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Chapter 1

Introduction

1.1 Motivation

Defects, the origin of disorder, can be introduced into a specimen in various ways, €.g.
during either materials growth, device fabrication processes or operation in harsh envi-
ronments. Determining specifics of the relationship between structural disorder and basic
optical properties, such as the complex refractive index and the photoelastic coefficients, is
the key to understand the behavior of materials that have some amount of disorder.

Ion implantation is widely used for functionalizing and modifying materials. Using
this method, many materials properties can be tailored to determine desired morphological
[6, 7], mechanical [8, 9], electronic (doping), and optical properties [1]. In addition, ion
implantation in conjunction with thermal processing can be used to form smart and active
ceramic nanocomposite surfaces by embedding nanophase precipitates of metal-insulator
transition [10, 11] or ferromagnetic [12, 13] materials in inactive hosts.

One of the main building blocks of quantum information processing and communica-
tion is solid-state single-photon emitters. The development of light sources that produce
photons with controllable quantum correlations is a major part of quantum photonics re-
search. Single photon emitters are being studied in different solid-state material systems
such as color centers in crystals, defect states in two-dimensional materials, and quantum
dots. Of these complexes, the NV~ center in diamond is the most studied [14, 15, 16].

Recently, it has been recognized that isolated defects in silicon carbide can serve as long-



lifetime atomic like states suitable for coherent single photon generation and possibly quan-
tum computing structures [17, 18, 19]. Silicon carbide based single-photon sources are
ultrabright, operate at room-temperature, and are photostable in a device-friendly material
[19]. Isolated electron spins in silicon carbide that can be addressed optically exhibit co-
herence times of more than a millisecond [17] . These properties make silicon carbide an
ideal candidate for atomic-scale spintronics and quantum information technology.

Further advancement in fabrication quantum devices based on solid-state qubits is lim-
ited by difficulties in exact placement of defect based qubits. Ion implantation is a stan-
dard tool of the semiconductor industry and is eminently suitable to address this chal-
lenge. Deterministic doping by single ion implantation and the precise placement of indi-
vidual dopant atoms into devices is currently being pursued [20]. A remarkable range of
controlled quantum phenomena in phosphorus implanted silicon devices has been demon-
strated. There are still challenges to build a device with an array of deterministically im-
planted atoms. However, the development of ion implantation techniques is approaching
sub-10 nm range localization which is required for large scale devices [21, 22, 23, 24].

Overall, understanding ion-matter interaction such as defect creation and defect dy-
namics during ion implantation as well as the damage produced by ion implantation are of
great importance to many different applications and, particularly, to the emerging filed of

quantum information technology.



1.2 Statement of work

In this thesis, time domain Brillouin scattering (TDBS) is applied to study depth de-
pendent optical and elasto-optical effects of ion implantation in silicon carbide and gallium
arsenide. TDBS, also known as picosecond ultrasonics or coherent acoustic phonon (CAP)
spectroscopy, is a subset of the more general category of ultrafast pump-and-probe exper-
iments. When a strong ultrafast (<1 ps) optical pump pulse is incident on a surface of
opaque material, it generates a traveling CAP wave (or strain wave) due to inhomogeneous
pump light absorption. The CAP wave locally perturbs the refractive index as it traverses
the material. Thus, when a optical probe pulse is incident on a sample at a delayed time
its reflection or transmission is modulated by the CAP wave. Interference of probe light
waves reflected from the surface of the material and the traveling CAP wave results in an
oscillatory time dependent reflectivity/transmissivity signal (Brillouin oscillations). Am-
plitude, decay and frequency of Brillouin oscillations are highly sensitive to optical and
elastic material properties. For example, by analyzing Brillouin oscillation, the complex
refractive index (see Chapter 4) and the photoelastic coefficient (see Chapter 5) as function
of depth can be obtained.

To date, TDBS has been widely used to access depth dependent material properties such
as elastic and optical inhomogeneities in disordered films [25, 26, 27], ion implantation
induced modification of interfacial bonding [28], sub-m textures in materials compressed
at megabar pressures [29, 30], doping profiles [31], distribution of stress [32], imaging
of grain microstructure [33], and determination of laser-induced temperature gradients in

liquids [34]. It has been shown that TDBS is sensitive to ion implantation induced damage



in gallium arsenide [35, 5] and diamond [36] at low fluences. Thus, the application of
TDBS to study ion matter interactions is advantageous and further development of TDBS
to access single defects is important and promising for quantum information technology in

terms of qubit positioning and linking qubits with sound [37].

1.3 Thesis outline

This thesis is structured as follows:

Chapter 2 starts with an introduction to ion implantation, its advantages and a discussion
of the basic physics of the ion matter interaction. Ion ranges and depth dependent damage
profiles with an explanation of analytical models to fit depth profiles and ab-initio software,
SRIM/TRIM, used for prediction of ion ranges and damage cascades, are included.

Chapter 3 explains different aspects of time domain Brillouin scattering, i.e. strain wave
generation and propagation. It also introduces and develops a theoretical model that will be
use in the following chapters to analyze the experimental data. At the end of this chapter,
a novel method for measuring acoustic deformation potentials as a function of energy is
proposed and demonstrated for gallium phosphide crystal.

Chapter 4 reports on depth and defect density dependence of the complex refractive
index of n-type 4H-SiC arising from 180 keV hydrogen ion implantation at several flu-
ences. It is shown that the extinction coefficient of silicon carbide increases linearly with
vacancy concentration, whereas the refractive index has nonlinear dependence. In terms of
depth dependent profiles, the implantation-induced change in the refractive index profile is

broader and skewed more to the surface side than the vacancy/defect profile predicted by



the TRIM code (Monte Carlo calculations). We postulate that the observed increase in the
refractive index is due to contributions from the atomic bond polarizability and/or structure
factor, which means that the ionization from electronic stopping is likely to be a major con-
tributing factor leading to an increase in the refractive index. These results add one more
significant point to the body of data that relates the large change in the index of refraction
to the atomic bond polarizability with ion bombardment for covalent semiconductors.

In Chapter 5 measurements of the photoelastic coefficient of hydrogen implanted gal-
lium arsenide are discussed. First, it is shown analytically that the observed changes in
the amplitude of Brillouin oscillations in damaged gallium arsenide are related to the depth
dependent photoelastic coefficient. Then, the derived formulas are used to extract the depth
and defect density dependence of photoelastic coefficient of gallium arsenide. The mea-
sured depth-dependent profiles are found to be broader than the defect distribution profiles
predicted by Monte Carlo simulations. This fact indicates that the changes in photoelastic
coefficient depend nonlinearly on the defect concentrations created by the hydrogen im-
plantation. These studies provide insight into the spatial extent to which defects influence
photoelastic properties of GaAs.

Chapter 6 summarizes the thesis and provides some future directions and experiments

as an extension of the current study.



Chapter 2

Ion implantation

Ion implantation is the process of accelerating ions of a particular chemical element
into a solid target that changes the physical, chemical, or electrical properties of the tar-
get. lon implantation is widely used for functionalizing and modifying materials. Using
this method, many materials properties can be tailored to determine desired morphological
[6, 7], mechanical [8, 9], electronic (doping), and optical properties [1]. In addition, ion
implantation in conjunction with thermal processing can be used to form smart and active
ceramic nanocomposite layers by embedding nanophase precipitates of metal-insulator-
transition [10, 11] or ferromagnetic [12, 13] materials in inactive hosts. Further develop-
ment of ion implantation for localization precision and deterministic doping promises to
make quantum technology a practical reality [20, 21, 22, 23, 24].

The topics covered in this chapter include review of electronic and nuclear stopping,
characterization of ion and damage profiles by analytic methods, prediction of ion ranges
and damage associated with by Monte Carlo calculations, and finally, channeling phenom-

€na.

2.1 Review of material properties affected by ion implantation

Ion implantation primarily modifies near surface layers on a micrometer scale. There
are many materials properties and applications that are affected by surface/near surface

modification. They are summarized in Table 2.1. Ion implantation along with coating



deposition and diffusion of impurities provides highly controllable way to effect surface/-

subsurface modification.

Table 2.1: Properties influenced by surface features [1]

Mechanical Chemical Electrical Optical
Microhardness  Corrosion Resistivity Color
Friction Passivation Photoconductivity Reflectivity
Adhesion Diffusion  Electron mobility =~ Transmission
Wear Reactivity =~ Semiconductivity ~Optoelectronics

Another big application of ion implantation processing is the computer chips production
because it offers room temperature operation for dopant implantation in precisely defined
regions with fewer thermal cycles. Table 2.2 describes the advantages and disadvantages
of using ion implantation as a doping method for semiconductors in contrast to diffusion
doping.

From the optical device point of view ion implantation can effectively serve as a tool
to fabricate anti-reflection coatings, wavelength selective mirrors, bandpass filters, waveg-

uides and so on [1].

