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Abstract: Zinc gallate (ZnGayOy) thin films were grown on sapphire (0001) substrate using radio
frequency (RF) magnetron sputtering. After the thin film deposition process, the grown ZnGa,O, was
annealed at a temperature ranging from 500 to 900 °C at atmospheric conditions. The average crystallite
size of the grown ZnGa; Oy thin films increased from 11.94 to 27.05 nm as the annealing temperature
rose from 500 to 900 °C. Excess Ga released from ZnGa;O,4 during thermal annealing treatment resulted
in the appearance of a Ga,O3 phase. High-resolution transmission electron microscope image analysis
revealed that the preferential crystallographic orientation of the well-arranged, quasi-single-crystalline
ZnGayOy4 (111) plane lattice fringes were formed after the thermal annealing process. The effect of
crystallite sizes and lattice strain on the width of the X-ray diffraction peak of the annealed ZnGa,O4
thin films were investigated using Williamson-Hall analysis. The results indicate that the crystalline
quality of the deposited ZnGayOy thin film improved at higher annealing temperatures.
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1. Introduction

Zinc gallate (ZnGayO,) belongs to a group of close-packed, face-centered cubic structured
compounds (AB,Oy) with a normal oxide spinel structure (space group of Fd3m). Zn?* and Ga3*
cations occupy the tetrahedrally coordinated A-sites in tetrahedral and octahedral lattice B-sites,
respectively. The lattice constant is 8.334 A at room temperature [1]. ZnGa,O, materials have recently
gained increased attention [2,3]. These materials are widely applied in vacuum fluorescent and field
emission displays, gas sensors, electronic devices, and solar-blind ultraviolet photodetectors (PDs)
due to their high transparency in the deep ultraviolet (DUV) spectral region, excellent thermal and
chemical stability, and wide optical band gap (~5 eV) [4-6].

Researchers have discussed many one-dimensional (1D) ZnGay O, nanostructures (nanoparticles,
nanocrystal, nanowires, and nanotube) over the years [7-9]. Although these 1D ZnGa,O, devices
exhibit high optoelectronic performance, the reliability and stability of these devices are a critical
aspect of their application, which raises concern [10,11]. Thin film structures have been proven
to possess properties that can overcome the aforementioned challenges posed by a 1D ZnGayO4
nanostructure. Therefore, it is important to develop and perfect ZnGa, Oy film materials and related
optoelectronic devices.

There are several methods for the preparation of ZnGa,Oy thin films, including: sol-gel [12],
pulsed laser deposition [13], metalorganic chemical vapor deposition (MOCVD) [14], and radio
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frequency (RF) magnetron sputtering [15]. Shen et al. used ZnGa,O; thin film for the development
of metal-oxide-semiconductor field effect transistors by MOCVD. Their research showed promising
results in enhancing the breakdown voltage and Ion/Ioff (current on/off) ratio performance [16]. Wu et al.
reported that the properties of thin film ZnGa, O, gas sensor deposited by MOCVD [17]. Huang et al.
developed a ZnGayO; thin film solar-blind PDs based on a metal-semiconductor-metal structure
fabricated by an RF magnetron sputtering method [18]. They investigated the effect of oxygen partial
pressure on the electrical properties of the devices during the sputtering and thermal annealing process.

Among these growth techniques, RF magnetron sputtering techniques have many advantages,
including the ease of controlling the growth parameter, excellent packing density, good adhesion,
and relatively low running cost. However, the RF magnetron sputtering method often produces
amorphous or polycrystalline film structures that significantly destroy the optical and electrical
properties of the material. Enhancement of polycrystalline thin films has spurred several types
of research, leading to the investigation of process parameters that include growth temperature,
film thickening, post-annealing temperature, and RF power. In this paper, the effects of post-annealing
temperatures on the structural and optical properties of ZnGa; Oy films deposited on sapphire substrates
after RF magnetron sputtering were investigated.

