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ABSTRACT

Thin film wide bandgap Ga>Os3 based alloys are important for applications in high
power electronic, deep UV photonic devices and nuclear detectors. Such alloys can be
deposited epitaxially by pulsed laser deposition on c-plane sapphire substrates with varied
compositions. This work enables the development of heterostructures with Ga,Os and
bandgap tunable device structures with a variety of functionalities. Examples include the
use of Gd in the alloy for higher bandgap material which can be used as a gate dielectric in
MOSFET devices, and due to the high nuclear cross section of Gd, for nuclear radiation
detectors. Alloys containing Fe can be used for the development of high bandgap magnetic
devices and high resistive buffer layers for FET applications. Combinations of these thin
film alloys open the possibility of heterostructure devices that includes HEMT and
quantum well UV optoelectronics. Being motivated by these reasons, this thesis work
focused on the growth optimization and characterization of (Ga1.xGdx)203 & (Gai-xFex)203
thin films using pulsed laser deposition.

Epitaxial (Ga1.xGdx)203 & (Gai-xFex)203 thin films with varied x were successfully
grown on c-plane sapphire substrates to tune the optical and structural properties using
variations in the growth parameters. High growth temperatures favor the formation of the
monoclinic (Gai1xGdx)203 phase; the higher the Gd composition, the greater the growth
temperature required for high quality crystalline thin films. UV-vis measurements
demonstrate a slight red shift of the bandgap (4.99eVV~4.82eV) in comparison with the pure

B-Gaz0s.

XV



Successfully grown, both spinel and monoclinic (Gai-xFex)203 thin films exhibit
room temperature ferromagnetism, which can be used for the fabrication of nonvolatile
semiconductor memories, magneto-optic devices, and microelectronics. Incorporation of
Fe into Ga»,0Oz expands the lattice constant eventually transforming the crystal structure
from the monoclinic to the spinel phase for x>0.1. Optical transmission measurements
show that with increasing Fe content the absorption edge moves toward longer wavelengths
with the introduction of an intermediate band. Similarly, high oxygen pressure introduces
intermediate bands, while low oxygen pressure eliminates defects as well as induces a
phase transformation from the monoclinic to the spinel phase. On the other hand, the
thermally induced spinel structures transform to the monoclinic phase during a high
temperature anneal in an oxygen environment. Chemical composition, surface states,
optical properties, and crystal structure were systematically evaluated by several
techniques. XRD and pole figure analysis were used to distinguish the crystal phase. X-ray
photoelectron spectroscopy measurements suggest that the (Gai-xFex).03 alloy contains a
mixture of Fe3* and Fe?* valence states in the films. However, higher oxygen pressure

during growth and annealing favors formation of Fe3* over Fe?*.
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1. INTRODUCTION AND RESEARCH MOTIVATION

Essentially, wide bandgap semiconducting materials with high electron mobility,
negative electron affinity, excellent thermal conductivity, and high electrical breakdown
voltage are important for high power devices. More importantly a heterostructure having
a two-dimensional electron gas (2DEG) channel, especially due to the polarization effect,
as in the case of GaN, have been utilized in the development of important electronic
applications [1]-[3]. Because of their wide bandgaps, these materials, including oxides,
also find applications in UV detectors, UV-transparent conductive films, and have the
potential for microwave switching and amplification. Currently, the leading
semiconductor materials that have been developed for transistor logic are based on silicon
(Si) while those for high speed opto-electronics are based on compound semiconductors.
The properties of Si have been extensively studied and it has been the preferred
semiconductor material in the 20" and 21% century because of its abundancy, easy
mechanical handling, and ease for mass production. However, Si has inherent limitations
in detector technology because it is an indirect bandgap material, and in high power,
high frequency applications because of its relatively narrow room temperature bandgap
(~1.12 eV) , resulting in low electrical breakdown voltage, limiting high voltage
performance at elevated temperatures. Additionally, the search for wide bandgap diluted
magnetic semiconductor oxide (DMS) has been a growing interest in the research
community for spintronics and magnetic sensor applications. These limitations are
motivating researchers to investigate alternative wide bandgap binary and ternary
compounds and their alloys, which can be used in moderate or high temperature, in high-

power opto-electronic and spintronics applications.



Alternative materials, for example, SiGe, InP, GaAs, SiC, ZnO, ZnS, and GaN
have been under extensive study to meet the demand for power conversion electronics
[4]. In power electronic applications, a small ON resistance is required while providing
high blocking voltages in the OFF state. High blocking voltage requirements can only be
satisfied using thicker layers of conventional semiconductors, which limit the
miniaturization of power electronics systems. However, implementing wide bandgap
semiconductors with ultra-high breakdown voltages can offer orders of magnitude
reduction in system size, cost, and weight. Breakdown voltages and bandgaps are related
by a power exponential, and the universal relationship between them is expressed as
E. = a (E;)", where E; and Eq are the breakdown voltage and energy gap respectively,
a is the ionization rate of holes and electrons, n is in the range of 2-2.5 [5],[6],[7] .
Hence, electric breakdown voltage, which primarily depends on the bandgap, is a key
parameter for switching devices to reduce leakage current and facilitate power devices
with reduced sizes.

Therefore, based on material parameters, SiC and GaN are preferred materials for
power switching devices due to their higher breakdown voltage as well as provide for
high power density devices [4]. For the social and technological demand, much effort
has been placed on the research and development of GaN and SiC based devices.
However, there are still many barriers to exploiting their full potential such as the lack of
high crystal quality substrates which leads to materials dislocation and grain boundaries
in device structures that leads to high manufacturing cost, low yield, efficiency and

stability that ultimately determine the adoption of a technology for society.



More recently, an emerging viable wide bandgap candidate, beta gallium oxide
(B-Ga203 ), which is widely known as a ‘solar-blind’ photoconductor, has attracted a
great deal of attention for next generation power electronics by virtue of its exceptionally
wide optical bandgap. In addition, it has been predicted to have a high electrical
breakdown voltage (Vur), and suitability for mass production as compared to its SiC and
GaN counterparts [8]. B-Ga20z also has tremendous commercial potential by reason of
high quality, larger size wafers that can be manufactured from single crystal bulk
synthesized by melt-growth methods such as the vertical Bridgman method, and the
Czochralski, floating-zone and edge defined film-fed growth techniques [9]-[15]. In
contrast, manufacturing bulk crystal of SiC and GaN wafers requires complex vapor
growth techniques which are very expensive. This is a great advantage for Ga,O3 and
suggest that Ga>Os devises might be more commercially successful as compared to
existing wideband gap technologies.

Ga20s also has great potential in detector technology. O vacancies cause a change
in the conductivity by absorption of various gases, a characteristic that can be used for
gas detection [16], [17] . The large bandgap (~4.9eV) of Ga>,O3 makes it optically
transparent at all wavelength above ~250 nm. These properties make it potentially useful
as a transparent electrode or transparent conducting oxide for solar cell and other optical
devices. Also, the conductivity of Ga,O3 can be changed from an insulator to a conductor
based on the growth conditions and doping concentration[18]-[21] . Furthermore, the
search for dilute magnetic semiconductor (DMS) materials has been of great interest from
the industrial point of view because of their potentiality as new functional materials,

which can open a way to fabricate novel functional semiconductor devices [22]. The



Ga203 conduction electron’s spin generates the magnetic memory effect, and various
researchers have demonstrated ferromagnetic and magnetoelectric properties above room
temperature, which can be a good alternative to the commonly used ferromagnetic
material BiFeOs [23]-[27]. Diet et al. worked on room temperature ferromagnetism in
magnetically doped semiconductors, which ignited significant research efforts on
semiconductors having wider bandgap (>3eV), particularly GaN and ZnO [28], [29].
Thus, doping, or alloying of Ga2Os with Fe can be useful for ferromagnetic applications
at room temperature or higher.

To further utilize the potential of Ga2Os, the use of bandgap engineering and
heterostructure designs that have brought significant attention to the scientific research
arena, can be utilized. The alloy of Ga,Oz with Al and In can provide bandgap tunability
which can be used in device design and optimization with enormous freedom. High
electron mobility transistors (HEMTS) based on AlxGai-xO3/Ga>03 has demonstrated the
presence of a 2DEG channel through Si modulation doping [30]-[31]. Similar wide
bandgap alloys ZnMgO (3.3~7.7 V) [32] and AlGaN (3.4 ~ 6.2 eV) [33] have also been
studied due to their large bandgap that enable them to work in the UV range for detection
of 160nm-375nm and 200 to 365nm wavelengths respectively. However, successful
fabrication of alloys of Ga>0Os3, for example, AlGaO and InGaO can be tuned from 3.5 ~
8.6 eV [34],[35], [36]. This feature unlocks a new horizon in designing UV
photodetectors in a wider range of 125 to 375nm. However, research activities in the
growth and characterization of Ga>Os alloys is still in its infancy [34]. Alloying Ga.O3
with Fe>Os and Gd20s can offer the opportunity to tailor the optical bandgap, through the

formation of compositional dependent bandgaps, and hence electrical and optical



properties. As a result, it is important to develop an understanding on their alloys in terms
of growth, stability, and properties, both structural, electrical, and optical.

Currently the most widely used transparent conductive oxides (TCO) for optical
devices are ITO, ZnO, SnO», and In20s. But, with a small optical bandgap (~3eV) these
materials are limited in their applications for a wide spectral range [37]. Gallium oxide
(Ga203), is considered to have the widest bandgap among the transparent conducting
oxides (TCO) [38] with a refractive index of 1.84-1.88 at 980 nm wavelength, and has
been used for an anti-reflective coating on GaAs with reflectivity as low as 10 and a
small absorption coefficient of about 100 cm™ [21],[5]. It remains transparent in the
visible to UV optical range with doping, for example, doping with Al, In, Sn, Ge, and Si.
Since doping concentration or alloying changes its structural, optical and electrical
properties, this makes Ga>Os a promising material to be used for a broader range of
applications such as solar cell, graded heterostructures for optoelectronics applications,
photodetectors having tunable cutoff wavelength, and optical filters with tunable
transmission range or transparent substrates for GaN based LED growth [39],[40].

Gay0s is a comparatively unexplored materials with a large bandgap. Five well
known polymorphs of gallium oxide exist: a- Ga203, -Ga203, y-Ga203 , 8- Ga203 and -
Ga203. Among them the monoclinic structure p-Ga2Oz is most stable phase and the
majority of current research is based on this polymorph. However, other phases may
have more attractive materials properties and applications by manipulating its spin by
photons, possessing intrinsic cation vacancies and large bandgap that make polymorphs
such as y- Ga20z potential candidates for next generation DMS devices. As an example,

Mn doped y- Ga203 has excellent ferromagnetic properties at room temperature, as well



as excellent light emitting characteristics in the ultraviolet regions [41], [42],[43]. DMS
which contain spin and charge degrees of freedom in a single material has attracted
tremendous interest since ferromagnetism in In1xMnxAs [44] and GaixMnxAs [45] was
discovered. Nevertheless low magnetic ordering temperatures in these systems limits
applications at room temperatures [46], [47] . Although, immense work has been carried
out for wide bandgap DMS materials, such as, on Mn doped GaN [48], its
ferromagnetism above room temperature is still being debated. Ga,O3 with Fe content can
be a strong candidate for ferromagnetic applications. For example, recently reported
epitaxial growth of ferromagnetic (Gai-xFex)20s thin films for Fe content (x < 9.62%) by
the PLD technique [49] has been demonstrated.

The goal of this work is to study the effect of the growth parameters on the
structural, optical, and magnetic properties of (Gai1xGdx)20z and (Gai-xFex)20z3 thin films
for various Gd and Fe content(x), respectively. Crystal structure and crystal quality were
explored using X-Ray diffraction (XRD), pole figure (PF) and phi scan analysis. Along
with XRD, X-Ray photoelectron spectroscopy (XPS) and energy dispersive spectroscopy
(EDS) were used to determine chemical composition, oxidation state and atomic
concentration. Atomic force microscopy (AFM) and Scanning electron microscopy were
used to explore the surface morphology- grain size, grain boundaries and roughness. UV
spectroscopy was used to extract the bandgap by extrapolating the linear region of the
absorption spectrum. Results were compared with ellipsometry measurement.
Magnetization versus magnetic field (M-H), were investigated using vibrating sample
magnetometer (VSM). Finally, the effect of high temperature in an O, atmosphere of the

properties of (Gai-xFex)20s was investigated.



1.1  State of the Art

Although Ga03 has five phases, the f-Ga20s is the most stable polymorph. As a
result, most of the recent study has been based on the monoclinic B-GazOs structure. In
addition, studies on p-Ga20O3 have been partly accelerated due to the availability of
crystalline B-Ga2Os substrates, as well as the rapid development of homoepitaxy and
some success with n-type impurity doping. Growth on non-native substrates has also
been evolving quickly with significant development in high quality epitaxy, alloying and
doping control [50]. Controlling carrier concentration by doping is crucial to the
development of B-Ga»0z in optoelectronic applications. To produce n-type conductivity
in typical compound semiconductors, normally used dopants impurities include Si, Ge,
and Sn. In Ga>O3 these work as shallow donors, have lower activation energy, and can
substitute onto Ga sites. Similarly, F and Cl act as shallow donors through substitutional
doping at the O site [51]. N-type doping has been successful with conductivity being
tunable over a wide range of magnitude, 10*? — 102 S/cm [52],[53]. Sasaki et al. [54]
reported on MBE growth Sn doped n-type p-Ga2Oz thin films with electron
concentrations ranging from 10'6-10'° cm™ on semi-insulating Mg doped B-Ga.O3 (010)
substrate.

The bulk mobility of B-Ga,Os has been predicted to be 182cm?/(V.s), while in the
presence of two dimensional electron gas ( 2DEG) the expected mobility is about 418
cm?/V [55] . Baldini et al. [56] reported maximum mobility of 41 cm?/(Vs) for a carrier
density of 10¥cm in Sn doped B-Gaz0s thin films grown by metal organic vapor-phase
epitaxy (MOVPE). Ahmadi et al. studied Ge doping of B-Ga>Ozs films using [57] plasma

assisted molecular beam epitaxy ( PAMBE) as the growth method, and achieved



mobilities of 97 cm?V-1s! for charge density of 1.6 x 10 cm™, K. D. Leedy et al. [58]
studied Si-doped Ga2Os thin films fabricated by pulsed laser deposition (PLD) on semi-
insulating (010) B-Ga20Ozand (0001) Al.Oz substrates. In this study the authors reported
conductivity of 732 S/cm™ with a mobility of 26.5 cm?/Vs for carrier concentration of
1.74 x 10%° cm3. In addition, the lowest specific contact resistance (4.6 x 10° Qcm?) and
resistivity (1.4 mQ.cm) through Si ion implantation doping in B-Ga.O3z was achieved for
electron density 5 x 10%° cm=3[59].

He et al.[60] studied the electronic properties of Cr, Fe, Mn, and Ni doped f-
Ga20s using first principle calculations. They have shown that in these doped materials
one spin polarized state exists around the Fermi level and predicted ferromagnetism for
Mn and Ni doped material and spin glass ground states for Cr and Fe doped B-GaOs.
Atanelov et al. [61] performed ab initio density-functional theory calculations to study
the electronic and magnetic properties of GaFeOs for different Fe/Ga ratios. They found
incorporating dopants and applying strain alters the intrinsic structure of the material
resulting in magnetic properties of gallium ferrite.

In principle, one way to accomplish high resistive p-Ga20z is to introduce
divalent ions- Zn?*, Fe?*, Mg?* and Be?* into the lattice that substitute into the trivalent
site [62], [63], [64], [65]. Fe-doped Ga.03 (Gau.gsFeo.0503) thin films were grown on c-
plane Al>Os substrates at different temperatures (450, 550, 650 and 750° C) and oxygen
pressures (10°, 10, 103, 101 Pa) using laser molecular beam epitaxy (LMBE). The
results obtained provided evidence that Fe doped Ga,Os can be a promising candidate for
homogenous epitaxial gate dielectric material on Ga,Os-based high-power electronic

devices [62].



Guo et al. [66] have investigated the growth and magnetic properties of Ga;O3
/(Gaw-xFex)203 multilayer thin films on (0001) sapphire substrate fabricated by alternating
deposition of Ga0s layer and Fe ultrathin layer using LMBE. They controlled the
thickness and composition of (GaixFex)203 solely by changing the number of laser pulses
during each run for depositing Fe while fixing the number of laser pulses for the
deposition of the Ga,Ozs layer thereby digitally approximating a ternary material.
Measurements revealed room temperature ferromagnetism with high ultraviolet
transparency of the multilayer films with a cut off wavelength of 250nm.

While n-type doping of Ga>Os was successful, there are few reports on the
existence of p -type Ga>0s . The band structure predicted that it may be impossible to
create p-type Ga»Os materials due to the nature of the valence band [67], [68].
Alexandros Kyrtsos et al. [52] investigated various cation substitutional impurities Li,
Na, K, Be, Mg, Ca, Cu, Au and Zn for effective p-type doping in Ga;O3 using density
functional theory. They found these dopants introduce deep acceptor levels with
ionization energy greater than 1eV. In addition, they might create deep trap levels which
hinder p-type conductivity.

More recently, donors and acceptors in $-Ga203 were studied by Neal et al. [69].
They have studied the properties of deep acceptors Fe, Mg and shallow donors Si, Ge in
B-Ga203 by temperature dependent van der Pauw and Hall measurements of samples
grown by different methods: edge defined film fed, molecular beam epitaxy, Czochralski
and chemical vapor deposition. They were able to precisely determine the donor energy
for Ge and Si to be 30meV. In case of Fe doped p-Ga>0s, acceptor energy was

determined to be 860meV with respect to the conduction band for the Fe deep acceptor,



and Van der Pauw measurements of Mg doped -Ga,Os revealed higher activation energy
of 1.1eV. In addition, various researchers have been investigating Cr, Ce, Eu, Ni, and Nd
doped B-Ga203, that revealed interesting electrical and optical properties [70]-[76].
Growth, doping, electrical, optical, and structural properties of p-Ga>Oz are not well
established. Repetition and reproducing result, as well as investigating new properties
will be essential to bring maturity this wide bandgap oxide material system.

