG (TR-PRSHG) setup used in this work is
similar to the PRSHG setup has been described in Chapter 4. The
excitation light source 1is a tunable 76 MHz Ti:sapphire laser
delivering 120 fs pulses with an average power of 1200 mW. This
source 1is split into a pump beam and a probe beam with a 50/50
beam splitter. A retroreflector mounted to a translation stage on
the pump beam line delays the time between pump and probe pulses,
allowing control of ultrafast observations. For each value of At
(the time delay between pump and probe beam pulses) and each value
of @ (the probe polarization angle relative to the collision
plane), a SHG intensity measurement is recorded for a total of 61
angles between 0° and 360° at 41 time points between -800 fs to
1200 fs.

The 400 nm SHG probe is separated from the 800nm reflected
probe by a band-pass filter and directed into a photomultiplier
tube. The total intensity is collected with a lock-in amplifier
set to the frequency of the pump beam chopper. The linear
polarization of the incident probe beam is continuously rotated in
the collision plane by a half-wave plate mounted on a step rotation
motor before the sample surface. The linear polarization of the
pump beam remains horizontally polarized (p-polarized) throughout
the measurement. Finally, the PMT voltage and lock-in settings
were adjusted to separate nonlinear optical response to the level
of dark current from the PMT and noise level of the lock-in
amplifier. The SHG relative intensity values used in this study to
calculate steady-state field dynamics can be considered valid. All
fits in this study were performed in OriginPro 9.0.
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Figure 5.1: Schematic of the setup (a) and sample configuration (b). Probe beam 1is
incident on the sample surface at an incident angle of 45°. Polarization of the probe
beam rotates from p-polarization (0° with respect to the collision plane) and s-
polarization (90° with respect to the collision plane)

5.3 Model

The second order nonlinear polarization in a Cartesian
direction i1 may be written as a function of the product field
amplitudes in the following manner:

2 31
P(©3) = € ) X (w3, 01,01 Ej (1) Ei(@y) (1)
jk
with
1 (32)
_ (2)
dijx = > Xijk
where ngis the second-order susceptibility tensor and ijk are

Cartesian field components.

Since the focus of this study is on crystalline materials,
symmetry conditions and Kleinman contracted notation (d;jx) can
further simplify the above expression. Additionally, the SHG
response further simplifies the tensor since the input fields in
the j and k directions are of the same wavelength o1, making the
two indices interchangeable. Thus, through this Kleinman symmetry
condition simplifies j and k can be into a combined 1 direction
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shown in the table below, where 1, 2, and 3 are x, y, and z,
respectively.

Moving to the experimental configuration used in this study,
the electric field components Ex, Ey, and E: for a laser with an
incident angle 6 I use

E siny

<Ecos€cos¢) (33)
E sin@ cosy

Ey
E@)=|Ey|=
E,

where E is the amplitude of the electric field and ¢ is the laser
polarization with the convention that 0° is p-polarized and 90° is
s-polarized. Since the intensity of an electromagnetic field is
the square of the electric field and considering an incident angle
6 of 45°, the intensity can be described as

12w)yp = |Epoy Q)2 = |B, cos? 1 + C, cos sinyp + D, sin? zp|2 (34)
where

1
B, = > (di1 +dyz + d3q +ds3) +dys + dss

Cp = V2 (dyq + dyg + dag + dag)
Dp = d12 + d32

To allow for fit tolerances, the above expression was expanded
which increased the number of fit coefficients to five yielding

[2w)yp = Hcos* 1 + ] cos® P siny + K cos? sin® 1y + L cosp sin® (36)
+ M sin*

where

H?::Bﬁ (37)
Jp = 2By
— 2
K, = 2B, D, + C?
L, = 2C,D,
ﬂ@,==D§

In the case for the p-out TR-PRSHG responses, these
coefficients can be obtained from Eqg. (4.27), which can yield
nonphysical complex values. To avoid this, I limit the arguments
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H and M to be greater than or equal to zero. With this limit, the

values for B, C, D, and subsequently the Xg?

