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ABSTRACT
In this work, we report on the synthesis, characterization of tin (Sn) incorporated gallium oxide
Ga2O3 compounds, also included in this work is the effect of tin concentration related to the
optical and electrochemical properties. The Sn incorporation into Ga2O3 creates a significant
reduction in the bandgap and causes a nonlinear optical activity as the concentration varies.
Substantial investigation performed to the structure, phase, and morphology of the mixed
compounds governed by the stoichiometry equation Ga2−2xSnxO3-ɗ indicates that the Sn
incorporation from 0.00 ≤ x ≤ 0.30 has a significant effect on these properties. To synthesize the
Ga-Sn-O compounds a solid-state reaction method was employed to incorporate purity-high
SnO2 and Ga2O3 powders, this method involved calcination and sintering at high temperature for
12 hrs. X-ray diffraction characterization analyses suggest a solid solution at Sn concentration x
≤ 0.10 and a possible solubility limit at x ≤ 0.15. Scanning electron microscopy (SEM)
performed to complement the surface morphology analysis also demonstrated a relationship
between Sn phase separation and concentration. This separate phase created by Sn introduction
induces a reduction in band gap while also showcasing nonlinear optical activity that
traditionally is not present. This works also examines the variable temperature during synthesis
effect on characterization and optical properties and suggests a higher solubility limit for Sn
introduction. The more in-depth knowledge of structure, optical, and chemical properties as well
as the importance of synthetic conditions, could be promising for the optimization of Ga-Sn-O
compounds for optical, optoelectronic, and photonic device applications.
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CHAPTER 1: INTRODUCTION
Gallium Oxide (Ga2O3) is one of the most promising materials and has received
significant attention from both the engineering and scientific research communities; this is
mainly due to its polymorphism that presents the material with different structures, properties,
and therefore technological applications. The ability to be involved in numerous technological
and scientific applications has given Ga2O3 and Ga2O3-based alloys vast appreciation on research
topics around the world especially those involved in the utilization of electronics,
optoelectronics, neuromorphic, energy storage and conversion, catalysis, and chemical sensors.
[1-22]

Recently the scientific application for Ga2O3 has extended to the design and development of

deep UV photodetectors, solar cells, cost-effective light-emitting diodes (LEDs), flat panel
display devices, field-effect transistors (FETs), high power electronics, transparent conducting
oxides (TCOs) and photocatalysts. [8, 10, 15, 16, 23-32]
One of the most attractive features of Ga2O3 is its ultra-wide bandgap accompanied by its
thermodynamic stability present on its beta monoclinic structure β-Ga2O3. [1, 2, 10-13, 16, 33, 34]. The
bandgap for β-Ga2O3 is ~4.8 eV, which corresponds to the second largest known bandgap, only
second to the diamond’s bandgap but considerably greater than other TCOs such as In2O3, SnO2,
and ZnO. The most recent research around β-Ga2O3 and one that has picked up momentum,
relates this material for devices operating at ultra-high voltages and as a possible replacement for
device application of the most commonly used SiC and GaN power devices.

[10, 11, 26, 35, 36]

. As

mentioned before Ga2O3 exhibits a polymorphism characteristic and this material fundamental
presents an interesting science perspective, Ga2O3 has six different polymorphs, namely the α, β,
γ, δ, ε, and κ phases. From these phases, the β-Ga2O3 crystallizes in a monoclinic crystal
structure in the C2/m space group and comes up as the most attractive not only by the afore
mention thermal stability but also due to its very high chemical stability.[36]
1

Figure 1.1: β-Ga2O3 Monoclinic Crystal Structure

There has been an extensive amount of experimental as well as theoretical efforts
directed to understand the effect of doping different metal ions into β-Ga2O3 onto the structure
and properties of the resulting material. One example of this would be the control over electrical
conductivity of Ga2O3 by the introduction of Si where the Si4+ acts as an electron donor and
increases the free carrier concentration by a few orders of magnitude when compared with an
undoped Ga2O3. This Si-doping proved to be a quitter useful in enhancing the n-type
conductivity and therefore tailoring or tuning the electrical conductivity.[7, 37-39] DFT calculations
have provided more information into the defect nature and formation energy of transition metal
dopants, using DFT calculations the shallow donor behavior with low formation energy was
established for Niobium doping as opposed to deep donor nature with low formation energy
present in Tungsten, Molybdenum, and Rhenium as β-Ga2O3 dopants. [40, 41]
The photocatalytic activity of doped β-Ga2O3 indicates that the specific ion and
associated chemistry can influence the performance greatly. For instance, studies focused on the
photocatalytic activity using zinc (Zn2+) for doping reported that the photocatalytic performance
2

was significantly improved due to the associated charge separation arising at the heterojunction
of ZnGa2O4:β-Ga2O3.[42] In close relation, it has been reported that the tunable
photoluminescence (PL) properties can be derived by doping with rare-earth ions into Ga2O3
nanomaterials.

On the other hand, studies on lead (Pb2+) doping have shown a decline in

[9, 13]

photocatalytic activity, this decline was attributed to the generation of recombination centers
arising from the (Pb2+) doping.[40,

41, 43]

Another decline effect present when adding transition

metal (TM) ion was seen when the inclusion of iron, titanium and tungsten indicated significant
reduction and red shift in the optical bandgap.[14, 25, 26, 37, 44, 45] In the same way, there are several
works suggesting that the electronic structure and optical properties can be tuned by adding
metal ions into β-Ga2O3 thin films. Cu-doped β-Ga2O3 thin films synthesized by sputterdeposition demonstrated a decrease in optical band gap, attributed to the impurity energy level
formed by Cu-doping.[37, 41, 45-47] Nb doping of β-Ga2O3 also decreases the optical bandgap, this
was seen on deposited thin films and attributed to the unoccupied new energy levels by Nb that
are below the conduction band edge. [48]

Chapter 1.1: Motivation and Research Objectives
An understanding of the science of Sn incorporation into β-Ga2O3 and the phasestructure-property correlation, would be beneficial to create new properties and phenomena that
can facilitate the design of materials for advanced electronics and optoelectronics. Sn-doping or
alloying is not new to the research community and has been considered and studied increasingly
in the recent years.[49-56] There are many properties of Sn that makes it a desirable material to
incorporate into Ga2O3, starting with the importance that SnO2 play on electronic and

3

optoelectronic applications. With a bandgap energy of 3.6 eV and a tetragonal structure, n-type
semiconductor SnO2 is often utilized in TCO electronics and integrated chemical sensors.[57-66]