In the case of device applications, gallium oxide and its alloy has gained
tremendous attention in the field of UV detectors, gas sensors, power devices (MESFET,
MOSFET), and fin-array field effect transistor [77], [78], [79]. For example, ultra-wide
bandgap and conductive B-Ga>0Os3 has been an attractive choice for adoption as new solar
blind photodetector materials. The most reported Ga>Os solar blind photodetector in the
literature is a metal-semiconductor-metal (MSM) structure most commonly deposited on
sapphire substrates [50]. Osama et al. [80] investigated a MSM B-Ga03 UV detector on
c-plane sapphire substrate by PAMBE. This device demonstrated a small dark current of
1.2nA, and a photoresponsivity of 0.037A/W under 254nm UV illumination at 10V bias
voltage. Hu et al. [81] studied Ga»Oz photodetectors with interdigitated electrodes. The
highest responsivity and quantum efficiency (Q.E) were 17A/W and 8228% respectively
for a 20V bias voltage around 255nm, amongst best value reported. These high values
were ascribed to the Au electrode providing an arena for carrier multiplication. Even
higher values of spectral responsivity (259 A/W) and EQE (7.9 x10* %) were reported by
Liu et al. [82]. Several groups, recently, have reported improved performance of MSM
B-Ga203 UV detector by doping with Si, Sn, Zn etc.[83], [84], [85],[64]. Other research is

also being conducted and is based on heterostructures including B-Ga203/Nb:SrTiOs, B-
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Ga203/Zn0, B-Ga>03/GaN, B-Ga20s/p-Si etc. [86], [87], [88], [89]. Though the results
support the progress of B-Ga>Oz deep solar blind photodetector, improvement in the
epitaxial crystal quality would enable detailed studies on reproducible doping control and
device performance enhancement.

Furthermore, beside extensive research on the ternary alloys such as (AlxGai-x)203
[90]and (InxGa1x)203 [91], researchers have been putting their attention to the quaternary
alloy, for example, B-(AlxInyGai-x-y)203 [66]. Quaternary alloys have been successfully
accomplished among group I11-Nitride and I11-V materials to generate desirable
performance [92]. Quaternary alloys are expected to have further improved materials
properties such as deep UV detection and increased mobility for the Ga>Oz based
transistor development.

Along with the most stable phase of B-GazOs, research on other polymorphs such
as y- Gaz20s, &- Gaz20s3, 8- Gax0z and a-Gaz0z is poorly investigated. There are only a few
reports for these metastable phases. Recently they are being considered for various
versatile applications and researchers are investigating ways to stabilize these metastable
structures. These phases are thought to have wide bandgap and potential scientific and
technological application in optoelectronics (solar blind photodetectors, phosphor and
electroluminescent devices, solar cell), power electronics (MOSFET, Schottky barrier
diodes) and memory devices (resistive random access memory, spintronics application),
sensing devices applications (nuclear radiation detector and gas sensor), deep UV
transparent conductive oxide electrode, photocatalyst [93], [94]. y-phase has a spinel
structure that is important in ferromagnetic applications. y-Ga 03 with Mn, Fe , Cu

content has been reported elsewhere and shows potential for use in optoelectronics and
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ferromagnetic applications. For example, Qi Liu et al. studied the metastable y phase in
Ga 203 thin films by Cu doping showing that the bandgap can be varied from 4.38 to 4.90
eV with stronger photoluminescence properties than undoped B-Ga.0O3 [95]. Mn doped y-
Ga03 was fabricated by the Rong Huang et al. and demonstrated ferromagnetism at
room temperature [43]. Yuangi et al. showed Fe doped stabilized y-Ga 203 thin films

with high room temperature saturation magnetization [49].
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1.2 Crystal Structure of p-Ga203

Gallium oxide (Ga203) is an inorganic compound that has been reported to exist

in five phases: a, B, v, 6 and €. Table-1 [96] shows the crystal properties of the various

phases in the Ga-O systems [97]. Among them - Ga20Os is the only stable crystalline

phase at high temperature and this stable formation persists under cooling. In contrast, all

other polymorphs are metastable and transform to the p form at sufficiently high

temperatures [97]-[101]. X-ray diffraction studies shows that the crystal structure of -

Ga203is monoclinic with space group C2/m [102], [96], [103].

Table 1.1. Solid phases in the Ga-O system [96].

Composition Pearson Lattice parameters
Phase (at.% 0O) symbol Space group Prototype (nm, deg) Reference
a-Ga,0," 60 hR30 R3c a-ALO, a = 0.49791(6) 27
c = 1.3437(4)
B-Ga,0, 60 mC20 C2m B-Ga,0, a=12214(3) 2
b =0.30371(9)
¢ = 0.57981(9)
) B = 103.83(2)
-Ga,0," 60 cF56 Fd3m ALMgO, a=0822 30
8-Ga,0,' 60 cI80 1a3 TLO, a=1.000 14
£-Ga,0,' 60 oPA0 Pna2, k-ALO, 14,15
Ga,0' 33.3 Amorphous 8

"Metastable phase.

Figure-1.1. illustrates the crystal structure of the based-centered monoclinic

structure with lattice parameters a=12.23 A°, b = 3.04 A°, ¢=8.80 A°, o =y =90° and

B=103.8° (angle between lattice parameters a and c¢) [96],[8], [104].
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o(1)
O(1)

Figure 1.1. (a) Crystal structure of - Ga20Os, showing two different Ga sites - tetrahedral
() and octahedral (1), 3 fold and 4 coordinated O sites, and 3-fold coordinated, and open
channels in b-direction [104].

The unit cell is made up of 8 Ga and 12 O atoms, containing four formula units
fig. 1(a). Per crystallographic unit cell, there are four Ga,Os units, each unit cell contains
two inequivalent Ga sites and 3 inequivalent O sites. one-half of the Ga atoms belongs to
tetrahedrally coordinated sites Ga(1), and other half in distorted octahedral coordination
Ga(2), shown in fig. 1(b). Ga (1) is surrounded by 4 oxygen atoms, while Ga(2)
surrounded by 6 oxygen atoms. Oxygen atoms reside in three nonequivalent highly
distorted sites: O (1) and O(3) being tricoordinate and O(2) being four-coordinated
demonstrated in fig. 1(c) . The calculated average interatomic distances in tetrahedral Ga-
0is 1.83 A’, octahedral Ga-O is 2.00 A’, tetrahedron edge O-O is 3.02 A’, and octahedron

edge O-O is 2.84 A’[102], [36].[21].

14



1.3 Crystal Structure of y- Ga20s3

Among the several polymorphs well known for Ga;Oz are a, B, v, 6 and €. These
phases are part of different space groups having different coordination number(CN). -
Gaz0s has recently come to the forefront for scientific research because of its applications
for electronic and optical devices. The crystal structure of y- Ga>Os resembles that of y-
Al>03, a cubic, cation-deficient spinel with partial occupancy of both octahedral and
tetrahedral sites. The lattice parameter of a cubic defective spinel phase is around
a=0.822 nm and corresponds to the Fd3m space group. It has the same coordination
number as B-Ga>03 (CN=4, and CN=6 sites) [43]. In order to be a spinel structure the
original molecular formula for the spinel phase is AB2O4, where the unit cell consists of
32 cubic closed packed oxygen ions [105], [106]. Figure 1.2 shows the crystal structure
of y- Ga24032, containing 8 tetrahedrons (4 oxygen bonded single Ga atom) and 16
octahedrons (one Ga atom surrounded by 6 oxygen atom). It’s two nonequivalent sites
named Garand Gao are tetrahedrally and octahedrally coordinated, respectively, in the

unit cell [107],[49].
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Figure 1.2. Crystal structure of y-gallium oxide containing two octahedron and
tetrahedron site [49].

1.4  Crystal Structure of a, 6 and €

Along with B, y- Ga203 other polymorphs a, 6 and € phases are interesting
because of their unique material properties. For example, the € phase is particularly
promising due to its simpler epitaxial growth conditions and higher symmetry with
respect to the monoclinic  phase. In addition, it shows a favorable lattice matching with
a sapphire substrate and with other hexagonal or pseudohexagonal substrates [108]—
[110]. There have been theoretical studies to determine the crystal structure and
formation energy of the € phase[111]. Though some theoretical papers and experimental
reports suggest that the € phase is orthorhombic [112], [111], [113], [112], other
experimental studies shows a hexagonal structure [108]-[110], [113], [114]. Although,
there is debate between experiment and theoretical study of metastable ¢ phase, it has
some interesting properties for materials applications, for example, wide bandgap

applications, ferroelectricity, UV sensor, and gate oxide [115], [116].
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a - Gaz03 is also a metastable phase of Ga.Os3 but has a wider bandgap (5.1-5.3 eV) than
the p phase [117], [118]. The structure of a phase analogous to a-Al2Oz (corundum)
[114], with lattice constant a=0.49825, ¢=1.3433nm, while a-Al,Oz are a=0.4765,
¢=1.3001nm[119].

The 6-phase is the least reported in the scientific community. 6-phase was first

reported by Roy et al. and was proposed to be a bixbyite structure, which known as C-

type rare earth and obeys the body centered cubic unit cell of 1a3 space group analogous

to In203 and Mn,0s etc.[120]. Later, nano structured &-phase were synthesized from

Ga(NO3)H20 by Aditya Sharma et al. [121], which also confirm this corresponds to la3
space group. However, to the best of our knowledge, we did find any other report on the
growth of thin film 5-phase.
1.5  Materials Properties of Ga203

Among all polytypes the most stable crystallizes into the - Ga.Oz gallia structure
belonging to the monoclinic system , whereas other polytypes are metastable [38].
It was expected that the crystal structure of Ga>Os is similar to AloO3z owing to
resemblance of ions between the Al and Ga. In fact, a-Ga.O3 (unstable) has a typical
likewise corundum structure as the natural state of Al.Oz (stable). Roy et.al [120] studied
the polymorphism of Ga>,Os by various heat treatments and the results are summarized in
the following figure 1.3. They used crystalline gallia gel as the starting substance
prepared from aqueous solution. Crystalline hydrated gallia first converts to a-Ga>Os then
to GaO2H, with diaspore structure as well as y- Ga>Os at specific aging condition. The
most stable form of B- Ga>Os was formed when any other form of GaOs or its hydrates

are annealed in air above 1000° C or hydrothermally heating above 300° C at any H>O
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pressure. They also demonstrated that a substance prepared by metal nitric acid and
subsequent heating to 250° C for evaporation and later overnight heating at 200° C
transforms it to 6- Ga.Ozs. Similarly, when 8- Ga;Os is heated under different thermal

conditions e- Ga>Oz appears. Conversion of Ga>xAlxOz to - Ga20s occurs only when

x<1.3.
Very rapidly
Gels o ¥-Ga,0, Ga, ALO, solid
400-500°C solutions
[ n [#%]
[ 5]
= | 2 2 &
=] 0 Q E-
] = 5
-]

.
300°C wet
a-Ga,0 + B-Ga,O,
y

600°C dry

300°C | wet

250°;200°C overnight

< 300°C wet

(Gallic diaspore)

Figure 1.3. Transformation relationship of different Gallia and its hydrates under different
thermodynamic conditions [120].

Later a similar study was performed and reported elsewhere[121], which shows
transformation of Ga>Oz phases at different temperatures synthesized from

Ga(NO3)2.xH20 chemical compound as shown in following figure.
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Ga(NO5),.H,0
+ DI water+ GaO(OH)
NH,OH

Ga(NO,),.H,0
+ Ethanol+
H;N,.H,0

Ga(NO,),.H,0 8-Ga,04

Figure 1.4. Schematic diagram of synthesizing Ga»>Os phases in three ways [121].

The reported bandgap of B- Ga:0s is 4.5- 4.9 eV [104], [122], [123]. Pure Ga>03
is an insulator but can show significant n-type conductivity even without doping. This
conductivity is assumed to be due to oxygen vacancies, but this assumption not yet been
verified. Varley et al. [124] showed that oxygen vacancies create deep donor states (1eV),
i.e. requires high activation energy and some other theory attribute the observed n-type
conductivity as being due to oxygen vacancies. Instead, it was proposed that several
shallow donor impurities including Si and monoatomic hydrogen are responsible for the
n-type conduction [21],[51]. Besides, doping with Sn, Si, and Ge makes it an n-type
material. Sn and Si atoms work as shallow donors with small activation energies. Sn
prefers the octahedral coordination of the Ga (2) site, while Si and Ge prefer the
tetrahedral coordination of the Ga (1) site. Cl and F both prefer the threefold coordination
of the O (1) site [51]. Carrier density can be controlled in the wide range of 10%°-10%° cm-
31125], [78], [8]. Technology based on n-type doping is therefore relatively easy and

mostly successful. In contrast, p-type doping is challenging because of its extreme wide
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bandgap; high formation energy of point defects that produce holes, i.e., a shallow
acceptor level with respect to the host valence band; low energy of hole killer native
defect like anion vacancies and cation interstitials; as well as of lack of suitable dopant
[126]. In addition, first principle calculation on the electronic structure of - Ga203
demonstrates the conduction band minimum is almost isotropic with extremely light
effective mass for electrons, whereas valence bands close to the band edge are relatively
flat in curvature, which leads high effective mass for holes at the valence band minimum
[127]. To the best of our knowledge there has been no report on effective hole conduction
in Ga20s. As a potential p-type dopant, divalent ions, for example- Mg?* [128], Zn?*
[129], [130], and Cu?* [130],[64], which substitute into trivalent Ga®* in B- Ga,0O3 have
been explored, but without considerable success. It would be major hindrance for Ga;03
technology if p-type conduction is not possible, since without p-type conductivity, p-n
junctions are not possible. Although, high electrical breakdown voltage can be achieved
for majority carrier devices, low on-resistance is difficult to obtain without minority
carriers [21]. While this is a present limitation, technical innovations incorporating hetero
p-n junction may be possible. The mobility (1) of electrons in Ga20O3 was estimated to be
300cm?/Vs for the typical electron concentration (n) range of 10'°-10'® cm and expected
electric breakdown voltage of 8 MV cm™ [131], [77]. Figure 1.5 demonstrates the
dependency of on resistance with breakdown voltage, and bandgap with respect to
electric breakdown voltage. When Ga>Os3 is examined using different figure-of-merit
methods (FOM), such as the most commonly used, Baliga FOM, Ga>Os3 has significant
advantages over other wide bandgap semiconductors for high power applications [8],

[21]. Thermal conductivity of B- Ga20s is also highly anisotropic at room temperature,
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the [100] direction has the lowest conductivity of 10.9.0 £1.0 W/mK, in contrast along
with [010] direction has the highest value of 27.0 £2.0 W/mK [132]. Table 1.3
summarizes major physical and semiconducting properties of - Ga2Osz in comparison

with other relevant semiconductors.

Si GaAs 4H-SiC
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— TGaN AIN
= Dia &
9 10 Ga,0; &
g 1L \/;-Ga»,O,‘(est.)—‘ GaN VZ 5
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g §
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o
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Figure 1.5. (a) Calculated theoretical performance breakdown voltage with respect to on-
resistance and other semiconductor power devices [8], and (b) bandgap versus breakdown
voltage for direct and indirect bandgap semiconductor [36].

Table 1.2. Properties of B- GaxOs and comparison with other currently leading
semiconductor materials ( [24]).

TABLE II. Properties of -Ga,O; relative to other more commonly used semiconductors. We also show some of the common figures-of-merit used to judge
the suitability or potential of these materials for various high temperature, high voltage or power switching applications.

Materials parameters Si GaAs 4H-SiC GaN Diamond p-Ga0O5 Comments

Bandgap, E, (eV) 1.1 1.43 3.25 34 5.5 4.85 Bandgap of Ga,0; reported in range 4.6-4.9 eV

Dielectric constant, & 11.8 12.9 9.7 9 5.5 10

Breakdown field, Ec (MV/cm) 0.3 0.4 2.5 3.3 10 8 Experimental values for Ga,0; have reached
~(0.5 times the theoretical maximum

Electron mobility, y (cm?/Vs) 1480 8400 1000 1250 2000 300

Saturation velocity, v, (107 cm/s) 1 12 2 25 1 1.8-2 1.8(001)and (010),2.0(010)

Thermal conductivity 4 (W/cm K) 1.5 0.5 49 23 20 0.1-0.3 0.13(100),0.23 (010)

Figures of merit relative to Si

Johnson =E 2.V 2/4n? 1 1.8 278 1089 1110 2844 Power-frequency capability

Baliga=¢-u-E.> 1 14.7 317 846 24660 3214 Specific on-resistance in (vertical) drift region

Combined = /-¢--V, E.2 1 3.7 248.6 353.8 9331 37 Combined power/frequency/voltage

Baliga high frequency = i E.> 1 10.1 46.3 100.8 1501 142.2 Measure of switching losses

Keyes=J-[(c Voldn-e)'"? 1 0.3 3.6 1.8 41.5 0.2 Thermal capability for power density/speed

Huang HCAFOM, &4.°° E¢> 1 5 48 85 619 279 Huang chip area manufacturing FOM
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On the other hand, metastable phases are poorly studied, and their properties are
not completely known. Even though there are few reports on a- Ga;0s3, 6- Ga,0O3 and -
Gax03, y- Ga:0s3, they have some interesting properties that may be useful for device
applications. In addition, they have ultrawide bandgap which is close to - Ga,Os. For
example, recently structures utilizing quantum dots with visible blue green light emission
property were studied by Tao Chen et al. [133]. They prepared the quantum dots by
solvolysis of GaCls in N, N-dimethylformamide and observed light emission by the
naked eye. Recently, Yuangi Huang et al.[49] studied Fe doped y- Ga>O3, and measured
room temperature ferromagnetism. However, the origin of the ferromagnetism in spinel
structure y- Ga20Oz is not clearly understood due to there being few reports in the

literature.
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2. GROWTH OF THIN FILMS USING PLD

2.1  Overview

The advantage of B- Ga>O3 compared to the other large optical gap
semiconductors such as GaN, AIN, diamond and SiC, is the availability of economically
high purity monocrystalline substrates. Ga,Os substrates can be fabricated with low cost
techniques, such as the melt growth methods (floating zone, Czochralski, edge-defined
film-fed growth). Researchers have been using several physical and chemical techniques
to fabricate f-Ga20s3 thin films including pulsed laser deposition (PLD), plasma enhanced
atomic layer deposition (PEALD), spray pyrolysis, chemical vapor deposition (CVD),
sol-gel method, halide vapor phase epitaxy (HPVE), and plasma assisted molecular beam
epitaxy (PAMBE) [21].