physical. The tensor element contributions can then be extracted
from the p-out and s-out PRSHG data with Egs. (4.14), (4.22), and
(4.27) to produce the relationships in Table 4.2 below.

tensor elements are

Xgi Calculated from Fit Coefficients
1 2 2 2 2 2 2 2B
5 (Xa(cxgc + Xz(x)z + Xz(xzc + XZ(Z;) + Xygx)z + Xz(x)z P
K40 2,

Table 5.1: Second order transient nonlinear optical susceptibility tensor elements
calculated from fit coefficients

5.4 Results and Discussion

TR-PRSHG as a function of time
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Figure 5.2: (a)Progression of TR-PRSHG data from -800 fs to 1.20 ps for native-oxide
GaAs. The peak at 200 fs is highlighted (red line). (b) Progression of select TR-PRSHG
data. (c)

Figure 5.2 displays the smooth progression of the TR-PRSHG
response for 8 time points between -800 fs and 1200 fs as a function
of input polarization angle. Around 50 fs after pump and probe
pulse coincidence, the TR-PRSHG response begins to increase until
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a peak 1s achieved at 200fs. Afterwards, the signal begins to
decrease towards equilibrium. The progression at this timescale
suggests that different subpicosecond processes contribute to
transient changes in interatomic potential, which in turn affects
the symmetries and amplitudes of the TR-PRSHG response after
photoexcitation.
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Figure 5.3: TR-PRSHG data of -0.05 ps (a), 0.1 ps (b) and 0.2 ps (c) along with thermal
contribution (red lines) and electronic screening contribution (green lines). (d) Angle
shift and SHG intensity of the major peak observed in TR-PRSHG data

Within the framework of nonthermal material changes, the
total SH response can be written as a unique combination of
separate thermal and electronic lattice polarizations. The basis
for this assumption is the fact that the lattice does not heat and
the atoms do not move from their equilibrium positions until
acoustic phonon propagation starts at 4 ps’®77., Therefore, the
system remains ‘nonthermal’. By making the simplification that
this thermal equilibrium SH response 1is constant, observed
subpicosecond SH intensity within the first picosecond can be
reasonably approximated by the linear superposition of the thermal
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equilibrium response and the ultrafast electronic response while
the lattice 1s still cold. These ideas have been developed in

linear optical characterization for nonthermal melting phenomena’’-
79

The thermal background transient PRSHG curve has noticeable
local maxima at probe polarizations of 54°¢, 135°, 240°, 325°.
Conversely, the photoexcited electronic transient PRSHG curve has
local maxima at 24° and 206°. This difference in polarization
behavior implies that the driving force of the pump excitation has
a different spectral “fingerprint” than background pump-induced
changes in interatomic potentials already on the GaAs (100)
surface. The cross-section of data in Figure 5.3 shows an overlay
of probe input polarizations that are thermally sensitive and which
polarizations are electronically sensitive during photoexcitation.
The combination of these 2 contributions create an apparent shift
of about 22° observed in the major peak in the TR-PRSHG data shown
in Figure 5.3d. This illustrates the angle shift and peak TR-PRSHG
intensities as a function of time with blue and black markers,
respectively. The largest shift is observed around 200 fs after
pump excitation. A maximum at 200 fs in both angle shift and TR-
PRSHG intensity are observed, 22.5° and 0.021, respectively.
Afterwards, they decay similarly until around 800 fs.

At early time delays, the electronic contribution is smaller
than or equal to the thermal contribution until pump and probe
pulse coincidence at 0 ps. Around 50 fs after coincidence, the TR-
PRSHG amplitudes begin to increase until a peak 1is achieved at
200fs. The difference between the thermal background PRSHG (red)
observed -0.8 ps pre-coincidence and the PRSHG at 50 fs yielded
what could be considered the photoexcited electronic contribution
(green) to the transient PRSHG signal. At 200 fs, this difference
in polarization behavior implies that the driving force of the
excitation has a lIarger influence on the TR-PRSHG spectrum than
the background pump-induced interatomic potential already on the
GaAs (100) surface. Around 200 fs in Figure 5.3, the thermal
contribution is dwarfed Dby the electronic contribution.
Afterwards, the trend reverses and the signal begins to decrease
towards equilibrium behavior for the rest of the experimental time
window.