Figure 1.2: SnO2 Tetragonal Crystal Structure[67]
Another aspect of SnO2 materials that makes it interesting is its ability to respond
selectively to both reducing and oxidizing gases, which makes it suitable for gas sensing.[63, 64]
Sn-doped single crystals have been produced using the floating zone method, where the electrical
resistivity and carrier concentration were shown to be dependent on the amount of Sn
incorporated into Ga2O3.[68] Similarly, the capability of Sn-doped Ga2O3 as a GaN-based optical
device for TCOs has also been reported.[69] Zhao et al. has reported that Sn doping has a
reducing effect on Ga2O3 resistivity.[55] Sn-doped Ga2O3 films synthesized by metal−organic
chemical vapor deposition (MOCVD) indicated n-type conductivity with a carrier concentration
of 1.95 × 1017 cm−3 and a Hall mobility of 0.9 cm2 V s−1.54. Ohira et al. has also reported that Sn
doping improves electrical conductivity and Hall mobility while post-deposition heat treatment
further improves the compound’s electrical properties.[49] β-Ga2O3 single crystals doped via
floating zone method with different Sn4+ concentrations produced transparent and conductive
features and the optical properties and electrical conductivity properties of the compounds were
4

strongly influenced by the Sn concentrations and the annealing treatment they went through.[68]
One of the most recent studies produced by Ryou et al. gives an insight on the structural,
chemical, and photocatalytic properties of Sn-doped β-Ga2O3 nanomaterials synthesized using a
facile hydrothermal chemical method. In his work, photocatalytic activity was reported to be
affected by the introduction of Sn onto β-Ga2O3 nanostructures where a concentration of 0.7 at%
significantly enhanced the activity, the author pointed out that these results there’s a capability
for this material to be the base for photocatalysts for applications in environmental remediation,
disinfection and selective organic transformations. [70]
Despite all the extensive work done on Sn doping of Ga2O3 single crystal and thin films
in the recent years, the fundamental aspects of this doping of inorganic compounds have not been
considered much in the literature. The deeper insight on the structural chemistry and structureproperty correlation would prove essential to manipulate and tune the materials for all desired
applications. This is why this thesis summarizes the work focusing on the efforts done to
understand the functional relationship between the structure, chemical composition, band gap
and optical properties in Sn incorporation at different concentration into Ga2O3 compounds
synthesized via the solid-sate chemical reaction route. The work will also include the importance
of synthesis environment to the properties presented on Sn mixed compounds. Finally, this work
is motivated by adding to the current knowledge on Sn compounds and understanding the
properties as a function of Sn concentration to later enhance the ability to design materials for
practical device applications.

5

CHAPTER 2: MATERIALS AND METHODS

Previous Published Paper Copyright Agreement
The following chapter is being adapted with minor changes from Gutierrez, G., et al.,
Interfacial Phase Modulation-Induced Structural Distortion, Band Gap Reduction, and
Nonlinear Optical Activity in Tin-Incorporated Ga2O3. The Journal of Physical Chemistry C,
2021. 125(37): p. 20468-20481. Copyright 2021 American Chemical society
As a primary author my contribution to the published paper in reference to this chapter
relies on the synthesis of the materials and the prepation of such for all characterization and
experiments where possible. Collaboration on the published paper was requested for technical
operation of characterization equipment, with a substantial collaboration with colleagues Emma
Sundin and Aruna Nair for the SHG and HER work respectilvely, the data is being included with
permission of the collaborators.
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Chapter 2.1: Synthesis
The Sn-mixed Ga2O3 compounds were produced via the high-temperature, solid-state
chemical reaction method. In order to obtain homogenous compounds in the series of Sn-mixed
Ga2O3 referred to as Ga-Sn-O, high purity Ga2O3 (99.99%) and SnO2 (99.99%) powders were
mixed thoroughly. The ratio for Sn concentrations was adjusted based on a balanced
stoichiometry equation, following the chemical formula Ga2−2xSnxO3−δ , where x is the amount of
Sn introduced and δ represents the oxygen reduction present in the reaction. Compounds were
prepared by varying the concentration of Sn in the range of x = 0.0 – 0.30. In the solid-state
synthesis route adopted, we first initiated the process by grinding the powders using a mortar and
pestle under volatile liquid environment (in the presence of acetone). These powders were
ground until the mixture was visibly homogenous and there was no clear separation of the
yellowish colored SnO2 and the white colored β-Ga2O3 and the particles that were first placed on
the mortar are significantly smaller in size. After the grinding process finished the mixture was
placed on high temperature resistant alumina crucibles and calcined at a temperature close to the
melting point of the material. In this particular case the mixed compound was calcined at 1100
°C for 12 h in a muffle furnace. The ramp rate used for heating and cooling was 5 °C/min so that
the crucibles would not suffer any deformation or fractures. After calcination, the sample
mixture was ground once again, during the grinding process 10% (1:10 water ratio) polyvinyl
acetate (PVA) was introduced into the mixture as a binding agent for the preparation of pellets.
The PVA mixed compound was ground until a really fine powder was created. This powder was
then placed on an 8 mm diameter dry pellet pressing die set and prepared by applying a 1.5 tons
force under a hydraulic press for 1 min. The final pellets were 8 mm in diameter and 2 mm in
thickness. The second stage of the Ga-Sn-O chemical compound synthesis involved a secondary
7

heat treatment at a higher temperature that the previous one, we call this the sintering process.
The objective of this process is to obtain a relatively dense material by closing the pores of the
powder particles and also eliminate any other defect that may have been present during the
previous synthesis processes. The sintering temperature was set to 1350 °C for 12 h while
maintaining the same ramp rate as that in the calcination. The final products, which are Ga-Sn-O
materials with a variable Sn concentration (x), thus obtained, were subjected to characterization
to understand the structure, composition, and electrochemical properties.

Figure 2.1: Solid State Reaction Route
8

Chapter 2.2: Characterization and Property Analysis Methods
This chapter will explain the methodology of all characterization and property analysis
performed on the Ga-Sn-O samples for the purpose of understanding the reason behind the
equipment and methodology utilized with respect to the works final objective.

CHAPTER 2.2.1: X-RAY DIFFRACTION METHODOLOGY
The X-ray diffraction (XRD) analysis was performed on a Rigaku Smartlab
diffractometer in zero-dimensional (0D) mode with a HyPix 3000 high energy resolution twodimensional (2D) hybrid pixel array detector (HPAD). A trace amount of Ga-Sn-O powder was
placed on a zero-diffraction plate to counter any diffraction peak arising from the sample holder.
The X-ray source was set at the operating parameters of 44 kV and 40 mA. The step size was
maintained at 0.02°. The diffraction data analysis or phase matching was carried out using the
proprietary PDXL software.

CHAPTER 2.2.2: SCANNING ELECTRON MICROSCOPY METHODOLOGY
The Ga-Sn-O samples were used to study the morphological characteristics using the FEI
Magellan 400 scanning electron microscope. Scanning electron microscopy (SEM) provides sub
nanometer spatial resolution. The SEM imaging was done on the sintered pellets for all
compositions of the Ga-Sn-O compounds. The samples were gold-coated (<5 nm thickness)
before imaging to optimize the surface properties under SEM. The accelerating voltage was
limited to 5 kV, and the working distance was maintained below 4 mm.

CHAPTER 2.2.3: ENERGY DISPERSIVE X-RAY SPECTROSCOPY METHODOLOGY
To understand the phase separation and Sn chemistry, we performed energy dispersive Xray spectroscopy (EDS) measurements on select compositions of previously SEM imaged

9

pellets. For the purpose of EDS measurements, SEM(Hitachi High-Tech America, Inc., USA)
was employed, while measurements were performed using the backscattered electron mode. An
elemental compositional analysis was performed using EDS with the use of X-ray color mapping
to allow for the approximate determination of elements present and their distribution
characteristics.

CHAPTER 2.2.4: DIFFUSE REFLECTANCE SPECTROSCOPY METHODOLOGY
To understand the optical behavior and to determine the band gap of these as prepared
Ga-Sn-O samples, diffuse reflectance spectroscopy was performed on the sintered pellets in a
vertical photoexcitation configuration within a 60 mm integrating sphere, associated with a
JASCO V-770 spectrometer with a single monochromator. Furthermore, a Kubelka−Munk
function was derived from the diffuse reflectance data, which is proportional to the absorption
coefficient of the same.