This research is solely based on the PLD technigue, a handy technique for thin
film deposition owing to several vital factors, such as the growth environment, the
controlling substrate temperature, deposition rate, wide range of materials deposition and
doping, and controlling of the plume geometry. These factors can be controlled
individually to alter film quality. Firstly, it offers growth at different temperatures to have
better crystallinity or desired properties. F.-P. Yu et al. [134] investigated the deposition
of monoclinic Ga>0Oz thin films on sapphire substrate at various substrate temperatures
ranging from 400-1000°C using PLD. By altering the substrate temperature, they were
able to demonstrate a single crystalline phase at 800°C with higher crystal quality than at
lower temperatures. Lauren M. Garten et al. [135] showed there is a strong temperature
dependence on the electronic properties, morphology, and phase formation of f-Ga203

from 350-550 °C. Secondly, the growth ambient can be significantly changed by
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providing high purity oxygen (O2) and/or argon (Ar) at varying pressures into the
chamber. Gas flow is introduced and controlled through a mass flow controller (MFC).
Several earlier reports [134], [36] studied the dependence of temperature and oxygen
pressure on the crystal quality of Ga,Os.

Doping of the oxide films allows for a change of its properties from insulator to
semiconductor. Stefan Muller et al. [136] investigated the conductivity of Si-doped B-
Ga,03 at temperatures of 400 and 650°C and oxygen pressures ranging from 3x10 -
2.4x1072 mbar prepared by PLD on sapphire substrates. They observed that at high
oxygen partial pressure the film consisted of multiple crystalline phases but by decreasing
the pressure (below 10 mbar) they were able to obtain (201) oriented single-phase thin
films. They found that with oxygen pressure below 10 mbar, there is a slight increase in
the film thickness, which can be attributed to the reduced interaction between the
deposited species and the background gas, resulting in a higher net particle flux
impinging on the substrate. However, with the pressure range 10 to 1.2x102 mbar there
isa rapid increase in the thickness resulting in a polycrystalline film due to the
increasing number of bonding site compared to single phase epitaxial growth (oxygen
pressure <10 mbar). They also showed that the conductivity depends on the oxygen
partial pressure, which provided an insight for optimizing the performance of devices
such as rectifiers, photodetectors and transistor based on the roughness, crystallinity and
conductivity of the B-Ga,Os thin films. Furthermore, during growth using PLD, the laser
parameters- repetition rate, pulse duration, fluence, sample to target distance can be

varied to optimize the plume geometry and the resultant film properties.
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2.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a versatile method for the deposition of high-
quality functional materials. This represents one kind of physical vapor deposition (PVD)
process carried out in vacuum that can deposit a wide range of thin film materials,
including multicomponent, heterostructures and complex oxide films. It was first
discovered by researchers at Bell Labs to deposit high temperature superconducting

materials [137]. A schematic diagram of PLD system is presented in figure 2.1.
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Figure 2.1. Schematic diagram of pulse laser deposition system [138].

The primary part of this system is a coherent laser source having wavelength

248nm (KrF excimer laser) or 308nm (XeCl laser). The laser beam is focused onto a
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target of the material to be deposited using lens and mirrors. High energy laser pulses
ablate the target material and create a plasma plume; this ablation plume provides the
material flux for film growth. Unlike electrons or ions, transport and manipulation of
laser beam are much easier, as laser interactions with the gaseous phase is relative weak.
Principally, the ablation species or plume is comprised of energetic atomic, diatomic
ions, clusters, molecules, and species of low mass. PLD has been able to capitalize on the
technological advancements realized such as a significantly improved excimer laser
capability in terms of power, stability and reliability and the continual development of
new shorter pulse length lasers with high power which has been important for PLD
applications [137],[139].

There are some interesting features that makes PLD versatile. First, a unique
feature of PLD is the stoichiometric preservation of composition from the target to the
substrate. This is because the absorption of a short laser energy pulse by a small part of
target produces the ablated material plume. Therefore, this removes the requirement to
control the evaporation rate of individual elements of a compound as the stoichiometry of
any multicomponent film is same as the target. Secondly, PLD has the capability of
introducing background reactive gases such as nitrogen, oxygen, or inert gas such as
argon etc. for controlling film quality. Indeed, dynamic range of growth pressure during
deposition is the largest in contrast to virtually any deposition system. This also allows
for the flexibility to adjust for a broad range of gas pressures in the chamber to further
optimize the growth process. Thirdly, the deposition of heterostructures using
programmable target rotation system is straightforward to accomplish [140] .

Furthermore, substrate temperature can also be varied from room temperature to 1200° C.
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The crucial components of PLD system are a high vacuum growth chamber, load-
lock, pumping systems, wafer transport system, substrate manipulator, optics, and laser.

Possible growth chamber geometries are usually spherical or cylindrical. The
growth chamber used in this research can handle substrates up to 2 inches in diameter. It
features a differentially pumped reflection high energy electron diffraction (RHEED)
system that can be used to monitor the surface, gas inlets, pressure gauges, viewpoints,
ports for pumping and special viewport through which the laser beam enters the chamber
onto the target, substrate holder, heater, and targets. The base pressure of chamber is
usually maintained at 10" with the use of turbo molecular pump.

The load lock chamber separates the growth chamber by manual gate valve for
sample loading and unloading purposes without breaking the vacuum of main chamber.
The load lock chamber consists of a small vacuum chamber with turbo pumping, ion
gauge, view ports and magnetically coupled manual transfer arm assembly.

The substrate manipulator consists of a substrate holder and heater assembly as
shown in figure 2.2. It can hold substrates up to 2 inches in diameter. To maintain the
temperature uniformity the radiatively heated substrate is located just below the heater
and rotated during growth. The temperature of the substrate can reach just below 1200° C
based on the heater specifications. The substrate manipulator can be moved vertically as
well as rotated 360°. The optimal target and substrate distance typically depend on the

energy delivered to the target and the material to be grown.
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Figure 2.2. PLD substrate heater.

In a PLD system, to guide and focus the laser light into the deposition chamber,
special lens and mirrors should be used. The incident window of the chamber should be
transparent to the laser beam; usually fused quartz is the preferred material for the
window due to the short wavelength. The alignment mirror and lens also need to have
proper specifications to work with energetic nano-second short pulses of UV irradiation.
In addition, target, plume geometry, substrate rotation speed, as well as distance from the
substrate to target plays a substantial rule to achieve high quality film deposition.
Typically, depending on the geometry, the substrate to target distance is 2 to 5 cm.

The basic arrangement of the excimer laser includes capacitors, inductor coils and
electrodes. A typical layout of an electric discharge laser model is shown in following
figure. In this system, the storage capacitor is charged to high voltage around 40 kV,

after which a thyratron switch is closed to transfer energy to the peaking capacitors in a
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very short period (approximately 100ns). When the peaking capacitor is sufficiently
charged the energy is transferred to the discharge medium with a time duration of 20~50
ns.

Storage
Capacntor Electrode

Rear M1rror

Discharge Region
High
Voltage
Laser

Output
Laser Chamber
/ Laser Gas
Thyratron
Switch Peaking
Capacitor

Figure 2.3. Schematic diagram of an excimer laser [140].

In addition, the target preparation plays an important role to achieve high quality
films, as the physical properties of the target has an impact on the surface morphology of
the deposited films. To avoid droplets on the film surface, a high-density target should be
prepared. In addition, to have a uniform target erosion and consumption the most
common practice to rotate the target

Fig. 2.4 shows the PLD system which was used to carry on this research. In this
system, the KrF excimer laser was used with a wavelength of 248nm and a nominal pulse
duration of 25ns. The laser repetition rate and pulse energy were 5Hz and 250mJ (energy

density 2-3 J/cm? on the target surface) per pulse, respectively.
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Figure 2.4. Installed PLD system at Prof. Ravi Droopad’s lab, Texas State University.

2.3 Thin Film Growth Modes

The growth process involves complex mechanisms of nucleation,
thermodynamics, surface energies of films and substrate and film substrate interface
energy. The formation (nucleation) of a thin film of atoms on a substrate involves several
processes as shown in following figure 2.5. The rate of arriving atoms depends on the
deposition parameters. These adatoms can diffuse across the substrate or film surface
and encounter other mobile adatoms to form clusters or to attach to pre-existing thin film
atom clusters. Adatoms can also re-evaporate from the substrate or detach from a cluster.
The stable clusters will have a critical size that depends on deposition parameters

including temperature and bonding energy to the substrate or thin film. The formation of
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stable clusters is called the nucleation process which depends on the total free energy of

the materials system.
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Figure 2.5. Schematic representation of atomic processes in the nucleation of three
dimensional clusters of deposited atoms on substrate [140].

There are several possible thin film growth modes depending on the surface
energy of the thin film material, the interface energy between the thin film material and
substrate, and the lattice mismatch between substrate and thin film. Three main thin films
growth mechanisms are observed- (a) Frank-van der Merve growth mode (layer-by-
layer); (b) Volmer-Weber growth mode (island); and (c) Stranski-Krastanov (layer-by-

layer followed by--island) growth mode, shown in below figure 2.6.
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(a) Frank-van der Merve (2d islands) (b) Vollmer-Weber mode (3d islands) (c) Stranski-Krastanov mode (2d+3d)

Figure 2.6. Growth modes of thin films: (a) Frank-van der Merve growth mode (Layer by
layer), (b) Volmer-Weber growth mode (Island) and (c) Stranski-Krastanov growth mode
(Layer-by-Layer followed by Island).
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Figure 2.7. A schematic diagram of surface tension during growth [141], [142].

The nucleation and growth process can be described by the Young’s equation (1)

of capillarity droplet theory of heterogeneous nucleation[141], [143]-[145] . For a thin
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film growth process, the surface tension or interfacial tension vy, represents the work
required to build a surface of unit area.
Ysv = Vsf + Vv * COSP 1)

where, s, f, v stands for substrate, film, and vapor respectively and ¢ is the wetting
angle or contact angle. When the total free energy of the film surface (ys,) and the
interface (ysy) is less than the free energy of the substrate surface (ys,), then layer by
layer or 2D growth takes place [146]. In contrast, for island growth, i.e. a wetting angle
0>0, the bonding between substrate and film is not sturdy, the interfacial free energy will
be higher. For such case the total free energy of the film surface and interface will be
greater than the substrate free energy, which leads to island or a 3D type growth mode
[147]. In case of Stranski-Kranstanov growth, since ys, =y + vy, IS satisfied the first
layers growth in layer by layer mode which is then followed by an island mode growth
process due to buildup of strain energy from the lattice mismatch between the thin film
and the substrate. This strain is relaxed by the formation of islands which serves to reduce
the total energy of the system. Combination of layer by layer and island modes
mechanism is known as Stranski-Krastinov growth [148], [149].
2.4  Target Preparation

For thin film deposition using the PLD technique, it is essential to prepare a target
of the material that is to be deposited. For this purpose, the oxide target was prepared
using a standard solid-state reaction or ceramic sintering method. First, highly pure oxide
powders were taken as starting materials, and were mixed according to the proper
weight/atomic ratio for the desired mole fraction in the case of alloys. To mix the powder

homogenously, an ultrasonic ball milling was used for 30-40 minutes. Later, the mixed
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powder was pressed for 24 hours at 400°C and 15000 Ib./in.2 pressure in a hydraulic press
machine to create 1-inch ceramic disks that have the dimensions for use as the sources in
the PLD system. Since the solid mixture does not usually react together at room
temperature the ceramic disk was then sintered in a high temperature furnace at 1000-
1200° C for 12-20 hours in an argon environment. Density, porosity, and grain size of the
ceramic pellets are dependent on the sintering process. Afterwards, the targets were
polished and evaluated using XRD measurement before finally loaded for deposition into

the PLD chamber.
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3. CHARACTERIZATION METHODS

3.1 Introduction

Characterization is essential for evaluating thin films for varieties applications. In
this study, crystalline properties and phases were analyzed on a Rigaku SmartLab x-ray
diffractometer. Cu-Ka radiation was passed through a Ge (220) monochromatic crystal to
probe the materials. The diffracted light intensity distribution was collected using a high
energy resolution detector HyPix-3000. Surface topology and roughness were
investigated using a Bruker Dimension Icon AFM system. Optical properties (bandgap,
refractive index) and roughness were examined using a J.A Woollam M-2000
ellipsometer. Optical transmission of thin films was studied using a UV-2600 Shimadzu,
UV-vis spectrometer. A Scienta Omicron X-ray photo electron spectroscopy (XPS)
system was used to analyze surface states and chemical composition of the samples.
Energy dispersive x-ray photoelectrons spectroscopy (EDS) was used to determine the
atomic percentage of each element in the films. Finally, magnetic properties were probed
using vibrating sample magnetometer on MicroSense system.
3.2  X-Ray Diffraction

X-ray diffraction (XRD) is a fundamental nondestructive technique that is used to
probe structural properties— lattice parameters, crystalline phases, unit cell dimensions,
alloy compositions, defects, etc. In this process, high energy x-ray radiation hit the
probing materials and is scattered in all directions. Under normal circumstances, x-rays
scattered by atomic planes interfere destructively and no x-ray intensity comes out from
the materials. However, in special directions constructive interference occurs resulting in

an intense beam of diffracted x-rays that can be detected at certain angles. By analyzing
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the beams diffracted from a sample, the underlying sample’s crystal properties can be
obtained. In a crystal, constructive and destructive interference can be determined from

the Bragg’s law (equation 1), which is explained in figure 3.1.

Figure 3.1. Schematic diagram of demonstrating Bragg’s law.

In the figure, line 1 and 2 represent the incident rays and line 1' and 2' represent the

diffracted rays from the crystal structure. The condition for constructive interference is:

2dsin® = nA (2)

Here, d is the lattice spacing between diffracting planes, 0 is the incident angle, A
is the X-ray’s wavelength, n is an integer that defines the order of diffraction. A crystal is
basically a periodic arrangement of atoms. A parallel highly monochromatic x-ray beam
incident on the crystal array at an angle 6 is scattered by the atoms in all direction. As the

diffracted rays have path differences, constructive interference occurs only when two rays
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satisfy the Bragg’s condition (equation), with n being an integer representing a multiple
angle at which constructive interference can occur. Rewriting the Bragg’s law, we get
again:

ZdthSine = nA (3)

Where h, k, | are the Miller indices and dnk is the interplanar distance of plane (hkl). In
case of a cubic lattice, the lattice parameter a = b = ¢ then,

1/d%, = (h% + k2 +1%)/a? 4)

Using Bragg’s equation,

sin0yy = (A2/4a?) (h? + k2 + 12) (5)

2
In above equation, the sum (h? + k2 + 12) is always an integer while 4%2 is a constant for

any pattern. The equation further suggests that for a cubic crystal, the diffraction takes
place at all possible values of Bragg’s angle from the (hkl) planes.

In this study, all thin film measurements were carried out on a Rigaku Smart-Lab X-ray
diffractometer operating at 40kV, 44mA with a Cu-Ka source having a wavelength A =

1.540562 A. Figure 3.2 shows the X-ray diffraction measurement system.
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Figure 3.2. Rigaku Smart-Lab XRD system at Texas State University.

3.3  Ellipsometry

Ellipsometry is one of the most popular non-destructive experimental techniques
that does not require sample preparation or a special measurement environment for
determining the thickness, roughness, and optical properties (refractive index, extinction
coefficient) of a thin film. Ellipsometry can thus measure optical constants, as well as
thicknesses ranging from 0.1 nm to 0.01 mm with a high degree of accuracy. It is often
used in the development and manufacturing process of semiconductor devices, flat panel
displays, protective layers, biological and medical coating, and optical coating stacks as it
IS a non-contact technique that reduces sample contamination issues. The technique uses
polarized light which undergoes changes in polarization upon reflection of light from the
sample. The change in polarization is characteristic of the optical properties of the

sample. Hence information about the material can be obtained by analyzing the reflected
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light. Ellipsometry does not measure optical constants or thickness directly but rather a
change in polarization expressed as y (relative amplitude change) and A (relative phase
change). These parameters represent the differential changes in amplitude and phase,
respectively, experienced upon reflection by the perpendicular and parallel components
of the polarized light relative to the plane of incidence [150], [151]. With light obliquely
reflected from a sample the incident and reflected beams define a plane of incidence.
Light with its electric field vector oscillating in the plane of incidence is called p
polarized light, and light with the electric field vector oscillating perpendicular to the
plane of incidence is called s polarized light. The enabling principle of ellipsometry is

that p and s polarized light reflect differently i.e. R, # R,. Hence ellipsometry measures
the complex reflectivity ratio of s and p polarized light expressed in terms of y and A

parameters.

Angle of
incidence E

¢

Plane of
incidence

Figure 3.3. Ellipsometry measurement using linearly polarized light with s and p
components. The interaction with the sample leads to different amplitudes and phase
changes upon reflection [151].
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R,/Rs = tan(¥) x e' (6)

E
( p/ES )Reﬂected

E
( p/ES )Incident

where tan(¥) =

and A = Ap — Ag

tan(y) is a measure of the change of absolute value of Rs and Rp and it is a very
reproducible measuring method, whereas, A is the phase difference between p and s
direction of the complex Fresnel reflection coefficients (Rp, Rs) for a given wavelength
and angle of incidence, and Ep and Es are electric field of p and s polarized light. To
analyze multiple layers, the materials must be transparent or semi-transparent [152].
However, working with transparent substrates can cause unwanted reflections, such as
from the back surface. In most cases the substrate is thick enough to spatially separate the
reflected light beams from the front and back surfaces, but for thin glass or plastic sheets
the two beams can overlap, giving incorrect information. So, it is essential to remove
backside reflections. This can be done by roughing the backside of the substrate or

putting black absorbing tape that scatters the light as demonstrated in figure 3.4.
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Figure 3.4. Unwanted reflections from the back surface suppressed by roughening or index
matching [153].

In this study, an M-2000 Woollam spectroscopic ellipsometer was used to probe

the samples. With this spectroscopic measurement, optical properties can be explored

40



over the photon energy range from 6eV to 1.2eV. Measurements can be done for different

angles of incidence (55~90°).

Figure 3.5. M-2000 J. A. Woollam spectroscopic ellipsometry system.

3.4  X-Ray Photo-electron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful nondestructive method
widely used to determine elemental composition, chemical formula (empirical nature),
and chemical or electronic state of the elements that make up the thin film. It is highly
dependent on the electronic state of the elements. The principle of this technique is based
on the photoelectric effect, where a monochromatic x-ray beam, impinges upon the
sample surface and ejects core shell electrons from the sample atoms. These emitted
electrons are called photoelectrons that get detected producing a spectrum of binding
energy versus number of electrons per unit time. Since each element has a unique set of

core levels, the emitted electron’s KE is used as a fingerprint of that element. The kinetic
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energy (KE) of the electron which is coming out from the sample will be high if the
binding energy (BE) is low and vice versa. The emitted electrons can also be Auger
electrons, which represent a different process for the emission of a photoelectron. Once
an electron from a higher shell (L shell) falls to fill core level vacancy (K shell) created
by the x-ray beam another electron from the L shell absorbs the energy difference, and
enough absorbed energy can cause an electron to be emitted as an auger electron. In this
case the photoelectron is referred to a KLL Auger electron as illustrated in figure 3.6.
The kinetic energy of the emitted photoelectron during the photoemission process is
expressed by following equation.

