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Abstract: As a wide energy band gap semiconductor, a GapOj3 thin film was prepared by the sol-gel
process with different annealing processes. Since Ga,Oj is a type of metal oxide structure, an oxygen
annealing process can be considered to remove oxygen defects. An effective oxygen annealing process
can help form a 3-GayOj3 structure with reduced defects. In this study, different types of annealing
effects for 3-GayO3 were investigated and compared. An electric furnace process using thermal effect
characteristics of and an Rapid Thermal Annealing (RTA) process applied with an infrared radiation
light source were compared. Two and 4 h thermal annealing processes were conducted at 900 °C in
the furnace. Meanwhile, to study the optical annealing effects, 2 h furnace at 900 °C + 15 min in rapid
thermal annealing and only 15 min in rapid thermal annealing effects were compared, respectively.
Through increasing the thermal annealing temperature and time, 3-Ga;O3 can be formed even
though a sol-gel process was employed in this experiment. An annealing temperature of at least
900 °C was required to form (3-GapOj3 thin film. Moreover, by introducing an RTA process just
after the spinning process of thin film, a 3-Ga;Oj3 thin film was formed on the sapphire substrates.
Compared with the electric furnace process applied for 2 h, the RTA process performed in 15 min has
a relatively short process time and results in similar structural and optical characteristics of a thin
film. From the X-ray diffraction patterns and UV spectrometer analysis, optically annealed -GapO3
thin films on the sapphire substrate showed a highly crystalized structure with a wide energy band
gap of 4.8 eV.

Keywords: wide energy band gap materials; 3-GayOs; rapid thermal annealing process

1. Introduction

Currently, the energy industry is changing to renewable energy and focusing on
carbon-free and power saving. For future industries on which internet of things (IoT) and
artificial intelligence (A.L) technologies are based, there will be increased interest in the
effective control of high power and saving. In order to meet these demands, the importance
of power devices is growing. Power device are emerging that use a reduced amount of
electricity and use energy efficiently [1]. Next-generation power semiconductor materials
have superior power efficiency and durability compared to silicon. As the demand for
electronic devices and power consumption increase, the power semiconductor industry has
high potential for future growth. GaAs (1.43 eV) and GaN (3.4 eV) have been investigated
for wide band gap materials, [2,3], but they are suitable as LED elements and power
switching. Another possible material, SiC (3.26 eV), has been employed as an emerging
material [4] for power devices such as power diodes and transistors. However, in future
industries, ultra-wide bandgap materials are preferred to control high-power systems [5]
such as industrial assembly robots, electric vehicles and energy storage systems. These
materials contain diamond, boron nitride, Al-AlGaN, and p-Ga;O3. Of these ultra-wide

Coatings 2021, 11, 1220. https:/ /doi.org/10.3390/ coatings11101220

https:/ /www.mdpi.com/journal/coatings


https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings11101220
https://doi.org/10.3390/coatings11101220
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11101220
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11101220?type=check_update&version=2