CHAPTER 2.2.5: FOURIER TRANSFORM INFRARED SPECTROSCOPY
The Fourier Transform infrared, FTIR, spectra analysis allows the vibration of atoms or
groups of atoms to be observed, this will allow us to confirm the quality and bonding of the GaSn-O composition with relation to the amount of Sn incorporated on the Ga2-xSnxO3 samples.
The far-IR (150 – 400 cm-1) and mid-IR (400 – 4000 cm-1) transmission spectra were recorded
with a vacuum-based Bruker IFS 66v system. For these analyses, the samples were prepared in
the form of pellets by embedding them in a CsI matrix. Two different beam splitters, a Ge-coated
mylar and a KBr, as well as two deuterated triglycine sulfate (DTGS) detectors were employed
for such measurements. Each IR spectrum is the result of an accumulation of 256 scans at a
resolution of 4 cm-1.
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CHAPTER 2.2.6: RAMAN SPECTROSCOPY
Raman spectroscopic studies were performed as complementary for the FTIR and XRD
analyses to ensure there all phases that may be created are captured, this analysis was performed
on an InVia Micro RAMAN (Renishaw) spectrophotometer with 532 nm laser excitation. The
peaks were fitted following the standard procedure as widely reported in the literature. Briefly,
Raman spectra were fitted by the superposition of the Lorentzian function:

Equation 2.1 Lorentzian superposition function
where ω is phonon frequency of the peak, “ω0” is maximum phonon frequency of the peak, W is
full width at half maximum (FWHM), “A” is normalization constant and “I0” is intensity of the
background.

CHAPTER 2.2.7: NON-LINEAR OPTICAL CHARACTERIZATION METHODOLOGY
Chapter 2: Second Harmonic Generation Microscopy
Second harmonic generation (SHG) imaging was performed using a home-built laser
scanning nonlinear optical microscope (Figure 2.2).

[71-73]

A femtosecond Ti-sapphire laser (Mai

Tai HP, Spectra-Physics) was used as the excitation source. A photomultiplier tube (PMT) with a
band-pass filter (417−477 nm) was used to detect SHG signals. Ga2−2xSnxO3 samples with
varying doping levels (x =0.3, 0.15, 0.05, and 0) were prepared as loosely packed powders and
were prepared for imaging by mounting between a glass slide and glass coverslip. An area of 5
mm2 was searched on each sample to locate SHG-active regions, which were then imaged again
to obtain power- and polarization-dependent image series (power scans and polarization scans).
Power scans were performed on SHG active regions by capturing images using various laser
powers from 1 to 100 mW in 5 mW increments or from 1 to 200 mW in 10 mW increments,
11

depending on the intensity levels of SHG signals. To quantify the power dependence, mean
values of SHG signals were plotted against laser powers in a double log plot. Polarization scans
were performed on the SHG regions by introducing a half-wave plate (HWP) into the excitation
laser beam path (Figure 2.2) and rotating it to vary the electric field polarization direction of the
incoming beam through 0 to 360° with increments of 10°. These polarization dependent images
were analyzed by selecting small regions showing SHG variations with the polarization angle,
calculating the mean SHG intensity for these regions and plotting on polar axes with the angular
axis for the angle of polarization and the radial axis for the SHG intensity.

Figure 2.2: Laser scanning SHG microscope (a, b, and c: dichroic beam splitters; d, e, and f:
band-pass filters).

CHAPTER 2.2.8: ELECTROCHEMICAL ACTIVITY METHODOLOGY
The electrocatalytic activity of Ga-Sn-O toward hydrogen evolution reaction (HER) was
evaluated using a three-electrode system with the Ag/AgCl reference electrode, the glassy carbon
12

working electrode, and graphite as the counter electrode. Linear sweep voltammetry
measurements were performed using a CHI 6273E potentiostat at a scan rate of 5 mV/s. To
prepare the working electrode, a homogeneous mixture of sample (2 mg/mL) in 1:1 ratio of
water and ethanol was prepared. Furthermore, 80 μL of 5 wt % Nafion 117 solution was mixed
with the above-prepared solution and sonicated thoroughly. Finally, 20 μL of the above prepared
homogeneous mixture was drop-casted onto a freshly polished glassy carbon working electrode
(3 mm diameter). The catalytic activity was investigated in the 0.5 M H2SO4 electrolyte
solution. The potential was converted into the reversible hydrogen electrode (RHE) scale using
the following equation:

Equation 2.1. Potential to RHE scale
where EoAg/AgCl = 0.1976 V, and EAg/AgCl is the working potential.
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The following chapter will cover the results of the characterization analyses as well as the
property experiment results, these results will be substantial to understand the relationship
between the Sn concentration and the tunability of the Ga-Sn-O compounds structural, chemical
and optical properties for device applications.

Chapter 3.1: Crystal Structure and Phase Analysis
Figures 1.1 and 1.2 show the crystal structures of Ga2O3 and SnO2 with monoclinic and
tetragonal lattice structures, respectively. These structural data may be useful to understand the
present work on Ga-Sn-O compounds, especially the structural features derived from XRD.
Figure 3.1 shows the XRD patterns of Ga-Sn-O compounds with a variable composition of Sn.
For better understanding and comparison, the XRD peaks were identified and indexed to the
monoclinic Ga2O3. It is evident that the Sn incorporation induces a secondary phase formation
with increasing concentration. The secondary phase identified is SnO2. The first instance of this
SnO2 secondary phase is noted for a Sn concentration of x = 0.15. The lattice parameters of the
Ga-Sn-O compounds were calculated using the following equation for monoclinic structures:

Equation 3.1. Lattice Parameter Equation for Monoclinic Structures
The lattice parameters of intrinsic Ga2O3 are as follows: a = 12.26 Å, b = 3.036 Å, and c
= 5.82 Å. These lattice parameter values of intrinsic Ga2O3 are in reasonably good agreement
with the literature.[44, 74-76] For the highest concentration of Sn (x = 0.3), the calculated lattice
parameters are as follows: a = 11.86 Å, b = 3.044 Å, and c = 5.75 Å. Ga2O3 exhibits pronounced
polymorphism. The β-phase (β-Ga2O3), which is the most common phase, has been studied
experimentally and theoretically to find the lattice parameters. β-Ga2O3 crystallizes in the
monoclinic structure with a C2/m space group.[74] For Ga2O3, Kohn reported the following lattice
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parameters, which were determined experimentally: a = 12.23 Å, b = 3.04 Å, c = 5.80 Å, and β
=103.7°.[35]

Figure 3.1. XRD patterns of the Ga-Sn-O compounds. The peaks due to Ga2O3 are as indicated.
It is evident that the secondary phase formation occurs at a higher concentration of
Sn. The peaks due to the secondary SnO2 phase are indicated with asterisks.
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In the same work, the calculated lattice parameters were as follows: a = 12.27 Å, b = 3.04
Å, c = 5.80 Å, and β =103.7°. A 0.3% difference from the experimental values was noted by
Kohn et al. Ahman et al.[77] reported the following lattice parameters: a = 12.21 Å, b = 3.037 Å, c
= 5.798 Å, and β =103.83°; there is not much difference between these results. Thus, the
comparison of the XRD data with the literature and indexing of the peaks noted indicate that the
Ga-Sn-O compounds also crystallize in the monoclinic structure similar to undoped β-Ga2O3.
Table 3.1. Lattice Parameter, Theoretical and Experimental Density for Intrinsic
Ga2O3 and Ga-Sn-O compounds
Lattice Parameter (Å)
Concentration

a

b

c

Unit
Density
Density
Cell
Composition
𝝆𝑿𝑹𝑫
Volume
𝝆𝒕𝒉
(g/cm³)
(g/cm³)
V (Å³)

