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ABSTRACT: The effects of thermal annealing on the crystal chemistry,
crystallization process, index of refraction, mechanical properties, and electrical
characteristics of nanocrystalline Ga,O5 films was evaluated. Ga,O; thin films were
sputtered onto Si(100) substrates at 500 °C utilizing a Ga,O; ceramic target, while
postdeposition thermal annealing was performed between a range of 500—900 °C.
Both structural quality and packing density of the Ga,O; films was improved by
the thermal annealing as indicated by the X-ray diffraction and ellipsometry
studies. The atomic force microscopy analysis indicates that the annealing
temperature has a dramatic effect on surface roughness, especially when the
annealing temperature exceeds 700 °C. Corroborating with structure and
morphology changes, the high values of hardness and elastic modulus are noted
for Ga,O; films annealed at higher temperatures (800—900 °C). Index of
refraction (n) and extinction coefficient (k) results, and their dispersion profiles
indicate that the annealing temperature strongly influences the optical properties.
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The refractive index values vary in the range of 1.78—1.84 (632 nm) because of the gradual improvement of structural quality,
texturing, and packing density upon thermal annealing. A correlation between annealing temperature, optical characteristics, and

electrical characteristics in Ga,O; films is established.

B INTRODUCTION

Gallium oxide (Ga,O;) is a wide band gap oxide and is
potentially applicable in a variety of technological applications
ranging from electronics and electrooptics to photonics,
catalysts and integrated sensors.' "> Ga,O; is the second
material with as wide band gap as ~4.9 eV.'"'* Ga,0,
demonstrates multiple structures, potentially useful material
properties, as well as chemical and thermodynamic stabil-
ity."*7'° These properties lend themselves to the application
of Ga,0O; thin films and nanostructures in numerous fields,
such as high-temperature sensors,” electronics,'*™ "> lumines-
cent phosphors, antireflective coatings,15’16 lithium batteries,"”
and solar cells.">'® Additionally, gallium oxide exhibits
polymorphism, namely, the a, 3, , 6, and & phases of Ga,0;
are well-known.'”'®'” Of particular interest is monoclinic /-
Ga,0; which is thermally stable with a predicted high
breakdown field strength of 8 MV/cm.'”"® The high thermal
stability of 5-Ga,0Oj is a useful property for the development of
high-temperature chemical sensors.”” These types of sensors
can be readily used in automotive and power generation
industries.”” Ga,03-based materials also exhibit high-temper-
ature stability, coupled with deep ultraviolet transparency,
making them candidates for extreme environments chemical
sensors and for transparent electrodes in UV optoelectronics,
and thin-film transistors.*”*° To utilize this material in these
technological applications, the basic understanding of
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crystallography, surface/interface structure, chemistry and
properties, and establishing structure—property relationship
are the keys to control the properties and enhance the ultimate
device performance of Ga,O; films.

Thermal annealing at the postfabrication stage is common in
the utilization of electronic materials for practical device
applications.”' *° Furthermore, it is widely accepted that
thermal annealing strongly influences the microstructure and
properties of oxide-based electronic materials.”' ™>° In fact, a
great number of efforts were directed in the literature toward
understanding the effect of annealing atmosphere, such as
nitrogen or oxygen, and annealing temperature on the physical,
mechanical, chemical, and electronic properties of Ga,0;
films.>*~3° For instance, semiconductor-to-insulating electronic
transformation was reported for Si-doped $-Ga,Oj; films when
annealing was performed at 800—850 °C in O, atmosphere.”®
In the majority of previous studies, it was reported that the
oxygen vacancy concentration and carrier concentration
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decrease after thermal annealing of -Ga,O; single crystals.”*
Note that intrinsic Ga,O; displays n-type conductivity while
the electrical properties can be tuned by suitable dopants into
Ga,0;. Metal—organic chemical vapor deposition (MOCVD)
Ga,0; films were observed to possess an amorphous-to-
crystalline structural transformation with superior crystalline
quality and surface smoothness when annealed at 900 °C.*"*’
Because of improved crystalline quality, the annealed MOCVD
Ga,0; films also minimized the optical band gap while
displaying high transparency.””*’