Coatings 2021, 11, 1220

20f13

band-gap materials [6], monoclinic structured 3-Ga,O; is drawing attention as a next-
generation power device material due to its various properties and feasibility. In general,
GayOj3 has been studied for different forms of crystal structures known as identification
polymorphs and consists of «, 3, v, 5, and ¢ crystal structures and the 3 phase is recognized
as the most stable award in the five phases. Above 600 °C, all Ga;O3 phases converge
in beta. Therefore, {3 is the most thermally and chemically stable phase [7-9]. Moreover,
there has been a growing body of investigations that obtain 3-Ga;Oj3 thin film by various
methods, including chemical vapor deposition (CVD), plasma-enhanced atomic layer
deposition (PEALD), radio frequency sputtering (RF sputtering), molecular beam epitaxy
(MBE), hydride vapor phase epitaxy, and pulsed laser deposition (PLD) [10-14]. However,
these processes are not suitable for large-area production, because they are vacuum-based
complex methods. Compared to other thin film processes, the sol-gel method requires low
cost to obtain large-scale application. Moreover, this process can be applied to most types
of materials. $-GaOj3 is an ultra-wide band-gap material of 4.8 eV that has semiconductor
properties [15]. In order to obtain the {3 phase, a high-temperature oxygen annealing process
should be applied. Under high-temperature processing conditions, the 3-Ga,O3; material
has unique semiconductor property [16]. Annealing is the one of the most important
processes of semiconductor manufacturing, because semiconductors can have improved
electrical and structural properties by heating and cooling the material to remove defects in
the materials [17,18]. During the thin film annealing process, it requires a lot of energy when
the process is performed in a furnace. Especially, high temperature with a long processing
time can induce structural deformation. In general, compared to the existing experiment, it
has various advantages such as economic aspects in the case of a low-temperature process
or a fast process. If an annealing process can be carried out through RTA (Rapid Thermal
Annealing), the processing time and energy can be decreased drastically. In this experiment,
RTA was performed to replace the furnace in the annealing process to crystallize 3-GayOs.
Many papers reported that 3-GayOj3 thin films can be obtained by employing the post-
annealing process [19,20]. To obtain 3-GayO3 thin film through the post-annealing process,
more than 700 °C of annealing temperature was required. However, this high-temperature
annealing process with a long time can degenerate the crystalline properties of Ga;O3
thin film.

To prove this experiment, a furnace annealing process with2h, 4 h, and 2 h + RTA 15 min
and RTA 15 min were investigated for comparison with different process and annealing
times. The conventional process of obtaining thin films such as electro furnace takes a very
long time and a lot of energy to raise the temperature of the thin film formation. However,
through this method, it can be reduced by 80% of the total process time. It is especially
notable that RTA is suitable for the fast production of 3-Ga,Oj3 thin film.

2. Materials and Methods
2.1. Cleaning and Production of Solution Using Starting Material

The 3-GayOs thin films were deposited on (0001) Al,O3 (sapphire) substrate by the
sol-gel process. The Al;O3 (KRTLAB, Incheon, South Korea) substrate was cleaned for
10 min in ethanol, acetone, and D.I. water to remove impurities and organic solvents using
ultrasonic cleaning (SD-350H, SD-ultra, Seoul, South Korea). As a precursor material,
gallium nitrate hydrate [Ga(NOs3); x HyO] was used. 2-Methoxyethanol was used as the
solvent and mono-ethanolamine was used for the stabilizer. First, gallium nitrate hydrate
was added to a mixture of 2-methoxyethanol and monoethanolamine and stirred at 60 °C
for 2 h. The molar ratio of monoethanolamine to gallium nitrate hydrate was 1:1, and the
concentration of gallium nitrate hydrate was 0.5 mol/L. After the stabiliztion process for
36 h in solution condition, then the transparent solution was prepared.

2.2. Spin-Coating and Hot Plate Process

Before proceeding with the spin-coating process, a hot plate curing process was
carried at 200 °C for 10 min to remove and evaporate organic component. After 2 min
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of stabilization, the deposition of the obtained solution is spread on the substrate by the
spin-coating process at 3000 rpm for 30 s. When applying the solution, humidity was
maintained around 40%. After the spin-coating process, the substrates were heated up
300 °C for 10 min to cure the thin film. Then, we repeated the spin-coating, allowed a 2 min
rest, and then followed it with a 10 min hot plate curing process six times repeatedly. As
the spin coating and hot plate process were repeated, the color of the substrate gradually
turned green.

2.3. Annealing Method under Various Condition Using Electric Furnace and RTA Process

Spin coating using a solution and removing organic matter through curing of the
hot plate process and annealing was carried out using an electric furnace and the RTA
method. The sol-gel processed Ga, O3 thin films were annealed in the furnace for 2 and 4 h
at 500-900 °C in oxygen atmosphere. As a comparative experiment, Ga,Oj3 thin films were
annealed in a furnace for 2 h and sequentially annealed via the RTA process for 15 min.
The temperature-heating rate of the furnace was set to increase by 5 °C/min, and the
annealing process to remove the impurities was carried out for 2 and 4 h, respectively. The
condition to raise the temperature of the RTA process was designed at 5 °C per second
and maintained for 15 min at each temperature [21]. It is mentioned that the color of the
substrate changes to green when the spin-coating and hot plate process are performed,
but if 3-Ga;O3 was obtained through annealing, the substrate changes transparently. We
confirmed that these changing of colors are related with generation of 3-Ga,O3 phase, and
we could expect that 3-Gay;O3 was formed by obtaining the same results even after the
RTA process.