Pure Ga2O3

12.26 3.04

5.82

210.42

6.01

5.88

0.05

12.26 3.03

5.80

209.23

6.01

5.94

0.10

12.23 3.02

5.78

207.40

6.04

5.99

0.15

12.19 3.01

5.79

206.16

6.06

6.04

0.20

12.17 3.01

5.78

205.12

6.09

6.09

0.25

12.16 2.98

5.78

203.07

6.14

6.15

0.30

12.11 2.97

5.75

200.92

6.18

6.20

However, such phase stabilization without any perturbation to the parent host structure
occurs only at lower concentrations of Sn. At higher Sn concentrations, x ≥ 0.15, the peaks due
to the secondary SnO2 phase occur in addition to the major contribution from the β-Ga2O3 phase.
Thus, the Ga-Sn-O compounds exhibit the coexistence of monoclinic- and tetragonal-structured
oxides of Ga and Sn, respectively. These results are in good agreement with recent reports on Sndoped β-Ga2O3 nanomaterials synthesized using various chemical methods.[70, 78]
17

The more detailed account of the mixed-phase compounds is further probed using
refinement procedures and analyses, which are presented and discussed subsequently. The
average crystallite size was obtained from the XRD data using the W-H plot technique utilizing
the wavelength of X-ray, the and the full width at half maximum from the XRD graphs. The
average grain size values followed a clear trend and decreased from ∼40 to ∼15 nm with
increasing Sn concentration, that is, for variation in x values from 0.0 to 0.3. The effect of Sn
incorporation on the overall chemistry can be understood based on the variation in the density of
the Ga-Sn-O materials. The variation of the density of Ga-Sn-O compounds as a function of Sn
is presented in Figure 3.2 and can be seen on Table 3.1. The theoretical density, which is
calculated based on the amount of Sn to obtain the final composition, is compared with the
density calculated from the XRD data. Two important observations that can be noted from
Figure 3.2 are as follows. A reasonably good agreement between the theoretical density and the
calculated density of Ga-Sn-O compounds is the first. This observation is important as it reflects
the structural quality of the materials synthesized and, perhaps, the chemical homogeneity in
terms of Sn concentration across the oxide matrix or the entire material. A gradual, linear
increase in density with increasing Sn concentration in Ga-Sn-O compounds is the second. This
latter feature can be simply attributed to the fact that the heavier Sn atoms (118.69 amu)
substitute for relatively lighter Ga atoms (69.72 amu), or more of the heavier Sn atoms are
incorporated.
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Chapter 3.1.1: Rietveld Refinement
Rietveld refinement, which is often employed to understand the structure and phase
identification, has been employed in this work to quantitatively understand the distinct phases
present in mixed-phase Ga-Sn-O materials. Rietveld refinement was performed to simulate the
corresponding XRD patterns and to specifically probe the SnO2 secondary phase formation and
quantification. The factors refined are the occupancy, lattice parameters, strain, crystallite size,
scale factor, porosity, density, atomic position, B isotropy, background, zero-shift 2θ correction,
anisotropic broadening, and preferred orientation. The best fit of the refinement was achieved by
computing the peak positions, widths, and shapes using the least square procedure from the
calculated and observed patterns.
Figure 3.3 shows the Rietveld refined XRD patterns of the Ga-Sn-O compounds. It was
noted that corroborating the XRD calculations, the material consists of two distinct phases, that
is, the tetragonal phase for SnO2 and the monoclinic phase for Ga2O3. The space groups of SnO2
and Ga2O3 are P42/m n m and C2/m, respectively. Quantitatively, the initial composition where
the SnO2 tetragonal phase appears as a secondary phase is x = 0.15. The highest amount of SnO2
phase formation occurs at x = 0.3, where the identified phase contributions are 88.08% of the
monoclinic Ga2O3 phase and 11.92% of the tetragonal SnO2 phase. The variation of the SnO2
phase fraction with composition in the Ga-Sn-O materials is presented in Figure 3.3. The highest
percentage of SnO2 phase formation, particularly for x = 0.3, is evident from the prominent
peaks of (110) and (121) in the XRD patterns. From refinement, the (011), (020), (111), and
(120) peaks seem to be contributing significantly to quantify the SnO2 phase present in the
material as they gradually increase in intensity with increase in the concentration of Sn. Thus, the
results from the refinement of these materials conclude that Sn mixing was able to retain the
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crystal structure of parent Ga2O3 at the initial stages of Sn incorporation, while randomly
oriented tetragonal structure SnO2 coexists with monoclinic Ga2O3 at higher concentrations. The
strain in the Ga-Sn-O materials can be understood based on the interfacial phase modulation and
associated structural distortion. Evidently, starting from pure β-Ga2O3, with increasing Sn
concentration, a clear increasing trend of the overall strain is noted in structural characterization.
The interplay among three different phenomena, such as interatomic replacement of Ga by Sn,
interstitial placing of Sn atoms inside the β-Ga2O3 phase, and formation of separate crystalline
grains of tetragonal SnO2 and monoclinic β-Ga2O3, is responsible for this peculiar behavior. The
first two phenomena are responsible for the formation of the strained β-Ga2O3 crystal phase. The
last one usually results in crystal relaxation. Because of a much larger atomic size of Sn than Ga,
it is natural that interatomic replacement or interstitial presence of Sn in the β-Ga2O3 phase is
prone to strained crystal formation. However, there is a solubility limit of Sn in the β-Ga2O3
crystal structure. Beyond this limit, Sn segregates from the host crystal and stabilizes as SnO2,
which is clearly seen as a secondary phase (tetragonal structure) in the XRD analyses. Although
the exact chemical composition at which the SnO2 phase separates is slightly different from that
in other studies, especially those reported for Sn-doped β-Ga2O3 nanomaterials synthesized using
chemical[78] or hydrothermal[70] methods, our results closely agree with those reported in the
literature.[54-56]
Furthermore, Rietveld refinement of the corresponding θ/2θ XRD scans also provides
strong evidence for the presence of a separate SnO2 phase along with β-Ga2O3, especially for x ≥
0.15. Thus, we believe that the coexistence of monoclinic-phase β-Ga2O3 and tetragonal-phase
SnO2 plays the key role and induces structural distortion, which further induces significant strain
in the Ga-Sn-O materials. Such interfacial phase modulation-induced structural distortion
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strongly influences the optical and electrochemical properties of these Ga-Sn-O materials, as
presented and discussed in subsequent sections. The goodness of fit for all the Rietveld
refinements is < 5, while the percentages of individual phases are approximated to the second
decimal place.

Figure 3.3 (a−g) Refined XRD patterns of the Ga-Sn-O materials. Data presented show the observed and calculated
(Rietveld refinement) XRD patterns for all the Ga-Sn-O materials as a function of Sn concentration.
(h) Phase fraction of Ga-Sn-O compounds. The respective fraction of the Ga2O3 host and SnO2
secondary phases and their variation as a function of Sn concentration. The secondary phase formed
in the Ga-Sn-O compounds as a result of Sn mixing becomes appreciable only at a higher
concentration of Sn.