Zhaoqing Feng et al. made use of laser-assisted molecular
beam epitaxy (MBE) to deposit $-Ga,O; thin films at 600
°C.”” The MBE f-Ga,0; epilayers were annealed at varying
temperatures durations in air and oxygen.”” Annealing at 800—
900 °C for 30 or 60 min led to the samples becoming close the
P-phase Ga,0;, while exposure to higher temperature or
extended durations led to fully compromised crystal quality.”
The annealed epilayers experience a red-shift of absorption
edge compared to the nonannealed samples, where in-plane
compressive strain relaxation during thermal annealing was
thought to be the cause of the bandgap differences. The
authors also claimed that, after annealing in air and O,
atmospheres, the nonstoichiometric GaO,, phases are reduced
and a full conversion to Ga,0; is experienced, that is
accompanied by the oxygen vacancy concentration decrease.”
High-temperature annealing in the O, atmosphere is
considered the reason for the larger photocurrent in the
oxygen annealed devise as such an atmosphere promotes j-
phase Ga,0Oj; recrystallization. The annealing of the $-Ga,0;
films grown by anodic oxidation of n-GaAs wafers induces a
phase evolution sequence.”* When annealed in an argon
atmosphere at temperatures of 600 and 900 °C, for 30 min, the
reaction tendency was observed to be fully different.”® The
gallium oxide films with no thermal treatment react readily
with acids confirming the presence of the a-phase.”® The
gallium oxide films annealed at 600 °C dissolved in a
hydrochloric acid solution, and the films annealed at 900 °C
did not react with the acids.”® Also, after annealing at 600 and
900 °C, the electrical conductivity of Ga,O; films increased
and the voltage growth decreased from 80—90 to 4—6 V.*°
The annealing of pulsed laser deposition (PLD) deposited /-
Ga,0; films on (0001) oriented sapphire substrates indicate
the films were polycrystalline with preferential orientation
along [401].*° The films were of the same composition, no
matter the different temperatures of annealing. The film
annealed at 800 °C display greater surface smoothness and
comparatively larger crystallite size.”> The film annealed at
1000 °C show surface lateral feature size enhancement. These
films are strain free and have a [40—1] orientation.”” The high-
temperature annealing results in an Al diffusion from the
sapphire substrate.*’

This brief review and analysis of the literature clearly
indicates that the structure, morphology, optical, and electrical
properties are dependent on the origin of film deposition and
conditions employed for annealing. Specifically, it can be
conclusively noted that the annealing atmosphere and the
annealing temperature, along with the time of annealing
strongly influence the crystal structure, texturing, chemical
composition, electronic and optical properties, which ulti-
mately decide on the performance the f-Ga,O; films when
integrated into device applications. However, most of the
previous studies were performed on the Ga,O; single crystals.
The information available on the thermal annealing effect on
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the nanocrystalline $-Ga,O; films is meager. Specifically, the
efforts directed and information available on the sputter-
deposited nanocrystalline -Ga,O; films is scanty. Therefore,
the purpose of this was work was to understand the effect of
thermal annealing on the structural, optical, and electrical
properties of sputter-deposited nanocrystalline }-Ga,O; films.
The efforts were directed to understand the growth and
crystallization behavior and thus to derive enhanced ability for
manipulation with the specific crystal structure and phase while
optimizing the conditions to obtain desirable properties for the
integration of Ga,0; films in electronic device applications.
Results are presented and discussed in this article to establish a
relation between annealing temperature, crystal structure,
crystal growth behavior, optical constants, surface morphology,
and electrical characteristics.

B EXPERIMENTAL SECTION

Sample Fabrication. Radio-frequency sputtering was used to
deposit nanocrystalline Ga,O; films were fabricated on silicon (Si)
(100) wafers.">" The deposition procedures and experimental
conditions established for the fabrication of amorphous and
nanocrystalline Ga,0; films with desired stoichiometry have been
reported elsewhere.”*" Briefly, and for clarity purpose, the details of
the experimental procedures are outlined below. Si(100) substrates
were thoroughly cleaned with adopted procedures and finally with dry
nitrogen.”*" The chamber was subsequently evacuated to a base
pressure of ~107® Torr in preparation for deposition. A Ga,O;,
ceramic target (Plasmaterials, Inc.), of 2 in. diameter and 99.999%
purity, was employed for the sputtering."”>**' The Ga,O; target was
mounted on a 2 in. sputter gun, located a distance of 7 cm from the
substrate. 40 W was initially applied to target during the introduction
of high-purity argon (Ar) gas into the chamber to induce plasma
ignition. Once a steady plasma stream was achieved, target power was
gradually increased to their respective sputtering power for final
deposition. Ar and oxygen (O,) flow rates were controlled via MKS
mass flow meters."*! Presputtering was done on the target for 15—20
min with a closed shutter above the gun. A total deposition time of 3
h was kept constant for each samples at sputtering power of 100 W to
produce the films. The samples were deposited at substrate
temperatures (T,) S00 °C, the optimum temperature to induce
nanocrystalline f-phase Ga,O; films."*' To ensure uniform surface
coverage, the substrate was kept constantly rotated during the
deposition. Each sample was subsequently annealed for 1 h between
600 and 900 °C in the air.