2. Experimental Methods

The ZnGa, Oy thin films were deposited over a C-plane sapphire using the RF magnetron sputtering
technique. The sputtering target was ZnGayO, ceramic, which was sintered with ZnO and GayO3
powder of 99.99% purity, with a mix proportion of 30:70. Initially, the substrates were cleaned in acetone
and alcohol, followed by ultrasonic cleansing in de-ionized water for 10 min, and then blow-dried
with nitrogen gas. Prior to deposition, the vacuum level of chamber pressure was approximately
5 x 107 torr. The plasma generation was activated by the RF power for ZnGa, Oy, the target was 150 W
at 13.56 MHz, and the deposition pressure was kept at 5 x 1073 torr. The as-deposited film was deposited
at the substrate temperature of 400 °C. The distance between target and the substrate was 15 cm.
To maintain uniform film thickness, the substrate holder was rotated at 18 rpm during the deposition
process. The deposition time was 2 h and the deposited samples were annealing at different temperature
ranging from 500 to 900 °C in steps of 100 °C at atmospheric ambient conditions in a quartz furnace
tube. The crystallographic properties of ZnGayO; films were investigated by X-ray diffraction (XRD,
X'Pert PRO MRD, PANalytical, Almelo, The Netherlands) with Cu K« X-ray source (A = 1.541874 A)
radiation. The surface morphologies, microstructures, and elemental analyses of these deposited
samples were analyzed by scanning electron microscopy (SEM, 5-3000H, Hitachi, Tokyo, Japan), atomic
force microscopy (AFM, 5400, Agilent, Santa Clara, CA, USA), and high-resolution transmission
electron microscopy (HRTEM, H-600, Hitachi, Tokyo, Japan). Optical properties (transmittance,
absorbance, and photoluminescence) were determined using an UV-visible (UV-VIS) near infra-red
(NIR) spectrophotometer (Model: LAMBDA 750 from Perkin Elmer, Perkin Elmer, MA, USA).

3. Results

The XRD spectra of the deposited ZnGayOy thin films as a function of annealing temperature is
shownin Figure 1a. The annealing temperature was varied from 500 to 900 °C for 1 h. The polycrystalline
nature of all the deposited ZnGa, Oy film can be indexed and refer to the reported data of Joint Committee
on Powder Diffraction Standards (JCPDS) card file 38-1240; the characteristic peaks of the preferred
crystallographic orientations are (220), (311), (222), (400), (511), and (440). The intensity of the
diffraction peak (311) plane increased with an increase in the annealing temperature. The increment
of the diffraction peak (311) is attributed to improved crystallinity of deposited ZnGa, Oy thin films.
The diffraction peaks of Ga,O3 (—401) and (-202) were observed from the phase separation of ZnGa;O4
for the sample annealed at a temperature above 800 °C (Figure 1b). The JCPDS data of the Ga;O3 (card
No. 43-1012) is given for reference. The observed Ga;Oj3 plane is attributed to the expulsion of Zn
atoms at an annealing temperature above 800 °C [19]. The Debye-Scherrer formula in Equation (1)
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below was used to calculate the average crystallite size and full width at half maxima (FWHM) of
ZnGayO4 peak (311) at different annealing temperatures, as shown in Figure 1c [20]:

D =0.9M\/Bcos 0 1)

where D is the average crystallite size (nm), A is the wavelength of X-ray (0.15418 nm), {3 is the FWHM
(radian), and 6 is diffraction angle (degrees). The average crystallite sizes estimated by the Scherrer
method increase from 11.94 to 27.05 nm. ZnGa,Oy crystallite size increased with an increase in
annealing temperatures, and a narrower FWHM peak (311) was observed, indicating an improvement
in the crystallinity of ZnGa,Oy4 (Figure 1c). The observation might be due to the enhanced nucleation
dynamics and/or strain release. Based on the solid-state diffusion process, either the aggregation of
small grains to form larger ones, or grain boundary movement, results in grain recrystallization and
regrowth. This improved the crystallinity of ZnGa;Oy film at high annealing temperatures [21].
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Figure 1. (a) XRD spectra of ZnGa, Oy films at different annealing temperatures; (b) XRD spectra of
ZnGayO4 showing a limited 20 range (28° to 38°); (c) Effect of annealing temperature on the average
crystallite size and FWHM of ZnGa;Oy; (d) Effect of annealing temperature on the XRD peak intensity
(311) and dislocation density.

Figure 1d shows the variation of XRD peak intensity (311) and dislocation density with increased
annealing temperatures. The value of the dislocation density (5), which is related to the number of
defects in the grown nanocrystalline film, was calculated from the average values of the crystallite size
by the relationship in Equation (2) [22]:

5 = 1/D? ()
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The dislocation density decreases as the annealing temperature increases, resulting in a decrement
in the nature of native imperfections (defects, concentration of native impurity, and stress) at high
annealing temperatures [23]. The Williamson-Hall analysis was used to evaluate the crystalline sizes
and lattice strain distribution in the sample. This can be determined by Equation (3) [24]. The calculated
parameters are shown in Table 1.

