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ABSTRACT

To create the next generation of power devices, new materials are being
developed for use as wide bandgap semiconductors. Wide bandgap oxides are receiving
attention as their properties are conducive to improved power and high breakdown
devices. The indium gallium oxide alloy makes it one of the candidates that can be used
in heterostructures in which the electrical and optical properties can be tuned. While
research has been concentrated on the development and understanding of the properties
of In2O3 and Ga;Os thin films, there is a need to develop an understanding of the structure
and behavior of alloys composed of these metal oxides. This research demonstrates the
growth of the cubic form of (InxGa;-x)203 for x = 0.6, 0.8, and 1.0 on sapphire (0001)
substrates using pulsed laser deposition. Single crystal films are identified by peaks
corresponding to the (222) and (444) planes using high-resolution x-ray diffraction. The
optical constants (n, k) are found to be between 1.9-2.0 and 0.0005-0.5 respectively using
spectroscopic ellipsometry. The bandgap of the alloys is shown to be 3.68-3.86 eV, with
the increase due to an increased gallium composition. Mobility and resistivity of the
alloys are ~10"-10%° cm*V-'s™! and ~103-10"2 Q-cm respectively and vary as a result of
partial oxygen pressure during growth. This high carrier concentrations with wide

bandgap also makes this material useful for transparent conductors and UV applications.



I. INTRODUCTION

Wide bandgap semiconductors are currently being researched to develop the next
generation of power devices and opto-electronic devices [1]-[3]. Traditionally, many
power converters have been based on silicon (Si) but with limited voltage and current
operation. Power devices based on wide bandgap semiconductors such as silicon carbide
(SiC) and gallium nitride (GaN) have been demonstrated to operate with higher
efficiency, voltages, and frequency than the traditional Si devices [3], [4]. Gallium oxide
(Ga203) has been another wide bandgap (~4.9 eV) semiconductor being developed for
power devices since it is predicted to result in improved device performance [5]. The
next step in the development of this material system is the fabrication of heterostructures
for bandgap engineering needed to tune the electrical and optical properties of the system.
To this end, the examination of indium gallium oxide ((InGa)>03) as a wide bandgap
semiconductor in device heterostructure is required.

Wide bandgap semiconducting oxides are also being considered for UV
optoelectronics. Opto-electronic devices have been studied for over 100 years, with the
first light-emitting diode (LED) demonstrated by H. J. Round in 1907 using a SiC crystal
[6]. Due to the relationship between bandgap and wavelength, several semiconductors
have been developed for LEDs and photodetectors. Recently, the Nobel Prize was
awarded for the development of an efficient blue LED using GaN [7]. Research
continues with other wide bandgap semiconductors moving into the deep-ultraviolet
(DUV) wavelength using Ga>O3 and related alloys [8]. The development of opto-

electronic devices utilizing these alloys will be important for UV emitters and detectors.



1.1 Literature Review
1.1.1 Crystal Structure of In20;3

Indium oxide (InoO3) exists in several different polymorphs with the stable forms

being cubic bixbyite (Ia3, no. 206) and rhombohedral (R3¢, no. 167) [9]. In addition to
these polymorphs, the orthorhombic (Pbcn, no. 60) phase is obtained under high-pressure
high-temperature conditions (8-9 GPa, 600-1100 °C) but partially decomposes into the
rhombohedral phase at ambient pressure [10]. The crystal structure parameters for these
phases are shown in Table 1. The focus of this research will be on the cubic phase of
In,O3 and its alloy with Ga.

The cubic structure of In2Os has a lattice parameter of 10.1170 A with two types of
indium atoms and one type of oxygen atom occupying the 8b, 24d, and 48¢ Wyckoff
positions respectively [11]. The two different indium sites are referred to as the b and d

sites in which indium atoms reside in the center of a distorted cube with six corners

Table 1: Lattice and positional parameters for different phases of In,O3 [11].

Compound
and space Unit cell Wyckoff
group A) Atom site x y z
c-In203 a=10.1170 Inl 8b 0.25000  0.25000  0.25000
a3 a=10.1170 In2 24d 0.46650  0.000 0.25000
a=10.1170 O 48e 0.39085  0.15435  0.38140
rh-In203 a =b=5.4814 In 12¢ 0.0000 0.000 0.35720
R3¢ c = 14.4998 O 18e 0.96367  0.33333  0.58330
0-In203 a =17.9295 In 8d 0.11483  0.74607  0.02627
Pben b =5.4821 Ol 8d 0.85114  0.61188  0.09552
c =5.55898 02 4c 0.0000 0.03792  0.25000




occupied by oxygen atoms and two corners with oxygen vacancies [12]. In the b site, the
vacancies are located diagonally across the cube, whereas the vacancies in the d site are
diagonally along a face as shown in figure 1.1. The unit cell contains 80 atoms which

include 8 and 24 of these b and d site cations respectively [13].

Indium

b site—
\“. . Oxygen

~ Oxygen
Vacancy

Figure 1.1: Crystal structure of cubic bixbyite In,O3 with the b and d sites.

1.1.2 Crystal Structure of Ga0;3

Gallium oxide (Ga203) crystallizes in 5 different polymorphs (a, B, v, 9, €) with
the monoclinic B-phase being the most stable structure [14]. All other polymorphs are
metastable and transform into the B-phase at temperatures between 750-950 °C [15].
Although a-GayO3 has shown increased stability with the doping of aluminum, the
remaining y-, 8-, and e-phases are less studied due to poor crystallinity [16]. The lattice
parameters of these 5 polymorphs are shown in Table 2.

The monoclinic structure of f-Ga20O3 has lattice parameters of 12.23, 3.04, and

5.80 A for a, b, and ¢ respectively with a lattice angle of p = 103.7 °. This structure



contains two inequivalent Ga positions (Ga(I), Ga(II)) with tetrahedral and octahedral

geometries respectively and three positions for the oxygen atoms (O(I), O(II), O(III)).

Table 2: Lattice parameters for polymorphs of Ga,0s (adapted) [14].