2.2 lon ranges and damage

Upon entering the substrate, implanted ions loose energy due to nuclear and electronic
stopping. Figure 2.1 shows a schematic diagram of ion stopping mechanisms. During nu-
clear stopping, energy is transferred from the energetic ion to the target (Si, for example)

nuclei. If the energetic ion has sufficient energy, it may displace a target atom. In addition,



Table 2.2: Advantages and disadvantages of semiconductor doping methods [1]

Ion Implantation

+ Accurate dose and depth control

+ Applicable to most ions

+ Insensitive to dislocations and impurities

+ Several dopants may be added

+ Implantation may be at low or ambient temperature

+ Doping may be made with masks and/or a passivating layer
+ Minimal lateral spread of dopants beneath a mask

- High capital costs

- Channelling may occur and so distort the depth profile

- There is considerable radiation damage - annealing is needed

Diffusion doping

+ Relatively low cost

+ Simple equipment

- Limited choice of ions and dopant profiles

- High temperature process

- Different dopants disturb one another

- Diffusion is sensitive to dislocations and grain boundaries

- Lateral spreading of dopants beneath a mask




displaced atom may have enough kinetic energy to displace other atoms. Electronic stop-
ping, on the hand, is loss of energy due to collisions with electrons in the target material.
Electronic stopping, in general, does not cause crystal damage. Interplay between these
two stopping mechanism will define the resulting ion ranges and associated damage. Light
ions (or ions at higher energies) tend to loose their energy mostly due to electronic stopping

whereas heavier ions (or ions at lower energy) loose their energy primarily due to nuclear

stopping [1].

Nuclear Stopping ‘

Figure 2.1: Schematic diagram of ion stopping mechanisms

The range of ions and their profile shape depends on the ion energy for a particular
ion/substrate combination. The concentration of ions depends on the implantation dose.

Below five profile parameters are defined for a concentration profile shown in Figure 2.2:



Concentration, C(x)

R, Depth, x

Figure 2.2: Schematic diagram of concentration profile

1. Dose of implantation: ¢ = [;” C(x)dx
2. Projected range: R, = %fowx-C(x)a’x

3. Longitudinal straggle: (ARp)2 = %f(;” (x—Rp)z-C(x)dx

4. Skewness: M3 = %f(;x’ (x—R,)’-C(x)dx

Skewness describes asymmetry between left and right sides of the profile

5. Kurtosis: My = %fow (x—R,)*-C(x)dx

Kurtosis characterizes contributions of the tail regions.

The easiest way to model concentration profile of implanted species is to assume a

Gaussian distribution:




The Gaussian approximation is useful to obtain a rough estimation of profile param-
eters. However, actual implantation profiles are never Gaussian. Therefore, for detailed
modeling of the implantation profiles more complex functions or ab-initio calculations are
necessary.

One of the analytic functions that can be used instead of Gaussian is Pearson type IV

distribution [38, 39, 40] that is most commonly used to date.

m

T(m) r—2\2| x—A
C<X>:m[”( z )] o[y (2] e

where I and B are gamma and beta functions, respectively. All other parameters are free

variables that are used to fit a concentration profile. I will be using this function in chapter
4 to fit my experimental data. Figure 2.3 shows comparison between Pearson and Gaussian
distributions.

Presently, the most used software to predict range of ions and ion implantation damage
is the Stopping and Range of Ions in Matter (SRIM) code and the Transport of Ions in
Matter (TRIM) code. The SRIM code calculates the stopping and range of ions up to 2
GeV/amu into matter using a quantum mechanical treatment of ion-atom collisions. The
TRIM is the most comprehensive program in that it can accept complex targets made of
compound materials with up to eight layers, each of a different material. It calculates the
final 3D distribution of the ions and all kinetic phenomena associated with the ion’s energy
loss: target damage, sputtering, ionization, and phonon production [41]. Figure 2.4, as an
example, shows ion ranges and quick (as opposed to detailed) damage estimation for 1.6

MeV Si implanted into SiC as calculated by the TRIM code.
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Figure 2.3: Comparison of experimental data fitting by Pearson and Gaussian distributions
for 800 keV boron implanted in polycrystalline silicon. Adapted from [2]
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Figure 2.4: Ion ranges and quick damage estimation for 1.6 MeV Si implanted SiC
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(a) Si (100)

Figure 2.5: Different orientations of Si crystal generated by VESTA Software

In crystalline semiconductor substrates, particular crystallographic directions offer much
lower stopping than other directions. An example of different Si crystal orientations is
shown Figure 2.5. For example if an ion travels along the <110> direction in Si (see
Figure 2.5¢c), it results in longer effective range. This effect is referred to as ion chan-
nelling. When channeling is involved it is much harder to predict ion ranges due to strong
nonlinearity, i.e. small variations from perfect orientation lead to extreme differences in
implantation depth. Channeling can be avoided by performing implantation through a thin
amorphous layer or by tilting and twisting the sample (see Figure 2.5b, for example). For
experiments discussed in this thesis, channelling was avoided by tilting the samples a few
degrees off-axis.

On the other hand, Rutherford backscattering as an analytical method to determine the
amount and depth profile of damage in crystalline thin film materials makes use of ion

channelling.
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Chapter 3

Coherent acoustic phonons

This chapter introduces the basics of picosecond laser ultrasonics that involves genera-
tion and detection of coherent acoustic phonons (CAP). This method features a nanometer
spatial resolution for materials characterization in a non-destructive manner. First, we treat
the generation of longitudinal acoustic waves(CAP) in semi-infinite films. Then, we con-
sider thin (~ absorption depth of light) opaque single-layer isotropic films. Following
this, we discuss detection of CAP and introduce time-domain Brillouin scattering (TDBS)
which is a part of picosecond ultrasonics that focuses on analyzing Brillouin oscillations in
semi-transparent and transparent materials.

Picosecond ultrasonics is a subset of the more general category of ultrafast pump-probe
experiments. When an intense ultrafast (<1 ps) optical pump pulse is incident on a surface
of opaque material, it generates a traveling CAP wave (or strain wave) due to inhomo-
geneous pump light absorption. The CAP wave locally alters the refractive index as it
traverses the material. Thus, when an optical probe pulse is incident on a sample at a later
time, its reflection and transmission is modified by the CAP wave. The interference of
probe light waves reflected from the surface of the material and the traveling CAP wave
results in an oscillatory time dependent reflectivity/transmissivity signal (Brillouin oscilla-
tions). Amplitude, decay and frequency of the Brillouin oscillations are highly sensitive to
the optical and elastic material properties. For example, by analyzing the Brillouin oscil-

lations, the complex refractive index (see Chapter 4) and the photoelastic coefficient (see

14



Chapter 5) as function of depth can be obtained.

For the efficient generation of the CAP wave, transducer layers made of metals or ma-
terials that strongly absorb at the pump energy are used [42, 43, 44, 45, 46, 47, 48, 49, 50].
The generated CAP wave travels at the longitudinal speed of sound, which leads to the
obvious application of picosecond ultrasonics to thin film metrology, i.e. measuring the
thicknesses of thin films by monitoring the echoes of the CAP wave [51, 52, 53]. In addi-
tion, elastic properties such as the Young modulus [54] and stress in the films [32] can be
measured. Moreover, various interactions between photons, excited carriers and phonons
are being studied by this technique by analyzing either the shape of the CAP pulse or the as-
sociated Brillouin oscillations. These include studies of electron diffusion [55, 56, 57, 58],
shifts in the electronic energy levels by picosecond strain [59, 60, 61, 62], attenuation
and dispersion of the acoustic phonons [63, 64, 42, 65, 66, 67, 68], acoustic solitons and
nonlinear acoustics [69, 70, 71, 72, 73, 74], imaging biological samples [75, 76], adhe-
sion of thin films, two dimensional materials or single cells to the substrate [77, 78, 79],
out of plane energy transfer in van der Waals materials [80], ultrafast acousto-magneto-
plasmonics [81, 82, 83, 84], terahertz radiation [85, 86], and specific mode acoustic phonon
- electron interactions [87].

Figure 3.1 shows a schematic diagram of the generation and detection of CAP pulses.
Two possible modes of the CAP wave propagation are illustrated in Figure 3.1a,b. When
there is an acoustic impedance mismatch between the film and the substrate, the CAP wave
gets partially reflected at the interface and returns back to the surface (Figure 3.1a). The
shape of the CAP wave in this case can be measured. By studying its shape, many proper-
ties including electron diffusion and phonon attenuation, for example, can be determined.

15



Another case of CAP propagation is when the acoustic impedance of the film matches the
acoustic impedance of the substrate, thus, allowing the CAP wave to fully transmit into
the substrate. The film acts as an efficient transducer and such configuration (Figure 3.1b)
allows to send CAP waves in transparent materials and study their properties. Such config-

uration is used in experiments outlined in this thesis.