Bhkicos (Onia) = kA/Dw.g + 4esin (Opy) 3)

where ¢ is the lattice strain, k is the shape factor, and (hkl) is the Miller Indices. Other parameters
have previously been defined in Equation (1). The strain in the ZnGa,Oy4/sapphire samples at different
annealing temperatures can be calculated from the slope of plotted of Byxjcos Oy (along the y-axis)
and sin 0 (along the x-axis) as shown in Figure 2a—f. The slopes of the fitted trendline for each
plot (Figure 2a—e) were negative, indicating the existence of compressive strain in the lattice of all
ZnGayOy/sapphire samples. The intrinsic compressive stresses observed in the sputtering method
deposited films were mainly caused by energetic particle bombardment, lattice mismatch, defects,
etc. of the depositing films/substrate. After the sample was annealed at 900 °C, a positive slope was
observed, which indicates the existence of tensile strain in the lattice (Figure 2f) [25].
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Figure 2. Williamson-Hall plot for ZnGa; O, thin films annealed at temperature of (a) as-deposited,
(b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C, and (f) 900 °C.
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Table 1. The crystallite size (D), dislocation density (5) and energy bandgap for ZnGa,Oy thin films
annealed at different temperature.

Scherrer’s Method Williamson-Hall

Temperature Energy Gap (eV.

P D@mm) &§x10° D(@mm) 6x10° ¢x10-3 By Gap (eV)
As-deposited 11.94 6.93 13.40 5.57 53.7 4.69
500 °C 13.04 5.80 14.64 4.66 3.77 4.77
600 °C 17.34 3.28 19.22 2.71 8.49 4.80
700 °C 24.03 1.71 26.98 1.37 9.78 4.86
800 °C 25.79 1.48 28.98 1.19 7.98 492
900 °C 27.05 1.35 30.43 1.08 2.62 4.98

Plane-view SEM images of the ZnGa,O; films at different annealing temperatures are shown
in Figure 3a—f. It can be seen that the surface morphologies of these ZnGa,Oy, films exhibit a very
similar column structure. As the annealing temperature increases, the crystallite size increases.
The increment is caused by regrowth and coalescence during thermal treatment. Moreover, a high
annealing temperature provides sufficient driving force to improve the mobility of the atoms, and
further improve the film crystallinity. These results are in agreement with the observation from the
XRD spectra. It can be concluding that the crystallinity of the films can be improved by controlling
annealing temperature. Similar results have been reported by Sharma et al. [26].

Figure 3. SEM micrographs of ZnGa;O, thin film samples at different annealing temperatures of
(a) as-deposited, (b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C, and (f) 900 °C.

The surface morphologies of the ZnGa, Oy films at various annealing temperatures were obtained
by AFM, as shown in Figure 4. The root mean square (RMS) values of the annealed samples (500, 600,
and 700 °C) decreased compared to that of the as-deposited sample. As the annealing temperature
increased above 800 °C, the RMS increased from 3.228 to 3.549 nm. This can be attributed to the phase
separation that occurred at the surface resulting from the thermal decomposition or atomic migration
on the disordered nanostructure of the ZnGa, Oy film. Figure 5a shows the cross-sectional transmission
electron microscopy (TEM) images of ZnGa;Oy film annealed at a temperature of 900 °C. It was found
that the ZnGa,Oy film exhibited a columnar structure with a thickness of approximately 485 nm.
To investigate the detailed microstructure and compositional distribution of annealed ZnGa,Oy films,
zones I, II, and III in Figure 5a were further analyzed by HRTEM. D-spacing was used to define
the distance between planes of atoms in crystalline materials. Nanocrystalline grains including the
crystal planes of ZnGa,;O4 (311) and Ga, O3 (—401) were observed (Figure 5b), which corresponded
to a d-spacing of 2.5 and 2.9 A, respectively. This is because Zn atoms diffuse from the film at high
annealing temperatures resulting in the partial conversion of ZnGayOy4 to GayOj3. Therefore, it can be
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inferred that the Ga,O3; phases are accompanied by ZnGa, O, phases in this layer. Multiple phases
including ZnGa,Oy4 (311), (222), (400), and (220) plane were obtained, as shown in Figure 5c. The clear
crystal lattice stripes with the preferred orientation perpendicular to the film surface of cubic ZnGa,;O4
(111) (d-spacing value of 4.8 A) possess a quasi-single-crystalline structure (Figure 4d). This result
might be attributed to the thermally activated process that provides enough kinetic energy, which
was imparted to the ZnGa;O4 molecules. The imparted kinetic energy aids the rearrangement and
improvement of crystallite perfection in the ZnGa,O; thin film structure.