K.E = hv — (BE — ¢) @)
where, K.E is the kinetic energy of the ejected electron, BE is the binding energy of the

shell, hv is the x-ray photon energy and @ is the instrument’s work function.

Incident X-Ray (hv) Ejected Photoelectron (K.E.) (a) Incident X-Ray (hu) Ejected Auger Electron (K.E.) (b]
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Figure 3.6. A representation of (a) photoelectron emission and (b) Auger relaxation effect
[154].
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Carbon is the most prevalent element in nature, and most samples that have been
exposed to the atmosphere will have a detectable quantity of adventitious carbon

contamination. These carbon contaminations are commonly used as charge reference for
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XPS spectra or calibration purpose during the measurement. In case of nonconductive
samples, charges build up causing all peak of the XPS spectra to shift to higher binding
energy. This can be reduced by exposing the surface to a neutralizing flux of low energy
electron. A good reference peak such as the C peak is essential for correction of the
charging effect as shown in figure 3.7 where a buildup of charges on the surface causes a

shift in the spectrum either to lower or higher binding energy depending on the type of

charges

Due to positive charge —
peak shifting to higher
binding energy

£
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Figure 3.7. Peak correction using reference peak C 1s.

XPS spectra (number of electrons per unit time normalized by electron energy
versus BE) contains characteristics of a stepped background, which is due to the inelastic

process or extrinsic losses from deep in the bulk as well as peak splitting. Electrons close



to the higher shell escape without energy loss while electrons deeper into the surface lose
more energy and emerge with reduced kinetic energy. The electrons very deep in the
sample far from the surface can lose all their energy and cannot escape. Note that
electrons with a large BE such as 1s electrons emerge with a very low kinetic energy and
have a much lower probability to escape from the sample than lower binding energy 2p,
3s, 3d electrons.

A Typical XPS instrument, shown in figure 3.8 includes:

1. Vacuum chamber
2. Load-lock
3. X-ray source
4. Energy analyzer
5. Vacuum pump
6. Neutralizer

(1) Vacuum chamber:

In the vacuum chamber probing of the sample is carried out. It has a primarily
spherical shape, usually made of nonmagnetic materials to avoid photoelectron deflection
due to the magnetic field. It includes viewports, sample stage and at a minimum an
electron flood gun x-ray source, manipulator, and vacuum pumps, together with the
analyzer. This chamber has its own associated pumping stage. The XPS chamber is
furnished with a load lock by a manual gate valve which allow independent pumping. An
XPS chamber’s base pressure is usually in the range of 1x102° mbar.

(2) Load Lock:
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The load lock chamber permits quick pump down for sample loading and
unloading purpose. This chamber is isolated from the main chamber via a manual UHV
gate valve. A turbomolecular pump is used to evacuate the load lock chamber creating an
ultimate pressure <5x10® mbar. The magnetically couples transfer arm connected to the
load lock is used to transfer samples into and out of the main chamber.

(3) X-ray source:

The main integral part of the X-ray photoelectron spectroscopy is a
monochromatic X-ray source of Al to provide photons of known energy. To produce X-
rays, electrons are accelerated toward Al with a typical applied anode voltage around
15kV. The X-rays emitted from the Al anode is the Ka radiation with an energy of
1486.6 eV. When the produced X-rays fall on the sample surface photoelectron are
created, which are focused into the energy analyzer.

(4) Energy analyzer:

The energy analyzer is an essential part of the system for measuring the kinetic
energy (or binding energy) of electrons during the XPS experiments. A multi-element
electrostatic lens around 30mm working distance is used to gather photoelectrons and
focus the electron beam into the hemispherical energy analyzer, which sorts the electrons
according to their kinetic energy, i.e. that is faster electrons will reach the detector further
outside than slower electrons. The lens may accelerate or retard the electrons relative to
the energy at which they leave the sample surface, which offer adjustable magnification
and angular acceptance. The lens and aperture can be changed, which allow collection of
photoelectrons from the sample surface, that is smaller than the illuminated area.

(5) Neutralizer:
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The XPS technique depends on the emitted electrons from the sample that find
their way into the analyzer. If these emitted electrons do not leave the surface, the sample
will be charged creating a retarding electric field at the sample surface. For conducting
samples, the charging effect is easily solved if the sample is connected to the instrument
ground. However, in the case of a highly insulating sample that is electrically isolated
from the instrument charge accumulates at the sample’s surface which hinders the
collection of photoelectrons and distorts the spectra resulting in binding energies shifted
from their original position. To have a good stable signal it is essential to maintain a
steady state surface potential at the sample surface. An electron gun neutralizer is used to
maintain a constant surface potential by minimizing the charging effect. The measured C
1s peak position is used for determining charge compensation and perform corrections to
the spectrum.

(6) Pumping systems:

Each vacuum chamber includes its separate pumping system. A turbo molecular
pump with a two-stage rotary pump is used to pump the chamber down from atmospheric
pressure. For example, the first entry lock chamber (load-lock) is pumped via a separate
turbo molecular pump with a two-stage rotary pump. The turbo pump is separated from
the vacuum chamber by an electro-pneumatic gate valve, which is interlocked to avoid
unintentional venting of the vacuum chambers by closing automatically if the turbo or
main power fails. The turbo pump cannot run independently; first the roughing pump
starts pumping down up to certain pressure then turbo pump is switched on.

(7) Pressure readings:
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The chamber pressure is measured using an ion gauge, a Pirani gauge as well as
combination of ion-Pirani gauge and a cold cathode gauge. The ionization gauge uses
thermionic electrons emitted from a hot filament (emission current) to create ions in a
defined volume. These thermionic electrons ionize gas molecule, and they accelerate
toward the collector electrode and create a current in a detection circuit. The measured
current is proportional to the gas molecule density in the chamber [155]. The ion gauge
can be used to measure pressure in the range of 10 to 10"** mbar. The Pirani gauges rely
on the principle that a hot wire, placed in a vacuum chamber, will change its resistivity as
the thermal conductivity and pressure of the residual gas surrounding changes, i.e. change
in resistance due to pressure is observed [155]. The operating range of a Pirani gauge is
typically 3 to 10 mbar. Finally, a cold cathode ionization vacuum gauge uses two
electrodes (cathode and anode) and high voltage is applied between them via a series of
resistor. Due to the high voltage between the electrodes, electrons travel from the cathode
towards the anode the presence of a magnetic field to create confined electron plasma,
resulting in a gas discharge. This gas discharge current is a measure of the pressure in the
vacuum chamber [155]. For full a range gauge, two separate measurement systems
(Pirani and cold cathode) are used to measure pressures in the range of 1000 mbar to
1x107° mbar.

In this research, XPS measurements were performed using a Scienta Omicron as
shown in figure 3.8. The measured data were analyzed using a Casa XPS analysis
package. A Shirley background was used during the analysis of the measured data and

the acquired peak intensities. Gaussian line shapes which define individual components
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of the measured peaks with detailed information of the chemical interaction properties

were used to deconvolute the peaks in the measured XPS spectra.

i fay pur

Figure 3.8. Omicron XPS system installed at Texas State University.
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3.5  UV-Vis Spectroscopy

Spectroscopy in the ultraviolet (UV), visible (Vis) and near- infrared (NIR) region
of the electromagnetic spectrum is often called electronic spectroscopy because electrons
are transferred from low-energy to high-energy atomic or molecular orbitals when the
material is irradiated with light [156]. Since the energy levels of matter are quantized,
only light with the precise amount of energy can cause transitions from one level to
another will be absorbed [157]. Figure 3.9 demonstrates the basic layout of a double

beam spectrometer used in this measurement.
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Figure 3.9. Dual beam configuration UV-Visible spectrometer [158].

Light incident on a sample can be reflected, absorbed, or transmitted. Transmittance (T)
is defined as the ratio of intensity of light passing through both a reference cell (lo) and
the sample cell ().

%T = (I/1,) * 100 8)

And absorbance can be obtained from
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A = —1log(T) = —log (I—) = kcb = ebc ©)
(o}

The proportionality constant k is unique for a material. When the optical path length is 1
cm and the sample concentration is 1 mole/L, then k becomes molar absorptivity (g). The
absorption coefficient can be determined using following equation:

a=A/\ (10)
M is the wavelength (nm), multiplied by 107 to express o in terms cm™. Alternatively, the
optical absorption coefficient can be calculated from

a= % x1n[T/(1—-R)?] (1)

where, R is the reflectance, and t is the film thickness.

The bandgap of the materials can be deducted from the absorption spectra as one expects
very little absorption for photons with an energy smaller than the bandgap. The bandgap
follows a power law for direct and indirect bandgap materials given by the following
expressions:

ahv = B(hv — Eg)'/?, for direct (12)

ahv = B(hv — Eg)?, for indirect (13)
Here B denotes the absorption edge width parameter, Eg denotes the bandgap, and hv is
the incident photon’s energy. By plotting, (ahv)? versus hv, and extrapolating the linear
part of that curve Eg can be calculated for direct bandgap materials; this technique is
known as Tauc plot analysis. To measure the optical properties of the oxide thin films a
UV-2600 Schimadzu optical spectrometer with wavelength ranging 200-900nm (figure

3.10) was used.

50



R —————— UV-2600

— —— L o
F

Figure 3.10. UV-2600 SHIMADZU UV-Vis spectroscopy

3.6 AFM

Atomic force microscopy is a technique that allows for the measurement of the
surface morphology with unprecedented resolution and accuracy. In this technique, a
cantilever with a sharp tip is systematically scanned across a sample surface to produce a
nm resolution topographic map [159]. Figure 3.12 is a diagram showing the operational

principles of an atomic force microscope.
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Figure 3.11. A schematic illustration of atomic force microscopy (AFM) [160].

Interactions between the sample and the tip gives rise to either attractive or
repulsive forces, these forces give information about the topography of the sample. If the
tip and sample are close to each other, the attractive force deflects the cantilever toward
the sample, and when the tip is bought into the contact with the sample, the repulsive

force deflects the cantilever away from the sample as illustrated in figure 3.13.
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Figure 3.12. Force-distance curve for atomic force microscopy [161].

Basically, the cantilever in an AFM system works as a force sensor. The
cantilever deflection is very sensitive, due to a laser beam being used to detect these
deflections. This happens when the incident laser beam is reflected off the surface of the
cantilever, any deflection will cause changes of the direction of the reflected beam. A
detector is used to monitor these changes. Laser position on the photodetector is exploited
in the feedback loop to track the surface for imaging and measuring [162]. In this

research a Bruker Dimension Icon Atomic Force Microscope (figure 3.14) was used.
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Figure 3.13. Bruker Dimension ICON atomic force microscope, installed at Texas State
University.

3.7 VSM

A Vibrating Sample Magnetometer (VSM) is used to explore the magnetic
properties of thin film samples. The goal of this technique is to measure the
magnetization (M) or the magnetic moment (m) as a function of the applied magnetic
field, field angle and sample temperature. When the sample is placed between the pole
pieces of an electromagnet it becomes magnetized. The magnetic moment of the sample
creates the sample’s own magnetic field: this magnetic field is also known as the
sample’s magnetic stray field. This magnetic stray field is measured by placing pickup
coils strategically around the sample and vibrating the sample up and down. This results
in a changing magnetic field inside the coils. Consequently, this changing magnetic field

produces an induced emf according to Faraday’s law in the sensing coil which is fed to a
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lock-in amplifier to get a measure of the magnetization. The output signal from the
sensing coil goes to the lock-in amplifier, gets amplified and enhanced to extract the
magnetic signature of the sample. This is the basic working principle of the VSM, and

schematic diagram as shown in the figure 3.14.

Vibration unit

Pick up coils Electromagnet

! !

.
.

Sample

Figure 3.14. Schematic diagram of a vibrating sample magnetometer.

In this study, a MicroSense vibrating sample magnetometer (VSM) was used to
explore the magnetic properties of samples. Figure 3.15 shows the installed VSM which
can apply magnetic fields up to 2.2 tesla when using the vector coils. The temperature

range is -195° C to 725° C.
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Figure 3.15. Installed VSM system at Texas State University.

3.8 EDS

An object irradiated by the incident electrons can produce various electromagnetic
waves and electrons. When a incident electron knocked out the inner shell electron of the
constituent atoms in the object, the vacant orbital is filled by the outer shell electron by
releasing X-ray, whose energies equal to the energy difference between the outer shell

electrons and inner shell electrons. These X-ray are called characteristic X-rays as their
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energies are characteristic of distinct elements, which is used for elemental analysis.
Characteristic X-rays emitted from the excitation of K-shells, L-shells, M-shells electrons
are called “K lines”, “L lines”, and “M lines”, respectively. The characteristic X-rays
from heavier elements are higher, therefore, high incident energy is required to excite the
heavier element to emit characteristic X-ray radiation. In contrast, different X-rays are
produced while incident electrons are deaccelerated by the atomic nucleus. These emitted
X-rays are called “background X-rays” or “white X-rays” or “continuous X-rays”.

The energy dispersive X-ray spectrometer (EDS) analyzes characteristic X-ray
radiation by measuring the energies of the X-rays. At first, X-rays emitted from the object
hit the analyzing crystal, which diffracts the X-rays, and finally the radiation enters the
detector, electron hole pairs are generated and their energies are measured to determine
the elements in the substance. In this research a JEOL SEM system equipped with a EDS

detector were used for elemental analysis as shown in figure 3.16.
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Figure 3.16. Installed JEOL SEM system equipped with EDS detector at Texas State
University.
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4. GROWTH AND CHARACTERIZATION OF Ga203 & (Gai1-xGdx)203

4.1  Introduction

Thin film wide bandgap Ga>Oz based alloys are important for applications in high
power electronics and deep UV photonic devices and detectors. Ga>Os exists in five
different polymorphs, i.e. a, B, v, 6 and . Among them, the most studied and promising is
B-Ga20s3, which development has been further accelerated due to the availability of high-
quality substrate material. Different techniques were used to grow -Ga>0z and its alloys,
for example, PLD[163]-[167], Radio frequency sputtering[168], MBE[169]-[176],
MOCVD [177], LPCVD[178], ALD[179], halide vapor phase epitaxy (HVPE)[180] and
solution processes[181].

Optical and electrical properties can be modified by n-type doping and bandgap
engineering alloying with Al and In. Incorporation of Si[18], Sn[182],[183] and Ge has
been successfully used to realize n-type Ga20s. In addition, the bandgap modifications of
(InxGa1x)203[91], (AlxGai1-x)O3 [184]-[187] with In and Al contents have been
reported, providing great flexibility for device design.

Investigations of alloys of Ga>,O3 deposited by pulsed laser deposition on c-plane
sapphire substrates with compositions that maintain the monoclinic phase would be
useful. This would open opportunities for the development of heterostructures with
Gay0s creating bandgap adjustable device structures with an array of applications. For
example, incorporation of Gd in the higher bandgap material can be used as a gate
dielectric in MOSFET devices and due to the high nuclear cross section of Gd for

radiation detectors.
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An ideal wide bandgap semiconducting material should possess high electron
mobility, excellent thermal conductivity, high electrical breakdown voltage as well as the
presence of a two-dimensional electron gas (2DEG) in heterostructure either due to a
polarization effect or at heterointerfaces. Ga2Os3 has been attracting a lot of attention
because of its promise for application in future electronic and photonic devices. Its
optical bandgap is tunable over a large range by alloying with either In or Al.
Furthermore it has a high electrical breakdown voltage (Vur), has a large physical and
chemical stability in extreme environments, and shows more promise for mass production
as compared to their SiC and GaN counterparts [8]. Ga.O3 possesses high density, a
predicted high breakdown voltage (8 MeV/cm™) as well as a wide bandgap (4.9eV)
[188], which are vital features for ionizing solid state radiation detectors. In addition, Gd
has the largest nuclear cross section (48000 barn, 1 barn=102% m) for neutron capture
and emission of internal conversion electrons in an energy range from a few tens to
hundreds of keV [189]. Alloys of Ga,O3 with Gd, can replace the currently dominated
and costly semiconducting materials CdZnTe used in neutron detection.

Recently, J. Kim et al. investigated radiation hardness in Ga203 [190]. The
preliminary data on the effect of electron, proton, x-ray, gamma, and neutron radiation on
B- Ga.0O3 demonstrate comparable radiation resistance to conventional wide-bandgap
semiconductors under similar conditions.

However, the properties of (Gai-xGdx)20s thin films are still unknown, though
theoretical studies have been reported elsewhere[191]. In this chapter, we will focus on
the growth parameters, structural, and optical properties of (Gai-xGdx).03 for (x = 0-

13.63 %) and provide guidelines for future experimental work.
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4.2  Experiment

Ga,0g s first deposited at various temperatures at a fixed pressure (2.2x1072 torr)
to optimize the properties of the thin films. Various targets were fabricated from Ga,O3
(99.999%) and Gd203 (99.999%) powder with different Gd (mole ratio of Gd/(Ga+Gd))
concentration. Single side polished c-plane sapphire crystals which were cleaned
ultrasonically using acetone, isopropanol, deionized water and finally dried with nitrogen
gas, were used as substrate. A krypton fluoride (KrF) laser source having a wavelength of
248nm was used to ablate the target onto the substrate. A laser pulse frequency of 5Hz
and a laser beam energy density of 2J/cm? were used to deposit the films. The rotation of
substrate and target, and the distance between them were carefully controlled to maintain
uniformity and avoiding crater formation on the target. After growth, each film was

annealed in situ at 50°C above the growth temperature for 15 min without oxygen.