2.4. Thin Film Characterization

After the deposition process, the structure and qualitative measurement of the thin
films were analyzed by X-ray diffraction (XRD) and high-resolution X-ray diffraction
(HRXRD). First, we observed the structure analysis of the sample by X-ray diffraction
(XRD, D8-Advance/Bruker-AXS, Karlsruhe, Germany). Based on the 2 theta (°) value,
the process proceeded from 10 to 20 degrees., and the measurement time is 17 min. The
wavelength of the X-ray is 0.154056 nm, and a Cu-K« source was used. The (3-GapO3
thin film quality and rocking curve was determined by high-resolution X-ray diffraction
(HRXRD, D8-Discover/Bruker-AXS, Karlsruhe, Germany). It applied from 7 to 11 Theta (°).
The wavelength of the X-ray is 0.154056 nm, and a Cu-Ko source was used. From the XRD
result, sequential peaks of (—201), (—402), (—603), and (400), (002) were observed. This
means that 3-GayO3 thin films can be obtained by employing RTA and a high-temperature
annealing process. Moreover, after increasing the annealing temperature range, the peak
intensities were increased. We calculated the FWHM (full width at half maximum) from the
main peak of (—201), and the crystallite size was found to be proportional to the annealing
temperature using the Scherrer Equation (1) [22].

0.89 x A

D= Bcost @
where 0 is the Bragg angle in radians, A is the X-ray wavelength of the CuK« source of
the XRD instrument, 0.89 is the constant, and B is FWHM value of the main peak in this
experiment (—201) plane. Transmittance measurement and band-gap calculation were
carried out to analyze the optical properties of 3-GayO3 thin film. The transmittance
spectra were obtained using the UV-vis spectrometer (Lambda 35, Perkin Elmer, Waltham,
MA, USA). To measure the transmittance of 3-Ga,;O3 deposited on sapphire in orientation
(0001), the analysis was conducted at a wavelength from 200 to 800 nm. Moreover, we
employed alpha-step profiler to find thin film thickness to get the band gap. In order to
extrapolate information about the energy band gap of 3-GayOs3, we derived it using from
the Tauc Equation (2) [23].
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where C is the optical constant, « is the coefficient, E, is the optical bandgap, and hv is
the photon energy. For thin film surface analysis, the characteristics could be measured
using FE-SEM. Observe the surface morphology of the sample by field-emission scanning
electron microscope (FE-SEM, SIGMA 300, Carl Zeiss, Jena, Germany). The ETH operating
voltage was 5.00 kV, and signal A proceeded in In Lens mode and Magnification in 200.00 K.
Furthermore, a comparative analysis of grain size obtained as a result of XRD and the thin
film surface image was obtained through FE-SEM [24,25].

3. Results and Discussion

Figure 1 shows the schematic diagram of the 3-GayOj3 thin film annealing process
employed in these experiments. We have conducted a comparative study of the thermal
annealing process and optical annealing process by varying the annealing time in the
furnace from 2 to 4 h, and the optical annealing process was applied to compare the
annealing effects. To compare the annealing effects, a 2 and 4 h thermal annealing process,
hybrid annealing process of 2 h thermal and 15 min optical energy, and optical annealing of
15 min process were employed. Before the RTA annealing process, to obtain the 3-GayO3
thin film, a 2 h preheating process was performed at 900 °C. The RTA process was carried
out very rapidly within 15 min. The furnace took about an hour to remove organic matter
from the thin film surface at 300 degrees in one step. In addition, to reach 900 °C, which is
the annealing temperature, it took 2 h to raise the temperature. In addition, it takes about
8 h to lower the temperature to room temperature to take out the sample. In the case of
RTA, it takes about 2 min to reach 900 degrees, and it takes about 35 min, including 15 min
for annealing process time and 15 min for taking out the sample at room temperature. It
can be seen that RTA corresponds to 7.3% of the electric furnace process time and requires
little energy in manufacturing thin films. Moreover, the amount of energy used to reach
900 °C is relatively small. Therefore, RTA is appropriate for a 3-GayOj3 thin film rapid
process rather than a furnace.