Chapter 3.2: Surface morphology and Element Composition
CHAPTER 3.2.1: SCANNING ELECTRON MICROSCOPY
The structural and crystallographic information, as presented and discussed in the
aforementioned sections, of these complex Sn-mixed Ga2O3 inorganic compounds was subjected
to further studies to gain insights into the morphological evolution as a function of the Sn
content. Assertively, there is an evident signature in the SEM images for the formation of SnO2
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secondary phase with increasing Sn concentration. Dissociated SnO2 crystals, which appeared as
a secondary phase in XRD analyses, were found to be accumulated throughout the

Figure 3.4. images of the Ga-Sn-O materials as a function of Sn concentration. (a−g) SEM images of Ga-Sn-O
compounds indicating the effect of Sn concentration on the morphology evolution. (h−k) Highresolution SEM images indicating the signature of SnO2 phase evolution and segregation for higher
Sn concentration in the Ga-Sn-O materials. x = 0.10 Sn concentration (i) shows tiny dots throughout
the surface of the Ga2O3 crystals, whereas x = 0.20 onward, SnO2 forms separate crystals outside the
Ga2O3 matrix, shown inside yellow circles

surface of host β-Ga2O3 grains. A clear difference in contrast is reflected in the SEM images
shown in Figure 3.4 (images i and j in comparison with image h); these images provide evidence
for such chemically induced surface segregation. Small molelike features appear with Sn
incorporation. Owing to the larger crystal size of SnO2, it is quite natural that the parasitic phase
will try to come out of the host and try to accumulate along the circumference of the same. As
we keep increasing the Sn concentration, further phase separation occurs, and small parasitic
SnO2 crystals start agglomerating to form larger SnO2 grains, which can be visually
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distinguished from β-Ga2O3 with the help of color contrast in the SEM images. Finally, for a
higher amount (x = 0.3) of Sn incorporation, duly sintered at an optimized temperature, there is
prominent evidence of crack formation in the host β-Ga2O3 crystals (Figure 3.4, image k), which
is the result of rigorous phase separation between β-Ga2O3 and SnO2.

Figure 3.5. EDS data of the Ga-Sn-O compounds. SEM image of the Ga-Sn-O composition with x = 0.2 at 3000× in
the backscattering electron mode (upper panel) shows the elemental contrast. The marked regions of
A, B, C, and D indicate the representation of Ga-oxide and Sn-oxide areas. It can be noted (Table,
upper panel) that the Sn isolates form SnO2 as a secondary phase. The EDS color mapping of the Ga,
Sn, and O elements (lower panel) indicates the composition distribution of the respective elements.

CHAPTER 3.2.2: ENERGY DISPERSIVE X-RAY SPECTROSCOPY
The EDS results and analyses provided direct evidence for Sn-oxide secondary phase
formation. Figure 3.5 shows the EDS data of a representative sample, where x = 0.2. The Ga-SnO samples probed at various areas (spot analysis mode) to examine the composition distribution.
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As seen in the image, bright clusters of particles are visible throughout. These are believed to be
SnO2 particles. The areas marked A and B are proven to be β-Ga2O3 particles based on the ratio
from the atomic percentage present. The areas marked as C and D seem to be SnO2 based on the
ratio of the atomic percentages. In the color maps, the areas where Sn is present are clearly
visible and show gaps on the Ga map. The elemental contrast between the particles allows the
ability to differentiate between the different particles, where the Sn particles appear brighter.
These areas are confirmed to be SnO2 from the spot analysis. The color mapping shows a clear
difference in the area between the Ga-enriched areas as compared to the Sn-enriched areas.

CHAPTER 3.2.3: FOURIER TRANSFORM INFRARED SPECTROSCOPY
Figure 3.6 show the FTIR spectra of β- Ga2O3 and the Ga-Sn-O composites x = 0.00 to
0.30 from 150 to 700 cm-1 and 600 to 1000 cm-1.14 peaks have been analyzed and named
alphabetically with increasing wavelength. Table 3.2 shows the identified peaks though all
concentrations of Sn. For mid-IR spectra the characteristic bands of β-Ga2O3 are present at
456[79-82] and 620 [82-84] cm-1 for the undoped sample, therefore peaks F – L were assigned as βGa2O3 related activity. The region between 459 and 476 contains 3 associated Ga2O3, where peak
F remains the same for the x = 0.05 samples but is not present as the concentration of Sn
increases, at the area near peak H there is a peak identified to be for Sn at 482 [85], the shift of
peak H as Sn concentration increases suggests an interaction between the Ga and Sn atoms. In
the same area between 400 – 600 we see a feature at 527 disappearing as the Sn concentration
increases but then another peak at 594 appears on x =.30 near a peak assigned to SnO2 (614.2),
Sn-OH activity around this area has been reported [86-88], Song[89] attributes the weakening of this
feature to the following reaction:
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The band at 621, peak K, identified previously for β-Ga2O3
the right where a peak at 644 has been identified on SnO2

[86, 87, 89, 90]

[86, 87, 90, 91]

begins to shift to

, another band 690 has a

small fluctuation on position with no apparent trend but narrows as the Sn concentration
increases.
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Figure 3.6. FTIR data of Ga-Sn-O composites with varying Sn concentration, x=0.00 to x=0.30 with all identified
peaks marked from 150 to 700 cm-1 and FTIR data of Ga-Sn-O composites with varying Sn
concentration, x=0.00 to x=0.30 with all identified peaks marked from 600 to 1000 cm-1

26

Other peaks found on the far-IR spectra were assigned to Ga2O3 and were found on all
samples independent of the Sn concentration. Peak A and peak C widen and shift to the right as
the Sn concentration increases, a SnO2 peak was identified at 246.866 and 289.3 suggesting a
stronger interaction with Sn as concentration increased. Peak B and E shift with increased
concentration, although an Sn interaction could not be confirmed. Peak D has a variation in
position that could not be confirmed as an effect of Sn addition even though a peak at 289.3 was
identified for SnO2. . It is evident that were Sn peaks are present there is a shift on the original
peaks as the concentration increases. There’s also an effect of Ga2O3 peaks disappearing as is the
case for F,G, I and J peaks. M and N peaks were not assigned to neither Ga2O3 nor SnO2 but are
present on Sn doped samples.
Table 3.2. Comparison of FTIR peak positions of undoped and doped samples.
Peak