4.3  Results and Discussions

Figure 4.1 shows the XRD 26 scans of films grown at 400, 500, 650, 750, and
850°C at a fixed oxygen pressure of 2.2x107 torr on (0001) oriented o -Al,O3 substrates.
The X-ray spectra confirm the formation of (-201) oriented single phase of B-Ga>03
films. The peaks for the set of {-201} planes of R-Ga.Os3 are positioned around the 26
angles 18.92°, 38.31°, 59.97°, and 82.03°, corresponding to the reflection planes of (-
201), (-402), (-603), and (-804). The peaks labeled with (0001), (0006) and (0009) at the
26 angles around 20.52°, 41.66 °, and 64.47 ° are attributed to the reflection of the
sapphire substrate. A single crystalline phase was observed for all growth temperatures
except for the lowest temperature. The spectra measured on the film grown at 400 °C

shows extra diffraction peaks representing the (110), (600), and (113) diffraction peaks of
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B-Ga20s. These results indicate a polycrystalline nature of the film grown at 400 °C. The
lowest full width half maximum (FWHM) of 0.21 deg was obtained at a growth
temperature of 850°C suggesting that growth at high temperatures facilitates the
formation of a high-quality single crystal 3-Ga,Oz phase. To determine the optimum
temperature for the growth of (Ga-xGdx)203, thin films for x=2.62% and 9.32% were
grown at different temperatures and the crystal quality of the alloy was investigated using
XRD. The XRD spectra are summarized in figure 4.2. From the figure it can be clearly
seen that at 400° C, the films are amorphous but, as the temperature increases there is a
gradual increase in the crystalline quality of the deposited films. However, for the lowest
composition of 2.62% the (110) and (600) peaks appear below 750° C, indicative of a
polycrystalline nature of the grown films. Based on the crystalline quality inferred from
XRD, a temperature of 850° C for the growth GaGdO alloys was used. This high
temperature is needed to provide enough thermal energy for molecules and atoms to
increase the surface mobility that would lead to a crystalline (-201) monoclinic alloy

structure.

62



= p— v - e
P £ Gay03 at 400° € Gaz03 850°C) (b) ~——Ga203(750°C)
i 2 | Fitted cur\e,‘ Fitted Curve
’ (a) < Gay03at 500° C Y A
’ X l’
E Gay03 a1 650° C ey ! \-‘
1
[ = - . A | ! \
E A a 2 Gay03at 750° C / -,
D S ! v v i,
3 - 3 e g Gar0 0 / FWHM L0219 N
F = - N 582032t 850" C 021008 ; '
[ l g 5 = _/ \ e L
= - = - — —y
E- l O é [ Gay03 (650°C) G203 (5000C)
o i < Fitted Curve Fitted curve
/ \‘ P
! \ / \
/ \
/ \
Srwam \ J \
| = e / N "
378 381 384 387
|==Ga203 (4000C) 20
|~ Fitted Curve
,"\\
FWHM'
- 029238
3 1 2 1 x 1 A 1 " 1 1 1 e ey
20 30 40 50 60 70 80 378 38.]2038.4 38.7

Figure 4.1. (a) XRD measurement of undoped Ga>Os grown at different temperatures and
(b) corresponding FWHM measurement of (-402) plane.
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Figure 4.2. 2-theta-omega scans of temperature dependent (Ga1-xyGdx)20s3 thin films for
() x=2.62% and (b) x=9.32%.

Finally, (Gau-xGdx)20z thin films for x= 0 -13.63% were grown at a fixed
temperature of 850° C and oxygen pressure of 2x102torr. The XRD 26/w scans of the

composition series are shown in figure 4.3. Exclusively observed sharp peaks at 18.89,
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38.23, 59.00 and 81.83° caused by Bragg reflection planes (-201), (-402), (-603) and (-
804) of epitaxially grown layers has a monoclinic structure similar to B-Ga.Os. Figure
4.3(b) shows an extended view of 2 theta-omega XRD scans around angle 38°, where the
diffraction peak (-402) is located. The shift to lower 2-theta angle with increasing Gd
content suggests an expansion of lattice constants caused by the inclusion of Gd into Ga
ion lattice sites [192]. This can be explained due to the larger Gd ions (radii of Gd®* is
0.938 A) compared to the Ga ions (radii of Ga®* is 0.62 A) [193]. While crystalline films
were obtained for Gd content up to 9%, further increase of the Gd concentration tended to
deteriorate the structural quality leading to an amorphous film for Gd content >10 %
when grown at 850°C. It may be possible to improve the crystallinity by increasing the

substrate temperature during deposition for these high Gd content films.
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Figure 4.3. XRD patterns of (Ga(1-xyGdx)20z3 thin films for x= 0, 2.62%, 4.22%, 9.32%,
13.63%, grown at 850 °C and 2x107torr.

To investigate the epitaxial relationship, we performed XRD ® scans of the (111)

plane of the (Ga(-xGdx)203 thin films and the (104) plane of the sapphire substrate
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respectively, as shown in figure 4.4 (a) and (b). Six peaks separated by 60° are obtained
for the Gd-Ga>0s3 alloy as shown in figure 4.4(a), while in figure 4.4(b) three peaks
separated by 120° apart represent the symmetry of the sapphire substrate. Hence, it can be
concluded that the grown thin films have 2-fold in-plane rotational symmetry
representing 2 domains. Furthermore, the substrate has 3-fold rotational symmetry. This
implies 2-fold (Ga-x)Gdx)20zthin films epitaxially grown in three different axis at a

constant rate, resulting in a 6 fold symmetry [194], [195].
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Figure 4.4. (a) XRD phi scan of (111) plane of (Ga-xGdx)20s thin films for x= 0, 2.62%,
9.32% (b) phi scan of (104) plane of Al,O3 substrate.

To examine the surface topography and roughness, AFM images were taken using
an atomic force microscope (Bruker Dimension ICON) using the soft tapping
measurement mode. Results are shown in figure 4.5. The scan size of the AFM images
was (1x1) pm? and a scanning frequency of 1 Hz was used. From the images no
significant void or breakage was observed. Noticeable surface change was observed with

the increasing Gd concentration, with relatively low root mean square (RMS) roughness
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ranging from 1.828nm — 0.256nm as the Gd content was increased from 0 to 13.9%. It is
observed that grains size having conical shapes decreases with increasing Gd
concentration. The x=13.63% film showed the lowest grain size and roughness and its

XRD spectra showed that it is amorphous.
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Figure 4.5. AFM images of (Ga-xGdx)203 thin films for (a) x= 0.00%, (b) 2.62%, (c)
4.22%, (d) 9.32%, (e) 13.63%, and (f) is corresponding roughness.

For optical applications, for example a solar blind photodetector, a knowledge of
the optical properties of the films is essential. Transmission measurements were taken
using a Shimadzu UV-2600 spectroscopy UV-Vis system. All samples exhibit high
transparency from the visible to the ultraviolet regions as shown in figure 4.6(a). Pure -
Ga203 shows a sharp optical absorption edge around 250nm, while the Gd doped sample

shows a slight red shift suggesting a slight decrease in the bandgap. The optical bandgap
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is obtained by fitting the linear region (inset) using the Tauc equation (ahv)'/™ =

B(hv — Eg), where o is the absorption coefficient, hv is the irradiation energy, B is

constant, Eg denotes bandgap. The n is a constant and is a 1/2 for a direct bandgap

material and 2 for an indirect bandgap material [196]-[198]. The optical absorption

coefficient a of the film were evaluated using relation [199], a = (%)ln [T/(1-R)?],

where T is transmittance, t is the film thickness, and R, the reflectance. The analysis

showed that the material possesses a direct bandgap that showed a slight linear decrease

with increasing Gd concentration up to 4% and appears to stay constant with further

increase in the Gd concentration. This can be due to the formation of defects in the

crystal or the presence of unoccupied electronic state below the conduction band, in

accordance with a theoretical study performed by Cheng et al. [191].
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Figure 4.6. (a) Optical transmittance ( inset Tauc plot) and (b) concentration versus
interplanar distance and bandgap of (Ga(-x/Gdx)20s3 thin films for x= 0, 2.62%, 4.22%,

9.32%, 13.63%.

To investigate further the compositional dependent optical properties of (Ga-

xGdx)203 thin film, spectroscopic ellipsometry measurements were carried out. With this
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spectroscopic measurement, optical properties were studied at room temperature in the
spectral range of 1.24eV to 6.2eV for the following three angle of incidence: 55°, 75° and
85°. Standard ellipsometry parameters y and A are expressed as a ratio of Fresnel
reflection coefficients parallel (rp) and perpendicular (rs) to the plane of
incidence[200],[201]-[203].

r .
p= r_p = tan(¥) x el® (14)

S

The wavelength dependence v and A were measured and analyzed to extract the
physical optical data. For such analysis, it is a requirement to build a model for the
substrate/thin film stack to extract any meaningful information from the measurements.
Figure 4.7 shows the model that was used to simulate the experimental data, which
contains a top layer modelling the surface roughness, a (Ga-xGdx)20z layer and finally
the substrate (Al203). In addition, the accuracy of the model, were determined by
Levenberg-Marquardt regression algorithm which was used for minimizing the mean

square error (MSE) of the ellipsometry quantities y and A [204], [205].

- (lpexp - lpcalc.) (15)

1
MSE = E 2
n—m ' [{ 6exp }
i=1 Y;

Agyp — A
+ {( expsexp calc.)}z]
4

where Yexp, Yeaie. aNd Agyp, Acaic. @re experimental and calculated ellipsometry
parameters, m the number of fitting parameters, n the number of measurements of A and

1y pairs, and © the standard deviation of the experimental measurement results.
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Figure 4.7. Constructed stack model for (Ga-xyGdx)203 thin films for ellipsometry data
analysis.

Typically, all thin films have some region of optical transparency, i.e. vanishing
imaginary part where the extinction coefficient, k=0. This transparent region can be
analyzed to extract the index of refraction, n, and the thickness of the film by the Cauchy
Sellmeier equation (16) [202], the results of which are shown in figure 4.8 for the various
films.

b c 16
n(l)=a+ﬁ+ﬁ ( )

where n is refractive index, A is wavelength, and a, b, ¢ are constants describing
the dispersion of the film. At first, multiple data sets were evaluated using the Cauchy
function in the transparent spectral region to determine the film thickness. After this a B-
spline dispersion model ( a mathematical description of dielectric function to interpret

semi absorptive thin films) was used then to obtain the optical parameters in the
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absorbing spectral range, where Kramers-Kronig (KK) relationship was maintained by
evaluating values of the extinction coefficient k and the refractive index n. Finally, the
derived data were fitted using a Tauc Lorentz oscillator model and UV pole functions, to
obtain the results as shown graphically in figure 4.8(a) and (b). The bandgap for B-Ga,O3
was determined to be 4.75eV and decreased to 4.57eV as the incorporation of Gd
increases, which is in good agreement with a previous study [202]. While the trend of
bandgap variation agrees with that determined by UV-Vis, the values obtained by
ellipsometry are slightly lower. One reason could be that the ellipsometry estimates the
bandgap considering an isotropic medium. Table 4.1 shows the extracted data from the
ellipsometry measurement of (Ga-xGdx)203z thin films for x= 0, 2.62%, 4.22%, 9.32%,
13.63%. The index of refraction obtained from all the films is similar with a value of

around 1.9 at 632 nm.

Table 4.1: Materials properties of (Gai1xGdx)203 at pressure 2.2x107 torr and
temperature 850°C.

Roughness RMS
Gd Thickness Bandgap (eV) Refractive index from Roughness
concentration (nm) - - at 632nm Ellipsometer using AFM
Ellipsometry | UV-vis (nm) (nm)
0.00% 112.42 4.75 4.99 1.942 2.50 1.828
2.62% 95.54 4.73 491 1.938 3.40 2.815
4.22% 141.94 4.72 4.84 1.951 3.00 2.316
9.32% 132.40 4.59 4.83 1.915 2.20 2.445
13.63% 115.00 4.57 4.82 1.909 2.00 0.256
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Figure 4.8. (a) Spectra of extinction coefficient (k) and (b) refractive index(n) of
(Ga@-xGdx)203 thin films for (a) x= 0.00%, (b) 2.62%, (c) 4.22%, (d) 9.32%, (e) 13.63%.

The chemical composition of (Gag-xGdx)203 thin films for x=0.00%, 2.62%,

9.32%, 13.63%, was investigated using x-ray photoelectron spectroscopy, with all peaks

referring to the C 1s peak at the binding energy of 284.8eV. From survey spectrums,

photoelectron lines Ga2p, Ga3p, Ga3d, C 1s, Gd 4d, Gd 3d, O KLL, and Ga LMM

Auger lines were detected. The Gd 4d spectrum can be deconvoluted into two

components at a binding energy about 141.60 and 147.13 eV which can be attributed to

the spin orbit sublevels of Gd 4ds2 and Gd 4ds/. as plotted in figure 4.9 (g). The emission

peaks Gd 4ds. and Gd 4ds2 were superimposed illustrating multiplet splitting due to

electrostatic interaction between the 4f and 4d shells [206], [143], [207]. The difference

between Gd 4ds;> and Gd 4d3 of nearly 5.53eV and the presence of Gd 4d peaks confirm

the existence of Gd in the form of the Gd** oxidation states [208],[209].
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Figure 4.9. (2), (b), (c), (d) Represent survey spectrum and (e), (f), (g) represent O 1s, Ga
3d, Gd 4d, core levels spectra of (Gau-xGdx)203 thin films for x=0.00%, 2.62% 9.32%,
13.63%, respectively.
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In the O 1s spectra, the dominant peak is centered at about 530.50 eV ( associated with
shoulder peaks due defects or C-O or C=0 bond or OH[210], [211]) for x=0.00, 2.62,
9.32 and 13.62%, respectively. From the area under the shoulder peaks, it is seen that the
defects increase with Gd concentrations. The deconvoluted XPS spectra of Ga 3d reveal 3
peaks linked to O 2s, Ga 3d (related to the lattice oxide of Ga,0O3) and Ga **. The main
Ga 3d peak shown in figure 4.9(f), centered around 19.85eV, is shifted slightly to lower
binding energy for the samples with increasing Gd concentration, which is associated
with the presence higher Gal*. which is supported by the greater observed area 24%,
26%, 27%, 36.29% under the curve of the Ga'* peak as the Gd concentration increases.

The elemental composition of the (Ga(-xGdx)20s thin films was measured by
energy dispersive spectroscopy (EDS). Figure 4.10 shows the EDS spectrum of thin films
for different Gd content (x), where Ga, Gd, O, C are observed. It is clearly seen from the
graph that the intensity of the Gd/Ga ratio increases with the Gd content x of

(Ga-xGdx)203 and estimated atomic percentage of Gd are shown in the inset.
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Figure 4.10. EDS measurement of (Ga-xGdx)203thin film for x=2.62%, 4.22%, 9.32%,
13.63%.
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5. GROWTH AND CHARACTERIZATION OF (Gai-xFex)20s TERNARY

ALLOY

5.1  Introduction

Semi insulating Ga»,Oz and its alloys having ultra-wide bandgap (4.6~4.9¢eV),
predicted high breakdown field (6-8MVcm™), and high electron saturation velocity
(2x107 cm/s), have been propelling investigations into versatile applications such as gas
sensors, transparent conductive oxides for solar cells, UV detectors, magnetic sensors and
devices, and high-power electronic devices (including MOSFETS) [212],[213], [214]. 1t’s
proven capability of growing high-quality single crystals from melt, offer huge potential
for cost effective large scale manufacturing[215]-[217].

Intrinsic B-Ga.0z often suffers from n type conductivity due to the presence of
oxygen vacancies or defects in the crystal, consequently, absence of a sharp pinch of
current, and high off state drain leakage current [218] in electronic devices is
problematic. In lateral field effect transistor application (FET), a key building block is the
formation of a high resistivity buffer. Therefore, a highly insulating f-Ga>Oz layer
achieved through either by doping or alloying for power application is needed. The most
common way to achieve highly resistive Ga,Os material is through doping by divalent
atoms (Mg?*, Be?*, Zn?* and Fe?*) into the lattice by substituting into trivalent Ga sites
[219]-[222]. There have been few studies of the effect of Fe in B-Ga»0s. Fe is believed
to form deep level acceptor levels which increase the resistivity of the material [223]—
[226]. Hence, Fe doping of Ga»,Os can be a good candidate for the formation of a

homoepitaxial highly insulating crystalline buffer layers or gate dielectrics.
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Furthermore, there has been growing interest in Fe doped Ga>Os to achieve
diluted magnetic semiconductor oxides for spintronic applications [227]-[231]. The
properties of bulk (Gai-x)Fex)203 prepared by the float zone, sol gel, ball milling, and
solid state reaction method have been reported [232], [233], [233]-[236], showing the
presence of magnetic properties. In contrast, very few reports of thin films of Ga.-
xFex)203 are seen in the literature dealing with the magnetic properties [229], [237]—
[243]. In addition, most of the past studies of (GaixFex)20z thin films are presented for
high values of x concentration (typically x>0.5). Daoyou Guo et al.[242] showed
ferromagnetic properties of monoclinic Ga,Oz/(Gai-xFex)203 (x=2.44%) thin film on
sapphire substrates. Yuangi Huang et al. demonstrated ferromagnetism in the cubic
structure of Fe stabilized y-Ga 203 thins film grown on c-plane sapphire substrate and
suggested possible application in nonvolatile magnetic storage devices [49]. In addition,
ferromagnetism in orthorhombic GaFeO thin films were studied on ITO buffered
YSZ(001) [239], SrTiO3(111)[228], and SrRuO3(111) [229]. Ferromagnetism in
combination with a transparent semiconductor oxide is promising since ferromagnetic
property can be tuned by light [244]-[246]. Furthermore integrating ferromagnetism in
optoelectronics devices might be attractive for novel magneto-optical devices[247],
[248].