The subpicosecond changes in the TR-PRSHG spectra can be
directly related to well-known excitation scattering events
covered in depth in Chapter 2. These events and timescales for
GaAs are discussed here in some detail. In the first 10 fs, the
excited electrons and holes are considered coherent, meaning that
they are still polarized along excitation optical field. In the
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first 50 fs, the carriers are depolarized through optical phonons
but still have not reached a common temperature. That doesn’t
happen until around 200 fs. At that time, carriers lose energy
with each other through carrier-carrier scattering until they
reach an effective electronic temperature. Once they reach a common
temperature around 4 ps, the carriers cool to the now-increasing
lattice temperature (which has remained cool until this point)
with the energy transfer through acoustic phonons. After 4 ps, the
now-hot lattice and electrons cool to equilibrium together with
acoustic phonon decay. The electrons and holes then recombine
within 100 ps after photoexcitation. The lattice then continues to
cool until the next pump pulse 13 ns later®?,

With this information, it is straightforward to designate the
physical origins of the interatomic potential changes that
affected the observed TR-PRSHG data. Based on known scattering
processes, suggestions can be made. The following processes can be
distinguished in the shift shown in Figure 5.2c:

e (0-200 fs: The increase of the angle shift and max TR-
PRSHG happens at the same time as carrier
thermalization. The largest change in lattice
polarization happens here.

e 200 fs - 1200 fs: The pump-induced changes in interatomic
potentials and lattice polarization decrease during
optical phonon generation. Carriers lose energy through
the generation of optical phonons, but the lattice is
still cold.

e -800 fs (13 ns after the previous pump pulse) - 0 fs:
The lattice has reached an equilibrium temperature and
the pump-induced interatomic potential and lattice
polarization has returned to equilibrium levels.

Another important feature to note in Figure 5.2c is that the
angle shift and peak TR-PRSHG intensities appear to deviate around
800 fs. The angle shift starts to increase while the TR-PRSHG
intensity continues to decrease. The red dashed line is the average
pre-coincidence value for both the angle shift and max TR-PRSHG
intensities. Here, neither the angle shift nor the max SHG
intensity returns to equilibrium levels with the greatest
variation around 1.2 ps. This deviation suggests that the max peak
shift returns to equilibrium while the TR-PRSHG intensity
continues to decrease. The comparison of the PRSHG at two times
are shown in Figure 5.4 below.
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Figure 5.4: TR-PRSHG data of -0.05 ps (black squares) precoincidence and 1.20 ps (red
circles) renormalization.

Figure 5.4 presents the TR-PRSHG data in the thermal
precoincidence regime (-0.05 ps) as well as the renormalization
(1.2 fs) regime. A preliminary analysis of the data has revealed
several very interesting observations. Although the symmetries
(relative local maxima and minima) remain the same, a difference
in absolute amplitudes between the two is observed. A lattice
polarization recovery can explain this dramatic return to its
initial directional symmetry; however, the lattice polarization at
1.2 ps does not have the same amplitude as the precoincidence
thermal regime. To understand which directions of the lattice
polarization are sensitive to this phenomenon, one must extract

the X52 tensor elements.

Extraction of X52 tensor elements from TR-PRSHG data

As the TR-PRSHG spectra, and to a lesser extent the lattice
polarization contributions, vary widely as a function of time, it
is necessary to extract the major tensor elements to understand

pump-induced lattice deformations to the interatomic potentials.
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Fortunately, the fit derived in Chapter 4 and reviewed in Section
5.2 enable the extraction of these tensor elements. This section
provides the tensor elements required to describe the dynamic
response analysis of the lattice after excitation.
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Figure 5.5. TR-PRSHG of native-oxide GaAs (100) -800 fs(a) before coincidence and 200
fs (b) after coincidence with fits. (c) The fit coefficients H (black squares) and M
(red circles) as a function of time delay from TR-PRSHG data. (d) The tensor elements
from Table 5.1. The lines serve as guides to the eye for their respective curves.

