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Effect of substrate temperature on structural, morphological, and optical
properties of Gallium Oxide thin films deposited by RF-Sputtering
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e This paper focuses on deposited Ga20s thin films at various temperatures by RF
e Effect of Ts on the structural, morphological and optical properties of films wgs"st . )

o The crystallinity properties of synthesized thin films strongly depend on th
* Bandgap energy of the gallium oxide films decreased with increasing T

Avrticle Info Abstract

In this paper, gallium oxide (Ga20s3) thi ious substrate temperatures (Ts) were grown
Received: 02 Apr 2023 on Indium Tin Oxide (ITO), glass, p-type by radio-frequency magnetron sputtering
Accepted: 21 Nov 2023 (RFMS). We investigatedgffow structural, morphof@gical and optical properties change with

various Ts. XRD results 6f Min films grown on p-type silicon substrate suggest that crystallinity

properties of synthesjzed thir§films strongly depend on the Ts. From SEM and AFM analyses of

Keywords Ga203 thin films pe silicon substrate, it was observed that when the temperature
Gallium oxide increased, a porous s peared, and the grain size changed depending on the Ts.
Thin film Moreover, obtained results fro apsorption measurements, the bandgap energy of GaOs thin
Sputter films grom on the p-type silicon $Wbstrate decreased with increasing substrate temperature.

Nano structure

1. INTRODUCTION

Gallium oxide (Ga;03) has'8 ' at attention from researchers due to its superior material properties.
Gaz0s is an ultragwide-bandgaf@emjconductor material (4.7 — 5.3 eV), and its electrical conductivity varies
from insulator t0 tor, depending on the growth conditions [1, 2]. Furthermore, it exhibits high
transparegcy from ) to the visible range [3, 4]. Such materials are suitable for applications
in ultr, [5], high-power electronics [6], solar-cell energy conversion [7], and high-
te

may be attr to surplus or lack in the crystalline structure [10]. It is a metal oxide material with five
phases: (B-, &-, y-, €-, and 8-). Among these five phases, B- with a monoclinic structure is the most
determined and extensively studied phase [11]. B- is a direct bandgap semiconductor material with a
bandwidth of nearly 5.0 eV [2]. Due to these properties, studies on Ga,Os have predominantly focused on
the B phase. Because of its wide band gap, - exhibits photoconductivity against deep UV light, making it
useful as a luminescent material in various applications such as flat panel displays and UV detectors [12,
13].

Thin films of gallium oxide have been grown using various thin-film growth techniques, including
MOCVD (Metal Organic Chemical Vapor Deposition) [14], plasma-assisted MBE (Molecular Beam
Epitaxy) [15], the sol-gel process [16], and RF (Radio Frequency) magnetron sputtering [17].
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In this article, we grew thin films using the radio-frequency magnetron sputtering (RFMS) technique at
substrate temperatures of 150 °C, 300 °C, and 450 °C at an 8§ mTorr deposition pressure. An elaborate
analysis of optical, morphological, and structural properties was conducted to specify the effects of the
substrate temperature at an 8 mTorr deposition pressure.

2. MATERIAL METHOD

Ga20s thin films were grew onto ITO (Indium Tin Oxide), p-type silicon and glass wafers by RFMS. During
the growth, 99.99% pure gallium oxide ceramic used as target material. Wafers were cleaned thoroughly
using the RCA procedure. The RCA cleaning procedure is a method used to remove alkadf, organic ions,
and heavy metal pollutants present on the surface of the wafers.

450 °C. Deposition of samples were carried by holding RF power constant at

parameters are shown in Table 1. From a distance of 7 cm from the substr ed on a
sputter gun. The deposition was carried out for 120 minutes, at 8 mTo flow is kept
constant at 35 sccm during the deposition. The thickness of deposited re measured by surface
profile metrology P7 (KLA-tensor). Moreover, we measured t ilms by using RF
magnetron sputter sensor. We compared these values and calibrgt putter sensor value

achieved using profile meter. Thus, we achieved thin fil i i f 50 nm at different
temperatures at 8 mTorr growth pressure. We kept the subs sp€ed constant to ensure a

Gaz0s thin films were analyzed by performing, optical, mor ical, and structural measurements.
Structural measurements were carried out usin -2 Phaser Bruker diffractometer with CuKo (A= 1.5406
A) as X-ray source. The detector scan changes §om 20° to 80°. SEM (Scanning electron microscopy)
analysis was performed by using Zeiss Si 00 model. We performed the optical characterization of the
samples at room temperature using the LA 0 Ultra viole/Visible/NIR spectrophotometer. In this
study, absorption measurements were taken at wave s of 200 to 600 nanometers.