However, extensive studies of (Gai-xFex)203 thin film alloys as a function of
growth conditions and Fe concentration have not been explored in the literature. In this
chapter, a systematic investigation of (Gai-xFex)203 thin films as function of growth
parameters will be presented as well as the structural, optical and magnetic properties will

be presented and discussed.
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52  Experiment

Firstly, (GaixFex)203 thin films for x=0.15 were grown at various growth
temperatures  ( 400-750°C) and oxygen pressures (1.3x107 torr ~2.2x1072 torr ) to
study the effect of temperature and pressure on the crystallinity and the structure of the
thin film. Single sided polished c-plane sapphire substrates were used, which were
cleaned ultrasonically using acetone, isopropanol, deionized water and finally dried with
nitrogen gas prior to loading them in the deposition system. After growth, each film was
annealed at a temperature 50°C above the growth temperature without the presence of
oxygen. The targets were fabricated from Ga.03 (99.999%) and Fe203 (99.999%) with
varied Fe (mole ratio of Fe/(Ga:Fe)) concentration. The details of the target fabrication
are given in chapter 2(2.2). A krypton fluoride (KrF) excimer laser source having a
wavelength 248nm was used to ablate the target onto the substrate. During deposition, the
laser pulse frequency was set at 5Hz and the beam was set to an energy density of 2J/cm?.
The rotation of the substrate, target, and the distance between them were carefully
controlled to maintain film uniformity and to prevent crater formation on the target.
5.3  Results and Discussions

Figure 5.1 shows the XRD 26/ spectra of (Ga-x)Fex)203 thin films for x=0.15
as a function of temperature and pressure. Figure 5.1(a) represents partial oxygen
pressure dependency, and 5.1(b) is the enlarged regions around the diffraction angle of
38°. All sample peak positions were compared with the baseline pure B-Ga>Os grown at
T=700°C and P=2.2x1072 torr. The peaks at 20.5°, 41.7° and 64.5° correspond to the
diffraction peals of the (0003), (0006) and (0009) planes of the sapphire substrate. It is

clearly observed that with the decrease of oxygen pressure, the peaks related to the thin
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film shift towards lower 2 theta angle, without any degradation of the crystal quality. In
addition, the lowest full width half maxima (FWHM) were observed for an O pressure of
1.5x1078 torr. This implies the formation of the gamma (y) phase, and is confirmed by the
pole figure measurement, shown in chapter 6. Calculated FWHM with partial pressure
are shown in the figure 5.2 (b) and table 5.1. The peak’s positions at 18.59°, 37.81°,
58.18° and 80.70° are due to the diffraction plane of y (111), y (222), v (333) & v (444)
of gamma GaxxFexOs, respectively. Similar observations were made by Y. Huang et al.
[49] who deposited Gaz-xFexOs thin film for x =0, 5.38, 9.62 at% on (0001) plane of
sapphire substrate at a O, pressure ~7.5 x1078 torr and temperature of 750°C using PLD.
Their films were annealed at 750° C for 1 hours. Figure 5.1 (c) and (d) show the
temperature dependence of the XRD spectra of (Gai-xFex)203 thin films for x= 0.15
grown at a O, pressure of 2.2x102 torr. It is seen that for higher growth temperature there
is improvement in the crystallinity which is confirmed by calculating FWHM (Table 5.1
and figure 5.2(a)). Interestingly, a low deposition temperature causes the peak to shift to
smaller angles having a decreased FWHM, representing an increase of lattice constant.
This can be explained by the increasing Fe?*/ Fe3* ratio, because Fe?* (0.74 A) has larger
ionic radius than Fe3* (0.64 A) and Ga?* (0.62 A) [66], [249], [250]. This is in good
agreement with the results of Y. Huang et al. [226], who studied the temperature and
oxygen pressure dependence of Gai.gsFeo.0503 thin films and demonstrated using XPS
measurements that the presence of Fe?* is higher in low temperature grown samples as
compared to the temperature grown samples resulting in the increasing lattice constant.
Similarly, the authors also found from X-ray diffraction measurements that with

increasing partial oxygen pressure, peaks shift to smaller angle, which was explained by
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the XPS measurement. They showed that the increase in the O partial pressure during
growth, the main Fe 2ps/, peak shift to higher binding energy due to the increase of Fe**
concentration, i.e. increase oxygen pressure causes Fe?* ions to be oxidized into Fe3*.
Consequently, the smaller ionic radius shrinks the lattice constant causing the peak
position to gradually shift to higher angles. Thus, to estimate the ratio of Fe>*/Fe?* XPS
spectra of Fe 2ps2 core level were fitted in figure 5.3, for Fe content x=0.15 at partial
oxygen pressures 1.0x10? torr and 1.50x10° torr. The XPS peak positions were
calibrated using C 1s at the binding energy of 284.8eV. It is evident that the Fe 2pz;» main
peaks can be deconvoluted into Fe®* and Fe?* peaks [251], corresponding to the binding
energy around 710.42eV and 709.06 eV for pressure 1.0x10? torr, and 710.10 and
709.0eV for 1.50x10° torr, respectively. The ratio of Fe**/Fe?* is about 2.37 and 1.95
for partial oxygen pressure 1.0x10 torr 1.50x10® torr, which confirms that the
concentration of Fe3* is higher than the Fe?*, when oxygen pressure increases. In addition
to core level peaks Fe 2p12 and Fe 2pasy2, the satellite peaks observed due to the spin orbit
coupling which are indicated by Sat. in the figure 5.3. Satellites (shake down or up) are
due to a sudden change in Coulombic potential as the emitted electron passes through the
valence band. The differences in satellites peaks in figure 5.3 appears due to the presence

of Fe®* [252], [253], [254].
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Figure 5.1. 2-theta-omega scan of (Ga-x)Fex)203 thin films for x=0.15 (a) pressure
dependent and (b) corresponding extended region around angle 38°; (c) temperature
dependent and (d) corresponding extended region around angle 38°.

Table 5.1. Calculation of FWHM and position of 2 theta around angle 38 degree as
function of temperature (left) and pressure (right) for Fe content x=0.15.

Concentration of Temperature

Fe
x=0.15
x=0.15
x=0.15
x=0.15
x=0.15

x=0.0 (Baseline)

(oC)
450
550
650
700
750
700

2theta

37.8811
37.9853
38.0239
38.0372
38.1535
38.2654

FWHM

0.4424
0.3671
0.3151
0.3106
0.2809
0.2859

80

Concentration of Pressure

Fe
x=0.15
x=0.15
x=0.15
x=0.15
x=0.15

(torr)
1.00E-01
2.20E-02
2.10E-03
1.30E-05
1.50E-06

x=0.0 (Baseline) 2.20E-02

2theta

38.0877
38.0371
37.9882
37.8524
37.7868
38.2655

FWHM

0.2844
0.3144
0.3026
0.2776
0.2455
0.2836
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Figure 5.3. Core level Fe 2p XPS spectrum of (Ga-xFex)203 thin films for x=0.15 at a
pressure of (a) pressure 1.0x107 torr (b) 1.50x10° torr.

From the above assessments, a growth temperature of 700°C and pressure
2.2x102 torr was chosen for the concentration dependent (Ga-xFex)203 thin film
growth. Samples were grown for x= 0.0- 0.50. All samples were subjected to a post
deposition annealing at 750° C in the PLD growth chamber after having stopped the flow
of oxygen. The XRD plots for these samples are shown in figure 5.4. For x=0.00, the

prominent sharp peaks located at 18.90, 38.28, 58.98 and 81.97° represent the Bragg
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reflections of the (-201), (-402), (-603) and (-804) planes. The measured spectra confirm
for a monoclinic B-Ga203 thin film that is epitaxially grown on the substrate. Figure 5.4
(b) shows an enlarged view of the patterns around the diffraction angle of 38° for the
various samples. This figure shows that with increasing Fe concentration, the (—402)
diffraction peak gradually shift to smaller angles, suggesting an expansion of the lattice
constants due to an increasing amount of Fe inclusion into GaO3 lattice sites [255],
[256]. However, as clearly seen, increasing Fe content degrades the structural quality of
the host materials at these deposition conditions. XRD pole figure measurements (chapter
6) were carried out on (Gag-xFex)203 samples to confirm the crystalline structure.
However, it is expected that the spinel phase of the alloys at x=0.40 and 0.50 will co-exist
since diffraction peaks appeared at 37.687°, 58.43°,80.55° for x=0.40 and 37.617°,
58.58°, 80.40° for x=0.50, matched well with those for the crystal structure reported
elsewhere [42], [49], [257] and were indexed as (222), (333) and (444) diffractions plane
of the gamma phase of Ga>O3, representing the spinel phase of the (Ga-xFex)203 alloy.
Missing (111) peaks might be due to the degraded crystal structure, i.e. this temperature
and pressure may not be ideal for growing high quality spinel phase. Formation of the

gamma phase will be discussed further in section 6 (6.3).
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Figure 5.4. X-ray diffraction patterns (a) concentration dependent and (b) expanded view
of around angle 38° of thin films (Gag-x)Fex)203 for x=0.0,-0.50, grown at 700°C and
2.2x1072torr.

Figure 5.7 shows the optical transmission spectroscopy spectrum of the (Gag-
xFex)203 thin films for x= 0.0~0.50, deposited at 700°C and 2.2x107 torr. B-Ga203 shows
a high transparency over 90% with no intermediate absorption and the transmission
rapidly decreases around 250nm. However, with increased Fe content (x), the absorption
edge moves towards longer wavelength with a reduced transmission near the band edge.
Films for x=0.40 and x=0.50 showed the lowest optical transparency. In addition, unlike
B-Gax03, intermediate absorption appears in the alloys of (Gagi-xFex)203, which implies
indirect transition at this thermodynamic condition, consistent with the first principle
study done by Hao He et al. [258], who used density functional theory (DFT) and local
density approximation (LDA) to calculate the band structure of Fe doped p-Ga20s to
show presence of an intermediate band. The presence of an intermediate bands has
potential applications in designing solar cell capable of absorbing photons with lower
energy than the bandgap of the original host semiconductor utilizing electron transition

from valence band or deep level defect to intermediate band, as well as the conventional

83



process of transition from valence band to conduction band. In addition, the presence of
an intermediate band can be beneficial over the single gap solar cells, as well in
application of multi-wavelength photodetectors [259]-[262].

In addition, the structural and electronic properties with Fe content were studied
by employing first-principles calculation based on density functional theory (DFT) [263].
The calculated band structure and density of states (DOS) of the pristine f-Ga>Oz under
Generalized Gradient Approximation (GGA) + modified Becke-Johnson potential (mBJ)
are shown in figure 5.5. The bandgap obtained from this calculation is about 4.25eV
(direct) and 4.19 eV (indirect). The band structure of B-GazO3 consists of a flat valence
band, indicating a large hole effective mass, which implies a low hole mobility and poses
a challenge to fabricated p type B-Ga20s. From the density of state (DOS) result, the
bandgap consists of contributions from Ga(s), Ga(p), Ga(d) and O(s) orbitals. To check
the electronic properties of the monoclinic B-Ga.Os alloy, Fe atoms were added in the
(Ga-xFex)203 structure from 0.0 to 50%. The results suggest that the incorporation of Fe
into the lattice causes the volume of the unit cell to increase while at the same time the
bandgap shrinks. Figure 5.6 shows the effect of a 50% Fe incorporation on the electronic
structure resulting in a calculated bandgap of 3.84 eV. The reduction of the bandgap is

consistent with the experimental optical transmission data shown in figure 5.7.
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Figure 5.5. Band structure (a) and Total (T) and Partial Density of States (PDOS) (b) of
pristine monoclinic Ga,Oz along high symmetry lines of the Brillouin zone, as obtained
using first principles DFT simulations (with the GGA+mBJ approximation for the
exchange-correlation functional) [263]. Fermi energy is placed at zero of energy. Direct
and indirect band gaps are indicated in (a).
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To estimate the direct and indirect bandgap the Tauc equation (ahv)'/™ =
B(hv — Eg) was used, where n=1/2 and 2 for determining the direct and indirect energy
band transition, hv is the photon energy, a is the absorption coefficient and B is a

constant.
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Figure 5.7. (a) Optical transmission spectroscopy, (b) and (c) are Tauc plots for direct and
indirect transition for (Gau-x)Fex)203 thin films for x=0.0-0.50, respectively.

To calculate thickness and roughness and investigate further the optical properties
of the thin films, spectroscopic ellipsometry was carried out on the as-grown samples.
The extracted parameters are shown in table 5.2 and figure 5.8. In general, the thin films
have some region of optical transparency, i.e. vanishing imaginary part where the
extinction coefficient approaches k=0. This transparent region can be analyzed to extract

n and the thickness of the film by the Cauchy Sellmeier equation (17) [202].
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n(d) =a+ b (17)

pERT

where n is refractive index, A is wavelength, and a, b, ¢ optical constants. Therefore, to
determine the thickness and refraction index (at 632nm), data sets were evaluated using
the Cauchy function in the transparent spectral region. After that a B-spline analysis was
used to obtain the optical parameters of the absorbing film for x=0.40 and x=0.50, (as the
absorption edges shifted above 400nm) where Kramers-Kronig (KK) relationship were
maintained by evaluating values of extinction coefficient k, refractive index n. From
figure 5.6, it is seen that the extinction coefficient is almost zero for all sample up to
400nm but for x=0.40 and 0.50 strong absorption appears at shorter wavelength,
indicating bandgap shrinkage. The appearance of a dip in the spectrum around 450nm
can be attributed to absorption due to the defects or intermediate band. It is also evident
that the refraction index increases with Fe content. For x= 0.4 and 0.5 the estimated
refraction index at 632nm are 2.1857 and 2.2494 respectively These values are greater
than the refraction index ( 1.89~1.95) [264]-[267] of BR-Ga>Os. However, the refraction
index of gamma gallium oxide in the visible region which is reported to be 2.0~2.1[268],
closely matches the value obtained from the ellipsometry data, confirming the alloy

structure is most likely the gamma phase.
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Figure 5.8. (a) Extinction coefficient and (b) refractive index as function of wavelength
for (Gag-x)Fex)203 thin films for Fe content x= 0.0-0.50.

The influence of Fe content on the surface morphologies and roughness of the
films was examined using scanning atomic force microscopy (AFM). Results are shown
in figures 5.9 and 5.10. The films appearance is granular in nature with the high densities
on the sapphire substrate, which made it uniform in appearance. The surface topologies
or grains size are likely related to Fe content and changes from circular to elongated rice
like granules as the Fe content increases suggesting a directional dependence ad-atom
migration on the surface. Thus, the changing the surface morphologies with Fe content is
most likely related to a change of mobility or energy of ad-atoms at this growth
temperature. Increasing the growth temperatures will most likely increase the migration
of the species and will probably decrease the surface roughness. The decrease in the rms
values and the grain size with increasing Fe content is probably due to a decrease in the
surface adatom migration in the presence of Fe and/or lack of oxygen with the increasing

Fe content which pins the grain boundaries and limits the adatom mobility.
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Figure 5.9. AFM (lumx1um) surface images for different Fe content in the
(Gaa-xFex)203 alloy grown at 700°C and 2.2x10°2 torr.
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determined from ellipsometry and AFM.

Table 5.2. Materials properties of (Gai-xFex)203 at pressure 2.2x107 torr and temperature

700°C.

. . Roughness RMS

Fecontent | Thickness | Bandgap (eV)from UV-vis Refractive from Roughness

(x) (nm) index at Ellipsometer using AFM
Direct Indirect 632nm (nm) (nm)
0.00 106.48 4.93 4.39 1.9330 3.070 1.462
0.02 131.22 4.71 4.14 1.9406 3.400 2.000
0.05 143.19 4.67 3.96 1.9508 1.800 0.718
0.10 96.930 4.56 3.54 1.9790 1.350 0.842
0.15 82.920 4.58 3.62 2.0012 1.000 0.532
0.25 94.640 3.68 2.78 2.0724 1.200 0.808
0.30 80.540 3.60 2.75 2.1001 1.190 0.852
0.40 95.070 3.40 2.50 2.1857 0.800 0.610
0.50 52.770 3.43 2.25 2.2494 0.300 0.651

Finally, to investigate the magnetic properties of the (Gag-x)Fex)203 alloys, a

vibrating sample magnetometer (VSM) was used. Figure 5.11 shows the magnetization

versus magnetic field (M-H) of (Gai-xFex).03 for the x = 0.0, 0.02 thin films having

thicknesses of 106.48nm and 131.22nm, respectively. Diamagnetic contributions due to
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the sapphire substrates and sample holder rod were subtracted from the raw data. B-Ga>O3
demonstrates paramagnetic behavior, while for an Fe content x=0.02 the alloy shows
ferromagnetic behavior at room temperature as conclude from the observed hysteresis.
The calculated magnetic saturation, remanence and coercivity are 4.67 emu/cm?, 0.8769
emu/cm? and 56.159 (Oe) respectively. Fe doped magnetic properties of multilayer
Gaz03/(Gai—«Fex)203, (x=2.44%) thin films were studied by Daoyou Guo et al [242].
They found a much larger magnetic saturation (32.8 emu/cm?) than our experimental
values (4.67 emu/cm®). The origin of the magnetic properties is not clearly understood.
Besides, the magnetic properties in thin films Ga.O3 with other element doping, for
example Mn, Cr, has been reported elsewhere [257], [269]. This study presents (Ga-

xFex)203 as a potential candidate for future spintronic applications capable of working at

RT.
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Figure 5.11. M-H Curve of (Ga@-x)Fex)203 thin films for Fe content x=0.00, 0.02 taken at
room temperature.
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6. SPINEL (Gai-xFex)20s THIN FILMS: GROWTH AND

CHARACTERIZATION

6.1  Introduction

There has been growing interest in the field of wide bandgap diluted magnetic
semiconductor oxide (DMS) to increase the versatility of its application for example
magneto-optics, spintronics etc. through dopant-spin, carrier spin interaction and defects
[270]-[272]. With a reported electrical breakdown voltage of 8 MeV/cm and a bandgap
of 4.5~5.3 eV for Ga»03 [273], [274] this material is an ideal candidate for fabricating
transparent magnetic optoelectronic devices [66], [257] when alloyed with magnetic
elements such as Fe and Co.

There are relatively few reports of this material system exhibiting ferromagnetic
properties at room temperature. These include (GaixMny)203[257], [275] multilayer
Ga203/(Gai-xFex)203 [66], (Gai-xFex)20s for x <0.1 [49] as well as epitaxial Gao.sFe1403
[276] thin films that was deposited on different cubic substrates using pulsed laser
deposition.

H.J. Van Hook et al. [277] have also studied the thermal stability of gallium
orthoferrite in the system Fe,Os-FeO-Ga.03. They found this compound demonstrates a
wide range Ga:Fe ratio on both sides of the stoichiometric GaFeO3s, with oxygen losses
being extensive in the spinel structure.