(a) (b)
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~ Rms: 2.108 nm

(d) ‘ (e)

5.0 nmVDiv

4.0 nenDiv

.
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Figure 4. AFM images of ZnGayOy films annealed at different temperatures of (a) as-deposited,
(b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C, and (f) 900 °C.

Zone 1

O Zone 2
O Zone 3

Figure 5. (a) Cross-sectional TEM image of the ZnGa,Oy4/sapphire sample. HRTEM images focused on
(b) Zone 1, (c) Zone 2, and (d) Zone 3.

The optical transmittance spectra and energy gap of ZnGa,Oy films annealed at different
temperatures are shown in Figure 6. The optical transmittance spectra of ZnGa,Oy thin films were
recorded from 200 to 1000 nm. All deposited ZnGayOy films showed high transmittance greater than
80% in the ultraviolet A radiation UVA (400-315 nm) and ultraviolet B radiation (UVB) (315-280 nm)
regions. The decrease may be attributed to a rough surface, as observed in the AFM result. The energy
gap of ZnGa,O; thin films at annealing temperatures ranging from 500 to 900 °C can be evaluated
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from the absorption edge (cchv)? curve as shown in Figure 6b [27], where o is the absorption coefficient
and hv is the photon energy. The photon energy gap increased from 4.7 eV for the as-deposited sample
to 4.98 eV as the annealing temperature increased to 900 °C. The increase in energy gap is attributed
to the decrease in the number of defect densities and grain boundaries, as well as the increase in
the annealing temperature. The energy gap is narrowed because the amorphous structure usually
produces excited electrons that undergo conduction in defect state [28].
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Figure 6. (a) Optical transmittance plot of ZnGayO;, films at various annealing temperatures and
(b) (thv)? versus energy gap plot for optical bandgap calculation.

The photoluminescence emission spectra of ZnGayO; thin films at various annealing temperature
is shown in Figure 7a. It was observed that the sample under higher annealing temperatures has
a higher luminescence intensity. While all of the annealed samples of photoluminescence spectra
exhibited broad band emission extending from 300 to 600 nm, the emission peaks were located at 340
and 520 nm. The emission peak centered at 340 nm can be attributed to the 4T, — 4T, transition,
while the 2E5 — #T,4 transition is responsible for the emission peak centered at 520 nm. Since the
UV band emission is related to the excited excess Ga>* ions of the Ga~O group [29]. During thermal
annealing, the Ga3* ions substitute the Zn®* ions site in the AB,Oy spinel structure, then interactions
between the p orbitals in the Ga®* ion and the orbitals of the six oxygen ligands lead to a shifts in the
energy levels of the individual orbitals in a distorted octahedral configuration, further splitting the five
3d-orbital energy levels. The five 3d-orbital energy levels are labeled 4Ty, 4Toa, *Top, 2Ep, 2E4, and
4A;. A schematic diagram of the energy levels in ZnGa,Oy thin films is illustrated in Figure 7b. It was
previously reported that ZnGa,O4 annealed at different temperatures may lead to transitions as a result
of the stoichiometric variations in the composition of Ga/Zn [30]. The possibility of the expulsion of Zn
atoms from the ZnGa,;O4 matrix increases with an increase in the annealing temperature. Therefore,
a variation in the Ga/Zn stoichiometry in ZnGa; Oy thin films will be observed.
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Figure 7. (a) Photoluminescence spectra of ZnGa,O; films annealed at different temperatures and
(b) energy levels diagram in ZnGay Oy film.
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4. Conclusions

In this study, ZnGayOy thin films were prepared on sapphire substrate using an RF sputtering
technique. The polycrystalline nature of the randomly oriented ZnGa,Oy films was improved and
converted to a quasi-single-crystalline structure through thermal annealing treatment. The stress of the
deposited ZnGa, Oy thin films was transformed from compressive to tensile stress as the annealing
temperature increased from 500 to 900 °C. The optical transmittance of ZnGayO, films was greater
than 80% in the UVA and UVB regions, and the energy band gap increased with an increase in
annealing temperature. These results indicate that the annealing process is an effective method for the
improvement of ZnGa,Oy thin film crystallinity, and may obtain the preferred orientation.
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