@)

Pump pulse

heated region

/ \
/ \

(b) ’ ©

Probe pulse Probe pulse

Z #Z

Figure 3.1: Schematic diagram of picosecond ultrasonics experiment. a) Ultrafast optical
pump pulse heats up the surface of the film and generates acoustic pulse, b) in case of
acoustic impedance (Z) mismatch between the film and the substrate, the acoustic wave
both reflected back and transmitted into the substrate ¢) Acoustic wave is transmitted into
the substrate because of perfect acoustic impedance matching.
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3.1 Generation of coherent acoustic phonons
3.1.1 CAP generation in semi-infinite layer

In this thesis, only metals were be used as a transducer layer to generate coherent acous-
tic phonons. Therefore, coherent acoustic phonon generation only by thermal stress will be
reviewed. Derivation follows Matsuda et. al. [88].

When an ultrafast optical pulse (<1ps) is absorbed by a material, it induces a thermal
stress. Below are some assumptions that are routinely taken into account to derive an

analytic expression for the propagating strain pulse (CAP wave):
1. infinitely short optical pulse
2. semi-infinite solid

3. illumination area is orders of magnitude larger than the optical absorption depth, so

that the problem becomes one-dimensional
4. no electron and thermal diffusion

The stress-strain relation in the presence of thermal stress is written as:

0;j = Cijkl”kl"’Gi/j, (3.1)

where 0;; is the stress tensor, ¢; i is the elastic constant tensor, 7y is strain, and o/ i is the
termal stress tensor. At times 1 = oo, 0;; = 0 and 7n;; = @;;AT, where (;; is the thermal

expansion tensor and AT is the temperature change due to optical pulse.

17



From equation 3.1, it follows that Gl-/j = —¢;ijk1 0 AT . For isotropic solids, this results
in

o/, = —3Bad;AT, (3.2)

where B is the bulk modulus, « is the linear thermal expansion coefficient. For positive o
and AT, the generated thermal stress is hydrostatic and compressive.

For one dimension, we rewrite the stress-strain relation 3.1 as

Oz = PoviTz: — 3BAAT (2), (3.3)

where py is the density and v; is the longitudinal sound velocity.
The change in temperature due absorbed optical pulse is

(1-R)Q

AT, eifb,fort >0, AT(z)=0,fort<0, (3.4)

AT (z) =

where R is the optical reflection coefficient, Q is the optical pulse energy, A is the illumi-
nated area, C is the heat capacity per unit volume, and { is the optical absorption depth of
the pump light.

The elastic wave equation is given by

Jdoy 0%u,
2z Pon

(3.5)

where 1, = du;/dz.

From the boundary condition at the free surface, o,; = 0 at z = 0 and equation 3.1, we
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The equation 3.5 can be written in terms of displacement u, as

02 02 Vo — 2

The elastic wave equation 3.5 can be solved analytically with initial conditions, 1,, =

0, 9dn;/dt=0,and u, =0 forall z forz < 0 [88]:

vyt e

nzz:noeié_% e % +e % sgn(z—vt) (3.8)

The equation 3.8 is plotted in Figure 3.2. The strain consist of two terms: constant and
propagating. They both are depicted in Figure 3.2. Bipolar shape of the strain is due to
reflection at the free surface. The wavelength of this strain wave and the frequency of the
maximum strain amplitude is 2wy and f = v; /(27w {)), respectively.

When one includes in the calculation diffusion processes, the generated strain pulse is
broadened [55, 57, 88]. In general, there are several strain generation mechanisms that must
be taken into account if non-metals are used to photo-generate strain waves[89]. In this
thesis, metals were used to generate strain waves, thus only the thermoelastic mechanism

is considered.
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Figure 3.2: Strain for { = 8 nm and v; = 6.42 nm/ps

3.1.2 CAP generation in thin films on a substrate

In a previous section, the generation of acoustic pulses in a semi-infinite film was dis-
cussed. When electron/thermal diffusion and finite thickness of the film are taken into

account, the solution 3.8 can be approximated by derivative of a Gaussian function [59]:

oo . . 2
n(t)—zAé(l—r)er (I—M) exp [—% <t—w> ] (3.9)

V] 72 =0 \%i V]

where € is the absorption depth of the pump light, r is the reflection coefficient of longitu-
dinal acoustic waves at the interface between film and substrate, d is the thickness of the
film, and v; is the sound velocity in the film. A is a dimensionless coefficient which depends

on pump intensity and the film parameters:

_3(1-R)WpBB

3.10
2CEpv? (3.10)
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where R is the pump light reflection coefficient, W is the pump fluence (J/m?), B is the
linear expansion coefficient, B is the bulk modulus, C is the volumetric heat capacity, and
p is the film density. T > & /v, is an adjustable parameter defining the width of the pulse.
It is governed by electron diffusion [45, 90] and imperfections in the metal film.
Assuming perfect acoustic impedance between the film and the substrate, and ideal

situation when 7 = & /v;, we can rewrite equation 3.9 in another form:

(z—wit) exp {_ (z—vlt)z} 3.11)

n(z,1) = —Mo Z T
where

no = 2A(1—r). (3.12)

The shape of the pulse according to the equation 3.11 is plotted in Figure 3.3. Compared
to Figure 3.2, the strain wave is broadened accounting for diffusion effects during strain

generation.

—4 —2 0 2 4 6 8
Time, ¢ (ps)

Figure 3.3: Strain pulse plotted from equation 3.11
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3.2 Detection of coherent acoustic phonons

When the strain wave travels through a crystal it perturbs its dielectric constant, € =

(n+ix)?. The perturbation of the dielectric constant due to strain can be written as:

Ag(z,1) = A(7)? = 27iA7 = 2(n+ ix) (3—:’ +ig—:> n(z,t) (3.13)

where the quantities dn/dn and dx/det al. are related to the photoelastic coefficients P;,

as follows [91]:

P = = 2ii (——l—i—). (3.14)
n n

In general, photoelastic coefficients are wavelength dependent. The equation 3.14 is valid
for isotropic materials.

By solving Maxwell equations with a perturbed dielectric constant (Equation 3.13), it
can be shown that the relative change in reflectance from a material perturbed by propagat-
ing strain wave is [88].

4ikii ﬁ
1—72dn

5r(t) _ 2ik /MAg(Z/J)ezjklZ/dZ, _
ro 1—¢€Jo

/0 n(Z 1) a7 (3.15)

The reflectance 6r/ry is related to measured reflectivity AR/Ry as follows:

% =2Re (ﬁ) (3.16)
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Film Substrate

Figure 3.4: Geometrical configuration of the system. Light is incident from z < 0.
Wavevector k, is the same for incident, reflected and transmitted light rays.

3.2.1 Reflectivity in two-layer system

Consider a sample consisting of a thin layer and a substrate. The configuration of the
system is shown in figure 3.4. Each layer is assumed to be homogeneous and isotropic
so that the permittivity tensor, €,(z) can be considered staircase-like function. While the
acoustic pulse propagates, it modulates the permittivity tensor via the photoelastic effect
and temporarily creates surface and interface displacements. Let us define change in the
permittivity due to the strain pulse as &;(z,t).

In order to calculate the change in the complex optical reflectance, the electromagnetic

wave equation 3.17 with an inhomogeneously perturbed permittivity tensor &,(z) + €;(z, 1)
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can be solved [92].

[L(ky) + K*{en(2) + € (z.1)}] E(z,1) = 0, (3.17)

where k = @ /c is the wave vector in vacuum and the operator matrix L(k,) is given by

2 .
2 0 —iked
L(k,) = 0 L-& 0
—ikeZ 0 — k2

The perturbation in the permittivity €,.(z,¢) due to acoustic wave in an isotropic mate-

rial depends on the strain 1,,(z,7) and photoelastic tensor components Pj; and P}, as

PP 0 0
ge(zt)=1 0 PY 0 [n=(0), (3.18)
o o pY

where index j indicates layer number. The complex reflectance change for s- and p-

polarized light is then given by [92]:

5rl) ik
r okgalpyY

d o o
P [0 ) (e e g

+Pf;) /0 N +d,1)(af ™) a (3.19)

+u(0,6)(1— 1) () + b)) + u(d, 1) (&1 — &) (a$) |,
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2 0

2
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+u(0,7)(1 —81){k

2 2
Sl -

2 2
tu(d,t) (€1 — &) (k—z - k—> (ags>>2] ,

& &1

where r(#) = bgg)) / aEg)) is the reflectance for the unperturbed (by the strain wave) sample, d
is the thickness of the transducer layer, k; = /€ jk2 — k)% is the wave vector in j-th medium,
k is the wave vector in vacuum, a; and b; are the electric field amplitudes in j-th layer,

u is the displacement, and € and &, are the dielectric constants of the transducer and the
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substrate, respectively. The electric field amplitudes are given by [92]:

a(()s) = (ko — kl)(kl — kz)ezjkld + (kO +kl>(k1 +k2)7

b(()s) = (ko —|—k1)(k] — k2)€2ikld + (kO - kl)(kl +k2)7

a?) = 2ko(ki +k2),

b = 2ko(ks — ko)1,

a5 = dkokye™1?,

a(()p) = (e1ko — k1) (&2k1 — e1k2)e*™ 1 + (e1ko + k1) (&2k1 + €1k2),
by = —(erko+ ki) (Exky — €1k2)e¥ 19 — (e1ko — ki) (E2k1 + £1ks),
a\?) = 2\/erko(e2k1 + €1k2),

b = 2 /erko(e2k) — £1ky) 217,

agp) =4¢ \/8_2]{0]{1 eikld.
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3.3 Energy dependence of the acoustic deformation potential in GaP

In this section, we will discuss the energy dependence of the amplitude of the Brillouin
oscillations as measured in experiments and how it can be used to determine the energy
dependence of the acoustic deformation potential. Experimental results will be given for
gallium phosphide.