Though, B-Ga20s has been extensively explored, research into the other phases
including y- Ga»,03[278], &- Ga203[116], [279], 6- Ga203[280] and a-Ga203[278]are
scantily studied as they are metastable . Recently these phase are being investigated for

their versatility in applications since they may possess wide-bandgap and other properties
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that makes them conducive for applications in optoelectronics (solar blind
photodetectors, phosphor and electroluminescent devices, solar cell), power electronics
(MOSFET, Schottky barrier diodes), memory devices ( resistive random access memory,
spintronics application), sensing devices applications (nuclear radiation detector and gas
sensor), deep UV transparent conductive oxide electrode and photocatalyst [93], [94].
Various techniques are being explored to stabilize these metastable structures including
doping and alloying with various cations. The y-phase has a spinel structure that is
important for ferromagnetic applications. Alloys of Ga203z with Mn, Fe , Cu have been
found to stabilized in the y-phase which have been studied for potential use in
optoelectronics and ferromagnetic applications. For example, Qi Liu et al. [95] studied
the metastable y-phase in Ga 203 thin films by Cu doping through sol gel process
followed by annealing at 700°C in a nitrogen atmosphere. The Cu doped y phase was
found to transform into the monoclinic B-phase when a high annealing temperature
process above 800° C was performed. They also showed the Cu doped y-phase bandgap
transmission spectrum displays a red-shift indicating that Cu-doping has an effect on the
bandgap which varied between 4.90 to 4.38 eV depending on doping concentration. More
importantly, they were able to demonstrate that photoluminescence in the UV and blue
region of the spectrum was stronger in Cu doped y- Ga20s thin films than in pure p-
Ga203. Rong Huang et al. also reported Mn doped spinel y-Ga 203 grown on sapphire
(0001) substrate using PLD at temperature 450°C and partial oxygen pressure of 3.8 x10
4 torr. demonstrated ferromagnetism at room temperature [43]. Fe doped stabilized y-Ga
203 thin films were obtained by Yuanqi et al. [49]. They were able to deposit Gay-xFexO3

thin films for x<10% on the c-plane of a-Al2Ozsubstrate. These authors suggested from
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the point of theoretical and experimental studies that stable Fe doped y-Ga 203 magnetic
thin films can be promising candidates for application in spintronics devices operating at
room temperature.

By developing a growth technique to grow high quality alloys of Fe203-Gaz0s,
the potential for this material system can be fully explored. Therefore, it is meaningful to
understand the crystal structure and the growth and characteristics of (Gai-xFex)20z3 thin
films. In this chapter, the epitaxial growth of (Gai-xFex)203 thin films on (0001) oriented
Al>O3 substrate and a systematic analysis of the structural, optical, surface morphology
and magnetic properties will be reported. In addition, the effect of deposition conditions
that contribute to phase transformation will be discussed. To the best of my knowledge,

an extensive study of the (Gai-xFex)203 system does not exist .

6.2 Experiment

(Gai-xFex)203 for x = 0 - 0.75 thin films were grown on (0001) plane sapphire
substrate with a partial O, pressure of 1.5x10°® torr at a temperature 700° C by PLD.
After growth, each sample was annealed for 15 minutes at 750 C in the absence of
oxygen. Fe doped Ga»Os targets with different concentrations were prepared using the
standard solid-state reaction method described previously in chapter 2 (section 2.4). Thin
films were deposited by pulsed laser deposition. The laser ablation was carried out using
a Krypton Fluoride (KrF) excimer having a wavelength of 248nm with an energy density
2J/cm? and a frequency of 5Hz. The plume on the target was carefully controlled for
optimum film quality. Energy dispersive spectroscopy (EDS) was used to determine Fe
concentration while XRD and PF-measurements were used to analyze the crystalline

properties and phase transformation. Surface morphology was studied using atomic force
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microscopy (AFM). The chemical environment and oxidation states of the elements were
examined using an Omicron Scienta X-ray photoelectron spectroscopy (XPS) system
having a monochromatic Al X-ray source. The optical properties were measured using a
Shimadzu UV-2600 spectrometer and a J.A Woollam M-2000 ellipsometer. Finally, the
magnetic properties were investigated using a MicroSense vibrating sample

magnetometer (VSM).

6.3  Results and discussions

Figure 6.1 (a), and (b) show the high resolution XRD 2e-w scans of the (Gai-
xFex)203 thin films for different Fe concentrations (x). The peaks at 20.5°, 41.7° and 64.5°
corresponds to the (0003), (0006) and (0009) diffraction planes of sapphire substrate. For
x=0, sharp peaks at 18.89, 38.23, 59.00 and 81.83° represent the Bragg reflections planes
(-201), (-402), (-603) and (-804) of an epitaxially grown film of -Ga203. As the Fe
content (x) increases, the diffraction peaks shift toward lower angles inducing remarkable
changes in the structural properties. This change can be attributed to Fe incorporation
into Ga lattice sites (ionic radius of Ga®*, Fe®* and Fe?* are 0.62, 0.64, and 0.74 A
respectively [66], [249], [250]). Furthermore, the d spacing were calculated by Bragg’s
equation 2dnkisinf=n\ (where d is the lattice spacing, 6 is incident angle between the
crystal plane and X-ray, A is X-ray wavelength and n is order) from the position of the (-
402) diffraction peak. The calculated values are shown in table 6.1 and plotted in figure
6.7(d), that shows interplanar distance (d) increases almost linearly with Fe
concentration. The interplanar distance is defined as the distance of two parallel planes
which is shown in figure 6.3 (a). For x=0.1to 0.75, the observed peaks of the grown

films can be attributed to the spinel structure. These films have a (111) orientation along
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the growth direction. For x<0.1 the observed peaks can be assigned to a (-201) oriented
monoclinic structure. The monoclinic (Gai-xFex)203 thin film formed on the c-plane
substrate with the (-201) plane is parallel to the (0001) plane of sapphire substrate. In
contrast, the epitaxial relationship of the cubic or spinel (GaixFex)20s phase is (111) y-
(GayxFex)203 ||(0001)Aa1203. Figure 6.3 shows positional relationship between the
monoclinic phase and cubic phase with respect to the hexagonal substrate. Thus, to
confirm the phase transformation a semi spherical pole figure measurement is performed
by simultaneously rotating the sample across two preferred axes: chi (tilt angle) and phi
(in plane rotation) as plotted in figure 6.4. In the pole figure measurement, by changing
the chi and phi angles of the sample while setting the incident and detection angles at the
diffraction angle of 0, a diffraction intensity distribution is collected. This intensity
distribution is projected from the top of the hemisphere as depicted in figure 6.2.

As suggested in the literature [49] there should be only one peak around
26=30.5°, which can be assigned to (220) plane of cubic structure, while several
diffractions for example (-401), (002) and (-202) for B-Ga20s. Before taking
measurement, the diffraction angle was optimized at 26 = 29.5° and then by changing
the in-plane rotation angle (0~360°) and tilt angle (0~90°) diffraction intensity
distribution was obtained. It is seen that there are six-fold symmetry for x=0.00, and 0.02
at tilt angle 35° and 66°, they can be attributed to the Bragg’s plane (-400) and (-401),
respectively. For x=0.00, a high diffraction intensity is observed while x=0.02 shows a
textured intensity, indicating a deterioration of the crystallinity. For x=0.10, no
diffraction peak appeared at angle 35° and 66°, however, diffraction peak begins to be

seen at a tilt angle around 55°, which is assigned to the angle for the (220) plane of the of
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cubic y-(GaixFex)20s structure . For higher Fe content (x = 0.15, 0.40, 0.75) clear
diffraction peaks are observed at the tilt angle of 55°, which are separated by an angle of
60° confirming the spinel structure. This agrees well with the reported literature
elsewhere[49] in which the authors examined the phase transformation, from the
monoclinic to the cubic phase during the PLD growth of Ga.xFexOs thin films on
sapphire substrate, through the use of XRD pole figure measurements for x < 0.10. They
set the detector angle 26=30.5° and rotated phi angle (0~360°C) and tilt angle (0~90° C)
to obtain intensity distribution. They found 6-fold symmetry for Fe doped monoclinic
Gaz-xFexOs (for x=5.38%) at tilt angles of 25° and 55°, as well as observed 6-fold

symmetry (for x=9.62%) at a tilt angle of 35° corresponds to (220) plane of the cubic
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Figure 6.1. (a) 2e-® XRD spectrum of (Ga-xFex)203 for x=0, -0.75 (b) Extended view
of 2e-® scan around (-402) plane.
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Figure 6.2. Optical arrangement of pole figure measurement for (Gag-x)Fex)203z thin films.
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Figure 6.3. Orientation relationship of (a) (-201) oriented monoclinic (Ga-x)Fex)203
phase, and (b) cubic phase with respect to (0001) plane sapphire substrate.
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Figure 6.4. X-ray pole figure measurement of (Ga(i-xFex)203 thin films for different Fe
content (x) on (0001) plane of sapphire substrate, all sample were grown at temperature
700°C and pressure 1.5x107% torr.

It is observed from XRD spectra as well as the pole figure analysis that the spinel
structure and crystallinity depend on Fe the concentration. A degraded crystalline quality
was detected for films with Fe concentrations from 0.02-0.1, which is obvious from the
XRD spectrum, as well as pole figure measurement. Figure 6.4(b) and (c) reveal the
presence of texture in the films; an indication of lower quality crystalline films that is
probably due to the coexistence of both the monoclinic and spinel phases. Besides Fe,
the oxygen pressure also has a substantial impact on the crystallinity as has been shown
in chapter 5, figure 5.1(b), where improved crystalline quality is seen with low partial
oxygen pressure. Furthermore, the variation of the band structure at this thermodynamic

condition for varied oxygen pressure are reinforced by taking the UV vis transmission
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measurement of thin films with Fe content of 15% as shown in figure 6.5. It is seen that
at high oxygen pressure, the bandgap diminishes, and an intermediate band is observed,
which vanishes as the oxygen pressure is reduced to 1.50x107 torr. This suggest that a
deficiency in oxygen during growth facilitates a band structure in the (Gaz-xFexO3)
system [277] that does not possess an intermediate band. The reason behind it is the
increase of defect density states due excess partial oxygen pressure [281]-[283]. Similar

observations were reported for pure 3-(Ga203) [284].
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Figure 6.5. Transmission spectroscopy of (Ga-x)Fex)203 thin films for x=0.15 for variable
oxygen pressure, and fixed temperature 700° C.
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Table 6.1. Calculated lattice parameter from XRD diffraction scan and FWHM for
(Gai-xFex)203 thin films grown at temperature 700°C and pressure 1.5x107 torr.

Fe

Concentration, | a (A) b (A) c(A) V (A3) d spacing FWHM
X

0.00 - - - - 2.34828 0.2664
0.02 - - - - 2.35627 0.3864
0.05 - - - - 2.36531 0.2805
0.10 8.1347 8.1347 8.1347 538.3003 2.36891 0.2976
0.15 8.1624 8.1624 8.1624 543.8181 2.37886 0.2828
0.25 8.1937 8.1937 8.1937 550.0981 2.39037 0.2316
0.30 8.2062 8.2062 8.2062 552.6196 2.39543 0.2044
0.40 8.2406 8.2406 8.2406 559.5984 2.39848 0.2192
0.50 8.2805 8.2805 8.2805 567.7664 2.40572 0.2059
0.60 8.2980 8.2980 8.2980 571.3737 241272 0.2046
0.75 8.3086 8.3086 8.3086 573.5662 2.41549 0.2001

Scanning Probe microscopy (Bruker Dimension ICON) was used in the AFM
mode to investigate the surface morphology as shown in figure 6.6. 1x1 pm? AFM
images were taken at a scanning frequency of 1 Hz. Results show considerable surface
changes with increasing Fe concentration, with relatively low root mean square (RMS)
roughness for higher Fe concentrations. Formation of some distinct large grains is
obvious at higher Fe content (x = 0.25,~0.60) suggesting that Fe can modify the surface
migration of the adatoms during deposition. Thus, it is seen that surface morphology and
grain size are dependent on the Fe content and thermodynamic conditions. It is possible
that high temperature will increase the mobility of adatoms, resulting in coalescence to
form larger grains. In addition to the measurement of surface roughness (3.302~0.380nm)
using AFM, ellipsometry was also used to measure the surface roughness (4.15~1). Both
showed a downward trend of the surface roughness with Fe concentration. From the
ellipsometric data (table 6.2) it is also noticeable that the refractive index increases with

Fe content due to the formation of the y- phase. The reported refractive index for y-Gaz0s
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was estimated in the range of 2.0~2.1[268], which closely matches with data obtained

from that range, i.e. n varies from1.966 to 2.002.

K=0.00.." |RIVS =3.302pf i
Yl K=o
)

__ -
% RVIS= 1
e N ",

= o ET— . - Fans RIS
. I vt " s oy » o
W ! P 14.0
v - L oot !
X ) | (| v X ¢ , -’v 20
. s . ) 0, » 5 v
- - 5

LA

0.0
5.02 nm
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00

s ¥ 500nm ‘ 3

Figure 6.6. AFM (lumx1um) surface plot of (Gaq-xFex)20z3 thin films for x=0.00,-0.75,
grown at temperature at 700 °C and pressure 1.5 x10° torr.

The optical transmission measurement of Ga,Oz and its alloy with Fe were
characterized by UV-Vis transmission measurements. Figure 6.7 shows Fe concentration
dependent transmission spectroscopy of (Gai-xFex)203. All samples show good optical
transparency from the visible to ultraviolet regions of the spectrum with strong absorption

observed around 250nm.

102



100

L~ x=0.00 I35
- x=0.02 (b) £ §,.§
" 000 T=700°C 4
80 0.08 - - x=01§ Pe15x10%torr AR
Lo x=0.25 = i
; . _ - x=0.30 FriEe
5 E - x=
3 T=700°C e x5 S 006 08
g P=1.5x10 torr [ x=0.30 S x=0.60
z oo x=040 = L x=0.75
Z 40 - x=0.50 E ol
= x=0.60
- e - x=0.75
20 0.02 +
0 I L 1 1 0.00 s = - g
200 400 500 600 700 00 :
‘Wavelength(nm) 35 4.0 4.5 50 53
Photon energy (eV)
250 T T T T T T
(c} T=700°C a1 (d) T=700°C R4 242
P=1.5x10¢ tor P=1.5x10¢ torr © P =
200 PR F41
. - g
o 5.0 4 N . =l
2 : P L240 Z
e B . @
o 150 H. g Co~q_ = 2
ER 20 49 o, = L239 =
E) £ Tl )
S Z IR SN 238
Z - n - T~ H
100 1 T 484 Lo o~ =
£ ! s o 237 5
a8 = R [~ 2
4.7 4 J ™~ L33 =
-
!
. « 235
4.6 1 * ’ ?
T T T T T T T T T 2.34
6 01 00 01 02 03 04 05 06 07 08

Oy ‘7
Photon energy (eV) Atomic percentage (%)

Figure 6.7. (a). Transmission spectrum of (Ga-x)Fex)203 for x=0~ 0.75 and Tauc plot-
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The bandgap was obtained by fitting the linear region of the Tauc plot of equation
(12) [268], [285], [286], as shown in figure 6.5(b).
ahv = B(hv — Eg)" (18)
where « is absorption coefficient, hv is incident radiant energy, B is constant, Eg4
denotes bandgap, and exponent n =2 and ¥ for indirect and direct bandgap, respectively.

Absorption of the film was calculated using following Eq. 19.

—1><11[ T ]
a—t nn(l_R)2

where t is the thickness of the film, T is the transmission and R is reflectance.

(19)
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The estimated bandgap is presented in table 6.2. As shown in the fig. 6.7(b), the
direct bandgap, obtained from the transmission measurement, shrinks with Fe
concentration from 4.992 eV for 3-Ga»03 to 4.623 eV for (GaixFex)203 for x=0.75. An
increase in the Fe concentration is either causing a shrinkage in the bandgap or creating
an unoccupied electronic state below the conduction band or above the valence band. In
addition, as shown in figure 6.7 (d), the direct bandgap follows a mostly linear
relationship with the Fe concentration. Along with the direct bandgap, the indirect
bandgap was calculated using the Tauc plot figure 6.7(c) for all Fe concentrations; this
indirect band gap energy varies from 4.3481~ 2.9651 eV from Ga2O3 to the highest Fe

concentration alloy.

Table 6.2. Materials properties of (GaixFex)20s thin films grown at pressure 1.5x10°
torr and temperature 700°C using PLD.

Fe Thickness Bandgap (eV) R_efractlve RMS Roughness using RMS Roughness
. . . index at . .

concentration (nm) direct Indirect 632nm Ellipsometer (nm) using AFM (nm)
0.00 | 110.0 4,992 1.939 4.150 3.302
0.02 | 140.0 4,938 4,142 1.941 3.400 1.683
0.05 | 52.00 4,933 4,148 1.931 0.160 1.516
0.10 | 78.37 4,931 3.969 1.956 2.140 2.916
0.15 | 110.0 4,913 3.924 1.957 3.070 2.508
0.25 | 76.31 4.849 3.810 1.966 0.460 1.746
0.30 | 74.26 4.843 3.670 2.042 0.500 0.826
0.40 | 52.00 5.079 3.743 1.975 1.050 0.335
0.50 | 86.55 4,785 3.271 1.976 1.000 0.950
0.60 | 97.55 4,771 3.013 1.984 0.830 0.257
0.75 | 55.00 4.623 2.965 2.002 1.000 0.380

Chemical composition and oxidation states were investigated by XPS. The
spectrum charge shift was calibrated using the fortuitous peak C 1s at a binding 284.8 eV.

Figure 6.8 shows the evolution of the XPS spectrum of (Gai.xFex)203 for x=0, 0.15, 0.75.
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Photoelectron lines Ga2p, Ga3p, Ga3d, C 1s, Fe2p as well O KLL, Ga LMM Auger lines
were observed from the survey spectrum shown in Figure 6.8, without any other element
detected, meaning formation of high purity GaFeO thin films. For analysis purposes the
Ga 3d, O 1s and Fe 2p peaks were chosen. It is apparent that Ga 3d peaks can be
deconvoluted into 3 three peaks, O 2s, Ga 3d (lattice oxide), and Ga'*. O 2s peak could
be assigned by the hybridization of O 2s and Ga 3d surface states. As shown in figure 6.8
(e), the peak located at around 19.8eV is assigned to fully oxidized Ga** state with slight
shift due to increasing Fe concentration indicative of the altering of the chemical Ga-O
bond or Ga-O-Fe bond or contribution of charge transfer owing to incorporation of Fe
into the lattice [287], [288]. The O 1s peaks observed at 530.51, 530.53 eV, 530.54 eV
shown in figure 6.68(d) with a small carbon contaminant C-O or OH" or oxygen
vacancies that increases in the gamma structure [49], [286], [289]. Figure 6.8 (f) shows
the XPS spectrum of Fe 2p, where Fe 2ps, can be deconvoluted into, I (Fe %), II (Fe?")
located at 709.10, 710.10 eV for x=0.15 and 710.80, 709.0 eV for x=0.75 respectively,
which agree well with the reported studies elsewhere [226], [290], [291] . This suggests
the presence of two possible iron states i.e. Fe?* and Fe** [251]. The ratios of Fe3*/Fe?*
for the x=0.15 and 0.75 thin films are 1.95 and 1.48, respectively, which implies that with
increasing Fe the concentration of Fe?* ions increase. This is consistent with the
increasing lattice constant for x=0.75, because Fe?* (0.74 A) has a larger radius than Fe**

(0.64 A).
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Figure 6.8. (2), (b), (c) Represent survey spectrum and (e), (f) , (g) represent O 1s, Ga 3d,
Fe 2p, core levels spectra of (Gag-xFex)20s for x= 0, 0.15, 0.75, respectively.