( \

50 nm d I Ga:0s
p-Si
Figure 1. The schematic diagram of device
T . Thegyowth mters of thin film depositions within different substrate temperature (Ts)
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3. THE RESEARCH FINDINGS AND DISCUSSION
3.1. Structural Analysis

Thin films were grown at different substrate temperatures (Ts) and were analyzed with XRD measurements.
No peaks were observed in the XRD plots of thin films grown on ITO substrate under 8 mTorr pressure.
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XRD patterns of thin films deposited on the ITO substrate (not shown) exhibited their own characteristic
peaks. Thus, the ITO substrate was not used in other depositions. XRD patterns of thin films deposited on
the glass substrate (not shown) were found to be amorphous. No peaks were observed in the XRD plots of
thin films grown on the glass substrate under 8 mTorr pressure, as expected. It seems that changing the
substrate temperature has no effect on the crystallinity properties of films grown on the glass and ITO
substrates under these conditions. The process of forming gallium oxide film can be challenging to control.
The quality, structure, and properties of the film can vary significantly depending on the conditions in which
it is formed, including temperature, pressure, and gas environment [18]. It is possible that the insufficient
interfacial reaction at the substrate-film interface is the reason why gallium oxide thin film cannot be
deposited on the surfaces of ITO and glass substrates under these conditions [19]. X-ray diffraction patterns
of deposited films grown on p-type silicon at 8 mTorr pressure are shown in Figure 2. Thegesults of X-ray
diffraction prove the formation of the crystal phase on the p-type silicon surface in sample ose substrate
temperature is changed. The locations of all diffraction peaks are in suitable agree
(JCPDS Card No. 96-200-4988).

X-ray diffraction patterns of films grown on p-type Si were observed at 30% Torr Pressure.
These peaks shifted about 0.1 degree compared to the literature. This shy ntamination
and impurities during growth.

We observe that, while the peak intensities change with increasi
diffraction peaks do not change for all deposited films. Therefod§, we degree of crystallinity
of the grown films is highly dependent on the Ts.
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Ray diffraction patterns of the deposited films at various substrate temperatures
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In this equation, D is the grain size, B is the FWHM (half-height full width) of the peak, A is the X-ray
wavelength, k = 0.9 is a constant and 0 is the Bragg's diffraction angle.
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Table 2. Some structural parameters of Ga,Os films deposited on p-type silicon substrate under different
substrate temperatures

Growth | Substrate Miller indices | Observed 260 Grain Size Literature (D)
Pressure | Temperatures (hkl) (Degree) (D) (nm)
(mTorr) | CO) g (nm)
(400) 29.90 15 to 23 nm
150 (-204) 64.28 19.88 (from 500 to 900 “C)[21]
(400) 30.27 14 to 35 nm
8 300 (204) 6453 27.45 (from 300 to 600 “C)[22]
(400) 30.84 10 to 40 nm
450 (-204) 64.60 33.99 800 °C)[19]

3.2. Surface Morphology

In this study, Ga,05 films were coated with 5 nm thick gold in a vacuum e
accumulation of electrons in the material is prevented and the excess elect,
better SEM image was obtained due to the conductivity of Au.

are . In this way,

¢ at 8

The SEM images of gallium oxide thin films grown on p-Si subs L orr preggure at 150 °C, 300

°C, 450 °C are shown in Figure 3.
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Figure 3.“Top views of Ga,Os thin films prepared at 150 °C, 300 °C, 450 °C substrate temperatures

In Figure 3, SEM results show the effects of Ts on the thin films grown on silicon at 8 mTorr pressure. The
SEM images of the deposited thin films with different Ts display the crystalline deposition structures by
increasing the Ts. According to the SEM images, the growth in the form of agglomeration in the thin film
structure at 150 °C temperature seems more pronounced. A well-defined microstructure and homogeneous
dispersion of intensive particles can be seen in films deposited at 300 °C and 450 °C. The dense morphology
seen at 300 °C temperature is more or less similar when the Ts is increased to 450 °C. It is observed that
the granular structures are distinct and homogeneous in all films. As temperature increases, atoms on the
film surface become more mobile. When films are grown at 450 °C, small and dense particles with a
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spherical shape can be observed in SEM images. Both SEM images and XRD data reveal that films grown
at 450 °C have better crystalline quality and a larger grain size. The SEM analyses indicate that the grain
size of the material increases with increasing Ts.

