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Abstract: Ga2O3/Ag/Ga2O3-laminated films with high electrical conductivity and ultraviolet (UV)
transparency were achieved by radio frequency magnetron sputtering at room temperature (RT)
on quartz glass. The influence of annealing temperature and ambient on the structural, electrical
and optical properties of Ga2O3/Ag/Ga2O3-laminated films were investigated in detail. As the
annealing temperature increases, the optical bandgap of the Ga2O3-laminated films widens. The
Ga2O3/Ag/Ga2O3-laminated films exhibited good photoelectric performance with a figure-of-merit
(FOM) value of 5.83 × 10−3 Ω−1, a sheet resistance of 12.55 Ω/sq, a transmittance of 95.15% at 325 nm,
and an average transmittance of 77.56% (250~300 nm). All these results suggest that RT-fabricated
Ga2O3/Ag/Ga2O3-laminated films show great potential in UV transparent conductive electrodes for
UV optoelectronic devices and in flexible electronics.

Keywords: Ga2O3; metal/Ga2O3 stacked film; ultraviolet; transparent and conductive metallic
oxides (TCOs)

1. Introduction

Ultraviolet (UV, λ < 400 nm) transparent and conductive metallic oxides (TCOs)
are essential as electrodes in flexible electronics and UV optoelectronic devices, such as
light emitting diodes (LEDs), solar-blind photodetectors, solar cells, etc. [1–3]. Usually,
low electric resistance and high optical transmittance are the two typical figure-of-merit
(FOM) parameters by which to evaluate the performance of TCOs. However, conventional
TCOs, such as Sn-doped In2O3 (ITO) and Al-doped ZnO (AZO), present low transmittance
in the UV region due to their small bandgaps [4,5]. As one of the ultra-wide bandgap
semiconductors, Ga2O3 has emerged as an interesting alternative because of its wide
bandgap (~4.9 eV) and adjustable electrical resistivity [6,7]. Orita et al. prepared Sn-doped
Ga2O3 single-layer UV TCO films with the n-type conductivity of ~1 Scm−1 and optical
transmittance beyond 50% at the wavelength of ~248 nm [8]. Zhu et al. prepared Si-doped
Ga2O3 single-layer UV TCO films with optical transmittance up to 50% at 280 nm, electron
mobility of 11.8 cm2 V−1 s−1 and carrier concentration of 2.59 × 1017 cm−3, respectively [9].
Jeon et al. obtained homoepitaxial Si-doped β-Ga2O3 single-layer UV TCO films with a
conductivity of 2323 Scm−1 [10]. Despite these inspiring results, the high-cost and high-
temperature fabrication, relatively low electrical properties, small wafer size and low
thermal conductivity of Ga2O3 still limit it as TCO electrodes in applications for UV devices
and flexible electronics.

To overcome these limitations, metal/Ga2O3-stacked or laminated structures, allowing
simple, low cost and mass production at room temperature (RT), have recently been
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proposed due to the low resistivity, low absorption and high thermal conduction of metal
materials including Ag, Au, Cu, Al, etc. Woo et al. [11] and Kim et al. [12] reported
Ag/Ga2O3- and ITO/Ga2O3-bilayer UV TCO films using magnetron sputtering, where
the optical transmittance and sheet resistance of the Ag/Ga2O3- and ITO/Ga2O3-bilayer
UV TCO films were about 91% (380 nm), 80.94% (380 nm) and <42 Ω/sq, 58.6 Ω/sq,
respectively. Zhuang et al. [13], Kim et al. [14] and Liang et al. [15] studied the properties
of Ga2O3/Cu/ITO-, Ga2O3/Ag/Ga2O3- and ITO/Ga2O3/Ag/Ga2O3-multilayer TCO
films, respectively. The optical transmittance and sheet resistance of these UV TCO films
are 86% (300~850 nm), 87.16% (300~350 nm), 86.4% (335 nm) and 45 Ω/sq, 8.48 Ω/sq
and 3.43 Ω/sq, respectively. Furthermore, the FOM was calculated as 8.89 × 10−2 Ω−1

and 2.98 × 10−2 Ω−1 for Ga2O3/Cu/ITO- and Ga2O3/Ag/Ga2O3-multilayer TCO films,
respectively. As for laminated Ga2O3 TCOs, magnetron sputtering was generally used
to deposit Ga2O3 layers, and they were annealed in N2, air or a N2/O2 mixture ambient
for further device fabrication [16]. A recent report demonstrated that high-temperature
N2 annealing may cause α-Ga2O3 formation and much higher resistance states due to
compensation doping [17]. The nanopores were also possibly formed which leads to
poor optical transmittance. Therefore, the fabrication and thermal annealing process of
Ga2O3/metal-laminated film still needs to be optimized for further applications in UV
devices and flexible electronics.