Ga2O3

x = 0.05

x = 0.10

x = 0.15

x = 0.20

x = 0.25

x = 0.30

SnO2

A

222.758

225.651

232.401

234.330

237.223

237.223

238.187

246.866

B

272.903

271.938

274.831

274.831

274.831

274.831

275.796

-

C

285.439

285.439

287.368

286.403

286.403

287.368

287.368

289.296

D

326.905

322.083

324.976

324.012

324.012

319.190

324.012

311.476

E

369.335

369.335

371.264

371.264

372.228

371.264

372.228

-

F

459.981

459.981

-

-

-

-

-

-

G

467.696

-

-

-

472.517

-

475.410

-

H

476.374

476.374

475.410

475.410

476.374

481.196

478.303

482.160

I

513.983

-

-

-

-

-

-

-

J

522.662

522.662

-

-

-

-

594.986

616.201

K

621.023

623.916

626.808

628.737

625.844

629.701

629.701

644.166

L

692.382

692.382

695.275

695.275

694.311

691.418

691.418

-

M

-

-

736.741

735.777

734.812

735.777

735.777

-

N

-

-

-

-

-

-

774.350

-

Chapter 3.2.4: Raman Spectroscopy
The Raman spectroscopic data of the Ga2-xSnxO3 samples are shown in Figure 3.7, where
the data shown are for various concentrations of Sn(x). Figures 3.7a and Figures 3.7b-3.7d are
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depicting three possible phases present in the solid solution. The peaks observed in all
concentrations of Sn remain the same for each value of x. The Raman peaks observed are
approximately 112, 143, 169, 199, 320, 346, 415, 475, 630, 654, 766 cm-1 which correspond to
Ag(1), Bg(2), Ag(2), Ag(3), Ag(4), Ag(5), Ag(6), Ag(7), Ag(8), Bg(5), and Ag(10).26 The lower
frequency bands, 112, 143, 169, and 199 cm-1, are assigned to the translations and liberations of
chains, while the bands at 320, 346, and 415 cm-1 are assigned to the deformation of the
octahedron.[92] The higher frequency bands, 475, 630, 654, and 766 cm-1 are from the bending
and stretching of the tetrahedron.[92] All of the peak positions and mode assignments agree well
with those reported for bulk β-Ga2O3.
The Raman spectra can be analyzed for its crystal structure and crystal symmetry to
further understand chemical quality and bonding within Ga-Sn-O. For x=0.0, the sample exhibits
the characteristic Raman peaks related to intrinsic monoclinic β-Ga2O3 as Sn concentration
increases, the Raman data shows the peak evolution and intensity variation, which is fully
dependent on the Sn-content. It appears that a secondary Sn doped β-Ga2O3 phase forms where
Ga atoms is partially substituted by Sn atoms while Ga2O3-SnO2 composite formation occurs at
higher values of Sn(x).
It is worthwhile identifying the peak positions carefully. One can understand the
evolution of chemical bonding, intermixing of two different phases, lattice symmetry and phase
segregation in Ga-Sn-O materials. Until ~415.4 cm-1, there is no significant change of peak
position/shape for all values of Sn concentration.
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Figure 3.7. (a) Raman spectroscopy data of Ga-Sn-O composites with varying Sn concentration, x=0.00 to x=0.30.
(b) Schematic of pure monoclinic β-Ga2O3 crystal structure. (c) Schematic of mixed Ga2-xSnxO3
monoclinic crystal structure with partial substitutional replacement of Ga atoms by Sn. (d)
Schematic of pure rutile SnO2 crystal structure.

Whereas the peak at ~415.4 cm-1 shows a slight frequency shift starting from x=0.20, but
overall peak intensity, shape and FWHM remain unaffected. However, last three peaks, 630,
653,6 and 765.9 cm-1, have changed drastically for higher concentration of Sn. Such behavior
reflected in the data provide clues about phase or coexistence of phases and can be understood
comprehensively by comparing phase pure β-Ga2O3 and SnO2 Raman spectroscopic data with
that of Ga2-xSnxO3 compounds elaborately. Figure 3.8 is shown to highlight the effect of Sn
doping. Optimized peak fitting extracts the active vibrational contribution from both monoclinic
and rutile chemical phases. The peak at ~634 cm-1 and ~774 cm-1 corresponds to the SnO2
(cassiterite phase) with a rutile structure with a Raman assignment of the A1g and B2g bands.[93]
The Sn doping does not appear to cause any effect on the overlapped β-Ga2O3 peaks (A8g, and
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A10g), i.e., a shift or broadening/narrowing of the peaks. This confirms the integrity of
corresponding Raman vibration of the host crystal. It is evident that the peak of SnO2 begins to
form at a concentration of x=0.20.

Figure 3.8. (a-b) Modulation of partially overlapped active Raman peaks of β-Ga2O3 (A8g, B5g, and
A10g) and SnO2 (A1g, and B2g) with increasing Sn concentration from x=0.20 to x=0.30.
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Chapter 3.3: Device Potential Properties
CHAPTER 3.3.1: OPTICAL PROPERTIES
The optical properties of the Sn-mixed Ga2O3 compounds were studied using diffuse
reflectance spectroscopy. To investigate the interaction with incident photons under highly
scattering medium or relatively opaque samples, this is the only way to optically probe the
samples.[94, 95] Figure 3.9 shows the optical characteristics of Ga- Sn-O compounds as a function
of Sn concentration. It is evident from Figure 3.9 that as the Sn percentage increases, the band
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edge of the material shifts. However, the effective reduction in the band gap occurs until the Sn
concentration is 0.25, at which point the band gap decreases drastically. In addition, the presence
of an additional sub-band transition at a much lower energy value (3.6 eV) is prominent in the
Ga-Sn- O compounds with the highest Sn concentration. To calculate the optical band gap of the
Ga-Sn-O compounds, diffuse reflectance data were analyzed with the help of the Kubelka−Munk
function, [26] which is defined as follows:

Equation 3.2. Kubelka-Munk Function

Here, F(R) represents the Kubelka−Munk function, which replicates a pattern similar to
that of wavelength-dependent absorbance of the material, and K, S, and R are the absorption
coefficient, the scattering coefficient, and reflectance, respectively. Figure 3.10 presents the
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Figure 3.9. Diffuse reflectance spectra of the Ga-Sn-O samples as a function of Sn concentration.

corresponding wavelength dependent F(R) plots for each, and every Ga-Sn-O sample and the
procedure implemented to determine the band gap accurately. In this case, the modified Tauc
equation has been implemented to calculate the band gap of the Ga-Sn-O materials.
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Equation 3.3. Modified Tauc Equations
Here, α, h, υ, Eg, F(R), and A represent the absorption coefficient, Planck’s constant,
incident photon frequency, optical band gap, Kubelka−Munk function, and fitting constant,
respectively. We used n = 12 for calculating the allowed direct transition energy in the electronic
band structure. The Tauc plots (Figure 3.11), [F(R)* hν]2 vs hν, are typically used to determine
the direct band gaps of Ga2O3-based compounds. In the present case of Ga-Sn-O compounds, the
band gap values were calculated by extrapolating the linear portion of these curves to zero
absorption (x-axis), as shown in Figure 3.11. It can be noted that the band gap determined from
these plots exhibits a gradual decrease with increasing Sn concentration.

Figure 3.11. Tauc plots of the Ga-Sn-O materials. The plots were made using the Kubelka−Munk function, derived
from the reflectance data, shown in Figure 3.10, of the corresponding Ga-Sn-O samples.
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The optical absorption behavior in these Ga-Sn-O materials becomes very interesting,
particularly for a higher Sn content(x). To illustrate the scientific importance, we consider the
data for the highest concentration (x = 0.3), as seen in Figure 3.12, which represent the Tauc
plots of the Ga Sn-O samples for x = 0.30. Unlike the single-phase Ga-Sn-O materials (for x ≤
0.15), it is remarkable to note that the absorption data show two bands. The β-Ga2O3 dominant
phase shows a strong band edge absorption at ∼4.5 eV, which corresponds to the reduced band
gap of β-Ga2O3. On the other hand, there is a sub-band transition (see, inset Figure 3.12) at lower
energy. The Tauc plot analysis, as presented in the inset of Figure 3.12, indicates that the band
gap is at 3.62 eV, which corresponds to the segregated SnO2 phase. The variation in the band gap
as a function of Sn concentration in the Ga-Sn-O compounds is presented in Figure 3.13.