Characterization. X-ray Diffraction (XRD). Grazing incidence X-
ray diffraction (GIXRD) was used for crystal structure analysis of the
Ga-oxide films. A Bruker D8 Advance device utilizing Cu Ka radiation
(A =1.54 A) was used for the room temperature measurements. The
grazing incident angle was fixed to 1° for the incoming X-ray beam to
focus on studying the surface and layers of the films."***" The
detector scanned from 10° to 67° at a rate of 0.5 s/step.

Atomic Force Microscopy (AFM). The surface morphology of as-
deposited and annealed Ga,O; films was examined utilizing atomic
force microscopy (AFM). The experiments were performed to derive
the Ga,O; film surface morphology characteristic parameters, namely,
the average surface roughness (R,), root-mean-square roughness (Rq),
ten point average roughness (R;), and the third highest peak to third
lowest valley height (Ryz).>%?' 7% The details of experimental
procedures employed for thin metal/oxide film surface character-
ization were reported previously.’>*"** All the AFM experiments
were performed (Ntegra, NT-MDT, UK) in contact mode after
double sided tape was employed to mount the samples on sapphire
substates. The AFM measurements made use of probes with a 0.01—
0.5 N/m force constant (NT-MDT CSG/10). Any actual surface
imaging analysis of Ga,O; films was done multiple measurements
were taken to ensure the probe tip quality. Tip quality was of
particular concern and was qualitatively assessed by examination of
the resultant images for clarity and artifact presence. The instrument
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manufacturer supplied standards were employed for calibration. The

average surface roughness of the Ga,O; films was calculated using the
)

using

1 L
R,=— /0 1Z(x)ldx )

in which Z(x) is the function describing the surface profile analyzed in
terms of height and position (Z and «x, respectively) over the
evaluation length L. Surface roughness, that is, variations in height, is
measured either along a single line, or along a set of parallel line
profiles. R, is the arithmetic average of the absolute values of the
surface height deviations measured from the mean plane.>' ~* For the
this experiment’s analysis each 500 nm X 500 nm image has 65 536
sampling points. R, represents is the standard deviation of the
variance from the mean plane from the image sampling points. The
symmetry of distribution is characterized by Surface skewness (RSK).
Skewness and kurtosis parameters play a vital role in understanding
surface characteristics. R, and R, are primarily used for classifying
surfaces of the same type and that are similarly manufactured.

Nanomechanical Characterization. The hardness (H) and
reduced elastic modulus (E,) were obtained for the as-deposited
and annealed Ga,Oj films by nanoindentation tests (Hysitron T1750
Tribo nanoindentor). We adopted the procedures established in our
laboratory*>** combined with standard practices existing in the
literature.>* These approaches are quite successful for determining the
H and E, values of metal and oxide thin films.** A triangular pyramid
Berkovich diamond indenter with a normal angle of 65.3° between
the tip axis and triangular pyramid faces was used for the
nanoindentation. The effective size of the apex was approximately
100 nm. The system was set to and automatically performed seven
indents*® on the sample. The indent pattern took the shape of an “H”
with three on each side and one central indent. This simple pattern in
recommended for indenter tip calibrations, where the “H” pattern will
be performed on fused quartz with indents spaced 15 pm apart for
low load systems. The load versus displacement curves and
indentation patterns are compared with the original probe calibration
sheet supplied with each probe. The mechanical characteristics, H and
E, where calculated using the Oliver and Pharr method®* with the
help of loading and unloading curves. The elastic modulus (E,) can be
calculated by finding the stiffness (S) of the film, using the slope of
the unloading curve, via the following relation:>*

Y2 S
o2 JA (2)

A is the area of contact at peak load. Hardness is found using the same
value for the area of contact along with the maximum load (P,,,,):

P

max

A

" 3)

Determining the maximum indentation depth not in excess of 10%
of the total film thickness was done with a series of initial load-
controlled indentation tests.>>** This is done to avoid the substrate
effects® and obtain the reliable mechanical properties of Ga-oxide
films. Additionally, to account for the statistical data and reliability, a
total of 17 indents at a selected load of 250 uN L were performed at
0.2 s7' strain rate, and then, the average H and E, values were
calculated for each sample. The final averaged H and E, values were
considered to further analyze the thin film mechanical behavior.

Scratch Testing. Adhesion to a chosen the substrate is one of the
primary characteristics determining the coating quality and life
endurance for any nanoscale film or coating.® To this end film
adhesion was analyzed by nanoscratch testing (Hysitron T1750 Tribo
nanoindentor). Testing was performed at room temperature under
continuously increasing load increments from 0 to 8000 uN utilizing
the same standard triangular pyramid Berkovich diamond indenter tip
as the nano indention testing.‘}’3 Total scratch length was 16 ym with a
scratch speed was 0.18 ym/s.