Figure 5.5a and 5b show the input probe polarization
dependence of the TR-PRSHG p-out intensity at -800 fs (thermal
regime) and 200 fs, respectively. The black markers in both graphs
are the TR-PRSHG data collected at each polarization angle (¢). At
negative time delays, the curves have typical behavior of stable
ultrafast optical responses of semiconductors. The steady level
responses of the coefficients reflect the unchanging pump-induced
thermal equilibrium. The red lines are the fits from Equations
4.16 for TR-PRSHG intensities as a function of incident probe
polarization angle. Due to the closeness of fit for both cases,
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the fit coefficients and second order tensor elements can be
considered wvalid. With this fit, the local maxima and minima are
of similar amplitudes at their respective input polarization
angles for both cases.

In the following discussion, emphasis 1is placed on the
temporal variation in fit coefficients, second order nonlinear
susceptibility tensor element groups, and induced lattice
polarization after ultrafast excitation. Figure b5.5c shows the
time dependence of the H and M coefficients from Equation 4.26.
For the other two coefficients, there are three major regimes which
have different responses. The basic nonlinear response can be split
into three characteristic time periods considered below:

e M dominant before 50 fs
e [ dominant between 50 and 500 fs
e M dominant after 500 fs

Within statistical fluctuations, both the %(X,(Ci)x+X§,ZC)Z+XZ(,ZC;+

XZ(Z)+X,(§C)Z+X§,ZC)Z and the Xg,)y+XZ(§,%, tensor element groups show
significant dependence on the time delay after excitation. As has
been stressed previously, the tensor elements can be calculated
from the fit coefficients H and M. From these, one can relate the
change in intensity dominance to three characteristic tensor

element dominance regimes as shown in Figure 5.5d.

e Y-dipole Xg&—FXg& dominance before 50 fs

e X-dipole %(X,E?x + XZ(,ZC)Z + XZ(QC + XZ(Z) + X,Ei)z + XZ(,ZC)Z dominance
between 50 and 500 fs

e Y-dipole Xg&—FXg& dominance returns after 500 fs

According to the quantum-mechanical formalism of the second
order nonlinear optical susceptibility tensor discussed in Chapter
2, the last two indices of a tensor element are defined as the
directions of the dipole transition populations contributing to
SHG. From Figure 5.5d, the dominant dipole populations transition

change from the y-based Xg,)y+XZ(§,)y to the x and z-based %(ngc+

XZ(,ZC)Z + XZ(QC + XZ(Q) + X,Ei)z + XZ(,ZC)Z and back again. Clearly, the dominant
dipole transition populations are connected to the transport of
surface lattice polarization 1in the depletion region after
photoexcitation as well as transient changes 1in the surface
interatomic potentials. Specifically, this can be interpreted as
an 1indication that transient screening of the depletion field
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affects dipole populations and interatomic anharmonic potentials
smoothly but inhomogeneously.

As can be seen, the x/z tensor element group exhibits a smooth
return to equilibrium within the first picosecond. In addition,
two drastically different decay behaviors can be observed. The x/z
dipole populations rise until a peak at 200 fs and then decay
smoothly back to near equilibrium. The y dipole populations have
a small bump after excitation around 200 fs followed by a sharp
drop which persists beyond 1.2 ps. While it fully recovers by 13
ns, the y dipole population recovery would need to be directly
observed with a longer time window than 1.2 ps.

By separating the y from the x/z tensor components, one can
extract the decay lifetimes of these ultrafast dipole populations
and the ultrafast changes in interatomic potentials. In Figure
5.5d, the y dipole populations are longer lived than the x/z dipole
populations. However, to compare the subpicosecond behavior of the
y and x/z dipoles, each was fitted to a single-exponential decay
equation. Within the first picosecond after excitation, the vy
dipoles have a lifetime of 7, =0.06882 ps~! and the x/z dipoles have

a lifetime of 71,, =0.23114 ps-'.