Polymorph  Structure Space group Lattice
parameters

o rhombohedral R3c a=4.9825A
c=13433A

B monoclinic C2/m a=1223A
b=3.04 A
c=5.80A
B=103.7°

Y cubic Fd3m a=8238A

8 body-centered cubic Ia3 a=10.00 A

€ orthorhombic Pna2, a=5.120A
b=8.792 A
c=9410A

Figure 1.2 depicts the unit cell of f-Ga>O3 along the a-, b-, and c-axis. The bandgap of -
Gay03 1s ~4.9 eV [14]. While this material in its monoclinic phase has important
properties for high power devices with large electrical breakdown, its alloys with indium
present an important opportunity to expand the application to include tunable bandgap

devices in the ultraviolet region. However, the end members of the alloy viz. f-Ga203

Figure 1.2: Depiction of the unit cell of -Ga,O; along the c-(1), a~(2) and b-axis [14].



and InoO3 have monoclinic and a bixbyite cubic structure respectively with a phase
transformation from the monoclinic to cubic structure occurring at indium compositions
above 43% as reported by Oshima and Fujita[17]. In this work the focus will be on the
cubic structure and properties of (InGa);O3 with indium compositions > 60%.
1.1.3 Material Properties of In;0s

Indium oxide is a wide bandgap semiconductor with a reported bandgap of 3.7
eV. A comparison of the basic properties with those of Ga>O3 is shown in Table 3. In its
stoichiometric form, InoO3 behaves as an insulator, but, if prepared in oxygen-deficient
form, In2O3 can reach high n-type doping levels [18]. Carrier concentration is often
reported to be between 10'7 and 10?° cm™ where an increased oxygen pressure results in
lower carrier concentration [19]. Bierwagen also showed that annealing in O; results in
an increase in carrier mobility from ~140 up to 230 cm?/V-s. Doping levels can be
further increased using Ge, W, Mo, and H as dopants, but the most commonly reported
high conductivity form of In2O3 is indium tin oxide (ITO). Doping with tin has been
shown to reduce the resistivity by the addition of free electrons to the conduction band
[20]. Kim et al. also demonstrated an increase in carrier concentration due to tin doping,
with a reduction of the carrier mobility [21]. This reduction in mobility is due to the
dopant atoms randomly occupying indium sites within the lattice, thus increasing
scattering.

The presence of oxygen vacancies will also influence the transmittance of the
film. Kaleemulla et al. demonstrated that an increase in oxygen partial pressure during

growth will increase the transmittance, saturating at 87 % transmittance at an oxygen



pressure of 2 x1073 mbar [22]. However further increase in pressure shows a reduction in

transmittance.
Table 3: Basic properties of In,O3; and Ga,Os.
In203 Ga20s3 [14]
Bandgap (eV) 3.7 [23] ~4.9
Melting point (°C) 1910 [24] 1725
Dielectric constant 8.9 [25] 6.5-7.6
Refractive index 1.6-2 [26] 1.97
Density (g/cm?) 7.18 [24] 5.95

1.1.4 Growth Methods of In;03

To fabricate In2O3 films, various techniques have been used including sputtering
[27], atomic layer deposition (ALD) [28], spray pyrolysis [26], [29], chemical-vapor
deposition (CVD) [30], metalorganic CVD [31], [32], molecular-beam epitaxy (MBE)
[33], and pulsed laser deposition (PLD) [34], [35]. In this research the focus will be on
the PLD technique for the growth of single crystal cubic In2Os and its alloys with Ga.

The PLD method has been demonstrated to be a successful method for the growth
of crystalline In2Os3 films. The popularity of this technique is due to the simple operation
of the system, as few parameters such as temperature, pressure, laser energy, and pulse
rate need to be controlled [35]. In addition, there is a transfer of stoichiometry from the
target to the growth film. High-quality films have been produced on a variety of
substrates including Si, GaAs, quartz, yttrium stabilized zirconia (YSZ), and sapphire
[32]-[35]. Gupta et al. demonstrated high-quality thin films of In,O3 using PLD under
various temperatures (room temperature to 600 °C) and pressures (5.0 x107 to 1.0 x107
bar) [34]. This group investigated the structural, optical, and electrical properties of the
films and reported that low oxygen pressure during growth favored the formation of

higher-quality single crystal films with a preferred orientation along the (222) plane when



grown on sapphire substrates. Also shown was an increase in grain size with an increase
in temperature, and a decrease in size with an increase in oxygen pressure. This group
also showed an increase in transmittance with an increase in growth temperature with
little difference in transmittance due to oxygen partial pressure. They ultimately showed
that at a temperature of 400 °C and oxygen pressure of 1.0 x107 bar in resulted a film
with high transparency (~90 %), high mobility (119 cm?*V-!s™), and low resistivity (1.7
x10* Q-cm).

Mei et al. examined In,O3; grown by MBE on sapphire (0001) substrates to
determine the relationship between the In,O3 (111) and Al,O3 (0001) orientations [36].
The group reported that the hexagonally packed indium plane of In,O3 (111) is matched
in parallel to the close-packed oxygen plane of sapphire (0001) with a rotation of 30 °
from the main lattice. Additionally, they showed the parallel orientations of In,O3 (112)
and sapphire (1120) using high-resolution electron microscopy (HREM). Figure 1.3
illustrates the atomic arrangement in InoO3 (111) and Al,O3 (0001). For this research,

growth of (InGa),03 will be conducted using sapphire (0001) substrates.

In,0, [101]
Al,0, [1010]

In,0, [112]
O Al =S=ow. Al O, lattice
@ 0 e () sub-lattice in ALO),
O In In,0, lattice

Figure 1.3: Diagram of the atomic arrangement in In,O3 (111) and Al,O3 (0001) [36].



1.1.5 Alloy of (InxGai.x):0;3

The alloy of (InGa),03 is a promising material for semiconductor devices due to
the large bandgap range of 3.7 — 4.9 eV covering the wavelength range of 253 — 335 nm.
This wavelength range falls within the ultraviolet (UV) spectrum opening the possibility
for use of this alloy in UV opto-electronic devices, photodetectors, anti-bacterial light
sources, light therapy in medicine, and forensic analysis.