In general, when one models the time-dependent Brillouin scattering optical response,
knowledge of the acoustic deformation potential or photoelastic coefficients is necessary.
In particular, certain issues arise for indirect band gap semiconductors in an energy range
close to their indirect and direct band gaps. In this energy range, multiple optical transi-
tions must be taken into account, which leads to significant dependence of the deformation
potential on energy. In a recent paper, Ishioka et al. showed that there is a discrepancy
between experimental and theoretical amplitudes of the Brillouin oscillations in GaP for
probe energies below its direct band gap when the energy dependence of the deformation
potential is neglected [4]. This discrepancy between modelling and experiment suggests a
way to measure the energy dependence of the deformation potential in semiconductors in
an energy range that is not available by other methods.

Originally, deformation potential theory was developed by Bardeen and Shockley. The
deformation potential describes the strength of electron — acoustic phonon scattering [93].

When a solid is subject to a strain, 544, there will be a change in band energy levels:

SEn(K) =Y Eqp(n,k)sqp, (3.22)
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where Eq (njé) is the deformation potential, and the indices a8 describe strain tensor,
Sap> components. Here, we are only concerned with uniaxial strain and the deformation

potential between the valence and conduction bands that is denoted as ac..

3.3.1 Derivation of amplitude of Brillouin oscillations

The amplitude of Brillouin oscillations can be derived for a two layer system where
the first layer acts as a transducer layer to generate acoustic pulses. The second layer is a
substrate and is the layer wherein we want to find the amplitude of Brillouin oscillations as
the acoustic pulse traverses it.

The first term in equation 3.19 and first two terms in equation 3.20 describe contribu-
tions to the reflectivity change when the strain wave is traveling through the transducer
layer. Once it leaves the layer, these terms vanish. We ignore any contribution from the
static strain caused by the elevated temperature of the transducer layer. Terms that include
displacement of the surface and the interface, u(z,¢) = [ n(Z/,7)dZ, also vanish when the
strain wave is transmitted into the substrate. Therefore, we can rewrite equations 3.19 and

3.20 as follows

5r(s) ik? oo 5
D 2kap 8 [ nE+dn(ae)’a, (3.23)
0% Yo
Sr(p) i kZP(z)—ka(z) o .
A f, 1+ () e (3.24)
04g Do

@

For simplicity, I will omit label (2) in P, ; because we will be only concerned about the
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substrate. The photoelastic coefficient is by definition [91]
P =——. (3.25)

We can approximate that the strain modulates the permittivity by changing the band

gap of a semiconductor by deformation potential [4, 94, 95],
e(E,n) = €e(E—aqm). (3.26)

The strain amplitude used in picosecond ultrasonics experiments is of the order of 107>
and the deformation potential for a common semiconductor is about 10 eV. Therefore, the
term a.,n is much smaller than E. Taking this into account, the equation 3.25 can be
written as

e de

P =—

5y = —ac(E) 5. (3.27)

In general, the deformation potential, a.,(E), is a function of energy. Let us plug equa-
tion 3.27 into equation 3.28 to determine the probe energy dependence of the Brillouin

oscillation amplitude

5r9) ik
) 2kalp

5 (—acvg—;) / 0 d) (@Y ez, (3.28)
g 0
0

If we assume that the generated pulse is described by equation 3.11, then the integral in
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equation 3.28 becomes

(z—vt+d)?

/(z—vt—i—d)e & kg, —
0

(3.29)
52 (d—vt)2 (d vt+z§2k2) d— vt
=5 = 1 —ivmkobe & Erfc { : + iﬁkz}
The complex reflectance from equation 3.28 becomes
) _(d-w)? d— .
O _Cie & —iCy/mEksErfc { +i§kz] ¢8R pika(d—v) (3.30)
o

Only the second term in equation 3.30 results in Brillouin oscillations. The comple-

mentary error function, Erfc [d 5” + z‘g’kz} is essentially 2 at longer times. Therefore, the

amplitude of the Brillouin oscillations may be expressed as:

Aose = ‘—4iC4\/%§k26_52k% ) (3.31)
where
ik, de\ &
Co=Noz7— 3.32
4 n02k0a0b0a2 ( CVaE) ( )

Finally, the resulting amplitude of the Brillouin oscillations can be expressed as

K*kya3 o€

efgzk% .
koaobg oE

Apse = \/%7105 2aCV (E)

(3.33)

E=hck
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Figure 3.5: Zinc Blende crystal structure

3.3.2 Deformation potential of gallium phosphide

Gallium phosphide (GaP) is a compound semiconductor with an indirect band gap of
2.26 eV [96]. It has a zinc blende crystal structure (see Figure 3.5). GaP is and ideal
candidate for photonic structures in the visible range due to its high refractive index and
low absorption coefficient [3]. Most commonly it is used in manufacturing low-cost red,
orange, and green light-emitting diodes (LEDs) with low to medium brightness.

Recently, the generation of broadband THz pulses by optical rectification in GaP waveg-
uides [97, 98, 99, 100, 101] was demonstrated. The dispersion of the GaP emitter and the
peak frequency of the emitted THz radiation are tunable. Also, the use of a waveguide
for the THz emission offers scalability to higher power and represents the highest average
power for a broadband THz source pumped by fiber lasers [97].

In order to perform time-domain Brillouin scattering experiments, a 20 nm titanium

layer was deposited using an Angstrom e-beam evaporator with a 2 A/s deposition rate
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to serve as a transducer for the CAP wave. Ti was chosen as it has an excellent acoustic
impedance matching with GaP (10%) which suppresses acoustic reflection at their inter-
face.

Time-domain Brillouin scattering measurements were performed in a standard time-
resolved pump-probe setup in reflection geometry. A Coherent Mira 900 with 150-fs pulses
at 76 MHz was used as a laser source. Wavelength of the laser was varied. Probe power (10
mW at 800 nm) was significantly smaller than the pump power (200 mW at 800 nm). In
order to generate probe wavelength in the UV range, BBO crystal was used. BBO crystal
is a nonlinear material that can generate light at twice frequency of the incoming light
due to high nonlinear susceptibility. The angle of incidence of the probe beam was 30°.
Both beams were focused onto the specimen with spot diameters of 100 um and 90 um
for pump and probe, respectively. The pump beam was chopped using a Thorlabs optical
chopper operating at about 3 kHz. For energies out of the range of the Coherent Mira 900
(750 nm - 900 nm, 375 nm - 450 nm), the Spectra Physics Spitfire Ace amplifier system was
used. The pump wavelength was set to 800 nm. For the probe beam, white light generated
in a sapphire crystal was used. The probe wavelength was selected using a narrow band
pass filter. The repetition rate of the amplifier system was set to 1 kHz. The pump beam
was chopped at 0.5 kHz.

Figure 3.6 shows time domain Brillouin oscillations in GaP for selected different wave-
lengths. Thermal background arising from hot electrons in the Ti layer was subtracted from
the data. It can be seen that the amplitude of the Brillouin oscillations varies with probe
wavelength. The amplitude of the Brillouin oscillations was extracted from the data by

fitting it with a decaying sine wave.
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Figure 3.6: Time domain Brillouin oscillations in GaP for different wavelengths.
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Figure 3.7: Real and imaginary parts of the permittivity of GaP [3]

Equation 3.33 includes the derivative of the permittivity. Figure 3.7 shows the depen-
dence of the permittivity of GaP with respect to energy. Next, we take the energy derivative
of the permittivity. The results are shown in Figure 3.8. One can observe two resonant tran-
sitions. The one around 2.78 eV [102] corresponds to the direct band gap of GaP.

The experimental amplitude of the Brillouin oscillations and the amplitude modeled by
the equation 3.33 is presented in Figure 3.9 and 3.10. Additional experimental data are
also taken from previous studies [4]. The deformation potential is taken from the literature
acy, = —3.07 [103]. Table 3.1 lists the parameters used for simulation of the amplitude of
the Brillouin oscillations.