In this way, I have demonstrated that one <can correlate
subpicosecond nonlinear behaviors to ultrafast material behaviors
in polar semiconductors with TR-PRSHG data and a polarization-
resolved fit. This has not been demonstrated with traditional
transient SHG experiments with their phenomenological fits. In

previous studies, change in ultrafast second harmonic intensities

were mostly attributed to a change 1in a single Xﬁ? element?>.

However, that is not reflected in this study.

5.5 Conclusions

In this chapter, I have introduced a phenomenological
approach for the analysis of transient polarization-dependent SHG
(TR-PRSHG) microscopy measurements applied to the GaAs (100)
surface. This approach 1s based on a 3D tensor analysis of
polarization-resolved second harmonic generated intensities to the
second order nonlinear optical susceptibility tensor elements as
a function of time. The obtained tensor element relationships are
shown to contain richer information than either previous models.
With a polarization-resolved and time-resolved measurement and
fit, it 1is possible to illustrate 3D dynamics of interatomic
potentials and dipole transition populations of ITI-V
semiconductors upon photoexcitation.

72



73



Chapter 6

Dissertation Summary and Future Work

This chapter summarizes the dissertation, discusses findings,
reviews limitations of the current work, and outlines
opportunities for future work. The application of an analytical
fit on static and transient PRSHG dependencies has Dbeen
demonstrated to be a means of understanding macroscopic

interatomic potentials and bond polarizations in III-V
semiconductors. However, extensions of this research into other
semiconductors and crystalline materials deserve further
consideration.

This chapter is divided into five sections. Section 6.1 is
a summary of the dissertation. Section 6.2 reviews the motivations
and objectives of the work done in this dissertation. Section 6.3
summarizes the major discussions. Section 6.4 reviews the
limitations of the fits derived in this work. Finally, Section 6.5
brings the dissertation to a close with a review of possible future
research directions.

6.1 Summary of Dissertation

This dissertation was organized as follows. Chapter 2
presented a background to the fields of semiconductor physics,
electronic band structures, and the origin of nonlinear optics
from the perspectives of both classical and quantum mechanics. It
thus provided a framework for describing the static and transient
nonlinear optical behaviors observed in this work. These topics
are related in that they involve linear and nonlinear subpicosecond
optical responses in III-V semiconductors undergoing excitation
above the band gap.

Next, Chapter 3 motivated the experimental and analytical
methods for the studies outlined in Chapters 4 and 5. Chapters 4
and 5 dealt with the experimental and theoretical studies of this
dissertation project. Chapter 4 was devoted to the study of
polarization-resolved second-order nonlinear optical responses of
various III-V semiconductor architectures resulting from strain,
defect-conducive growth conditions, and substrate choices.
Simplified phenomenological fits for the polarization-dependent
second harmonic generation (PRSHG) were first derived with tensor
analysis, and then these were fit to the experimental data. The
formalism was tested under different conditions to gauge the fit
robustness and sensitivity for both mechanical and electronic
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changes in III-V semiconductors. Along that same vein, Chapter 5
extended this analytical fit to describe ultrafast PRSHG responses
of GaAs (100) as a function of transient lateral and normal
interatomic potential behaviors within the first picosecond after
photoexcitation.

6.2 Objectives of Dissertation Work

The goal of the work done in Chapter 4 (Study 1) was to assess
static surface fields, interatomic potentials, and dipole
populations in semiconductors undergoing various distortions. One
key piece of this assessment is the relationship between distorted
surface fields and static nonlinear optical responses. In previous

studies, this relationship had been interpreted as changes in

lattice symmetry through only one bulk Xﬁ% tensor component.