In this work, the Ga2O3/Ag/Ga2O3-laminated films were fabricated by magnetron
sputtering at RT. The influences of the thickness of Ag interlayer and thermal annealing
temperature and ambient (i.e., Ar, O2 and vacuum) were studied systematically to facili-
tate the optimization of the optical and electric performance of Ga2O3/Ag/Ga2O3 TCO
films. The introduction of an Ag interlayer into a Ga2O3 UV transparent electrode sharply
decreased the sheet resistance of the laminated structure but with little loss of the total
transmittance. Post-deposition thermal treatments under different conditions have shown
an improvement in their performance and thermal stability on glass substrates for potential
applications that require higher temperatures.

2. Experimental Details

The Ag and Ga2O3 targets with a purity of 99.99% were used for the sputtering of
Ag and Ga2O3 films, respectively. The Ga2O3/metal/Ga2O3-laminated thin films were
successively deposited on quartz glass substrates while the substrate temperature of all the
samples was kept at RT. Prior to deposition, both of the two targets were pre-sputtered for
10 min to remove any surface contaminants. The quartz glass substrates were ultrasonically
cleaned in acetone, isopropyl alcohol, and deionized water and then subsequently dried by
N2 blowing. The bottom and top Ga2O3 layers were deposited with a radio frequency (RF)
power of 50 W at a working pressure of 0.2 Pa in a pure Ar atmosphere at a flow rate of
30 sccm. The Ag interlayer was deposited under the same conditions but with a different
RF power of 30 W. To study the annealing effect, post-annealing was performed in a tubular
furnace equipped with a turbo pump.

The thickness of each layer was calibrated by a profilometer (ET-3000I, Kosaka, Japan)
and estimated by an average deposition rate. The surface morphology of films was ob-
served by a field emission scanning electron microscope (SEM, SU8220, Hitachi, Japan).
The crystalline properties were characterized via X-ray diffractometry (XRD) (Empyrean,
Malvern Panalytical, Almelo, The Netherlands) with Cu-kα (λ = 0.154056 nm) radia-
tion. The optical properties were studied by a UV-Vis spectrophotometer (Lambda 650,
PerkinElmer, Waltham, MA, USA). The electrical properties of the films were measured
using the standard four-probe technique at RT.

3. Results and Discussion

To study the effect of the Ag interlayer on the optical and electric properties of
Ga2O3/metal/Ga2O3-laminated films, the thicknesses of both the top and bottom Ga2O3
layers were fixed at 30 nm. Figure 1 shows the optical transmittance spectra, the average
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transmittance and the sheet resistance of unannealed Ga2O3/Ag/Ga2O3-laminated films as
functions of the thickness of the Ag interlayer. Compared with the Ga2O3 single-layer film,
the Ag interlayer causes the degradation of optical transmittance, especially below 350 nm.
The peak transmittance of ~95% appears at ~440 nm and shifts towards a long wavelength
region. Based on the formula T = 1−R−A in which T is transmittance, R is reflectance and A
is absorbance, the reduction in transmittance is mainly due to the reflectance loss of the Ag
interlayer as a mirror coating. The absorption loss should be considered due to the plasmon
resonant absorption and free carrier absorption in some cases. While in the range of 350
to 550 nm, the transmittance of laminated films enhances a little due to the percolation
effect from the imperfectly covered Ag film [18,19]. The observed low transmittance of
light in the wavelength range of 700~800 nm is caused by the free carrier absorption by
the additional free electrons available in the thicker Ag layer. As the thickness of Ag in-
creases, the average transmittance in the UV band and the visible region first increases and
then decreases. This phenomenon can be explained according to the surface morphology
evolution of the Ag interlayer from isolated island-shaped particles to a continuous nested
film and then finally to a compact homogeneous film as the Ag sputtering time increases.
As light propagates into the laminated films, Rayleigh scattering and plasmon resonant
absorption may occur due to the Ag island-shaped particles, leading to a reduction in
transmittance even at short wavelengths. If the compact homogeneous Ag film forms,
light reflection and free carrier absorption will also degrade the transmittance, especially
at long wavelengths. The connected nested structure enhances the optical transmittance
through macropores or micropores. It is noted that the antireflection effect of Ag mirror
films will occur to enhance optical transmittance if the Ag thickness increases to a particular
value. Our result is somewhat different from that obtained by Kim et al. [14], possibly
because of the UV–ozone wet pretreatment which made the Ag interlayer not a compact
film even at 14 nm. As mentioned in our previous work [20], the change of sheet resistance
of the laminated film is mainly determined by the Ag interlayer. It is observed in Figure 1c
that the black line shows the variation in the square resistance of the Ga2O3-stacked film
with the thickness of the Ag layer, and the square resistance of the Ga2O3-stacked film
decreases with the increase in the thickness of the Ag layer, and the resistance of these
samples decreases from 25.6 Ω/sq to 11.89 Ω/sq. The reason for this is that the thickness of
the Ag film gradually increases to form a continuous film, resulting in a gradual decrease
in the square resistance of the Ga2O3-stacked film. The calculated FOM value reaches
a maximum of 5.12 × 10−3 Ω−1 when the Ag film becomes continuous at a thickness of
12 nm. Table 1 gives the average transmittance, sheet resistance and FOM values of our
Ga2O3-(30 nm)/Ag-(12 nm)/Ga2O3(30 nm)-laminated films compared to similar films
reported in the literature at wavelengths of 300~400 nm, where the FOM is defined by the
Haacke [21]:

ϕ =
T10

av
Rs

(1)

where Tav
10 is the average optical transmittance and Rs is the sheet resistance. The trans-

mittance obtained in this work is slightly higher than the previously reported values, and
the FOM values are close to those of Ref. [14].
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Table 1. FOM values calculated from the average transmittance (300~400 nm) and sheet resistance of
Ga2O3-stacked films extracted from the literature.

FOM (×10−3 Ω−1) Tav (%) (300~400 nm) Rs (Ω/sq) Reference

Ag/Ga2O3 6.8 86.22 32.94 [10]
ITO/Ga2O3 0.02 57.61 190 [11]

Ga2O3/Cu/ITO 0.00004 34.40 52.52 [12]
Ga2O3/Ag/Ga2O3 23.30 85.03 8.84 [13]

ITO/Ga2O3/Ag/Ga2O3 16.40 74.99 3.43 [14]
This work 22.07 89.00 14.13 N/A

Then, the effect of different annealing temperatures (500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C)
under an Ar atmosphere on the crystallinity of Ga2O3/Ag/Ga2O3-laminated films with
an Ag interlayer with a thickness of 12 nm was analyzed. Figure 2a shows the X-ray
diffraction pattern of unannealed and annealed Ga2O3/Ag/Ga2O3-laminated films at
different temperatures, where the S part represents the quartz substrate. As can be seen
from Figure 2a, the unannealed laminated film is amorphous since no obvious diffraction
peak appears. The annealed laminated film has a diffraction peak corresponding to the(

402
)

orientation of β-Ga2O3 at 2θ = 38.5◦. The grain size D can be calculated according to
the Scherrer formula:

D =
kλ

βcosθ
(2)

where β represents the XRD half-maximum width (FWHM) at
(
402

)
, θ represents the

Bragg diffraction angle, and λ is the X-ray wavelength. The grain sizes of samples an-
nealed at 500~800 ◦C were calculated to be 10.61 nm, 12.55 nm, 12.44 nm and 11.68 nm,
respectively. The average grain size increases at first and then decreases, which shows that
high-temperature annealing has a significant effect on the grain size of the films. At 500 ◦C,
a weaker diffraction peak appeared, indicating that the β-phase Ga2O3 was formed at this
temperature, and the intensity of the diffraction peak gradually increased with the increase
in the annealing temperature, indicating that the crystallinity of the film increased with the
increase in temperature. However, the strength decreased at 800 ◦C since the excessively
high temperature results in poor crystallization quality due to the damage of the Ag film,
e.g., the oxidation of the Ag interlayer or the occurrence of Ag agglomeration [22]. This
needs further investigation in another work. The increase in crystallinity can be attributed
to the provision of thermal energy to the atoms during the annealing process, which helps
the recovery of the crystal and reduces the defects inside the film.
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The above results show that the crystallinity of Ga2O3-laminated films is the best when
annealed at 700 ◦C. The next step is to analyze the effect of the annealing atmosphere on the
crystallinity of Ga2O3-laminated films. The X-ray diffraction patterns of Ga2O3/Ag/Ga2O3-
laminated films treated in different annealing atmospheres (Ar, O2, vacuum) at 700 ◦C are
shown in Figure 2b. As can be seen from the diagram, the unannealed laminated films have
no obvious diffraction peak, indicating that the laminated films are in an amorphous state.
The diffraction peak of

(
402

)
orientation of β-Ga2O3 appears at 2θ = 38.5◦, which indicates

that the annealing atmosphere did not affect the formation of crystal orientation during
annealing. After annealing, the crystallinity of the β-Ga2O3 films was greatly improved,
especially in Ar. The high temperature promotes the migration of surface atoms, which
helps to bind Ga and O atoms into the lattice sites. On the other hand, there are many Ga
dangling bonds associated with O defects at the grain boundaries. When the annealing
temperature is raised, these defects are beneficial to the consolidation process to form larger
grains, thus improving the crystallinity.