There is significant discrepancy between the model and the experiment, when the de-

formation potential is assumed to be constant with respect to energy. Therefore, it suggests
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Figure 3.8: The energy derivative of the permittivity

Table 3.1: Parameters for Ti used in the model to calculate strain amplitude, 1o

Physical quantity Value

Absorption depth at 800 nm, & 19.37 nm

Linear expansion coefficient, f3 8.6x107% K!
Bulk modulus, B 110 GPa

Volumetric heat capacity, ¢ 2.453x107% J/(m’K)
Density, p 4506 kg/m>

Sound velocity, v; 6100 m/s

Reflection coefficient at 800 nm, R 0.5178
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Figure 3.9: Experimental amplitude of Brillouin oscillations in GaP (black dots and red
dots [4]) and predicted amplitude with a., = —3.07

a way to determine the dependence of the deformation potential on energy. That is we
are going to divide our experimental data by the model which will leave us with energy
dependent function that is normalized on the a., = —3.07.

Figures 3.11 and 3.12 show the energy dependence of the acoustic deformation poten-
tial as obtained from the comparison between the model and the experimental data. Our
results show that the acoustic deformation potential is strongly dependent on energy above
the indirect band gap of GaP (2.26 eV [96]). The first peak is observed to be near the direct
optical transition at the I" point, 2.78 eV [102], then it drops and increases further towards
another direct optical transition near the L point (zone boundary), ~ 3.55 eV [104], which

is out of range in the current study. Thus, the dependence of the acoustic deformation po-
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Figure 3.10: Experimental amplitude of Brillouin oscillations in GaP (black dots and red
dots [4]) and predicted amplitude with a., = —3.07
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Figure 3.11: Magnitude of the acoustic deformation potential as a function of energy,
|acy| = 3.07.

tential on energy can be explained by multiple optical transitions contributing above the
indirect band gap.

In conclusion, we have shown in this section how the acoustic deformation potential
can be measured using time-domain Brillouin scattering. Our results indicate strong energy
dependence of the deformation potential above the indirect band gap of gallium phosphide.
The deformation potential reaches peak at the I' point and increases towards the L point.
Similar behaviour in the amplitude of the Brillouin oscillations have been observed for
GaAs [47] and Si [105]. It is important to measure and characterize the energy dependence
of the deformation potential as it is the key parameter that describes the strength of the

electron-acoustic phonon interaction, and defines the upper limit of carrier mobility in a
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defect free crystal [106]. It has also been found in a theoretical study of bulk GaAs, 3C-
SiC and arepresentative GaAs MESFET structure that in order to simultaneously satisfy the
principal transport properties; impact ionization coefficients, average energy, and velocity-
filed characteristics, the energy dependence of the acoustic deformation potential has to be

taken into account [107].
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Chapter 4

Depth dependence of complex refractive index of H™ implanted 4H-SiC

4.1 Introduction

Silicon carbide (SiC) is a wide band gap semiconductor, ideally suited to high power,
high temperature, and high frequency electronic device applications. Recent progress in
materials structure and interface passivation has allowed the creation of a useful SiC MOS
technology [108]. More recently it has been recognized that isolated defects in SiC can
serve as long-lifetime atomic like states suitable for coherent single photon generation and
possibly quantum computing structures [17, 18, 19]. Thus, defect creation and defect an-
nealing are important processes associated with these burgeoning SiC technologies. In this
letter, we report depth dependent modification of the optical constants of n-type 4H-SiC
due to defect creation by hydrogen implantation at 180keV. Optical constants are obtained
using coherent acoustic phonon (CAP) spectroscopy. Such knowledge is essential for re-
liable fabrication of future photonic/optoelectronic devices using silicon carbide. Proton
irradiation in space is well known to be responsible for the degradation of satellite’s on-
board electronics due to radiation damage. Thus, the understanding of the damage (vacan-
cies, interstitials, and their related defects) created by hydrogen implantation is crucial for
designing reliable devices for use in space. Hydrogen related defects have been studied
for the past decade by electrical techniques (DLTS) [109, 110, 111, 112]. Depth depen-
dent structural damage was probed by RBS and hydrogen profiles by SIMS [113, 114] at

implantation fluences above 10'® cm=2 which defines the sensitivity limits of these tech-
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niques. Here, the CAP technique is shown to be two orders of magnitude more sensitive
than the channeling probe which is consistent with a previous study [5]. To the best of
our knowledge, this is the first time that the CAP technique has been applied to obtain a
depth dependent complex refractive index. We used Si-face n-type 4H-SiC (p = 0.7Q-cm)
10 um epilayers grown on 4H-SiC substrate by a CVD process. Following the fabrica-
tion, they were implanted at room temperature with 180 keV hydrogen ions with fluences
ranging from 10'* to 10'® cm~2 at 0.9 A current. No annealing has been carried out fol-
lowing implantation. CAP spectroscopy, also known as picosecond ultrasonics, is a pump
probe technique. When an ultrafast high-intensity pump pulse hits an absorbing material it
excites electrons that decay into optical and then longitudinal acoustic phonons, which sub-
sequently traverse the material. The CAP wave may be thought of as a crystal strain wave
travelling into the solid at the speed of sound. To generate high amplitude coherent acous-
tic phonons, a thin metal film is typically deposited onto the material surface. Creation of
CAP waves can be classically explained by thermal expansion of a metal transducer [115]
and the transfer of the elastic wave to the substrate. A delayed probe beam is then reflected
both from the surface of the material and from the traveling CAP wave, giving rise to an
oscillatory response due to interference between the two reflected beams as shown in Fig-
ure 4.1. Using this approach damaged regions at particular depths in the specimen result
in a decrease in the signal amplitude and a phase shift in the oscillatory CAP signal with
respect to CAP response of the unimplanted specimen. The depth resolution is estimated to
be approximately 40 nm based on the CAP wave and probe light pulse widths. In previous
studies quantitative defect profiles in He implanted GaAs [35] and also the optical damage
cross-section surrounding 400 keV Ne™ ™ ion tracks in GaAs were experimentally deter-
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mined with high sensitivity [5]. In addition, research on ion-implanted diamond, revealed a
fluence-dependent decrease in the real and increase in the imaginary parts of the refractive

index as well as a sign reversal in the photoelastic coefficient [36].

4.2 Results and Discussion

In the present experiments, a 10 nm aluminum layer was used as a transducer, deposited
using an Angstrom resistive evaporator. CAP measurements were taken using a Coherent
Mira 900 Ti:Sapphire laser producing 150-fs pulses at 76 MHz. The pump beam was tuned
to 800 nm with 230 mW power and the probe beam was frequency-doubled to 400 nm
using BBO crystal with 2 mW power. Both beams were focused onto the specimen with
spot diameters of 100 um and 90 um for pump and probe, respectively. The pump beam
was chopped using an optical chopper at about 3 kHz. The typical pump-probe reflectivity
response for both unimplanted and implanted at 10'® cm™2 fluence specimens is shown
in Figure 4.1. Oscillations arising from the traveling CAP wave are superimposed on the
thermal response of metal electrons. In the following analysis, the thermal response has
been subtracted out, leaving only the CAP oscillations.

The oscillatory part of the reflectivity response measured in CAP spectroscopy can be

characterized as [115, 48]

AR(1)
Ro

o Asin (?—H])) e !/t (4.1)

where ¢ is time, 7 is the period, 7 is the damping time, and ¢ is the phase. As the CAP

wave travels with the speed of sound, the time 7 can be related to the depth z in the material

43



50 —

(To Detector)
CAP
40 - wave |
Pump (800 nm Vg
—>
'S 30 Probe (400 nm) —— .
™
X damaged
= region
= 20 _
<
10} .
O 'JI ] ] ] 1
0 50 100 150 200

Time Delay (ps)

Figure 4.1: Typical CAP responses for implanted (red) at 1 x 10'® cm~2 fluence and unim-
planted (black) n-type 4H-SiC, vertically offset for clarity. Inset: CAP experiment config-
uration showing strain-wave induced self-interference in the probe reflectivity.
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by the equation z = vs¢. The oscillation amplitude A is related to the derivatives of real and
imaginary parts of the complex refractive index N = n + i with respect to the strain 1 as

shown below

on\?  (dx\’
Ao — -— 4.2
\/<8n ) ! (817 ) “2
The period of the oscillation T depends on the real part of refractive index n, speed of

sound (CAP wave) v, wavelength A and angle of incidence 6 of the probe beam as follows

A
T=—"— 4.3
2nv,cos 0 (4.3)

The damping time 7 is proportional to penetration depth of the probe beam and, conse-

quently, extinction coefficient k¥

A

T=——— 4.4
4dwkv,cos O (4.4)

The measured period and damping time of the CAP oscillations for unimplanted specimen
are T = 5.584 ps and 7 = 223.8 ps, respectively. Using these parameters, we calculate n
and k from equations 4.3 and 4.4 with =27, vy = 13.1 nm/ps and =400 nm to be n = 3.07
and = 0.0122. These values are in good agreement with previously reported values [116].
Figure 4.2 shows CAP oscillations for specimens implanted at fluences of 10'4, 10! and
10'6 ¢cm~2. Spectra for the implanted specimens are plotted on top of the spectra for the
unimplanted specimen. The lattice damage resulting from ion implantation is shown on
the top of Figure 4.2. It is estimated from Monte-Carlo simulations performed using the
transport of ions in matter (TRIM) code [41].