1200
(a) —— RTA 15 min
15 min

800 |

400 T

0 50 100 150 300 400 500 600 700 800 900
Figure 1. Cont.
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Figure 1. Schematic diagram of 3-GayO3 thin film annealing method applied with various processes.
(a) RTA 15 min, (b) furnace 2 h + RTA 15 min, (c) furnace 2 h, (d) furnace 4 h.

Figure 2 displays the XRD pattern of the 3-Ga;O3 thin film annealed by a thermal
furnace at the various temperatures of 500, 600, 700, 800, and 900 °C. After the spin-coating
and hot plate curing process, samples were annealed in the furnace under an oxygen
ambient condition for 4 h. In general, Ga;Oj3 thin film can be crystalized at the high
annealing temperature of 700 °C [15,26,27]. In our experiment, Ga;Oj3 thin film has an
amorphous phase annealed at 500 °C, but it has a 3-phase structure annealed at 600 °C.
Moreover, after increasing the annealing temperature up to 800 °C, 3-GayO3 thin film
has a more highly oriented peak of (—201), while other minor peaks of (400) and (002)
remained. However, at the annealing temperature of 900 °C, the main peak intensity of
(—201) was slightly decreased, while other minor peaks of (400) and (002) were increased.
The degradation of the main peak of (—201) probably comes from the thermal migration
and diffusion process due to the high annealing temperature [28,29]. We believe that more
high thermal energy than 700 °C is required to increase the (400), (002) peaks. Therefore,
(400) and (002) remained stable during the 700 °C annealing process.
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Figure 2. X-ray diffraction patterns of post-annealed 3-GayOj3 thin films with various temperature

ranges from 500 to 900 °C in the furnace.

50 60 70

Figure 3 shows the XRD pattern of the 3-GayO3 thin film, which performed anneal-
ing processes in the following conditions: furnace 2 h, furnace 2 h + RTA 15 min, and
RTA 15 min at 900 °C, respectively. Comparing the specimens that annealed different
conditions, the GayOj3 thin film annealed at furnace 2 h + RTA 15 min showed the highest
peak intensities of (—201), (—402), and (—603). We believe that this is due to the additional
annealing process of RTA; during this process, Ga;O3 can have additional surface energy
through post annealing. We can argue that the 3-GayO3 thin film was formed by observing
the peak of (—201). Thermal annealing of 900 °C or an additional optical annealing process
can help to form the 3-GayOj3 thin film in the sapphire substrates. By comparing the XRD
results of 3-GayOj3 thin film annealed at 2 h thermal annealing and thermal annealing with
an optical annealing process, it can be seen that they have similar peak intensities and peak
positions. It means there are no significant changes in the structural properties when the
thermal appealing process was conducted at more than 900 °C.
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Figure 3. X-ray diffraction patterns of 3-GayO3 thin films proceeded at various annealing methods:
(a)—RTA 15 min at 900 °C, (b)—furnace 2 h + RTA 15 min, and (¢)—furnace 2 h.

Figure 4 shows the HRXRD rocking curve of the (—201) peak reflection by various
annealing processes at 900 °C. 3-Gap;O3 (—201) was obtained from 20 at 19.07°. Thus, the
measurement was carried out using HRXRD from 6° to 12°. As shown in the HRXRD
results, it seems that the observed peaks were separated. Multiple peaks were observed by
the rocking curves of the (—201) peak. We believe that these split multiples of the (—201)
rocking curves probably come from the monoclinic phase of 3-Ga,Oj3. Since 3-Gay O3 thin
films were prepared by sol-gel and a spin-coating method, they did not have an epitaxial
structure. However, by comparison of the FWHM value, we have confirmed that the
-Ga O3 thin films have a crystalized phase with relatively high orientational structure
properties. However, when comparing the tendency of the half width by the rocking curve
of furnace 2 h and furnace 2 h + RTA 15 min, it was confirmed that the crystal growth was
better in the (—201) direction when post annealing was applied.
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Figure 4. X-ray rocking curve of the super lattice for (—201) reflection in various annealing processes.