Work presented by Zhang et al. has demonstrated (InGa)O3 film growth on
sapphire (0001) at 500 °C by PLD over a variety of compositions [37]. It was shown that
for indium content between 0.16 and 0.33 mixed phases of the cubic and monoclinic
structures were produced. With an indium content less than 0.16 only the monoclinic
phase appeared in the XRD pattern. An indium content above 0.83 produced the single
crystal cubic structures, and for indium content between 0.33 — 0.56 showed
polycrystalline cubic structure with XRD peaks representing the (222) and (400)
orientations were present. Additionally, optical transmission spectra were measured and
indicated a bandgap increasing from 3.8 eV to 5.1 eV corresponding to the increased
gallium content from 0 to 100 % respectively.

Oshima and Fujita did a similar study examining the phase separation between
cubic In,0O3 and monoclinic Ga;O3 using MBE [17]. All samples in this study were
grown by MBE on sapphire (0001) at 800 °C with a buffer layer of monoclinic GazOs.
XRD scans reveal the appearance of cubic In2O3 at an indium composition of 43 %, but
due to the buffer layer it is unclear at which indium composition the film becomes
entirely single crystal cubic. They observed a degradation in crystallinity for high indium

composition and low temperature growth was necessary to suppress phase separation.



Transmission spectra was taken for these samples and calculated the bandgap range to be
between 4.0 eV and 5.0 eV, increasing with the increase in gallium composition.

Due to the influence of oxygen pressure on the properties of indium oxide
discussed earlier, further research is required to determine the structural, optical, and
electrical characteristics of these alloys formed in different partial oxygen pressures. In
this study, the growth of (InGa),0O3 with indium composition >60% will be growth as a
function oxygen partial pressure to investigate the crystal structure and electrical and

optical properties.



II. GROWTH METHOD AND CHARACTERIZATION TECHNIQUES
2.1 Film Deposition Technique
2.1.1 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is among the physical vapor deposition (PVD)

techniques used to deposit thin films using high power laser pulses directed at an
elemental or composite source material to transfer the source composition onto a
substrate [38]. Development of PLD systems began in the 1960’s after the development
of the first high-power ruby laser and was demonstrated by Smith and Turner in 1965 to
be a viable method for the deposition of thin films [39]. The schematic diagram of a
typical PLD chamber is shown in figure 2.1 [40]. The substrate and target are introduced
into the growth chamber using a transfer arm from the load lock chamber. The excimer
laser is situated externally to the growth chamber and interacts with the target through a

transparent port at a 45° angle to the target. The chamber pressure is controlled by the

Iii Pulsed laser

Screen/eater-|. /
Substrate| . |

e
Plume ® -

< |Electron gun

Target
Turbo
molecular
pump
Low
vacuum
'_Fl pump

o

Figure 2.1: Schematic diagram of PLD system [40].
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turbo molecular pump and which can achieve a base pressure of ~10” Torr. However
during growth, the pumping speed can be varied (by varying the speed of the turbo pump
or by partially closing the gate valve) so that, in combination with the gas flow rate, the
pressure in the chamber can be maintained at a constant value during growth. Inlet
valves and mass flow controllers allow the controlled introduction of gasses into the
chamber during growth to maintain the required stoichiometry of the deposited films. In
the system at Texas State University a differentially pumped reflection high energy
electron diffraction (RHEED) system is included to allow for the monitoring of the
growth surface during in real time.

PLD has several advantages increasing its popularity among researchers. First,
the composition of the target can be transferred directly to the deposited film eliminating
the need for individual source control to create the desired stoichiometric composition as
in MBE (molecular beam epitaxy). The second advantage is the large pressure range
(10 — 102 Torr) in which deposition can occur. This flexibility allows for the
introduction of background gases providing an additional control variable to optimize
crystalline and stoichiometry of the films during the growth process. The third advantage
is due to the laser being a separate part of the deposition system. Complex multilayer
films can be produced with relative ease by manipulating the desired targets into the
target position of the beam.

In comparison to other deposition techniques, PLD is a relatively simple method
to deposit films. Contained within the chamber are the substrate holder and target
holders. The substrate holder contains a radiative heater to control the temperature of the

substrate during deposition. A motor is attached to the substrate holder to allow for the

11



rotation of the substrate to promote uniform deposition. The high-power laser is used as
an energy source for the vaporization of the target materials and is directed by lenses
through a port into the deposition chamber and onto the surface of the target. The laser
beam is typically scanned onto the rotating target to reduce irregular target erosion.

The critical component of the PLD system is the laser, which is selected at a
wavelength to optimize absorption into the target material or selected for general purpose
to deposit various target materials. The typical operating wavelength of excimer lasers
ranges from 200 — 400 nm with examples listed in Table 4. Optical elements are
positioned outside the chamber to direct and focus the beam to produce energy densities

greater than 1 J/cm?,

Table 4: Excimer laser wavelengths.

Excimer Wavelength (nm)

F> 157
KrCl 222
KrF 248
Ch 259
XeBr 282
XeCl 308
N> 337
XeF 351

In this study, a COMPex Pro KrF excimer laser with 248 nm wavelength is used
to ablate the material from the target to deposit it onto the substrate, as this is the system
available at Texas State University.

2.1.2 Target Preparation
A hard, dense target is required for the deposition of films using PLD. The

targets are prepared using a solid state process termed “ceramic sintering”, where a

12



powder is transformed into a solid, dense ceramic by using heat [41]. This process
utilizes high purity oxide powders combined by weight to produce the desired atomic
ratio. The powders are mixed using a ball miller for 1 hour to produce a uniform
distribution throughout the target. The mixture is placed into a mold and pressed using a
heated hydraulic press at a pressure of approximately 19000 Ib/in? and temperature of
450 °C for a period of 20 hours. The target is then sintered in a tube furnace at 1000 °C
in argon gas for 20 hours.
2.2 Structural Characterization
2.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive analysis technique used to determine
the crystal properties of various materials including liquids, powders, and crystalline
films. This technique can reveal information about a material including crystal structure,
crystalline quality, orientation, and internal stress [42]. When impacted by the beam of
x-rays, an ordered array of atoms within the material cause the radiation to be diffracted.
The resulting diffraction pattern, caused by interference, is modeled by Bragg’s law
which is described by the following equation [43]:

nA = 2d siné. 2.1

In this equation, n is an integer representing the order of the diffraction peaks, A is the
wavelength of the incident radiation, d is the interplanar spacing of the material, and 0 is
the incident angle between the x-rays and the material. These parameters are shown in
figure 2.2. The x-ray source is directed at the sample containing an array of atoms at an
incident angle 6. The incident beams reflect from the parallel planes and, due to the

difference in path length, exhibit a phase difference. Constructive interference occurs