There is no detectable defect related modification of the CAP signal at 10'* cm~2 flu-
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Figure 4.2: CAP oscillations in the pump-probe reflectivity signal of ion-implanted SiC
specimens at multiple fluences (black lines). The red line behind each curve is the cor-
responding response for an unimplanted specimen. Above the CAP responses are the
damage-induced vacancy distribution as calculated by the TRIM code. The insets show
spectra on the smaller scale to indicate phase shift between two curves.
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ence. This defines the sensitivity limit of the CAP technique at this wavelength to H
induced optical damage. Two important features of the data are noted for higher implanta-
tion fluences. As the implantation fluence increases, the amplitude of the CAP oscillations
decreases. This observation is related to the increased absorption of the probe light as ex-
pressed in the imaginary part of the complex refractive index arising from the structural
damage caused by the hydrogen implantation. Insets in Figure 4.2 show phase shifts of
the CAP oscillations in the implanted specimens to the left on the time scale with respect
to those in the unimplanted specimens. This can be attributed to an increase in the real
part of the complex refractive index of the implanted specimens that results in an increased
optical path length for the probe pulse as it travels to the CAP wave and back through dam-
aged SiC lattice as discussed below. As can be seen from the equations 4.1 - 4.4, the CAP
oscillatory response primarily depends on the quantities n, k,dn/dn,d«/dn. For perfect
single crystals, these values are constant as a function of depth. However, ion implantation
induces a spatially varying lattice damage profile, which is dependent on depth. The re-
duction in the oscillatory amplitudes related to the depth dependent implantation damage
in SiC lattice may be attributed to (a) modification of the extinction coefficient induced by
the lattice defects and/or (b) changes in the derivative terms d(n, k)/dn. Figure 4.2 shows
an overall cumulative decrease in the amplitude beyond the damaged region that indicates
a damage-induced modification of the extinction coefficient. Therefore, in this work, we
make an assumption that the derivative terms d(n, k)/dn are constant with respect to the
depth in the implanted specimens, i.e. do not contribute to the modulation of the amplitude.

In order to obtain changes in the extinction coefficient Ak due to the hydrogen implan-
tation, we divide the envelope of oscillatory signal AR(z)/R corresponding to unimplanted
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Figure 4.3: a) CAP data obtained at a fluence of 10'® cm~2 contrasting the implanted/u-
nimplanted data b) Fit of the implanted/unimplanted experimental data using equation 4.5.
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specimen by the envelope of oscillatory signal AR'(z) /R’ corresponding to implanted spec-
imen (see Figure 4.3a) using formulae 4.1 and 4.4, and after taking the natural logarithm

of both sides of the equation, we have

AR(z)/R\ _4xm N,
In (W) == / Ak ()dz 4.5)

By assuming that Ak behaves as a Pearson IV function, which is commonly used to
describe ion-implanted distributions we fit the parameters of Pearson IV function in the
above equation 4.5 to the experimental data (see Figure 4.3b).

Figure 4.4 shows changes in the extinction coefficient Ax(z) arising from the 180 keV
hydrogen implantation in n-type 4H-SiC at different fluences. Clearly, changes in the ex-
tinction coefficient are proportional to the defects densities as estimated by TRIM code.
The magnitude of these changes decreases as the implantation fluence decreases. The red
curve corresponding to the relatively small fluence of 3 x 10'* cm~2 is broadened and
shifted due to noise in the CAP spectrum.

It is assumed in this study that the longitudinal speed of sound in the implanted spec-
imens of 4H-SiC is largely unaffected by the implantation induced damage of the lattice.
This assumption is supported by the fact that the speed of sound in an amorphous material
is shown to be somewhat smaller compared to that in the same type of crystalline material
[117, 118]. Thus, a substantial slowing of the speed of sound would result in a phase shift
of CAP spectra of the implanted specimen to the right with respect to the spectra of the
unimplanted specimen. However, we observe a phase shift in the opposite direction. For
this reason, we attribute the observation of the phase shift primarily to an increase in the
real part of the refractive index. Thus, the phase shift Ay between the unimplanted and
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Figure 4.4: Observed changes in the extinction coefficient as a function of depth using
CAP, following hydrogen implantation. Dashed line represents TRIM vacancy profile for
the highest fluence of the implantation. The inset shows the implantation induced extinc-
tion coefficient change versus vacancy concentration calculated from TRIM. The red curve
corresponding to the relatively small fluence of 3 x 104 cm~? is broadened and shifted due
noise in the CAP spectrum.
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implanted spectrum can be determined as:

Ay = w / An(Z)dZ (4.6)

Again, assuming that the change in the real part of the complex refractive index An due
to the hydrogen implantation behaves as a Pearson IV function we fit above equation 4.6 to
the experimental data to obtain depth dependent profiles of the real refractive index change
An as shown in Figure 4.5. Here, the phase shift was measurable only for the highest dose
of implantation.

The implantation-induced change in the real part of the complex refractive index profile
is broader and skewed more to the surface side than the vacancy/defect profile calculated
by TRIM code. This indicates a nonlinear dependence of modified refractive index on
vacancy/defect concentration. The dependence is linear up to a vacancy concentration of
about 102! cm~3. In other words, when distances between vacancies are smaller than 10
A (about lattice constant along c-axis) changes in the real part of the complex refractive
index due to hydrogen implantation tends to saturate. In comparison, the increase in the
real part of the complex refractive index in boron implanted CVD type Ila diamond deviates
from linear dependence for vacancy concentrations above 2 x 102! cm™3 [119]. There have
been previous studies of damage arising from ion implantation leading to changes in the
refractive index in a variety of optical materials. It was observed for many of those materials
that changes in the refractive index An arise mostly from changes in local volume DeltaV
[1]. However, there are other defect-dependent parameters that can contribute to refractive

index change such as the atomic bond polarizability o and the structure factor F. These
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Figure 4.5: Observed changes in the refractive index as a function of depth using CAP,
following hydrogen implantation. The dashed line represents the TRIM vacancy profile
for the highest implantation fluence, 10'® cm~2. The inset shows the implantation induced
refractive index change versus vacancy concentration calculated from TRIM.
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factors are embodied in the Wei adaptation of the Lorentz-Lorenz equation [120, 121, 122]:

4.7)

An (P —1)n*4+2)[ AV A«
+ .
n 6n?

For the case of silicon carbide, volume expansion of the damaged region was observed
[123, 124], which if treated as the only factor would result in a decrease in the refractive
index. However, in the present work an increase in n and was observed as the defect
concentration increases. We postulate that the observed increase in the refractive index
n is due to contributions from the atomic bond polarizability & and/or structure factor F.
Thus, ionization from electronic stopping is likely to be a major contributing factor leading
to an increase in the real part of the complex refractive index. Further work is needed to
determine the relative contributions of these and possibly other parameters. It is interesting
to compare these results to the studies of the index change with ion bombardment in similar
covalently bonded materials. For examples, several studies report increased refractive index
arising from ion implantation in diamond [125, 126, 119, 127, 128], silicon [129, 130,
131, 132] and germanium [133] despite considerable volume expansion. In all cases, the
increase is attributed to a change in the atomic bond polarizability. Thus, this new report
of the change in index with ion bombardment adds one more significant point to the body
of data that relate the large change in polarizability with ion bombardment for covalent

semiconductors.
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4.3 Conclusion

In conclusion, we have measured depth-dependent profiles of optical constants arising
from hydrogen ion implantation at low doses in n-type 4H-SiC using coherent acoustic
phonon spectroscopy. CAP spectroscopy is shown to be a sensitive non-destructive tool
for studying the implantation damage-induced modification of the opto-electronic nature
of silicon carbide lattice. Our results show a strong dependence of the 4H-SiC complex
refractive index as a function of depth and H' fluence. We note also that the implantation-
modified refractive index (real part) profile is broader and skewed toward the surface as
compared to the implantation induced structural damage profile, predicted by Monte Carlo
calculations. This increase in the real part of the refractive index may be accounted for by
invoking changes in the atomic bond polarizability arising from ionization due to electronic
stopping during implantation. Both real and imaginary parts of the complex refractive index
are observed to increase as a function of defect density. These studies provide insight into
the influence of defects on optical properties of relevance to the fabrication of SiC-based

waveguides and other photonic and optoelectronic devices.
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Chapter 5

The photoelastic coefficient of H™ implanted GaAs as a function of defect density

5.1 Introduction

The photoelastic effect describes the coupling between light and sound in terms of the
overall intensity and polarization properties of light scattering[134]. This effect has been
applied to study stress distribution in semiconductor systems and lattice-mismatched semi-
conductor heterostructures. Its practical importance has been found in many optoelectronic
devices such as light modulators, deflectors, and switches[135]. The knowledge of the pho-
toelastic tensor is crucial for the proper design of cavity optomechanical systems[136, 137].
Gallium arsenide (GaAs) is a semiconductor of the utmost importance for optoelectron-
ics. Due to its relatively large photoelastic coefficients[138], it is used for optomechanical
resonators[137]. However, it is necessary to understand the influence of defects on the pho-
toelastic coefficients in solids for reliable device fabrication. Defects, the origin of disorder,
can be introduced into a specimen in various ways, e.g. during either materials growth, de-
vice fabrication processes or operation in harsh environments. Determining specifics of
the relationship between structural disorder and basic optical properties, such as the com-
plex refractive index and the photoelastic coefficients, is the key to understand the behavior
of materials that have some amount of disorder. Proton (H") irradiation in space is well
known to be responsible for the degradation of satellite’s on-board electronics due to ra-
diation damage[139, 140, 141]. Thus, understanding the damage (vacancies, interstitials,

and their related defects) created by hydrogen implantation is crucial for designing reliable
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devices for use in space.