However, existing experimental and analytical methods do not
provide sufficient means of quantifying only one contribution to

SHG. Nor do these methods quantify how lattice symmetry and static

XSQ elements change with respect to various types of static lattice

distortions. Study 1 sought to fill this gap 1in knowledge by
()
ijk
SHG response and symmetry resulting from these distortions.

isolating the y tensor components that contribute to the static

The major hypothesis to be tested was that different types of
distortions affect lattice symmetry as well as interatomic

potentials on the surface of III-V semiconductors. This hypothesis

depended on the extraction of X52 tensor elements from static SHG

measurements as a function of input polarization angle. While such
extractions had been performed previously in the Tolk group for
siliconls, it had not vyet Dbeen operationalized in other
semiconductors. This study introduced an analytical approach that

aimed to 1isolate lateral and normal interatomic potential
©)
ijk
distorted crystalline materials. This strategy focused on the
following three objectives:

contributions to SHG from their respective Y elements for

1. SHG symmetry response as a function of 1incident
polarization angle. The first objective was to extend the
characterization method developed in previous studies of
silicon that focused on the observation of polarization-
dependent surface symmetry changes as a function of
incident polarization angle. This extension included
surface contributions of III-V semiconductors.

2. Changes in surface symmetries as a function of distortion
type. The second objective was to observe changes in
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lattice surface symmetries of experimental PRSHG data
through distortions like strain and band bending.

3. Change in lateral and normal interatomic potentials as a
function of distortion type. The final objective was to
describe these potentials due to strain and band bending.

The goal of Chapter 5 (Study 2) was to assess the changes in
interatomic potentials and dipole populations in GaAs during the
first picosecond after photoexcitation. One key piece of this
assessment 1is the relationship between ultrafast excitation and

changes in the effective second order nonlinear susceptibility

(Xgi)tensor elements as it related to time-resolved, polarization-

resolved second harmonic generation (TR-PRSHG). Previous research
has not provided sufficient means of quantifying pump-induced
changes 1in SHG due to transient electric fields in several

directions simultaneously. Study 2 aimed to fill this gap in
@3]
ijk
to the pump-induced electric fields, interatomic potentials, and
transient SHG symmetries.

knowledge by isolating the y tensor components that contribute

The major hypothesis to be tested was that pump-induced
transient electric fields affect variations in transient SHG with

respect to input polarization angle. This hypothesis depended on

the extraction of XSQ tensor elements from transient SHG due to

changing incident optical fields as a function of 1input
polarization angle. This extraction of transient SHG based on input
polarization had not yet been operationalized in previous
research. This study introduced an analytical approach that aimed

to isolate transient fields in the x, vy, and z directions from

their respective ng elements. This strategy focused on the

following three objectives:

1. Pump-induced symmetry change as a function of time. The
first objective was to extend the characterization method
developed in Study 1 that focused on the observation of
polarization-dependent surface symmetry change as a
function of time.

2. Change in the interatomic potentials and dipole
populations as a function of time. The second objective
was to apply the analytical model developed in Study 1 to
describe the transient behaviors both lateral and normal
to the free surface.

3. Decay of transient fields. The final objective was to
characterize the decay of lateral and normal transient
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fields and potentials to see if they were anisotropic or
isotropic.

6.3 Discussion

In Chapter 4, I implemented polarization-resolved SHG
spectroscopy and phenomenological fits to probe the orientation of
the surface interatomic potentials on high-defect low-temperature
grown III-V heterostructures as well as bare III-V semiconductors.
In principle, one should be able to use the polarization-resolved
nonlinear optical responses to characterize surface defects caused
by growth and structural conditions of semiconductors.
Specifically, I have applied a polarization-resolved model to
study the surface lattice polarizations of free and buried
interfaces of ITI-V  semiconductors in  three cases. The
phenomenological fit developed in Chapter 4 has been shown to
qualitatively reproduce most of the experimental features of the
PRSHG spectra from free interfaces, growth-mediated defects, and
strained thin films. By fitting this to the data, it was possible
to relate SH intensities to specific polarization changes in the

depletion region caused by defects, surface strain, and surface

band structure from the relationships between all 27 XS? tensor

elements.

In Chapter 5, I introduced a phenomenological fit for the
analysis transient polarization-dependent SHG (TR-PRSHG)
measurements applied to the GaAs (100) surface. This approach is
based on a 3D derivation of polarization-resolved second harmonic
generated intensities to the second order nonlinear optical
susceptibility tensor elements. This angular decomposition of the
SHG polarization responses showed an anisotropic dependence as a
function of time. The obtained tensor element relationships were
shown to contain richer information than previous models. With a
polarization-resolved, time-resolved measurement and fitting
approach, it is possible to illustrate 3D dynamics of interatomic
potentials and dipole transition populations of semiconductors
upon photoexcitation.