13



Figure 2.2: Schematic diagram representing Bragg’s law.

when the difference in path lengths is equal to a multiple integer of the wavelength [42].
The diffracted rays are measured for intensity typically plotted versus 260 where 0 is the
incedent angle of the X-ray beam as illustrated in Fig.2.2. The resulting spectrum is
analyzed by comparison to the database of known crystalline materials to identify the
orientation(s) within the material.
2.2.2  X-ray Photoelectron Spectroscopy

In X-ray Photoelectron Spectroscopy (XPS), the surface of a sample is analyzed
to reveal information on bonding configurations, elemental composition, and band
structure of the surface atoms exposed to an X-ray beam. This is achieved by the
irradiation of the surface by Al Ka (1486.6 eV) or Mg Ka (1253.6 eV) x-rays. The
interaction between the radiation and the core electrons results in the ejections of
photoelectrons from the electronic shell due to the collision between x-rays and electrons
[44]. The kinetic energy of these photoelectrons collected by the photodetector can be

approximated as the difference between the photon energy of the radiation and the
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binding energies of the ejected electrons from the shell. This binding energy Ey is given
by

Ep=hv—E,— Py 22
where hv is the characteristic energy of the x-ray, Ek is the kinetic energy of the ejected
electron, and ¢a is the work function of the analyzer [45]. A schematic of the
photoelectron emission process is shown in figure 2.3 together with a typical XPS
spectrum [44]. Also present in the spectrum are signatures of Auger electrons that are
generated when an electron from valence shell filled the hole caused by the missing inner
core electron in the electronic shell in a process to conserve energy.

To the measured XPS spectrum is analyzed to determine the elements with other
relevant properties of the sample, in this study the oxidation states of the cations are
determined as a function of the growth conditions and used to correlate the electrical and
optical properties of the thin films. The change in the binding energy representing the
differences in the chemical bonding is used to extract information about the oxidation or
chemical state of the elements in the sample [46].

The XPS measurements were carried out using Scienta analyzer and with an Al Ka
(1486.6 eV) radiation from a Specs dual anode source. The samples were removed from
the PLD chamber and transported in air to the XPS chamber resulting in a C peak that can
be used to correct for any charging due to inadequate grounding of the sample. To analyze
the data, a Shirley background is used to fit the measured data and acquired peaks with a
deconvolution of obtained spectra that were carried out by the summation of Gaussian line
shapes that define individual components of the measured peaks from which information

of the chemical interactions properties of the elements can be extracted.
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Figure 2.3: Schematic diagram of (a) the photoelectron and Auger de-excitation process, (b) an
example of the collected XPS spectra, and (c) the basic components of an XPS system [44].

23 Optical Characterization
2.3.1 Spectroscopic Ellipsometry

Ellipsometry is an optical measurement technique used to indirectly determine the
optical constants, thickness, and roughness of single or multiple layer films. This
technique measures the change in polarized light reflected from a sample which often
becomes ‘elliptical’ [47]. There are two main sections of an ellipsometer consisting of a
polarization state generator (PSG) and polarization state detector (PSD) which are shown
in figure 2.5 [48]. The PSG consists of the light source and optical elements to produce a
known polarization state with parallel (p) and perpendicular (s) components. The light
reflects on the sample surface toward the optical components and detector within the PSD

which determines the new polarization state.
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Figure 2.4: Schematic diagram of ellipsometry [48].

Two values are measured using ellipsometry: the amplitude ratio y and phase
difference A between p- and s-polarized light [48]. These values (y, A) are defined by

the complex reflectance ratio p as

. Tp
p = tan(yY)exp(id) = - 2.3

N

where 1p and 15 are the amplitude reflection coefficients for the parallel and perpendicular
components respectively [49]. To determine the thickness and optical constants, a model
must be developed and fitted to y and A over a range of wavelengths. This model, based
on Fresnel’s equation, is compared with the measured values using an estimator like the
mean squared error (MSE) and the unknown variables of the model are varied until the

lowest MSE is achieved. The formula defining MSE is defined as

1
3n—m

1

MSE =

n
[(NEi - NGi)Z + (CEi - CGi)Z + (SEi - SGL')Z] x 1000 24
=1
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where m is the number of fitting parameters, n is the number of wavelengths,
C=sin(2y)cos(A), S=sin(2y)sin(A), N=cos(2y), and the subscripts E and G represent the
measured and generated parameters respectively.
2.3.2 UV-Vis Spectroscopy

Ultraviolet-visible spectroscopy is a technique used to measure the absorption or
transmittance of the electromagnetic spectrum in the ultraviolet to visible to near infrared
wavelengths. This method utilizes a pair of emitters and detectors for a wavelength range
between 200-900 nm. One emitter/detector pair passes light through the sample while the
other pair passes light through a reference substrate, or through air. In this study, a
sapphire substrate is used as reference for the measurements. The measurements from
the detectors are compared to determine the transmittance of the film.

The bandgap can also be calculated from the transmittance data collected from the
measurements. Absorption of the film follows the power law

(ahv) = B(hv — E,)'/2 2.5

where o = Absorption/wavelength, B is the absorption edge width parameter, hv is the
energy of the photon, and E; is the bandgap [50].
24 Electrical Characterization
2.4.1 Measurements

Hall measurement is a method used to determine the electrical characteristics of a
material including: sheet resistance, resistivity, mobility, and carrier concentration. The
van der Pauw technique is widely used in industry due to the ease and convenience of the

geometry [S1]. Figure 2.5 illustrates the van der Pauw geometry used for this research.
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Rg= Vi4/l23

Figure 2.5: Illustration of the sample geometry for van der Pauw (a) resistivity and (b) Hall
measurements (adapted) [S1].