Spectroscopic Ellipsometry. Spectroscopic ellipsometry (SE) was
used to determine the optical properties as well as the surface/
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interface characteristics.”® A and  were determined over a
wavelength range of 200—1600 nm at 300 K in the air using a J. A.
Woollam vertical variable-angle spectroscopic ellipsometer in
conjunction with a computer controlled Berek wave plate
compensator (J.LA. Woollam Co, Lincoln, NE). 60°, 65°, and 70°
were utilized as the angles of incidence for the measurements.”® Post
analysis of the ellipsometry data performed using commercially
available WVASE32 software.*®

The sample microstructure and optical ?roperties can be related to
the SE measured angles as defined by** ™’

p=R/R;=tan¥ exp(iA) (4)
where R, is the complex reflection coefficients of the light polarized
parallel to the ;)lane of incidence, while R, is the light perpendicular to
the plane.*>™*” The Levenberg—Marquardt regression algorithm was
used to minimize the mean-squared error (MSE):*

}2

2
1 c (lPexp - chalc)
2 e +
2N - M oy
©)
Yo Pee and A

i=1
In the formula, ¥, expr Deac are the measured and
calculated ellipsometry functions.*® N represents number of measured
¥, A pairs, while the number of fitted parameters in the optical model
is given by M, and finally, ¢ represents the standard deviations of the
data points.> Also, to account for the optical inhomogeneity, multiple
measurements and analyses were made to determine the degree of
inhomogeneity in these oxide films deposited by sputtering. We used
the standard procedures established and the variation in index of
refraction reported is An = +0.01.

Electrical Characteristics. Resistivity of the samples was measured
using the four-point Van der Pauw method. This made use of four
electrical contacts on the sample constructed with a two part
conducting epoxy and silver wires.*® Eight different combinations of
the four contact points on the sample were used to find voltage and
current, that is, in the first set of measurements, current is applied to
one arbitrarily chosen pair of electrodes and voltage is measured
across the remaining two electrodes with the process being repeated
for other contact configurations.® A Keithley 220 programmable
current source supplying a current of 2 mA was used. To measure the
voltage, a Keithley 196 sensitive digital voltmeter was used, while a
196 DMM system was used to read the intervening currents.*® To
switch between contacts a Keithley 2001 switch. A LABVIEW data
acquisition system via the IEEE-488 GPIB for automatic data
recording was used to take data from the respective meters.”® The
Van der Pauw principle, which takes into account the sample
thickness, the shape factor, and other limitations, was used to
determine the final resistivity.*®

(Aexp - Acalc)

exp
O,

MSE =

B RESULTS AND DISCUSSION

Surface Morphology. The AFM patterns of as-deposited
and annealed Ga,Oj; films are shown in Figures 1—3. Figure 1
depicts topographic images of the thin films morphology while
the corresponding grain area analysis is illustrated in Figure 2.
The surface roughness and grain histograms are shown in
Figure 3, respectively. The morphology of the nanoparticulate
film surfaces for as-deposited Ga,0; films demonstrate
conically shaped grains distributed uniformly over the film
surface of the intrinsic Ga,O; films while the root-mean-square
surface roughness value was ~1 nm. These reported AFM
values for intrinsic Ga,O; films are in excellent agreement with
those reported in the literature.®” It is clear from results
presented here that increasing the annealing temperature
produces substantial changes in the surface morphology of the
Ga,0; films. The increasing grain size and surface roughness
values of the Ga,O; films exhibit a clear dependence on the
annealing temperature (Figure 3). Also, as noted in Figure 3a,

https://dx.doi.org/10.1021/acs.cgd.9b01130
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Figure 1. AFM morphology micrographs of Ga,O; films as a function
of annealing temperature.

Figure 2. AFM grain analysis micrographs of Ga,O; films as a
function of annealing temperature.

the average roughness (R,) is well correlated with the root
mean square (Rq). The surface roughness increases with
increasing temperature until a temperature of 800 °C, and at
this point, there is a large decrease in surface roughness. One
can see from the grain area histogram (Figure 3b) that,
between 700 and 800 °C, there are competitive bimodal phases
contributed to grains of different areas in contrast to grain
analysis on as-deposited films and those annealed at the
highest annealing temperature (900 °C), where a much more