Figure 5 shows the structural orientational tendency of each annealing processed
specimen by considering the FWHM according to temperature. The (—201) peaks of
FWHM were selected to compare the crystalline structure. From 600 to 800 °C, all four
processes show the same tendency to decrease FWHM. At 700 °C, all processes were rapidly
decreasing FWHM due to grain growth. Moreover, in the section where the temperature
increased from 800 °C to 900 °C, as shown in the XRD result, it can be seen that the FWHM
increases due to the reduced peak intensity of the furnace at 4 h. Since the furnace annealing
processing was carried out for more than 4 h, we believe that a mosaic grain growth process
happened. Therefore, the FWHM of the (—201) peaks increased. On the contrary, it can be
seen that the FWHM of other specimens was reduced sharply due to the crystallization
process of 3-GayOj thin films. By studying the FWHM according to various annealing
process, it seems that the RTA method can be the most favorable post-annealing process to
manufacture 3-Ga,Ojs thin films with high (—201) orientation.
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Figure 5. Results of FWHM and grain size by various annealing processes and temperatures.

Table 1 shows the experimental conditions for the FWHM and grain size of 3-GayOs
based on the different annealing methods. Grain size was derived using a Scherrer formula
with FWHM values. According to the results, it can be confirmed that the FWHM of
the (—201) peaks in 3-GapO3; decreases and the grain size increases as the annealing
temperature gradually moves upward. Overall, the grain size of furnace 2 h + RTA 15 min
was the largest compared to the conventional method furnace 2 h. Moreover, at 900 °C, the
RTA performs a similar grain size to the other processes.

Table 1. FWHM and grain size of 3-Ga;O3 based on the different annealing methods.

Annealing Method Sample FWHM Grain Size (nm)
600 °C 0.58 14.5
700 °C 0.47 17.7
Furnace 2 h 800 °C 0.46 183
900 °C 0.45 18.9
600 °C 0.49 17.1
Furnace 2 h 700 °C 0.46 184
+ RTA 15 min 800 °C 0.43 19.5
900 °C 0.42 20.2
600 °C 0.54 155
700 °C 0.46 18.1
Furnace 4 h 800 °C 0.45 18.6
900 °C 0.47 17.8
600 °C 0.65 12.9
. 700 °C 0.49 17.1
RTA 15 min 800 °C 0.48 17.5
900 °C 0.42 19.9
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Figure 6 shows the FE-SEM images of 3-GayO; thin films prepared at (a) 500 °C,
(b) 600 °C, () 700 °C, (d) 800 °C, and (e) 900 °C using different annealing methods: furnace
4 h and RTA (non-furnace). In the furnace 4 h process, we could see the tendency of the
grain size to increase by up to 800 °C, but at 900 °C, we could see that the grain size
became smaller as a result of excessive sintering. Whereas, in the case of RTA annealing
without the furnace, as shown by the FE-SEM image, the grain size is increasing as the
temperature rises. In addition, both annealing processes were identified as amorphous at
500 °C (Figure 6a), and the grain was gradually formed from 600 °C (Figure 6b). As a result,
the 3-phase was confirmed above 700 °C in both processes. In addition, the grain size
increased as the temperature increased. In addition, when measuring the grain size, it was
analyzed that the RTA and furnace processes were similar in size. It seems that increasing
the annealing temperature can affect the grain growth more essentially. Therefore, RTA is
an annealing process that can replace the furnace to form a 3-Gay O3 thin film.