Figure 3 is the SEM image of the β-Ga2O3/Ag/β-Ga2O3-laminated film after annealing.
Figure 3a–d are the SEM images of the surface of the β-Ga2O3/Ag/β-Ga2O3-laminated film
at different annealing temperatures in an Ar atmosphere. When the annealing temperature
increases from 500 ◦C to 800 ◦C, the surfaces of the films gradually become flatter and the
average particle size increases, indicating an improvement in crystal quality. The surface
morphology of the sample annealed in the Ar atmosphere is composed of small particles,
which are closely connected with obvious boundaries between the particles. As shown in
Figure 3e, the particles shrink after annealing in O2, causing the space among the particles
to become wider. Figure 3f shows that the sample was annealed in a vacuum, and it can be
observed that the particles are closely connected, and these results are also consistent with
the above XRD results. The annealing treatment has a significant effect on the surface of
the laminated film. After annealing, the atoms gain higher energy, and the crystal defect
density decreases, resulting in a more uniform crystal growth and a smoother film surface.
However, due to the addition of the metal interlayer, there may be a certain degree of
mutual diffusion and accumulation at the interface of the interlayer during the annealing
process [23].
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Figure 3. SEM images of Ga2O3/Ag/Ga2O3-laminated films annealed at (a) 500 ◦C, (b) 600 ◦C,
(c) 700 ◦C and (d) 800 ◦C in an Ar atmosphere, at 700 ◦C in (e) an O2 atmosphere and (f) in a
vacuum atmosphere.

Figure 4a shows the transmittance of a β-Ga2O3/Ag/β-Ga2O3-laminated film an-
nealed in Ar, O2 and a vacuum. In the UV region, the transmittance of the annealed
laminated film is higher than the unannealed laminated film, with the highest transmit-
tance annealing in an Ar atmosphere. It can be seen from the SEM image that the samples
annealed in O2 have larger surface voids, which increases the transmittance of the sample.
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For samples annealed in an Ar atmosphere, the particles are closely connected with obvious
boundaries. Figure 4b shows the transmittance of a β-Ga2O3/Ag/β-Ga2O3-laminated film
with different annealing temperatures in an Ar atmosphere. Compared with the unan-
nealed Ga2O3-laminated film, the optical transmittance of the annealed Ga2O3-laminated
film is improved in the UV wavelength range of 250~320 nm. This enhanced optical
property by annealing is related to the increase in the refractive index [24] since a higher
refractive index has a better anti-reflection effect on the Ag interlayer [25]. In addition, the
Ga2O3 is transformed from amorphous to crystalline during the annealing process, which
increases the optical bandgap. Therefore, the transmittance of the β-Ga2O3-laminated film
after annealing is improved by the anti-reflection effect and the increase in the optical
bandgap below 300 nm, and the crystallinity of the β-Ga2O3 laminated film increases with
the increase in the annealing temperature, reducing the thickness of the film. The lattice
defects, weakening the scattering and absorption of light, enhance the optical transmittance
in the UV region [26]. In the wavelength range above 320 nm, due to the aggregation and
scattering of the Ag layer, and with the further increase in the annealing temperature, the
formation of Ag islands increases the scattering of light [1], resulting in a decrease in the
transmittance of the Ga2O3-laminated film.

Crystals 2023, 13, x FOR PEER REVIEW 6 of 9 
 

 

 201 

Figure 3. SEM images of Ga2O3/Ag/Ga2O3-laminated films annealed at (a) 500 °C, (b) 600 °C, (c) 700 202 
°C and (d) 800 °C in an Ar atmosphere, at 700 °C in (e) an O2 atmosphere and (f) in a vacuum at- 203 
mosphere. 204 

Figure 4a shows the transmittance of a β-Ga2O3/Ag/β-Ga2O3-laminated film annealed 205 

in Ar, O2 and a vacuum. In the UV region, the transmittance of the annealed laminated 206 

film is higher than the unannealed laminated film, with the highest transmittance anneal- 207 

ing in an Ar atmosphere. It can be seen from the SEM image that the samples annealed in 208 