consistent distribution of grains appears. The single numerical
parameters, R, and R, are useful to classify the same type of
surfaces which have been produced using the same method.
The annealing temperature has a dramatic effect on surface
roughness, especially when the annealing temperature exceeds
700 °C. While these results agree, in general, with results
reported in literature for Ga,O; films fabricated by physical
methods, differences arise due to the differences in synthesis
conditions adopted for deposition, substrate materials, and
physical parameters (thickness, density, etc.). For instance,
while the noted trend is very similar to annealing behavior of
polycrystalline Ga,O; films made by anodic oxidation of n-
GaAs wafers,”® there are significant difference in the observed
values of roughness values and grain size and shapes. The
Ga,0; anodic films exhibit linear grain sizes, where grains were
in the form of squares with a side length of 600—700 nm.*
After annealing, Ga,O; anodic film roughness increased to
100—120 nm, which exceedingly higher compared to sputter-
deposited films. While the trend is similar, the differences are
primarily attributed to the preparation methods, that is, anodic
oxidation under oxygen plasma versus sputter deposition under
reactive conditions. The later results in more finer grains while
Ga,0; anodic films tend to result in larger or microsize grains
rather than nanoscale dimensions. On the other hand, our
results closely agree with those reported for Ga,O; films made
by pulsed laser deposition. Similar to sputter-deposited Ga,0;
films, PLD Ga,0; films were also of the same composition, no
matter the different temperatures of annealing.’® The PLD
Ga,0O; films annealed at 800 °C exhibit a smoother surface and
relatively larger feature size.’® Similar to PLD Ga,O; films, the
sputter-deposited films also attain the maximum grain size and
lower surface roughness for annealing at 800—900 °C.
Crystal Chemistry, Crystal Growth, and Mechanism.
Figure 4a shows the GIXRD patterns for the both the as-
deposited and annealed Ga,0; films. The results indicate
annealing temperatures play a substantial role in determining
crystal structure. The as-deposited nanocrystalline Ga,0;
sample corresponds to the monoclinic f-phase (space group
C2/m). The XRD peaks, due to diffraction from crystal planes
of (—201), (400), (002), and (—204), which correlate to 20
values of 18.95, 30.05, 31.74, and 64.17, in accordance with
JCPDS (00-043-1012)." Significant changes are not visible in
the XRD patterns until temperatures of 700 °C. The peaks
become shaper with an intensity increase in addition to the

appearance of (104), (113), and (—211) peaks. This
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Figure 3. AFM surface roughness analysis and correlation between roughness and temperature (a) and grain analysis histograms (b).
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Figure 4. (a) XRD patterns of as-deposited and annealed Ga,0; films.
(b) Variation of crystallite size and microstrain in the Ga,O; films. (c)
Arrhenius plot of crystallite size versus temperature.

observation indicates the thermally induced crystallization
leading to further structural evolution in the sputter-deposited
Ga,0; films. Further increase in the annealing temperature to
900 °C induces texturing of the Ga,0Oj; films, as can be seen in
XRD data (Figure 4a). The peak intensity for (400) and
(—201) reflections increases with thermal annealing indicating
the preferential growth or texturing of the Ga,O; films.
Specifically, the (400) peak intensity increases considerably
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while the peak becomes narrower with a noticeable reduction
in full width at half maximum (fwhm) indicating a higher
crystallinity. The results are in general agreement with those
reported for MOCVD Ga-oxide films.*>*”** Those samples
exhibited an amorphous-to-crystalline structural transforma-
tion with improved crystalline quality and a smoother surface
structure with an annealing temperature of 900 °C.*>*
Similarly, under thermal annealing, PLD f-Ga,O; films on
sapphire substrates also exhibited the typical behavior of
polycrystalline nature and texturing upon annealing at
temperatures of 800—1000 °C, although annealing at the
high end of this temperature range resulted in Al diffusion from
the substrate.*® Thus, from the results presented in this work,
in conjunction with previous results available in the literature,
it can be conclusively stated that the thermal annealing at
higher temperatures 800—900 °C induces crystallization and
introduces changes in the crystallite size and morphology.

To understand the effect of thermal annealing on
crystallinity and crystal growth, the average crystallite size of
the sputter-deposited nanocrystalline Ga,O; films is calculated
using the Scherrer’s equation™’

094
p cos O

(6)

where d represents the average crystallite size, the angle of the
peak is 6, 4 is the wavelength of X-rays, and S is the width of
the peak at its half intensity. The intense (400) peak data was
used for calculations. Similarly, determining the microstrain in
the Ga,Oj; films is made by further analysis of the XRD data.
The origin of the microstrain is related to the lattice misfit,
which, in turn, depends upon the fabrication parameters. The
microstrain is calculated using the relation:*

0
gzﬂcos

4 (7)

In this equation f# once again is the full width at half-maximum
while @ is instead the Bragg angle. The variation of the average
crystallite size and microstrain with annealing temperature is
shown in Figure 4b. The average crystallite size increases from
10 to 16 (+1) nm with the increase of temperature from 500
to 900 °C. The nature of annealing, crystallization (explained
in XRD) and grain growth mechanism plays a critical role for
the change in the average crystallite size. The decrease in the
strain values implies that the films becoming strain free and
thermal annealing improves the crystalline nature of the Ga,0;
films.