Figure 3.12. Tauc plots of the Ga-Sn-O samples with the highest Sn concentration (x = 0.30). β-Ga2O3-dominant
phase shows band-edge absorption around 4.5 eV, whereas another secondary transition is seen at
3.62 eV, which corresponds to the SnO2 crystals
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The chemistry behind the band gap variation (Figure 3.13) in the Ga-Sn-O compounds
can be understood as follows. The band gap of pure Ga2O3 is ∼4.75 eV, which is in good
agreement with the literature values reported for Ga2O3 bulk or polycrystalline materials.
32]

[9, 16-22,

In intrinsic β-Ga2O3, the valence band edge is dominantly formed by the O-2p orbitals, while

that of the conduction band is primarily formed by the Ga-4s orbitals. However, the effect of
hybridization becomes the important process governing the electronic structure changes upon Sn
incorporation. Based on the XRD data and related analyses because the formation of singlephase compounds occurs for lower x values, the substitutional nature of Sn without disturbing
the monoclinic structure of Ga2O3 is possible up to a certain level of Sn concentration. This can
be understood from the considerations of the Shannon ionic radii of Ga and Sn. The ionic radii of
Sn4+ (0.67 Å) ions closely match with those of Ga3+ (0.62 Å) ions. Therefore, Sn4+ ions can be
substituted at the Ga site, which can replace Ga3+ ions in β-Ga2O3. In fact, based on the
experimental and theoretical investigations, it is well established that in monoclinic β-Ga2O3,
where Ga atoms occupy both octahedral and tetrahedral sites, Sn4+ ions prefer to substitute only
those Ga ions in octahedral sites.[68, 70, 78, 96, 97] Varley et al. predicted such a sire preference for
Sn4+ ions using the first-principles calculations.[96] Recently, Siah et al. performed advanced Xray absorption studies, where two different possibilities in which Sn atoms can be incorporated
into the monoclinic β-Ga2O3 host lattice were considered, and concluded that there the Sn4+ ions
preferentially substitute Ga ions at the octahedral site.[97]
Therefore, as revealed by the XRD data and refinement procedures, the Sn incorporation
into β-Ga2O3 proceeds by the substitution of the dopant Sn4+ ions at the Ga3+ lattice sites.
However, the difference in the ionic radii of Sn4+ and Ga3+ induces lattice distortion, as noted
in XRD analyses. Under such conditions, and as permitted by the solubility limit, no
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Figure 3.13. Variation of the band gap with Sn concentration in the Ga-Sn-O materials.

perturbation to the parent crystal structure, that is, the monoclinic structure of β-Ga2O3, is seen
for Sn incorporation. Therefore, for single-phase Ga-Sn-O compounds, the electronic structure
changes occur because of the Sn ions substituted for Ga ions. As such, the redshift observed in
the band gap can be explained based on the sp-d exchange interaction (see, Figure 3.13) between
the valance-band electrons and localized d electrons of Sn in Ga2O3.

CHAPTER 3.3.2: NONLINEAR OPTICAL ACTIVITY
All four Ga-Sn-O showed a few, small (5−30 μm size) SHG-active regions distributed
sparsely throughout each sample. Figure 3.14 is a representative image. As a second-order
nonlinear optical process, SHG intensity is proportional to the square of the laser intensity
incident on the sample. Further supporting the interpretation of the observed signal as SHG,
double-log plots of SHG intensity vs power (Figure 3.15) show a maximum slope in the range of
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Figure 3.14. Representative SHG microscopic images. (a) x = 0.3, (b) x = 0.15, (c) x = 0.05, and (d) x = 0

1.6 - 2 in the unsaturated region of the curves, as expected for the quadratic SHG−power
relationship. The presence of the SHG signal suggests that these isolated regions contain material
of a noncentrosymmetric structure, while the surrounding material is centrosymmetric. SHG
could also occur if the material has a broad centrosymmetric structure but a broken symmetry
locally within the SHG regions. Because β-Ga2O3 crystals are in the monoclinic C2/m space
group, most likely, these SHG-active regions are due to the local broken symmetry.[98, 99]

Figure 3.15. Double-log plot of SHG intensity vs laser power of the Ga2−2xSnxO3 series (x = 0.3, x = 0.15, x =
0.05, and x = 0).
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The SHG signal depends on the incoming laser electric direction and the crystal structure
orientation. Therefore, while rotating the laser beam polarization, the SHG signal intensity
changes accordingly. Two distinct shapes (dipolar and quadrupolar) were observed in such SHG
polar plots (Figure 3.16). The quadrupolar plots generally show two strong lobes and two weak
lobes perpendicular to the axis of the strong lobes. As demonstrated in an earlier work, the SHG
polar image can resolve the wurtzite (dipole) and zinc blende (quadrupole) phases on a single
GaAs nanowire.[100, 101] Such varying polar plots indicate varying local symmetries/phases of GaSn-O samples. Experimental studies on local crystal structures and theoretical investigations of
local χ(2) nonlinear susceptibility tensor can explain this interesting phenomenon.

a

b

c

d

Figure 3.16. Polar plot of SHG intensity vs laser polarization. The distance from the origin represents SHG
signal intensity, and the polar angle represents electric-field polarization. (a) x = 0.0, (b) x = 0.05, (c) x = 0.15, and
(d) x = 0.30.
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CHAPTER 3.3.3: HYDROGEN EVOLUTION REACTION
Transition/post-TM oxide- based catalysts are now attracting attention for efficient
energy conversions, especially for hydrogen evolution reaction (HER), because of the
advantages of compositional diversity, flexible tunability, low cost, and abundant availability.[101]
Among them, Ga2O3-based materials have gained attraction as photocatalysts because of their
wide band gap, but their application as electrocatalysts still remains less explored. Generally, the
performance of an electrocatalyst is greatly influenced by the active site density via the
incorporation of dopant material, by introducing an interstitial defect, or by enhancing the
surface area. Previous studies indicate that Sn doping can enhance the electrocatalytic properties
because of improved active sites and accelerated electron transfer. [102,

103]

Here, we have

investigated the catalytic activity of different percentages of Sn doping in Ga2O3 toward HER.
Figure 3.17 represents the HER activity of the as-synthesized catalysts, which was investigated
using a three-electrode setup in a 0.5 M H2SO4 medium. As evident from the figure, the pristine
Ga2O3 did not exhibit any electrocatalytic activity in the given range similar to the previous
reports.[14,

75]

However, all Sn-doped samples demonstrated considerable electrocatalytic

performance with the highest activity demonstrated by GaSnO-15%, with an onset potential of
−0.71 V and an overpotential of −0.80 V for 20 mA/cm2. It is important to note that the dopant
percentages of Sn play a crucial role in enhancing the HER performance of the materials
prepared. The increase in the dopant percentage from 5 to 15% increases the number of active
sites in the sample as well as its conductivity, resulting in enhancement in the observed catalytic
activity. However, as the dopant percentage was increased beyond 15%, we observe a decrease
in the electrocatalytic performance. This can be attributed to the structural changes in the sample,
as apparent from the phase separation observed in the XRD data.
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Figure 3.17. Linear sweep voltammetry curves in the 0.5 M H2SO4 solution at a scan rate of 5 mV/s

It is well known that the value of the Tafel slope has an important influence on the HER
as it determines the rate of the reaction. Hence, to gain further insight into the catalytic
performance, Tafel slopes of all the catalysts were calculated using the following equation:

Equation 3.4 Tafel slope equation
where η is the overpotential, b is the Tafel slope, and J is the current density. An electrocatalytic
material with a smaller value of the Tafel slope is considered a better electrocatalyst because it
increases hydrogen generation with a higher rate and an increase in the potential. The lowest
Tafel slope is exhibited by Ga-Sn-O 15% with a value of 98 mV/dec, confirming its superior
activity as well as better catalytic kinetics over other dopant percentages (Figure 3.18). Based on
the abovementioned analysis, the appreciable HER performance of Sn-doped Ga2O3 with an
optimum dopant percentage can be attributed to the increased number of active sites as well as
the conductivity of the sample.
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Figure 3.18. Tafel plots of Ga2O3with different Sn-doping ratios.
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CHAPTER 4: PRESENT WORK
This chapter will cover the present work done on Ga-Sn-O compounds, with special
interest in the relationship effect between a varying synthesis temperature and the structural
properties of the compounds.