O2 have larger surface voids, which increases the transmittance of the sample. For samples 209 

annealed in an Ar atmosphere, the particles are closely connected with obvious bounda- 210 

ries. Figure 4b shows the transmittance of a β-Ga2O3/Ag/β-Ga2O3-laminated film with dif- 211 

ferent annealing temperatures in an Ar atmosphere. Compared with the unannealed 212 

Ga2O3-laminated film, the optical transmittance of the annealed Ga2O3-laminated film is 213 

improved in the UV wavelength range of 250~320 nm. This enhanced optical property by 214 

annealing is related to the increase in the refractive index [24] since a higher refractive 215 

index has a better anti-reflection effect on the Ag interlayer [25]. In addition, the Ga2O3 is 216 

transformed from amorphous to crystalline during the annealing process, which increases 217 

the optical bandgap. Therefore, the transmittance of the β-Ga2O3-laminated film after an- 218 

nealing is improved by the anti-reflection effect and the increase in the optical bandgap 219 

below 300 nm, and the crystallinity of the β-Ga2O3 laminated film increases with the in- 220 

crease in the annealing temperature, reducing the thickness of the film. The lattice defects, 221 

weakening the scattering and absorption of light, enhance the optical transmittance in the 222 

UV region [26]. In the wavelength range above 320 nm, due to the aggregation and scat- 223 

tering of the Ag layer, and with the further increase in the annealing temperature, the 224 

formation of Ag islands increases the scattering of light [1], resulting in a decrease in the 225 

transmittance of the Ga2O3-laminated film. 226 

 227 

Figure 4. Transmittance spectra of Ga2O3/Ag/Ga2O3-laminated films annealed (a) in different
ambient and (b) at different temperatures in Ar atmosphere.

By analyzing the absorption coefficient as a function of photon energy near the fun-
damental absorption edge, the optical bandgap energy Eg of the β-Ga2O3/Ag/β-Ga2O3-
laminated transparent conductive film is estimated using the following Tauc expression [27]:

(αhν)n = A
(
hν − Eg

)
(3)

where α is the absorption coefficient, h is Planck’s constant, υ is the frequency of the
incident light, A is the constant, and hv is the energy of the incident photon. The value of
the exponent n is determined by the transition type with n = 2 (1/2) for direct (indirect)
transitions. While Ga2O3 is a direct transition semiconductor, n = 2 was used in the formula.
Using the interpolation of the linear fit of the plot in Figure 5a, the optical bandgaps of the
stacked films annealed in O2, Ar, and a vacuum were about 4.93 eV, 4.96 eV and 5.02 eV,
respectively, which are larger than that of the bulk β-Ga2O3 crystal (4.9 eV).
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Figure 5b shows the optical bandgap Eg of the Ga2O3/Ag/Ga2O3-laminated films
at different annealing temperatures in an Ar ambient. The Eg of the Ga2O3/Ag/Ga2O3-
laminated films annealed at 500 ◦C, 600 ◦C, 700 ◦C and 800 ◦C was 4.97 eV, 4.90 eV, 5.06 eV
and 5.12 eV, respectively. As the annealed temperature increased from 500 ◦C to 800 ◦C,
the absorption edge shifted to a shorter wavelength, indicating an increase in Eg. When
the annealing temperature increased, the crystallinity of the film improved with a gradual
decrease in the number of defects, thus widening the optical bandgap.

4. Conclusions

The Ga2O3/Ag/Ga2O3-laminated films with high conductivity and UV transparency
were deposited on quartz substrates via RF magnetron sputtering. As the thickness of the
Ag interlayer increases, the square resistance of the laminated films gradually decreased to
11.89 Ω/sq, and the transmittance showed a trend of increasing and then decreasing. The
treatment by thermal annealing was an effective way to improve the structural and optical
properties of the film. The Ga2O3-laminated films were post-annealed in O2, Ar, and a
vacuum to investigate the effect of different annealing conditions on the optoelectronic
properties of the Ga2O3-laminated films. Through analysis and comparison, the annealed
Ga2O3-stacked films all formed β-phase Ga2O3 films. Compared with the unannealed
Ga2O3-stacked films, the annealed samples showed an improved transmittance in the UV
wavelength range of 250~320 nm but a slight decrease in the visible wavelength range.
As the annealing temperature increased, the optical band gap of the Ga2O3-stacked films
increased to as high as 5.12 eV. We believe that the optical and electric performance of the
presented laminated films can be further improved to serve as a UV-transparent conductive
electrode if combined with several methods such as doping and defect engineering and
using nonstoichiometric targets, etc.
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