Finally, to understand the fundamental mechanism of
crystallization and growth behavior in nanocrystalline Ga,0O;
films under the effect of increasing thermal annealing
temperature, the data obtained from XRD and AFM were
analyzed in terms of simple models available in the literature.
Temperature, a key thermodynamic parameter, plays an major
role in deciding the microstructure and properties of thin films
produced by the physical or chemical deposition meth-
0ds.*"*"* Usually, when the effect of temperature is not
sufficient to produce, amorphous films are the result, while
increasing annealing temperature or time of annealing can
induce sufficient atom mobility and, hence, crystallization in
the films.*'~* From XRD and AFM data analyses, it can be
observed that the increasing annealing temperature improves
crystallization and induces texturing. As the average crystallite
size and morphology changes, the enlarged grain-size, in

https://dx.doi.org/10.1021/acs.cgd.9b01130
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addition to their distribution characteristics, a direct result of
further increase in annealing temperature, can only be due to
restructuring of the Ga, O, films on the Si(100) substrate. The
crystallite size data were analyzed and fit to the Arrhenius
relation, similar to diffusion coefficient in solid-state materials
and phenomena, where the crystallite-size (d) typically depend
on temperature as*

d = d, exp(—AE/kyT) (8)

where AE is the activation energy, kg is the Boltzmann
constant, T is the absolute temperature, and d, is a pre-
exponential factor that depends on the physical properties of
the substrate-oxide film configuration. If it is assumed that the
crystallite-size relates directly to surface diffusion and atom
rearrangement, it can be expected to witness the increase in d
with annealing temperature in accordance with the Arrhenius
relation. As such, the d-values, determined from XRD, were
fitted in Figure 4c, where it is evident that the experimental
data fits to the first order exponential growth function. All the
data fits to an exponential function (Figure 4c). This feature
indicates the thermally activated mechanism as operative in the
crystallization, which account for the changes in the Ga,0O;
film’s surface morphology and average crystallite size as a
function of annealing temperature, as seen in the data from
AFM and XRD measurements. Figure 4c displays the
Arrhenius plots for the XRD data. The data are well fitted
by a linear function. An activation energy of 0.12 (£0.01) eV
for the nanocrystalline, monoclinic #-Ga,O; was determined
from the slope of the linear plot. Directly comparing this value
with other reports is not currently possible as there is no
available data for nanocrystalline Ga,O; films, whether
deposited by sputtering or other physical/chemical vapor
deposition methods. This value (0.12 eV), while small, is to be
expected for nanocrystalline films with the given size
parameters, particularly when compared to the data of some
other micro- and nanocrystalline metal-oxide thin films, such as
monoclinic HfO, films*” and nanocrystalline, tetragonal WO,
films.*>*

Mechanical Properties. One of the key components of
structure optimization for thin films lies with tailoring their
mechanical properties.””*® These properties, in turn, can be
governed by various parameters, such as the coating-substrate
hardness relation, film thickness, or roughness of the film,
while the reactions are based largely on the rate of application
and magnitude of stress.”>*® Large stresses may present in thin
films that can lead to their deformations and cracking, and
understanding and minimizing these stresses, how they occur,
and in what ways they influence film integrity is vital in thin
film production.***’ A key component of determining overall
wear resistance of thin films lies with elastic modulus and its
relation to elastic strain to failure, which in turn is related to
the hardness/elastic modulus (H/E).**™' These parameters
were determined using the indentation load versus depth
characteristics of as-deposited and annealed Ga,0O; films
presented in Figure S. Note that the mechanical properties
of the films are strongly influenced by the underlying substrate
material’s properties. 3 Therefore, penetration depth character-
istics as a function of applied indentation load become critical
to find the optimum load and proceed further with other
measurements. As shown in Figure 5, the applied indentation
load is varied from 100 to 2000 uN, while recording the
corresponding penetration depth at each and every applied
load. At the initial applied load of 100 uN, the penetration
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Figure S. Applied indentation load versus indentation depth
characteristics of Ga,Oj5 thin films. The data shown are for samples
annealed under variable temperatures.

depth is 9 nm for the as-deposited Ga,O; film. The penetration
depth increases with increasing applied indentation load. For
as-deposited Ga,O; film, at the applied load of 350 kN, the
total penetration depth is as high as reaches to 19 + 1 nm,
which nearly reaches 10% of total film thickness. Thus, this
load has been considered to be optimum for testing all of the
as-deposited and annealed Ga,O; films for better comparison
of nanomechanical properties. In general, to obtain reliable and
true information on the films, the penetration depth must not
exceed 10% of total film thickness.””** Thus, all samples
readily satisfy this requirement. However, while the inden-
tation depth for the annealed Ga,O; films at different
temperatures is almost same, minimal differences (+5 nm)
in penetration depth is due to variation in the structural quality
of the respective films with steadily increasing annealing
temperatures.