In this way, I demonstrated that one can correlate
subpicosecond nonlinear responses to ultrafast behavior in polar
semiconductors with TR-PRSHG data and a polarization-resolved fit.
This had not been demonstrated with traditional transient SHG
experiments or phenomenological fits. In previous studies, changes
in ultrafast second harmonic intensities were mostly attributed to
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a change in a single ng tensor element. However, that is not

reflected in this data or fit.

6.4 Limitations

A crucial limitation of the polarization-resolved analytical
model of SHG is that it only considers interatomic potentials and
dipole populations caused by structural changes while ignoring
electronic resonances. Specifically, the model does not account
for resonant s-output PRSHG from the GaSb/AlGaAs system as shown
in Chapter 4. This suggests that the resonant electronic
contributions to the PRSHG spectra may not be as easily modeled
with this method. The sensitivity shown by this fit is such that
one can refine PRSHG response by varying experimental parameters
such as wavelength to induce resonant PRSHG responses. To
understand this further, the GaAs/AlGaAs sample should be studied
at various wavelengths away from the band gap of AlGaAs.

Another limitation of this model is the inability to determine
which specific bond movements contribute to the PRSHG or TR-PRSHG
intensities. Currently, the fit wused 1in this dissertation
perceives SHG as a function of 3 Cartesian directions with respect
to the sample surface. However, this perception does not translate
well to a microscopic bond picture. Specifically, the microscopic
theoretical bond charge model condenses all material behavior to
four tetragonal bonds. For strained III-V semiconductors used in
this dissertation, only four bonds could not reproduce the misfits
and dislocations. Consequently, I could not make determinations on
movements of charges along specific deformed bonds that would
contribute to PRSHG and TR-PRSHG measurements through the
analytical fit developed in this dissertation.

6.5 Future Work

Although the fit developed in this dissertation 1is not
accurate for determining which tensor elements contribute to
resonant PRSHG intensities, 1t does provide an appropriate
starting point for more detailed models of the PRSHG spectra. More
importantly, the primary advantage of this approach 1is 1its
applicability to both surface and Dbulk polarizations. In
conclusion, such work leads the way to structural gquantitative
characterization of all types of crystalline materials. In this
section, I review several opportunities for extending the
direction and scope of this research.
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The first extension of this work is to explore the parameter
space for the experiments performed in this dissertation. For
instance, one could vary wavelength to observe changes in the
static and transient interatomic potentials. By changing the
incident wavelengths, it is possible to engage different energy
levels and resonances. Another parameter would be the pump
polarization. For all transient experiments performed in this
dissertation, the incident pump polarization remained horizontally
polarized (0°). The anisotropic decay behavior of the bond dipoles
may be sensitive to the incident pump polarization. In order to
test this, the pump polarization can be changed to circular or
elliptical polarization.

Another extension of this work is to test and analyze static
and transient interatomic potential profiles in silicon and other
Group IV semiconductors. Ideally, studying behaviors at excitation
energies around the indirect band gaps of these materials could
easily identify any resonant bond behaviors. Since the SHG
responses from these materials are so weak due to Dbulk
centrosymmetry, a more sensitive detector like a cooled PMT would
be required to perform these experiments. The resulting
fundamental research from these experiments would directly apply
to both photonic and CMOS devices.

Other materials sensitive to the optoelectronic industry
lends itself easily studied with these experimental techniques and
analysis. Two dimensional materials such as graphene, molybdenum
disulfide, and dichalcogenides would have great surface
sensitivities with any given substrate which could then be
characterized with polarization-resolved nonlinear optical
techniques.

©6.6. Conclusions

This dissertation lays the foundation for a new approach to
surface 1interatomic potential characterization of interfaces.
Analysis of nonlinear optical responses enable the understanding
of interfaces. This approach is not intended to be used as a
substitute for diffraction-based structural characterization
methods. Nonetheless, it would be a useful complement to existing
transient and static structural characterization techniques.
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