Resistance measurements (Ra, Rp) are taken according to the equations shown in fiqure
2.5(a). Reciprocal measurements of Ra and Rp are averaged to obtain a more precise
value for the two characteristic resistances and renamed as Ry and Ry. For additional
refinement of the measurement, the voltage and current contacts are switched, and the
characteristic resistances are found by the average of the four resistance measurements.
The relationship between the sheet resistance (Rs) and two characteristic resistances is

shown by the van der Pauw equation

R R
exp (—n V/RS) + exp (—n H/RS) =1. 2.6
Solving this equation for Rs, the resistivity (p) can be found by

where d is the thickness of the sample.

To calculate the Hall voltage, the configuration shown in figure 2.5(b) is used. A

constant current (I13) is applied and the voltage (V24p) is measured while a constant
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positive (subscript P) or negative (subscript N) magnetic field (B) is applied
perpendicular to the sample. The current 113 is a positive current produced between
contact 1 and contact 3 while the voltage Va4 is the voltage difference across those
contacts (Vs - V3). The net voltage for each measurement (the difference between the
measured voltage with a positive and negative magnetic field (e.g., Vo4 = Vasp - Voun)), is
then averaged to give the Hall voltage (V). With the Hall voltage known, the carrier

concentration (n) can be derived using the equation

IB
n:
q|Vyl

2.8

Upon finding the sheet resistance and carrier concentration, the mobility (i) of an n-type

semiconductor can be found by

2.9

where q =-1.602 x107" C.
2.4.2 Transmission Line Measurements

Transmission line measurements (TLM) are utilized to determine the resistance of
metal contacts, sheet resistance, and contact resistivity. The contacts, consisting of a
length L and width W, are arranged in parallel with an increase in spacing (d) from one
contact to the next. Figure 2.6(a) shows the layout of a TLM test structure. [-V
measurements are taken for each pair of adjacent contacts across each distance. The
resistance (calculated using Ohm’s law, V=IR) is then plotted as a function of the spacing
(d) between the measured contacts. An example of this plot is displayed in figure 2.6(b)

[52]. From this plot, a linear fit model is applied to the data points. From this line, the
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sheet resistance (Rsh), contact resistance (Rc), and transfer length (Lt) can be
extrapolated. The contact resistivity (pc) can then be calculated using

pc = RcLrW. 2.9
In this study contacts were fabricated using a photolithography process where metal is
deposited using electron beam evaporation onto a lift-off resist, then removed with

solvents to expose the pattern.

Slope = Rgpy/W

2L
ds AV

d1 d2 ds d4

0 d dy dz d, d

Figure 2.6: Schematic diagram of TLM structure (a), and an example of the resistance vs. contact
distance plot (b) [52].
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III. GROWTH AND CHARACTERIZATION OF (InGa)203 FILMS
3.1 Film Growth
3.1.1 Experimental

The growth of films using the PLD process begins with the fabrication of the
oxide targets. The targets are prepared using high-purity (99.999 %) powders with
different indium content with the molar ratios of In/(In + Ga) equaling 0.6, 0.8, and 1.0.
For growth of (InxGa1x)205 films, the base pressure of the chamber is set to ~10° Torr
using a turbomolecular pump set to 170 Hz. Two-inch diameter single-side polished c-
plane sapphire wafers are prepared by ultrasonically cleaning with organic solvents
(acetone, isopropanol) followed by a deionized water rinse and dried with nitrogen gas.
Once loaded into the chamber through the load lock the wafer is heated to a fixed growth
temperature of 400 °C and placed at a distance of 5 cm above the target. While 400 °C
was determined to be an ideal growth temperature for In2O3, in this study no attempts
were made to optimize the temperature for the alloy growth containing gallium. Both
substrate and target undergo rotation during the growth process to aid in uniform film
growth. A KrF excimer laser (A = 248 nm) was used as the energy source with the
energy set to 300 mJ at a pulse rate of 10 Hz. The growth for all the layers were set for
18000 laser pulses or 30 mins. Oxygen is introduced into the chamber and the films
growth for various flow rates of 0, 300, 450, 600, 750, and 900 sccm equating to chamber
pressures of 4.6 x10°6, 8.5 x1073, 1.6 x102, 2.5 x102, 4.1 x102, and 7.5 x102 Torr
respectively. After deposition the substrate is cooled at a rate of 5 deg./min and the

oxygen flow stopped once the substrate temperature reaches below 300 °C.
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3.1.2 Results and Discussion
XRD diffraction is used to determine the crystalline properties of the

grown films. The two theta-omega (26-m) XRD scan of (InxGai«)203 thin films grown on
sapphire is shown in figure 3.1 for various levels of indium content (x). The films are
grown at a substrate temperature of 400 °C with a partial oxygen pressure of 7.6 x1072
Torr. Figure 3.1 exhibits two peaks in addition to the sapphire (0001) peaks for indium
content x = 1. These diffraction peaks correspond to the (222) and (444) planes of cubic
In205 at 30.34 ° and 63.25 ° respectively. This is in agreement with other single crystal
films grown by MBE, MOCVD, and PLD [32], [35], [36]. When the indium content is
decreased to x = 0.8 and x = 0.6, the peaks corresponding to (222) and (444) shift to a
higher angle. This is due to the smaller ionic radius of Ga*" (0.62 A) compared to In**
(0.81 A) and as a result, when gallium replaces indium in the lattice, the lattice constant
in the alloy decreases [37]. Figure 3.1(b) is a rocking curve showing the (222) plane for
the cubic structures of Indium compositions of x = 1.0, 0.8, and 0.6. These spectra show
an increased full width at half maximum (FWHM) corresponding to a decrease in indium
content, indicating a decrease in crystal quality. This is probably due to the growth
temperature (while optimized for In2O3) which probably needs to be higher when gallium
is added to the alloy. Since the growth of high quality Ga>Os is carried out at temperature
around 550 °C, it is possible that a temperature >400°C would enhance the crystal quality
of the InGaOs alloy.