The loading and unloading curves for Ga,Oj thin films are
shown in Figure 6a. The data is obtained with an indentation
load of 350 uN. It can be noted that the load versus
displacement curves are slightly different for Ga,O; films
annealed at different temperatures. Close inspection of the data
indicates a slight shift with increasing annealing temperature,
especially for Ga,0Oj; thin films annealed at 700—900 °C. These
data enable us to determine the hardness (H) and elastic
modulus (E,) of the Ga,05 thin films. The variation of H and
E, values with annealing temperature of Ga,O; films are
presented in Figure 6b and 6c, respectively. There was a
noticeable difference in the H and E, values for the Ga,O; films
annealed at different temperatures. The observed differences
can be attributed mainly to the variation of crystallinity and
morphology of Ga,0O; films as a function of annealing
temperature. It can be noted (Figure 6c) that the H value of
27 GPa decreases initially for the Ga,O; films annealed at 700
°C. This may be due to the residual stress relaxation by
thermal annealing. However, it can be noted that further
increase in annealing temperature to 800 °C increases the H
values to ~30 GPa, and the level remains more or less constant
with further increase in the annealing temperature to 900 °C.
The crystal structure improvement of Ga,O; films with
increasing annealing temperature accounts for the increased
H values at >700 °C. Thus, the results indicated that the
hardness of the annealed Ga,0O; films is predominantly due to
the crystallization upon thermal annealing, as revealed by both
XRD and AFM analyses.

https://dx.doi.org/10.1021/acs.cgd.9b01130
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Figure 6. (a) Load versus displacement curves obtained for Ga,O,
films. (b) Hardness values of Ga,0j films. (c) Elastic modulus of
Ga,0; films.

In Figure 6¢, the variation in E, of Ga,Oj5 thin films is shown
as a function of annealing temperature. The trend is very
similar to the H results shown in Figure 6b. The elastic
modulus represents the resistance to small changes in
separation of adjacent atoms in relation to interatomic bonding
forces. The magnitude of the elastic modulus depends on the
slope of the load—displacement curve. The E, values for the
film deposited at 500 °C is ~295 GPa, and with the annealing
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effect, E, values decreased to ~265 GPa for the film annealed
at 700 °C. On further temperature increasing, the E, values
increased to ~295 GPa for the films annealed at 800 and 900
°C. Overall, there was not a noticeable change in elastic
modulus values.

The nanoscratch results of as-deposited and annealed Ga,04
films are shown in Figure 7. In Figure 7a, the images of 20 ym
X 20 um are shown, as obtained before and after the scratch
text of the Ga,Oj; films, while the corresponding depth profiles
are shown in Figure 7b. The Ga,0O; films exhibit no indication
of delamination from the substrate. The nanoscratch testing
was conducted in such a way that the only area immediately
surrounding the scratch deforms, whereas the remaining part
of the film is undamaged. The scratch test was conducted in
ramping mode,®® in which normal force is increased with
direction of tip travel. The depth profile characteristic for the
as-deposited Ga,O; film is ~67 nm after the nanoscratch. On
the other hand, for the film annealed at 900 °C, the depth is
only about 53 nm. The data clearly indicate that there is no
significant change in the early stages of annealing, while
significant changes occur as discussed in XRD and nano-
mechanical sections. The main observation is that, while
scratch tests revealed material pile-up, there was no evidence of
delamination of the as-deposited and annealed Ga,Oj; films.

Optical Constants and Electrical Resistivity. The
spectroscopic ellipsometry measurements and analyses were
employed to determine the optical constants of the Ga,0O;
films. The refractive index (n) and extinction coefficient (k)
were fitted with Cauchy dispersion model,”*~>* which is quite
successful in evaluating the optical properties of Ga,O; films
made by several deposition methods. This model was chosen
partly due to transparency in respective wavelength regions for
Ga,0; films and partly due to it providing a successful fit to the
data and serving to explain the optical properties of the
films.”>** The Cauchy equation for refractive index n as a
function of wavelength A is

n(A) = A+ B/A* + /A" )
where A, B, and C are the Cauchy coeflicients that are unique
to a given material. The three constants play dominant roles
n(A) along different wavelengths with A for long wavelengths,
B for wavelengths in the middle of the visible spectrum, and C
for shorter wavelengths. However, extracting meaningful
physical information from ellipsometry requires forming an
optical model of the sample, accounting for several distinct
layers with varying optical dispersions.”>>* The layer interfaces
act as optical boundaries where light is refracted and reflected
per the Fresnel relations. Figure 8 shows the stack model used
to determine the optical constants of the Ga,O; films. From
the top down the model contains: Ga,O; film, Ga,0;/Si0,/Si
interface and Si substrate. To accurately fit the data both
surface and interface roughness were also considered.