In this paper, we report depth profile and defect density dependence of the relative
changes in the photoelastic coefficient P, caused by H™ implantation in GaAs (100). The
depth dependent profile is obtained using the time-domain Brillouin scattering (TDBS)
technique. This technique is also known as picosecond ultrasonics or coherent acoustic
phonon (CAP) spectroscopy. It has already been applied to study properties of intrinsic
GaAs[142, 143, 144, 145, 89, 146]. Other experimental techniques such as stress induced
birefringence, Brillouin scattering, and ellipsometry under uniaxial stress can only provide
averaged bulk values of the photoelastic coefficients. TDBS, on the other hand, has been
widely used to access depth dependent material properties such as elastic and optical inho-
mogeneities in disordered films[25, 26, 27], ion implantation induced modification of inter-
facial bonding[28], sub-um textures in materials compressed at megabar pressures[29, 30],
doping profiles[31], distribution of stress[32], imaging of grain microstructure[33], and de-
termination of laser-induced temperature gradients in liquids[34]. Recently, we applied this
technique to determine depth profiles of the complex refractive index modification arising
from H* implantation in 4H-SiC[49]. Point defect concentration profiles and optical dam-
age cross-sections were obtained in He™*[35] and Ne™ " [5] implanted GaAs, respectively.
The application of TDBS to He* ™ implanted diamond revealed fluence dependent changes
in the complex refractive index and sign reversal of the photoelastic coefficient Pj2[36]. To
the best of our knowledge, there is no other non-destructive technique capable of measuring
depth dependent changes in photoelastic coefficients with high resolution. In general, the
field of ion implanted semiconductors suffers from a lack of knowledge of the dependence

of photoelastic coefficients on defect density.
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5.2 Results and Discussion

Time-domain Brillouin scattering, also known as picosecond ultrasonics, is a pump-
probe technique. Picosecond ultrasonics has been thoroughly reviewed by Matsuda et
al.[88]. An incoming femtosecond pump pulse generates a coherent acoustic phonon wave
which is a picosecond strain wave traversing the material at the speed of sound. To fa-
cilitate the generation of high amplitude coherent acoustic phonons, a thin metal film is
typically deposited onto the material surface. For our experiments, a titanium layer of 20
nm was deposited using e-beam evaporation. The acoustic impedance mismatch between
Ti and GaAs is negligible in that it ensures CAP wave transfer from Ti to GaAs without
reflection at the interface. Generation of CAP waves in the metallic transducer can be
classically explained by thermal expansion [115]. A time-delayed probe beam is then re-
flected both from the surface of the material and from the traveling CAP wave, giving rise
to Brillouin oscillations due to interference between two reflected beams. The oscillation
amplitude and frequency are dependent on material properties. Therefore, the damaged
region in the ion implanted specimen will result in a different oscillatory signal compared
to the unimplanted specimen. The Brillouin oscillations are always superimposed on the
thermal response of the metallic transducer. In the following analysis, the thermal back-
ground has been subtracted out, leaving only the oscillatory part of the signal. Figure 5.1
shows Brillouin oscillations for unimplanted (red) and implanted (black) GaAs specimens
at 3 x 10" cm~2 fluence for different probe polarizations. The damage-induced vacancy
distribution calculated by the transport of ions in matter (TRIM) code[41] is shown at the

top of Figure 5.1. The important observation to be derived from this data is that the oscil-
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lation amplitude decreases in the damaged region as indicated by the vacancy profile while
the period and phase remain identical over the entire time (and thus, depth) window for
both specimens. The reduction in oscillation amplitude cannot be attributed to the changes
in the complex refractive index or speed of sound. Changes in the complex refractive index
and speed of sound will result in the cumulative changes in the oscillation amplitude and
period passed the damage region. It is seen in Figure 5.1 that the oscillation amplitude of
the implanted specimen becomes congruent with that of the unimplanted specimen passed
the damaged region. Therefore, the modulation of the oscillation amplitude in the damaged
region can be entirely attributed to the changes in the derivative terms of optical constants
dn/dn,dk/dn[115], and consequently to the photoelastic coefficients Py, and P;. The
difference in the oscillation amplitude in the damaged region for s- and p-polarization of
the probe beam arises from different photoelastic contributions to the oscillation amplitude
(see Fig. 5.1). This observation is discussed in detail in the next section.

Following the derivation of transient reflectivity for a two layer system with oblique
incident probe light by Matsuda and Wright[92], the perturbation in dielectric constant
€pe(z,1) in isotropic material (such as GaAs) depends on the strain 1. (z,7) and photoelastic

tensor components Py; and Pj, (that are depth dependent in our case due to the damage
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Figure 5.1: The damage-induced vacancy distribution as calculated by the TRIM code is
shown in (a). Brillouin oscillations in the pump-probe reflectivity signal of the H' im-
planted GaAs specimens for (b) s- and (c) p-polarized probe beam (in black). The probe
wavelength is 880 nm. The implantation fluence is 3 x 10!> cm~2. Red curves represent
the corresponding signal for an unimplanted specimen.
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arising from H* implantation) as

€P€<Z7t) = nzz(Zat)a (51)

where index j indicates layer number. Any changes in the complex refractive index are
negligible as discussed in the previous section, and thus its value is constant with respect to
the depth coordinate, z. The speed of the CAP wave does not change in the implanted region
because our data does not show a phase shift between the oscillatory signals corresponding
to implanted and unimplanted specimens. Thus, the complex reflectance change for s- and

p-polarized light is then given by [92]:
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where r(#) = bgg)) / aEg)) is the reflectance for the unperturbed (by the strain wave) sample, d
is the thickness of the transducer layer, k; = \/ﬂ is the wave vector in j-th medium,
k is the wave vector in vacuum, a; and b; are the electric field amplitudes in j-th layer, u
is the displacement, € and &, are dielectric constants of the transducer and the substrate,
respectively[92]. The first term in equation (5.2) and first two terms in equation (5.3)
describe contribution to the reflectivity change when the strain wave is traveling through
the transducer layer, once it leaves the layer, these terms vanish. We ignore any contribution
from the static strain caused by elevated temperature of the transducer layer. Terms that
include displacement of the surface and the interface, u(z,7) = [*_n(Z,1)dZ, also vanish
when the strain wave is transmitted to GaAs. Therefore, we can rewrite equations (5.2) and

(5.3) as following
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For the implanted specimen, we can make an assumption that the components of the pho-
toelastic tensor are slowly varying functions and therefore can be assumed to be constant
for the width of the strain pulse, which is estimated to be of the order of 30 nm for the

Ti/GaAs structure. Thus, we can take Pj»(z) and Py (z) out of the integral
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If we write equations (5.6) and (5.7) for both implanted and unimplanted specimens, then

subtract implanted from unimplanted and divide by unimplanted, we obtain
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U
where Pg} = [k%Pg) — k%Pl(f)} /€, indices U and [ represent unimplanted and implanted
specimens, respectively.

By processing the amplitudes of the Brillouin oscillations for implanted and unim-

planted specimens according to equations (5.8) and (5.9), we obtain the relative changes

in the photoelastic coefficients with respect to the depth for H" implanted GaAs. As seen

62



0.6 "
051 .
N 6 5
~ (@»)
C;l i
03} 2
4 43
| >
021} =
2 =
0.1}

00 | | | | 0
00 03 06 09 12 15 1.8

Depth (um)
0.6 3
0.5 2
5 6 5
Q_:D 0.4 =
= =
A% 0.3 4 =
4 Qo
02 =
' a2
2 =
0.1

00 | | | | | O
00 03 0.6 09 12 15 1.8
Depth (um)

Figure 5.2: Depth dependent profiles of the relative changes in the photoelastic coefficients
APy /Py (a) and AP,s7/P.ss (b) of GaAs implanted at 3 x 10> cm™2 with 140 keV H™.
The error bars were estimated from statistical analysis of a set of experimental spectra.
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in Figure 5.2, the profiles of the relative changes in the photoelastic coefficients show two
regimes in depth: from Oum to 0.2um they follow the vacancy profile and from 0.2um
to 1um they reveal different trend (it is broader) than that of the vacancy profile as ob-
tained from the the TRIM code simulations. This fact indicates a nonlinear dependence
of modified photoelastic coefficients on vacancy/defect concentration. The effect on the
photoelastic properties due to ion implantation extends much further than the structural
damage.