XRD 26-o» scans were taken for indium compositions of x = 0.8 and x = 0.6 as a
function of partial oxygen pressure with figure 3.2 representing the XRD spectra for the

indium sample with a composition of x = 0.8. The films were grown using flow rates
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(top to bottom) of 900, 750, 600, 450, 300, and 0 sccm, which are translated to chamber
pressures in figure 3.2(a). For oxygen flow rates > 300 sccm, the single crystal cubic
phase is present. Even though the target is stoichiometric, the absence of an oxygen
atmosphere during growth results in an amorphous film. Figure 3.2(b) shows the rocking
curve around the (222) plane for the x = 0.8 films grown at the oxygen flow rates
mentioned above. Based on the XRD spectra, a flow rate of 600 sccm appears to be ideal
oxygen level for high crystalline quality films due to the smaller FWHM. This spectra
also shows a shift in the (222) peak position for the oxygen flow rates > 600 sccm. While
this suggest a change in lattice parameter it is presently not clear as the reason for this.
One possibility is a small amount of phase separation in the film. Resolving the cause of
this observation requires further investigation.

Additionally, 26-0 XRD scans were taken for indium composition x = 0.6 grown
under various oxygen pressures. Figure 3.3 displays this XRD spectra which indicates
peaks for the cubic (222) and (444) planes for all films grown with an oxygen flow rate
> 300 sccm. Two of the samples (flow rate = 450 and 600 sccm) show small additional
peaks, which could correspond to the (411) and (400) phase respectively of cubic indium
oxide. This was also observed by Gupta et al. for the growth of In20s at different

temperatures (400 and 600 °C) and lower pressures (~3.75 x10 Torr) [34].
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The chemical composition of the films was analyzed using x-ray photoelectron
spectroscopy. Figure 3.4 shows the XPS survey scan of an (InGa),0O3 alloy with an
indium composition of x = 0.6 grown with an oxygen flow rate of 900 sccm. This scan
includes the oxygen peak, indium peaks, gallium peaks, a carbon peak, and a nitrogen
peak. The carbon peak is present due to the transfer of the sample in air from the PLD to
the XPS chamber. The cause of the nitrogen peak is unknown and requires further
investigation. No corrections were made to the peak position due to charging effects of
the sample. The indium 3d region is analyzed to determine the oxidation state of indium
and is shown in Figure 3.5 with the indium 3d3, and indium 3ds,; with the indium 3d3. at
the higher binding energy.

The deconvolution of the XPS spectrum was done using a Gaussian
function on a Shirley background and is shown in figure 3.5 (a), (b), and (c) for oxygen
flow rates of 900, 600, and 300 sccm respectively. Complete oxidation of indium is
observed at oxygen flow rates of 900 and 600 sccm due to a single peak fit of the
experimental data. Evidence of incomplete oxidation for 300 sccm represented by the
need for an additional peak for fitting the experimental spectrum. Figure 3.6 shows the
O 1s peak at flow rates of 900, 600, and 300 sccm. The peak is fitted with 3 peaks
representing oxygen bonded to indium, gallium, and hydroxide from lowest to highest
binding energy. The FWHM of the peaks are smallest for the sample grown at 600 sccm.
At high oxygen (900 sccm) there may be an excess of O2, while the growth at low oxygen
(300 sccm) an additional peak appears at lower binding energy suggesting incomplete

oxidation of the cations.
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Spectroscopic ellipsometry measurements were taken to investigate the effect of
oxygen partial pressure on the optical properties of these films. Figure 3.7(a) displays the
psi and delta values obtained from the measurement on an 80 % indium composition
sample grown using an oxygen flow rate of 900 sccm along with the Cauchy model used
to fit the data. The refraction index (n) and extinction coefficient (k) extracted from the
model and displayed as a function of wavelength in Figure 3.7(b). The n and k values for
all of the grown alloys are shown as a function of oxygen pressure and flow rate in Figure
3.8(a). The refraction index for the 80 % indium composition sample reduces from 2.00
to 1.88 with the increased oxygen flow from 300 to 750 sccm respectively. At an oxygen
flow rate of 900 sccm, the refractive index shows an increase to a value of n=2.05. A
similar trend appears for the samples containing 60 % indium. The refraction index
decreases from 2.06 to 1.88 with an increased flow from 300 to 600 sccm. The samples
with oxygen flow rates between 600 and 900 sccm are virtually unchanged at a value of n
=1.88.

In addition, film thickness and roughness are extracted from the modeled
ellipsometry data and displayed in Figure 3.8(b). The alloys containing 80 % indium

show a thickness of ~90 nm when grown at an oxygen flow rate of 300 and 450 sccm. At

e Fit Model

20 1

T T T T T T T T T T T T
300 400 500 800 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 3.7: Ellipsometry graph of (a) psi, delta, and the fit model as a function of wavelength and (b)
the optical constants (n, k) for (InggGao2)>03 grown with an oxygen flow rate of 900 sccm.
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Figure 3.8: Optical constants n and k (a) and thickness and roughness (b) for (InGa),Os alloys as a
function of oxygen partial pressure.

600 and 700 sccm, the thickness of the films reduce to 50 and 40 nm respectively before
thickness increases to 80 nm at a flow rate of 900 sccm. Roughness of these alloys shows
a decrease from about 12 nm for the 300 and 450 sccm oxygen flow rate down to 1.6 nm
for the sample grown at 600 sccm. The roughness again increases to 9 and 10 nm for the
750 and 900 sccm films. The 60 % indium composition alloys show a similar trend to the
film thickness as the 80 % indium compositions. With an increase of oxygen flow from
300 to 750 sccm, the thickness of the films reduce from 70 to 40 nm. The thickness
generated from the model for the alloy grown at an oxygen flow rate of 900 sccm is ~260
nm. This is an unexpected deviation from previous samples and is attributed to a possible
modeling error which needs further investigation. Roughness of these samples show a
decrease from 16 nm at a flow rate of 300 sccm down to 3 nm with the increase in
oxygen to 750 sccm. The roughness increases to 7.5 nm for the sample grown with a
flow rate of 900 sccm.