We conducted an AFM measurement on films to study how substrate temperature affects its surface
roughness. The films were deposited at temperatures ranging from 150 to 450 °C, and the results are shown
in Figure 4. The RMS (Root mean square) surface roughness of the films deposited at 150, 300, and 450
°C was 0.83, 1.84, and 3.10 nm, respectively. This indicates that the surface roughness increases as the
growth temperature increases. This observation is consistent with the SEM results that also showed an
increase in the grain size of the films as the substrate temperature increased. It is believed that high substrate
temperature can cause the overgrowth of grains, resulting in a rough surface. 4

Figure 4. AFM views of Ga,Os thin films prepared NC, 450 °C substrate temperatures

3.3. Optical Properties

The design of many important optoelectr
bandgap. The bandgap energy (Eg) is define
maximum point and the conductior band's minimu
using the Tauc relationship as gix@R below [23, 24]

otonic devices is based on controlling the value of the
difference between the energy of the valence band's
int. Direct optical band values were calculated by

(ahv)® = c(hv-Ey). )
Where hv is energy of t

direct optical bandgap ener
the relation (3)

, ¢ is a constant, a is the absorption coefficient and Ej; is the
the material used. The absorption coefficient a, of the films is calculated

1 T
a=( ®3)
where tance, T is the transmittance, and t is the thickness of the film. The plots obtained and
the absorp a for Ga, 05 thin films deposited on p-type silicon substrate at 8 mTorr pressure are

Figure 5. Linear plots are obtained in the high absorption region when plotting (ahv)? vs
hv. These linear plots suggesting direct allowed transitions across E, of Ga, 03 films.

By using equation [3], optical E, values of Ga,03 thin films deposited on p-type silicon substrate at 8
millitorr pressure at 150 °C, 300 °C and 450 °C temperatures are calculated and given below.
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Figure bsorpt#®n spectrum and (ahv)? vs hv plots for Graphene Oxide thin films deposited on p-Si
te at 8 mTorr pressure and (b) 150 °C, (c) 300 °C, (d) 450 °C temperatures

The optical properties of Ga, 05 films deposited on p-type silicon were measured within a wavelength range
of 200-600 nm. The bandgap of Ga, O5films was specified to be 5.59 eV, 5.14 eV and 4.72 eV at Ts of 150
°C, 300 °C and 450 °C, respectively. As seen from the Figure 5, the bandgap values decreased with
increasing Ts at constant deposition pressure. Consequently, the bandgap value of the sputter grown
Ga,0s;materials can be adjusted by changing the substrate temperature at constant deposition pressure.

Fluctuations were observed in the low energy region of the absorption spectra of Ga,05films grown at
150 °C and 300 °C substrate temperature. The fluctuation is thought to be caused by micro-inclusions of
different phases as specify by Zhou et al. [27].



Fevkani YILDIZ, et al. / GU J Sci, 37(3): x-x (2024)

Table 3. Optical E, (bandgap energy) values of Ga,Os films grown on p-Si for different temperatures

Substrate Temperature Optical Bandgap Literature

o (eV) (Optical bandgap) (eV)
: 5.17 t0 4.66 eV

150 5.59 (from 25 to 800 *C)[19]
: 5.04t04.19 eV

300 5.14 (from 500 to 900 °C)[21]
: 5.17 t0 4.96 eV

450 4.72 (from 25 to 600 °C)[22]

4. CONCLUSIONS

pressure. These peaks shifted about 0.1
contamination and impurities during gr

SEM measurements provide i
When SEM analyses of films depo
more evident at 8 millitor

ure appears, and the grain size increases with the rising substrate
ide materials in general [28].

°C and 450 °C at 8 mTorr growth pressure, respectively. The bandgap energy of
deposited on the p-type silicon substrate decreased with increasing Ts. As a result,
bandgap energy of the materials depends on the substrate temperature.
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