Furnace4 h RTA 15 min

(b)
100 nm
L]

@)

100 nm
] E——

Furnace Grain size RTA Grain size
4h (nm) 15 min (nm)
(a) 500 °C - (a) 500 °C =
(b) 600 °C 521 nm (b) 600 °C 3.12nm
(c) 700 °C 13.26 nm (¢) 700 °C 9.85nm
(d) 800 °C 1528 nm (d) 800 °C 13.18 nm
() 900 °C 11.34 nm (e) 900 °C 19.11 nm

Figure 6. FE-SEM images of (3-Ga,Oj thin films prepared via furnace and RTA processes: (a)—500 °C,
(b)—600 °C, (c)—700 °C, (d)—800 °C, and (e)—900 °C using different annealing methods: furnace 4 h
and RTA (non-furnace). Magnification: 200.00 K X; Acceleration voltage: 5.00 kV; Working distance:
4.8 mm. Image resolution pixel: 1024 x 768 pixel.

Figure 7 shows the transmittance spectra and Tauc plots of 3-GayOj thin films pre-
pared at 900 °C in various annealing processes: furnace 2 h, furnace 2 h + RTA 15 min,
furnace 4 h, RTA 15 min. Depending on the various annealing processes, a transmittance
measurement was performed on a 3-GaO3 thin film deposited on a sapphire substrate
within a wavelength range from 200 to 800 nm. As shown in Figure 7, the transmittance of
each annealing process sample is presented as 82%, 80%, 78%, and 68% in terms of furnace
4 h, furnace 2 h, RTA 15 min, and furnace 2 h + RTA 15 min, respectively. The band gap of
furnace 4 h, furnace 2 h, RTA 15 min, and furnace 2 h and RTA 15 min are presented as
4.77 eV,4.81 eV, 4.92 eV, and 4.97 eV. These band-gap results were the same as the tendency
of XRD, FE-SEM, and variation of FWHM according to the process method. Materials have
their own properties and become more pronounced as the temperature increases. 3-Gap;O3
is a material with a wide band gap of 4.8 eV and has insulator properties. Thus, similar
to the XRD result with the highest peak intensity, the properties of the material were best
revealed in furnace 2 h + RTA 15 min, which allowed for the analysis to have the largest
band gap of 4.9 eV. If 3-Ga, O3 is deposited with a sol-gel process through a furnace for
2 h, it can be confirmed that a typical band-gap result of 4.81 eV is obtained. Moreover, for
the furnace 4 h process, the band gap is 4.77 eV, which is relatively small compared to the
other processes. The reason for these results would be the effect of a long time of sintering
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at a high annealing temperature of 900 °C for 4 h, resulting in a defect increase in the grain
caused by the diffusion of Al impurities from sapphire (Al,O3) substrate.

100
(a)
,.--—"'"_'_'__—‘—_—_-——
80 |-
gy (b) Furnace4h
;g Furnace2h
e 6 soaqoul — RTA1Smin .
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Figure 7. (a) Transmittance spectra and (b) Tauc plots of 3-GayOj3 thin films prepared at 900°C in
various annealing processes: furnace 2 h, furnace 2 h + RTA 15 min, furnace 4 h, RTA 15 min.

4. Conclusions

We proceeded with the annealing of furnace 4 h, furnace 2 h + RTA 15 min, and
RTA 15 min processes (non-furnace) to compare with annealing to create a 3-Ga;O3 thin
film deposition. We were also able to analyze XRD, HRXRD transmittance, alpha-step,
and Tauc plot, and found that the furnace 2 h + RTA 15 min process was more efficient
compared to furnace 2 h, furnace 4 h, and RTA 15 min. In addition, it was found that the
RTA process (non-furnace) was an overwhelmingly short process, and through the analysis
of FWHM and grain size, which were obtained through rocking curves and XRD peak
intensity, the crystallinity was also similar to the conventional furnace process annealed
at the same temperature. As for the limitations of the proposed method, unlike a furnace,
where multiple sample annealing processes are possible at a time, RTA can proceed with
only one sample process. However, an eco-friendly and efficient RTA process that uses less
energy can reduce the existing process time of 3-Ga,O3 and provide more opportunities
for wide band-gap material research.
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