Further investigation into the optical properties of these alloys was carried out by
taking UV-Vis transmittance measurements of the films using an oxygen flow rate of 900

sccm. The three alloys with indium compositions of x = 1.0, 0.8, and 0.6 all showed
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transmittance greater than 90 % indium the visible wavelengths and are displayed in
figure 3.9 (a). These values are in agreement with the transmission values found by
Oshima and Fujita [17]. Figure 3.9(b) shows the Tauc plot generated using the
transmittance measurements. A Tauc plot provides a method for determining the band
gap using the absorbance data plotted with respect to photon energy. It shows the
bandgap for the 100 % indium composition sample to be 3.68 eV and increases with an
increased gallium composition. This increased bandgap with an increase of gallium is in

agreement with the results found by von Wenckstern et al. [53].
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Figure 3.9: Transmittance spectra (a) and Tauc plot showing the bandgap (b) for (IngsGao2)>O3 grown
with an oxygen flow rate of 900 sccm.

3.2 Heterostructure Fabrication
3.2.1 Experimental

Additionally, InoO3/(InGa)>O3 heterostructures are fabricated on sapphire (0001)
substrates using the same parameters discussed above with the exception of the oxygen
partial pressure. The oxygen flow rate during growth for these films is fixed at 900 sccm
while the prior structures had rates of 300, 450, 600, 750, and 900 sccm. Each layer is
grown for 30 minutes (18000 laser pulses) at a substrate temperature of 400 °C. A

diagram of the film structure is shown in figure 3.10.
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Figure 3.10: Diagram of the In,O3/(InyGa;«)>03 heterostructure.

3.2.2 Results and Discussion

XRD diffraction is used to determine the crystalline properties of these layered
films. The two theta-omega (20-w) XRD scans of the In,O3/(InxGai-x)203 thin films
grown on sapphire are shown in figure 3.11 for indium contents x = 0.8 and 0.6. These
XRD spectra indicate the formation of a heterostructure between the In203-(InxyGaix)203
thin films. The structure containing the 80 % indium composition film on In2O3 shows
each layer clearly with the left peak of the (222) orientation belonging to In,O3 and the
right peak belonging to the alloy. This shift is more pronounced along the (444)
orientation. This separation is less pronounced in the heterostructure containing the 60 %
indium content. This is due to the reduced peak shift of the 60 % indium composition in
comparison to the peak shift of the 80 % indium composition sample. This peak shift
was shown earlier in figures 3.2(b) and 3.3(b) at an oxygen flow rate of 900 sccm. This
opens up the possibility of fabricating HEMT structures where a 2-dimensional electron
gas (2DEG) can appear at the heterointerface. This can also be used to design quantum
well structures to tune the bandgap. Additionally, these heterostructures could be suitable

for use in UV optoelectronics.
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Figure 3.11: XRD 260-o scans of In,O3/(InGa),0Os heterostructures.
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IV. CONTACT FABRICATION AND ELECTRICAL CHARACTERIZATION

4.1 Experimental
To deposit the metal contacts, a photolithographic process was used to pattern the

features. The process flow is indicated in figure 4.1. Prior to application of the
photoresist, the wafer was cleaned with organic solvents (acetone, methanol, and
isopropanol). A negative lift-off resist (KL 1607) was applied using a spin coater at 3000
rpm for 45 seconds. A soft-bake was performed on a contact hotplate at 115 °C for 60
seconds. The SUSS Microtech MJB4 contact mask aligner was used to expose the resist
with an intensity of 50.1 mW/cm? at a wavelength of 405 nm for 7 seconds. A post-
exposure bake was performed on the hotplate at 115 °C for 60 seconds. The developer
was applied at a speed of 5 rpm for 5 seconds, then a stationary developing time of 40
seconds and finally rinsed with deionized water. The pattern was then inspected for
quality under magnification prior to metal deposition. A portion of the photomask used
is shown in figure 4.2. This mask includes parallel bars for the transmission line

measurements (TLM) at spacings of 100, 200, 300, 400, and 500 um with a length of 100

‘ Solvent cleaning using a

spin coater
‘ Application of KL 1607
nLOR at 3000 rpm
Over-
exposed J Metal Deposition at RT
‘ Soft bake at 115 °C for 1 Good using E-beam evaporator
minute
features
v
. ; Photoresist removal and ‘
| Examine photoresist for solvent clean
‘ Expose for 7 seconds developmentand defects
1 Under-
exposed
‘ Post-exposure bake at 115 Develop and rinse B

°C for 1 minute

Figure 4.1: Fabrication process for metal deposition.
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Figure 4.2: Partial diagram of the photomask used for the deposition of metal contacts.

pum and width of 500 pm, and contact structures for linear and ring diodes at various

sizes. Current-Voltage (I-V) measurements were taken across each spacing using a

Keysight BIS00A semiconductor device analyzer.

The metal deposition was performed using the Angstrom EvoVac electron-beam
evaporator. The metals deposited on the films include Ni, Cu, and Ir at a thickness of 100
nm each and metal stacks of Ti/Al and Ti/Au at a thickness of 50/100 nm. The metals
were deposited at room temperature at a rate of 0.5 A/s for the initial 100 A and increased
to 1.0 A/s for the remainder of the deposition. The lift-off resist is then removed by
ultrasonication in acetone for 15 minutes and cleaned with methanol and isopropanol and

dried with nitrogen gas.
In addition to these measurements, a BioRad Hall measurement unit was used to
determine the electrical characteristics of the films. Metallic indium is soldered onto the

corners of ~1 cm x 1 cm square samples to create the contacts and alloy at 450 °C in a N»
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ambient for 15 minutes to produce ohmic contacts. These measurements are taken to
determine the resistivity, carrier concentration, and mobility of the films.
4.2 Results and Discussion

Current-Voltage measurements were taken across each spacing of the TLM
structure for each metal. Figure 4.3 displays the I-V curves for metals deposited on a
film with an indium composition of 80 % grown at an oxygen flow rate of 600 sccm.
The dashed line in figure 4.2 represents the I-V curve for a sample doped with 1 %
silicon by weight under the same conditions. Each of the metal contact structures show a

linear current-voltage relationship, indicating ohmic contacts. Although Schottky
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< 0024
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Q 000 J
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© 002+ ——Ti/Al
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1 — Ni
-0.06 Ti/Au
| Cu
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-4 2 0 2 4

Voltage (V)

Figure 4.3: Current-voltage measurements of various metal contacts (dashed sample is doped with 1 %
Si by weight).
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contacts have not been reported to date for undoped indium oxide, they have been
reported for Si-doped gallium oxide using copper as the Schottky contact [54]. Note that
the horizontal portions of the I-V curves located at +/- 0.1 amp are due to the current
threshold set in the semiconductor device analyzer.