The peak of the relative changes of both photoelastic coefficients AP, /Py and AP, ff /P, ff
is about 60%. AP;; has a factor k)zc in the definition of AP, ;s whereas AP;; has a factor of
k%. In our case, k)% << k% that results in small contribution of Py to P,rr. Thus, we were
not able to extract APy /Py from AP, ¢ /P, because any difference between AP» /P, and
AP, ;¢ /P sy are on the order of the noise present.

Figure 5.3 shows the dependence of the relative changes in the photoelastic coefficient
Py, with respect to the vacancy concentration. It is obtained by dividing the relative changes
in the photoelastic coefficient Pj; by corresponding vacancy concentration as predicted by
the TRIM code. As defect density (vacancy concentration) increases, the change in the
photoelastic coefficient also increases towards its saturation value.

A. Steigerwald et al.[S] have estimated optical constants (n and k) and their deriva-
tives (dn/dE and dk/JE) with respect to defect concentrations in disordered GaAs crystal
using phenomenological band structure calculations. Their model assumes isolated, ran-
domly placed point defects, which is an oversimplification of the clustered defect configu-
rations one usually assumes with ion implantation damage. However, it has an advantage

to study disordered systems at a low computational cost. The photoelastic coefficient P,
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Figure 5.3: Black circles represent the relative changes in the photoelastic coefficient Py,
with respect to vacancy concentration. Red squares represent calculated values for the
relative changes in the photoelastic coefficient Py, as a function of vacancy concentration
derived from a previous study [5].
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is propotional to the strain derivatives of the optical constants as

on]* [IKk]°IE
o[22 + [ 2] 22, 510

where d(n, k)/JE is the rate of the change in the refractive index versus photon frequency,
and dE/dn is a deformation potential. Thus, by using equation (5.10) and the values
of derivatives dn/dE, dx/JE from the reference [5], we obtain several theoretical data
points for our range of vacancy concentrations. These points are presented in Figure 5.3
as red squares. The relative changes in the photoelastic coefficient Pj, obtained by the
simple phenomenological model [5] follow a trend similar to the experimental data but
the calculated model dependent changes in the photoelastic coefficient are overestimated
at lower defect densities as seen in Figure 5.3. This disagreement may be explained by the
fact that the model is based on isolated point defects and does not account for any clustered

defect configurations.

5.3 Conclusion

In conclusion, we have demonstrated that TDBS can be applied to measure depth pro-
files of photoelastic coefficients in hydrogen ion bombarded GaAs. The method proposed
here is suitable only for low fluences of implantation (low structural damage) because at
higher implantation doses, changes in the complex index of refraction and sound velocity
may occur. In the case when two or more quantities (refractive index, speed of sound,

photoelastic coefficients) depend on a depth coordinate; a theory incorporating all depth
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dependent quantities such as developed by V. Gusev et. al.[26] should be applied. Experi-
mental results for H™ implanted GaAs show that the implantation damage induced changes
in the photoelastic coefficient P> increase non-linearly with vacancy concentration. The
absolute value of the photoelastic coefficient Pj; decreases in damaged GaAs. Its depth
profile is broader than the depth distribution of defects as predicted by the TRIM code.
This indicates that the optical damage extends further than the structural damage, which is
similar to the effect of GaAs implantation with other ions[35, 5]. The experimental results
obtained in this work are of significant importance to the theory of the photoelasticity of
disordered semiconductors as well as for the GaAs based elastooptic devices operating in

harsh environments or subjected to unintended defect creation during fabrication.

5.4 Methods

Sample preparation

GaAs (100) sample was implanted at room temperature with 140 keV hydrogen ions
at 3 x 101> cm~2 fluence and 0.85 nA current. No annealing was carried out following
the implantation. In order to perform time-domain Brillouin scattering, a 20 nm titanium
layer was deposited using Angstrom e-beam evaporator at 2 A/s deposition rate to serve
as a transducer for CAP wave. The choice of Ti is supported by the excellent acoustic

impedance matching with GaAs (8%) that suppresses acoustic reflection at their interface.
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Time-domain Brillouin scattering

Time-domain Brillouin scattering measurements were performed in a standard time-
resolved pump-probe setup in reflection geometry. A Coherent Mira 900 with 150-fs pulses
at 76 MHz was used as a laser source. The pump and probe beams were tuned to 880 nm
with 200 mW power and 10 mW power, respectively. Angle of incidence of the probe
beam was 30°. The probe wavelength is tuned to the band edge of GaAs because of high
sensitivity to implantation damage[S]. Both beams were focused onto the specimen with
spot diameters of 100 um and 90 um for pump and probe, respectively. The pump beam

was chopped using Thorlabs optical chopper at about 3 kHz.
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Chapter 6

Conclusions and outlook

In conclusion, we have studied the deformation potential of gallium phosphide as well
as the optical and elasto-optical effects of H' ion implantation in 4H-SiC and GaAs by
means of time-domain Brillouin scattering.

Specifically, in Chapter 3 we have shown how the acoustic deformation potential can
be measured using time-domain Brillouin scattering. Our results indicate strong energy
dependence of the deformation potential above the indirect band gap of gallium phosphide.
The deformation potential reaches peak at the I" point and increases towards the L point.
Similar behaviour in the amplitude of Brillouin oscillations have been observed for GaAs
[47] and Si [105]. It is important to measure and characterize the energy dependence of the
deformation potential as it is the key parameter that describes the strength of the electron-
acoustic phonon interaction, and defines the upper limit of carrier mobility in a defect
free crystal [106]. It has also been found in a theoretical study of bulk GaAs, 3C-SiC
and a representative GaAs MESFET structure that in order to simultaneously satisfy the
principal transport properties; impact ionization coefficients, average energy, and velocity-
filed characteristics, the energy dependence of the acoustic deformation potential has to be
taken into account [107].

In Chapter 4, we have measured depth-dependent profiles of optical constants arising
from hydrogen ion implantation at low doses in n-type 4H-SiC. Time-domain Brillouin

scattering is shown to be a sensitive non-destructive tool for studying the implantation
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damage-induced modification of the opto-electronic nature of silicon carbide lattice. Our
results show a strong dependence of the 4H-SiC complex refractive index as a function of
depth and H* fluence. We note also that the implantation-modified refractive index (real
part) profile is broader and skewed toward the surface as compared to the implantation
induced structural damage profile, predicted by Monte Carlo calculations. This increase in
the real part of the refractive index may be accounted for by invoking changes in the atomic
bond polarizability arising from ionization due to electronic stopping during implantation.
Both real and imaginary parts of the complex refractive index are observed to increase as
a function of defect density. These studies provide insight into the influence of defects
on optical properties of relevance to the fabrication of SiC-based waveguides and other
photonic and optoelectronic devices.

In Chapter 5, we have demonstrated that time-domain Brillouin scattering can be ap-
plied to measure depth profiles of photoelastic coefficients in hydrogen ion bombarded
GaAs. The method proposed here is suitable only for low fluences of implantation (low
structural damage) because at higher implantation doses, changes in the complex index of
refraction and sound velocity may occur. In the case when two or more quantities (refrac-
tive index, speed of sound, photoelastic coefficients) depend on a depth coordinate; a the-
ory incorporating all depth dependent quantities such as developed by V. Gusev et. al.[26]
should be applied. Experimental results for H" implanted GaAs show that the implanta-
tion damage induced changes in the photoelastic coefficient Pj, increase non-linearly with
vacancy concentration. The absolute value of the photoelastic coefficient Pj, decreases
in damaged GaAs. Its depth profile is broader than the depth distribution of defects as
predicted by the TRIM code. This indicates that the optical damage extends further than
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the structural damage, which is similar to the effect of GaAs implantation with other ions
[35, 5]. The experimental results obtained in this work are of significant importance to the
theory of the photoelasticity of disordered semiconductors as well as for the GaAs based
elastooptic devices operating in harsh environments or subjected to unintended defect cre-

ation during fabrication.

Future studies

Further development and application of time-domain Brillouin scattering to study ion
matter interactions suggests the following potential research projects:

(1) Color centers in wide band gap semiconductors (NV™ center in diamond and SiV
centers in SiC, for example) are promising for many quantum information application.
However, there are still challenges in this field in determining the precise depth positions
of color centers to further develop deterministic ion placement. Time-domain Brillouin
scattering holds a great promise for addressing this issue by tuning the probe wavelength
to the absorption lines of specific defects.

(i1) Another exciting direction is to utilize picosecond strain wave to control electronic
energy levels [59] of color centers. That may allow, for example, to shift the emission lines

of single-photon emitters on a picosecond timescale.
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