Figure 8 shows the spectral dependencies of ellipsometric
parameters ¥ (azimuth) and A (phase change); these
parameters are fitted using appropriate models to determine
film thickness and the optical constants, refractive index (n)
and extinction coefficient (k). These determinations are
derived from the best fit between experimental and simulated
spectra. The curves obtained for annealed Ga,O; films
indicate, as shown in Figure 9, agreement between the
experimental and simulated data for the entire annealing
temperature range.

https://dx.doi.org/10.1021/acs.cgd.9b01130
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The dispersion refractive index profiles determined from SE
data for Ga,Oj; films are shown in Figure 10. There is a sharp
increase of fundamental absorption of energy across the band
gap correlating to shorter wavelengths. The thermal-annealing
induced changes in structure and the dependence on annealing
temperature are clear in the dispersion curves (Figure 10). The
data reveals that there is a progressive increase in n values with
increasing annealing temperature. Throughout the spectrum
the extinction coeflicient values are low and very close to zero.
An understanding of the structural quality of Ga,O; films can
also be derived from the dispersion profiles of n(4).
Specifically, the curves (Figure 10) indicate the increasing
tendency of n value of the Ga,O; films which is due to
improved crystallinity of the samples. However, we believe that
the changes in optical properties and electrical properties are
primarily due to changes in the physical characteristics and
crystallization but not at all due to any chemical changes.>> For
instance, the spectroscopic analyses on these Ga,O; films as
function annealing temperature indicate that the chemical
stoichiometry is well maintained in the entire range of T,. As
reported elsewhere, (Ga®"), the highest chemical oxidation
state for gallium, exists in both the as-deposited and annealed
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Ga,0; films.” The electronic structure was not observed to
have changed significantly, particularly when considering the
chemical valence of Ga ions and Ga—O bonds as a function of
the thermal :mnealing.55 Therefore, the observed trend in
optical and electrical properties of in this work attributed to
the crystallization and improved packing density of the Ga,O;
films upon thermal annealing,

The electrical properties of Ga,O; films as a function of
annealing temperature corroborated with the changes in
structure and morphology. The Ga,O; thin films deposited
at 500 °C had electrical resistivity of 104 X 10° Q cm, and it
slightly increased to 127 X 10° Q cm for the Ga,0; films
annealed at 600 °C. Then it starts decreasing to 85 X 10° Q cm
and significantly down to 1.04 X 10> Q cm for the Ga,0j films
annealed at 800 and 900 °C, respectively. The effect of
annealing on the microstructure evident in the electrical
resistivity of the Ga,O; films. The electrical resistivity usually
becomes higher with grain size reduction usually leads to an
increase in electrical resistivity due to the increasing grain
boundary volume and associated charge carrier flow
impedance.”®*' Grain boundary scattering becomes a domi-
nant effect leading to higher electrical resistivity as a result of
crystallite size becoming smaller than the electron mean free
path. Lattice imperfections such as vacancies and dislocations,
often present in nanocrystalline materials, also strongly
influence electrical resistivity.>*' Additionally, lattice strain
and associated distortions can negatively affect the charge
mobility leading to a decrease in conductivity. The room-
temperature electrical resistivity variations with annealing
temperature observed for Ga,Oj; films can be explained taking
these factors into consideration. The resistivity decrease by

https://dx.doi.org/10.1021/acs.cgd.9b01130
Cryst. Growth Des. 2020, 20, 2893—-2903
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increasing annealing temperature can be attributed to
increased crystallinity of the films, as well as a combined
effect of the average crystallite size increase and surface
morphology variation. This trend in resistivity can then be
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directly attributed to better crystallinity, larger grains, and
fewer grain boundaries in the samples annealed at higher
temperatures.

B SUMMARY AND CONCLUSIONS

The effect of post-deposition thermal annealing on the
crystallization or growth process, crystal chemistry, mechanical
properties, refraction index profiles, and electrical character-
istics of sputter-deposited, nanocrystalline Ga,O; films has
been evaluated. It can be concluded that annealing plays a
major role in altering the structure and morphology of the
Ga,0; films. The thermal annealing to 800—900 °C improves
the structural quality and packing density of the Ga,O; films.
While the films annealed at intermediate temperatures (up to
700 °C) become exceedingly rough, Ga,O; films annealed at
800—900 °C exhibit relatively smoother morphology, dis-
tribution characteristics and optical quality. The refraction
index values at 632 nm increase from 1.78 to 1.84 that
corroborates with gradual improvement of structural quality,
texturing, and packing density upon thermal annealing at 800—

https://dx.doi.org/10.1021/acs.cgd.9b01130
Cryst. Growth Des. 2020, 20, 2893—2903



Crystal Growth & Design

pubs.acs.org/crystal

900 °C. The correlation established between annealing
temperature and optical and electrical characteristics in
Ga,0; films may useful and can serve as foundation
nanocrystalline Ga,O; films for application in sensors and
optical and optoelectronic devices.
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