The I-V measurements taken from the TLM structure were converted to resistance
and plotted as a function of distance between the contacts and are shown in figure 4.4. It
should be noted that the results from these measurements are not believed to be accurate
due to a majority of the calculated transfer lengths were in excess of double the contact
length. It was later found that the accuracy of the measurements are dependent on the

geometry of the TLM structure and the resistivity of the film as demonstrated in a thesis
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Figure 4.4: Resistivity of 80 % In composition (InGa),0s alloys at various pressures determined by
transmission line measurements.
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by Sidhant Grover [52]. According to Grover’s work, the TLM structure geometry
should have been designed with smaller contact lengths with a reduced spacing.

The Hall measurements were taken for indium compositions of 80 and 60 % at
various pressures and are shown in figures 4.5 and 4.6 respectively. Figure 4.5(a) shows
the 80 % Indium sample over a range of oxygen pressures. The resistivity increases from
~5.0 x10* t0 2.0 x102 Q-cm with an increase in oxygen partial pressure from 8.5 x10 to
4.1 x 107 torr, then decreases to 4.0 x10™ Q-cm at a partial pressure of 7.6 x107 torr.
Measurements for the sample doped with 1 % Si by weight were only taken for oxygen
flow rates of 300, 600, and 900 sccm, but the sample at 900 sccm is not shown due to the
high resistance of the metal indium contacts. These sample show a decrease in resistance
from 2.6 x10 to 1.0 x10 Q-cm with an increase in the flow rate from 300 to 600 sccm.
The Hall mobility for the undoped samples show a decrease in mobility from 49.9 to 15.2
cm?/(V-s) for the flow rates of 300 and 600 sccm respectively. The carrier concentration
for these samples is shown with Hall mobility as a function of oxygen partial pressure in
figure 4.5(b). The samples grown at the lowest oxygen partial pressures (8.5 x107 and

1.6 x107 torr) possess the greatest carrier concentration of 1.2 x10%* and 1.3 x10*° cm™
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Figure 4.5: Hall measurements for 80 % In composition alloys displaying (a) resistivity and Hall
mobility and (b) carrier concentration and Hall mobility as a function of oxygen partial pressure.
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Figure 4.6: Hall measurements for 60 % In composition alloys displaying (a) resistivity and Hall
mobility and (b) carrier concentration and Hall mobility as a function of oxygen partial pressure.

respectively. For pressures > 2.55 x107 torr, the carrier concentration reduces by a factor
of 10. The carrier concentration for the sample doped with 1 % silicon are similar to the
undoped sample at 8.5 x107 torr with a value of 1.2 x10?° cm?, but at 2.55 x107 torr the
carrier concentration for the doped sample are greater than the undoped sample by a
factor of 10. The increase in carrier concentration for the films grown at lower oxygen
partial pressure can be attributable to an increase in the oxygen vacancies consistent with
the XPS data.

The Hall data collected from the 60 % indium composition sample (figure 4.6(a))
shows a maximum resistivity of 1.4 x10 Q-cm at a partial pressure of 2.55 x107 torr and
a minimum resistivity of 1.4 x10~ Q-cm at a pressure of 7.5 x107 torr. The Hall mobility
increases from 8.0 cm?/(V-s) to a maximum of 26.1 cm?/(V-s) for an increasing pressure
from 8.5 x107 to 4.1 x107 torr. Figure 4.6(b) displays the carrier concentration for the
samples with a 60 % indium composition. The maximum concentration found is 2.9
x10%° cm? at a pressure of 7.5 x107 torr while the remaining samples increase
concentration with a decrease in pressure.

Overall, the resistivity of the samples with an 80 % indium composition are

higher than the samples composed of 60 % indium. There appears to be little difference
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in carrier concentration between the two samples, but the Hall mobility does show lower

values in the 60 % sample.
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V. CONCLUSION AND FUTURE WORK

5.1 Conclusion

The objective of this research is study the growth and characterization of wide
bandgap semiconductor (InxGaix)203 thin films for x > 0.6. These represent potential
candidates for applications including UV optoelectronics, high-power devices, and
heterostructures for use in HEMTs. Another part of this research is to investigate the
properties of various metals deposited on the oxide layers. A process was demonstrated
for the fabrication of single crystal cubic In2Os films and its alloys with gallium. X-ray
diffraction measurements show an increase in the lattice parameter with increase in
indium content of the films as expected due to the larger size of indium atoms. The
optical properties of the films (refractive indices and extinction coefficients) were
extracted from spectroscopic ellipsometry. The optical bandgap was determined using
UV-Vis measurements and the optical bandgap measured for In,Os3 agrees with values
reported in literature. The bandgap was found to increase with an increase in gallium
content. XPS measurements suggest an optimized partial oxygen pressure during growth
for complete oxidation of the cations. Hall measurements were used to determine the
resistivity, carrier concentration, and Hall mobility of the (InGa)20s alloys. A reduction
of the mobility was found with an increase in gallium content in the alloys, while all
samples retained a carrier concentration greater than 10! cm™. A number of metals were
deposited by e-beam evaporation and all show ohmic behavior. Lastly, heterostructures
comprised of In20O3 and (InGa)>0;3 have been fabricated which opens up the possibility

for high mobility 2DEG and bandgap engineering in this material.
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5.2 Future Work

Further exploration of the growth parameters with various gallium contents is
required. As a result of the findings discussed within this research, growth of the
(InGa),0s alloys will be investigated using a higher growth temperature with the goal of
a higher-quality crystal structure. Further XPS investigations will need to be carried out
for a complete study the oxidation states of the cations. Additionally, the electrical and
optical properties of the heterostructures will be investigated. The fabrication of
optoelectronic devices will be conducted and characterized. Lastly, electronic devices
fabricated using heterostructures with Ga>O3 will be investigated to demonstrate the

potential of this exciting class of material.
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