(Gai-xFex)203 is known to be multiferroic at room temperature [268], [276],

[292]-[294] exhibiting both ferroelectric and magnetic properties. Figure 6.9 shows the

magnetization versus magnetic field (M-H) for (Gai-xFex)203 for x =0.0, x=0.15, 0.75

thin films. The diamagnetic part due to the sapphire substrate (Al.O3) was subtracted

from the plotted data. The B-Ga>Os exhibits paramagnetic behavior, while (Gai.xFex)203

for x>0 shows magnetic hysteresis, a signature of ferromagnetism that increases with Fe
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content. The calculated magnetic saturation, remanence and coercivity are 5.89 emu/cm?
0.6067 emu/cm?, 45.76 O for x =0.15, while for x =0.75 the values were determined to
be 12.63 emu/cm?®, 1.8102 emu/cm? and 83.28 Oe, respectively. The mechanism behind
ferromagnetic properties can be attributed spin polarization of the 3d orbital of Fe,
overlapping of p-d orbital of the Fe-O bonds and the existence of defects, for example

dislocation of cations (Fe?* or F**) and oxygen vacancies [274], [295]-[298].
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Figure 6.9. Dependence of Magnetization (M) on applied magnetic field (H) of and
(inset) corresponding enlarged image (Gag-xFex)203 for x =0.15 and 0.75 at RT (300K).
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7. EFFECT OF ANNEALING OF (Gai-xFex)20s THIN FILMS

7.1 Introduction

Annealing or heat treatment modifies the physical and chemical properties of a
material. Usually, annealing carried out above the recrystallization temperature,
maintaining a specific temperature, and then cooling. In this process, atoms diffuse and
reorient toward an equilibrium state [143]. There are three stages of annealing- recovery,
recrystallization, and grain growth. In the first stage, internal stress and dislocation is
recovered, followed by the nucleation and growth of strain-free grains that replaces
deformed states.

In the final stage of annealing, grains begins to coalesce resulting in an increase of
the grain size [299]. To investigate the effect of annealing on the properties of the (Gai-
xFex)203 alloys the samples were placed in a quartz boat which was then placed in the
center of a tube furnace. The samples were annealed for 80 mins in an atmosphere of

pure Oz . The annealing conditions are shown in Table 7.1.

Table 7.1. Annealing conditions.

Annealed samples (Gai-xFex)203 for x =0.0, 0.10, 0.15, 0.40, 0.60, 0.70
Temperature 950 °C
Time 80 mins
Annealing Medium Pure O2
O flow rate 5 sccm

Firstly, as grown thin films (Gay-xFex)203 for x =0.0, - 0.70 that were grown at
temperature 700 °C and pressure 1.5x10 were characterized and the structural, optical,
and magnetic properties were discussed in the previous chapter. To study the effect of

annealing, some of these samples were then annealed with the conditions for annealing
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shown in Table 7.1. Figure 7.1 shows the XRD diffraction in 2 theta-omega mode of
annealed samples. Before annealing, x=0.10, 0.15, 0.40, 0.75 were determined to be
spinel structures, section 6 . However, after annealing the peak positions in the XRD
spectra shifted to a higher angle, which suggests a modification of the lattice represented
by a decrease in the interplanar distance. The diffraction peaks around 18.89°, 38.34°,
59.00°, 82.14° correspond to the (-201), (-402), (-603), and (-802) diffraction planes of
monoclinic (Gai-xFex)203 phase, respectively. No impurity peak other than mentioned
was observed. The peak’s positions are in good agreement with the values reported in
literature [300]. Crystalline quality was also improved after annealing, which is
noticeable from the calculated FHWM (Table 7.2) measurement of the plotted samples.
The reason behind the improved crystallinity might be due to the redistribution of atoms
and molecules, and the reduction of defects in the structure due to the post deposition
annealing.

However, as we have discussed previously, 2-theta-omega scans are not sufficient
to determine the crystal structure. To confirm the phase or phase transformation from
cubic to monoclinic, X-ray pole figure analysis was measured from all the samples shown
in figure 7.2. According to reported literature, for a spinel structure there should be only
one peak around 26=30.5° corresponding to the diffraction plane of (220). However,
there should also be several diffraction peaks at this angle, such as (400), (110), (-401),
(002) and (-202) [49] thus it is difficult to determine the crystal structure using only the
20 —® spectrum. To confirm structure, after peak optimization, we set the detector angle
at 20 = 29.5° and by changing the in plane rotation angle @ (0~360°) and tilt angle

y(0~90°) the diffraction intensity distributions was obtained. In the measured pole
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figures, the observed diffraction intensity distribution projected from the top of the
hemisphere clearly demonstrates that (Gai-xFex)203 for all values of x has a 6-fold
symmetry separated by 60° at an inclined angle around 35° and 66° which correspond to
diffraction of the (-400) and (-401) planes, respectively. From calculation, the inclined
angle (y) between (-201) and (-400)/(-401) are 36.041/66.521°, which is consistent with
the experimental data and those reported in the literature [49] for the monoclinic
structure. Thus, using pole figure analysis, it is clearly seen that annealing the as grown

(Gai-xFex)203 results in a structure transformation back to the monoclinic phase.

— x=0.00
—x=0.10
x=0.15
— x=0.40
— x=0.75

(-201)

402 (-603)

(-804)

Intensity (a.u.)

Y

20 30 40 50 60 70 80

Figure 7.1. XRD patterns of (Gag-x)Fex)203 thin films for x =0.0,-0.75 annealed 950 °C in
an O atmosphere.
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Figure 7.2. X-ray pole figure measurement of (Gag-x)Fex)20z thin films for (a) x =0.0, (b)
0.10, (c) 0.15, (d) 0.40 and (e) 0.75 on (001) plane of sapphire substrate.

Table 7.2. Calculated FWHM and 2-theta position of (Ga(-x)Fex)203 thin films for x =0.0,

0.10, 0.15, 0.40 and 0.75.

Fe concentration (x) 2-theta position FWHM
0.00 38.44 0.2243
0.10 38.35 0.2779
0.15 38.43 0.2613
0.40 38.34 0.2169
0.75 38.28 0.2225

Figure 7.3 shows the optical transmission spectra of the thin films after annealing.
Tuning the optical energy gap of Ga>Os by alloying opens the pathway for a broader
range of applications, for example, solar cells, graded heterostructures for optoelectronic
applications, photodetector having tunable cutoff wavelengths, optical filters with tunable

transmission range, among others. It is obvious from figure 7.3 that the absorption edge
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shifts to longer wavelength with the increasing Fe content (x) in the (Gai.xFex)203
system. In the spectrum the dip in the transmission appears around 250 nm which is a
typical hallmark for the presence of an intermediate band or an indirect semiconductor
[301]. As shown in figure 7.3(a) (inset) the direct energy gap was obtained by
extrapolating the linear part of (ahv)? ~(Eg) to the horizontal axis. Similarly, an indirect
bandgap was obtained using a linear fit of the plot (ahv)*? versus (Eg), shown in figure
7.3(b). The estimated direct bandgap for pure B-Ga03 (x=0.00) extend to 5.38eV,
which is comparably much higher than the unannealed sample (4.99eV) and the literature
values. As the concentration of Fe increases, the bandgap decreases from 5.57eV for
x=0.02 to 4.90eV for x=0.75. Likewise, the estimated indirect bandgap was determined to
be 4.81, 3.62, 3.37, 3.31,3.09,2.95, 2.93, 2.76, 2.63 eV, for Fe content x=0.00. 0.02,
0.05, 0.10, 0.15, 0.40, 0.50, 0.60, 0.75, respectively. The post-annealed samples clearly
show an enhanced direct and indirect bandgap than compared to the as deposited
samples. The optical absorption relies on short-range order in the microcrystalline or
amorphous states and defects associated with it, the abnormality of the optical bandgap
might be explained on the basis of the ‘density of state model’ proposed by Mott and
Davis [226],[302]. Lower density of localized states can result in a larger optical
bandgap. Hence the reason behind the augmented bandgap can be attributed to the
decreased density of localized states, which is supported by the formation of larger grains
as seen the AFM images even though there is an improved crystallinity from XRD 2-
theta omega scans data, where intensity increases, as well as FWHM decreases of the thin

films. A similar work trend was reported for CusGe14Teso thin films [226]. Thus,
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annealing improves the material properties and increases the potential for a wide range of

optoelectronic applications.
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Figure 7.3. Optical transmission spectrum of annealed (Gag-x)Fex)20s thin films for
various Fe content.

Table 7.3. Direct and indirect band gap estimation of (Gai-xFex)203 thin films for varied
Fe content (X) using Tauc equation

x=0.00 x=0.02 | x=0.05 | x=0.10 | x=0.15 | x=0.40 | x=0.50 | x=0.60 | X=0.75
Direct bandgap 4.90
(eV) 5.38 5.57 5.49 5.53 5.46 5.24 5.07 4.85
Indirect bandgap 2.76
(eV) 481 3.62 3.37 3.31 3.09 2.95 2.93 2.63

Figure 7.4 shows the AFM images taken from the post annealed (Gai-xFex)203
thin films for varying iron content. This showed that the grain sizes increase with
annealing. The increase of grain size is a signal of a thermally activated diffusion
mechanism of adatoms resulting in the coalescence of larger grains in regions with lower

activation barriers[303]-[305]. The grain growth also results in increasing roughness,
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which is evident by the RMS values. Increasing grain size has significant impact on

materials properties, which has been observed from the UV-vis data.
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Figure 7.4. AFM (1 pum x1 pum) surface plot of (Gag-xFex)203 thin films annealed
at 930 °C.

To access the electronic state and composition of the selectively annealed (Gax-
xFex)203 thin films for x=0.00 and 0.15 and 0.75, XPS measurement were conducted on
the films grown on a sapphire substrates. Measurements were taken on a Scienta Omicron

system in UHV (2x107° mbar)
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Figure 7.5. XPS (a), (b), (c) survey spectrum; (d) O 1s; (e) core levels Ga-3d and (f) are
core levels Fe 2p for varied Fe content in Ga0s.

at room temperature using a monochromatic aluminum Ko radiation source. Survey

spectrum shown in figure 7.5(a), (b), (c), show no impurity peaks except adventitious

carbon (C-1s), which was used to calibrate spectrum at a binding energy 284.8eV

suggesting that the annealing did not introduce any impurities. The chemical composition

of the film was analyzed using Ga-3d, O-1s and Fe-2p core levels [306], [307]. Figure

7.5(d) shows the core level O-1s peak for different Fe contents, which can be

deconvoluted into two peaks located around 530.5eV for the 3 compositions, which can
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be assigned to oxygen in the GaFeO lattice and other peak at higher binding energy
related to the bonding of C-O or OH- or defects. The slight increase in the O 1s FWHM
in the alloy is due to the oxygen bonding with both Ga and Fe in the lattice compared to
the unannealed samples. Figure 7.5(e) shows the core level Ga-3d peak, deconvoluted
into 4 peaks- O 2s, Ga * (Ga.03), Ga**(GaO) and Ga ** (Ga,0) located at binding
energies about~20.15, ~19.54 and ~19.00 eV, respectively.

Unlike the unannealed samples shown in figure 6.8 (e), where only Ga** and
Ga '* are present, after annealing Ga?* also appears in the spectrum for Fe content x=0.15
and 0.75. That indicates a large number of Ga®* is converted to Ga®* by recapturing
electrons, which implies that Ga 3* works as an electronic trap [308] in the presence of
Fe, as shown as shown in figure 7.5(e). Typically, the slight BE shift occurs due to the
redistribution of electronic charges of constituent atoms [307], [309]-[311], as the
samples were annealed in the oxygen atmosphere, the bonding structure has been
modified by the increase in certain bonds as more oxygen is present during the
annealing. The XPS spectrum of the Fe 2p peak is shown for the case with Fe content of
0.15 and 0.75. In the spectrum the Fe 2ps/2 peak is greater than the Fe 2p1/» because of
spin orbit coupling (j-j) and, the fact that Fe2p1> has a degeneracy of 2, while that of
Fe2psi2 has a degeneracy of 4 [312]. The separation of the Fe2ps/» and the Fe 2p1/. peaks
is about 13.5eV which agrees well with the literature values [254], [313]-[316]. The
deconvoluted Fe-2p peak consists of two pairs of doublet peaks and three satellite peaks
shown in figure 7.5(f). The Fe 2pa2 core level is composed of an Fe** peak (111) and an
Fe2* (11)-shoulder peak [317] which represents the different oxidation states of Fe. The

obtained peak positions obtained agrees well with literature values [315], [318],[49]. For
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high Fe content (x=0.75), the Fe?" has clear enhancement as compared to the data for
(x=0.15). A satellite peak around 718 eV is indicative of the coexistence of Fe3* and Fe?*
[319], [320]. When compared to the case of the unannealed films shown in figure 6.8(e),
it is clearly seen that the effect of annealing in an oxygen atmosphere is a reduction of the
Fe?* state relative to the Fe** oxidation state, which is confirmed by to the shift of Fe
2p32 peaks toward higher binding energy. In addition, the satellite peak around 718eV for
the annealed sample is large compared with the unannealed sample, which is related to
presence of higher Fe3* content. The existence of a satellite peak has been used to
determine high spin ferrous species [254],[321], such satellite peaks have been attributed
to charge a transfer process or shake-up [322] . The estimated O/Ga ratios before
annealing are about 2.058, 3.00 and 3.366 for x=0.00, 0.15 and 0.75 and after annealing
2.98, 4.57 and 6.29, respectively, indicating that relative oxygen content has increased
during annealing.

Over the past few decades, there has been a constant search for diluted magnetic
semiconductor for spintronics applications. Alloys of (Gai-xFex)203 can be promising for
ferromagnetic applications having a wide bandgap but there have been few reports on the
magnetic properties of (Gai-xFex)20z thin films [323]-[325]. This study serves to expand
the knowledge of the structural and magnetic properties of this wide bandgap alloy for Fe
composition up to 75%. Therefore, to examine magnetic properties samples were studied
using VSM. Figure 7.6 shows room temperature as well as low temperature measurement
of M-H curve of (Gai.xFex)203 for x =0.0, 0.15 and 0.75 annealed thin films . The
diamagnetic part of substrate (Al2O3) was subtracted from the raw data. The magnetic

hysteresis observed for different Fe content suggested ferromagnetism that increases
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with Fe content. The calculated magnetic saturation, remanence and coercivity was
measured to be 4.99 emu/cm?® 1.02 emu/cm?®, 98.06 O, for x= 0.15 respectively, and
8.92 emu/cm?® 2.39emu/cm?, 143.480. for x= 0.75, respectively. The increase of
magnetic properties might be related to the presence of more high spin Fe**, which
contributed to the improved properties in comparison to the unannealed samples.

Low temperature measurements on the samples demonstrate higher magnetic
properties (94.23 emu/cm? 15.84emu/cm?, 528.84 O. for x= 0.75) than at RT. The
increase of magnetic properties can be explained by a reduction of the random atomic
movement and misalignment of magnetic domains. In addition, a broader hysteresis loop
was observed in comparison to the sample that was not annealed. The increase of
magnetic hysteresis not clearly understood for this monoclinic structure of (Gai-xFex)203
thin films on sapphire substrate. However, the increase of the Fe3*/ Fe 2* ratio due to the
annealing and/or the resulting larger grain size may be responsible for the enhanced
magnetic properties. The mechanism behind the ferromagnetic properties can be
attributed to spin polarization of the 3d orbital of Fe, the overlapping of the p-d orbital of
the Fe-O bonds and the existence of defects, for example the dislocation of cations (Fe?*

or F**), or oxygen vacancies [274], [295]-[298]
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Figure 7.6. (a) M-H curve (b) enlarged view for thin films (Ga-x)Fex)203 for x =0.00,
0.15 and 0.75. x=0.00 and 0.15 taken at RT and x=0.75 taken at RT as well as at -130°C.
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8. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1  Conclusions

Thin films of Ga203, (Ga1-xGdx)203 and (Gai-xFex)203 were successfully achieved
using pulse laser deposition. Growth parameters, structural, optical, and magnetic
properties were investigated. The monoclinic (Gai1xGdx).03 phase shows a slight red shift
of the bandgap (4.99eVV~4.82eV) in comparison with the pure B-Ga»Os3, which is suitable
for wideband gap applications, optical devices, MOSFET and hard radiation detectors.

Both Spinel and monoclinic (Ga-xFex)203 thin films exhibit room temperature
ferromagnetism, which can be used for fabrication of nonvolatile magnetic storage
devices, magneto-optic devices, and microelectronics. Incorporation of Fe into Ga,0O3
expands the lattice constant. Optical transmission measurement shows that increasing Fe
content (x) moves the absorption edges toward longer wavelength and introduces an
intermediate band. Similarly, high oxygen pressure introduces an intermediate band,
while low oxygen pressure eliminates defects as well as induces a phase transformation
from a monoclinic to the spinel phase. On the other hand, the thermally induced spinel
structure in the as deposited films transforms to the monoclinic phase upon annealing the
samples in high oxygen partial pressures. The spinel-phase has been important for
optoelectronics and ferromagnetic applications. After annealing, an enhanced bandgap
was observed for (Gagu-x)Fex)203, as well as improved magnetic properties. Chemical
composition, surface states, optical properties, and crystal structure were systematically
evaluated by several techniques. XRD and pole figure analysis were used to distinguish
phases. The chemical composition demonstrates mixed valence state of Fe** and Fe?*

distributed in the films indicating and that higher oxygen pressure favors formation of
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Fe3* over Fe?*. Surface morphology of the films was also discussed. Transitions of the
surface based on concentration, pressure, temperature, and post deposition annealing
were observed.
8.2  Recommendations for future Work
e Study and analysis of (GaixGdx).O3 for gate dielectrics, heterojunctions for
quantum well design, solar blind UV detector and neutron radiation detection.
o Epitaxial growth of (GaixFex)20zthin films on native - Ga2Os substrate and design
of multilayer thin films for transparent magnetic ferromagnetic applications.
e Investigations on spinel (Gai-xFex)203 thin films for UV sensor design, and LED

applications
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