Chapter 4.1: Varying Temperature Synthesis
The present work is motivated by the presence of Sn segregation found on SEM imaging
of Ga-Sn-O doped samples that were heat treated at a lower temperature (1000 °C and 1100 °C).
In Figure 4.1 we can appreciate apparent Sn segregation at low concentration Ga-Sn-O
compounds.

20 µm

20 µm

Figure 4.1 Ga-Sn-O x = .05 (left) and x =.10 (right)

This apparent segregation was later confirmed performing a Line Scan EDS mapping of
the area where the separate whiter particles were located at. The red area in Figure 4.2 represents
the Sn found on the line mapped. Following the confirmation of the segregation and comparing it
with the results from the other characterization work on Chapter 3, a theory that the temperature
at which the solid reaction route occurred, heavily affected the solubility limit present on the GaSn-O compound. This relationship could also mean that the chemical, electrical and optical
properties of this compounds could be further tuned without engaging in Sn phase separation.
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Figure 4.2 EDS Line Scanning of Ga-Sn-O x= 0.05

Ga-Sn-O compounds for Sn concentrations of x = 0.10, 0.15 and 0.30 were prepared via
the solid-state reaction route and heat treated with a calcination temperature of 1100 °C, this
powder mixture was then sintered at 1250 °C, 1350 °C and 1450°C. This samples were then
processed through characterization analysis to compare the effect of temperature on structural
and optoelectronic properties.

Chapter 4.2: Varying Temperature Results
The 3 newly synthesized compounds underwent characterization to compare with the low
temperature mixture. XRD, SEM and DRS was performed to understand the structural and
chemical effect of a varying temperature.
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CHAPTER 4.2.1: X-RAY DIFFRACTION RESULTS
Figure 4.3 shows the XRD patterns of 4 Ga-Sn-O x = 0.10 compounds with temperatures
from 1100 up to 1450 °C. In this figure we can appreciate that the Sn associated peaks are
present at the samples with a temperature of 1100 and 1250 °C, the Sn peaks begin to lower in
intensity as the temperature increases up to the point where they are not visible in the sample
heated at 1450 °C.

Ga

0.10 (1100)

*

Sn *

*
*

0.10 (1250)

0.10 (1350)

0.10 (1450)

10

20

30

40

50

2q (deg)
Figure 4.3 XRD patterns for Ga-Sn-O x= 0.10 at different temperatures
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Similarly Figure 4.4 3 shows the XRD patterns of 4 Ga-Sn-O x = 0.15 compounds with
temperatures from 1100 up to 1450 °C. In this figure we can appreciate that the Sn associated
peaks are present at the samples with a temperature of 1100 1250 and 1350 °C, this is congruent
with the data presented in Chapter 3. The Sn peaks begin to lower in intensity as the temperature
increases and they are still non apparent at the sample with the highest temperature.

Ga

0.15 (1100)

*

*

Sn *

*

0.15 (1250)

0.15 (1350)

0.15 (1450)

10

20

30

40

50

60

2q (deg)
Figure 4.4 XRD Patterns for Ga-Sn-O x= 0.10 at different temperatures
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Finally, Figure 4.5 shows the XRD patterns of 4 Ga-Sn-O x = 0.30 compounds with
temperatures from 1100 up to 1450 °C. In this figure we can appreciate that the Sn associated
peaks are present at all samples, this time showing an opportunity of the solubility limit to be
increased with increasing temperature.

Ga

0.30 (1100)

*

Sn *

*

*

*

0.30 (1250)

0.30 (1350)

.30 (1450)

10

20

30

40

50

2q (deg)
Figure 4.5 XRD Patterns for Ga-Sn-O x= 0.10 at different temperatures
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CHAPTER 4.2.2: SCANNING ELECTRON MICROSCOPY RESULTS
The powder mixtures were processed into pellets with a size of 8 mm in diameter and a
thickness of 2 mm. This pellets where then analyzed using SEM imaging to corroborate the
relationship between Sn segregation and synthesis temperature.
1350 °C

1450 °C

0.30

0.15

0.10

1250 °C

Figure 4.6.

SEM imaging for Sn concentration x = 0.10, 0.15 and 0.30 samples synthesized at different
temperatures

Figure 4.6 shows all SEM images for the full set of samples, there is very little amounts
of apparent Sn segregation on the samples, there are very small particles that contrast with the
other larger particles seen on the SEM.
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CHAPTER 4.2.3: OPTICAL PROPERTIES
DRS data for all varying temperature samples, this UV-Vis data was later converted in to
Tauc function to obtain the bandgap based on the effect that temperature has on optical
properties of the compounds.
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Figure 4.7. UV-Vis data for all samples at all varying temperatures

From the UV-vis data we see that the concentration of Sn creates a separate curve on the
UV-Vis data and this curves influence gets smaller as the temperature increase, this will have a
clear effect on the bandgap recorded for these compounds. Figure 4.8 shows the relation between
the concentration and temperature effect on the compound bandgap, from this information we
understand that low temperature synthesized compounds invalidate the previous Sn effect
reported on the intrinsic Ga2O3 as the bandgap remains in high values of around 4.7 eV. On the
other hand, increasing temperatures do show a decrease in bandgap. Although this agrees with
the results from chapter 3, we can also see that all samples above 1100 °C have a very similar
bandgap when a concentration of x =.10 is introduced in to intrinsic Ga2O3. Another interesting
finding is that both the 1350 °C and 1450 °C heat treated samples have the same bandgap at the
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highest concentration of Sn, this could mean that the solubility limit has been reached and the
bandgap would not be affected having 1450 °C as the highest past that concentration.

4.70

BandGap (eV)

4.65

1100
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1350
1450

4.60
4.55
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4.45
4.40
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0.10
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0.20

0.25

0.30

Sn Concentration (x)
Figure 4.8. Variation of the bandgap with Sn concentration and varying temperature
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CHAPTER 5: CONCLUSION AND FUTURE WORK
CONCLUSION
Finally, to summarize the findings and provide a road map to consider Sn-doped βGa2O3 for practical applications. When doped, mixed, or alloyed, depending on the solubility
limit Sn ions substitute at the Ga site and form the single-phase Ga-Sn-O compounds, the
materials become nonlinear-optical-active as well as electrochemical active. At higher Sn
concentrations, Ga2O3− SnO2 composite formation occurs because of the segregation of the
secondary SnO2 phase. Thus, the solubility limit of Sn in Ga2O3 is very limited; however, this is
already more than sufficient to play with chemical tuning to tailor the electronic structure as well
as optical and electrochemical properties. Clearly, the demonstrated activity in the Ga-Sn-O
compounds

for Sn-incorporation is

the signature of

chemical

composition-induced

electrochemical activity because such activity was absent in intrinsic Ga2O3. However, although
it improved with increasing Sn concentration, the deterioration of the electrochemical activity at
higher Sn concentrations (x ≥ 0.15) clearly indicates that it is not only dependent on the Sn
incorporation but also depends on the phase. The present work also opens the possibility of
increasing this solubility limit by increasing the temperature at which the Sn is introduced into
Ga2O3 via the solid-state reaction route. The current work was limited to a temperature of 1450
°C due to equipment constraints, but the high melting point of SnO2 (1650 °C) makes the
possibility of tuning Ga-Sn-O compounds for electrochemical and optoelectronic applications
much higher.
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FUTURE WORK
Based on the results of the present work, the following avenues can be taken for future research:
1) Ga-Sn-O showed promise for electrochemical applications.
2) The solubility limit at different synthesis environment could be explored.
3) Ga-Sn-O showed some SHG activity, suspected to be for phase deformation, this could also
be further explored.
4) The electrical properties of this solid-state route compounds have not been explored.
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