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ABSTRACT

Stoichiometric gallium oxide sulfide Ga2(O1− xSx)3 thin-film alloys were synthesized by pulsed-laser deposition with x≤ 0.35. All deposited
Ga2(O1− xSx)3 films were found to be amorphous. Despite the amorphous structure, the films have a well-defined, room-temperature optical
bandgap tunable from 5.0 eV down to 3.0 eV. The optical absorption data are interpreted using a modified valence-band anticrossing model
that is applicable for highly mismatched alloys. The model provides a quantitative method to more accurately determine the bandgap as
well as an insight into how the band edges are changing with composition. The observed large reduction in energy bandgap with a small
sulfur ratio arises from the anticrossing interaction between the valence band of Ga2O3 and the localized sulfur level at 1.0 eV above the
Ga2O3 valence-band maximum.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111985

I. INTRODUCTION

Silicon-based technology continues to be the leader in power
electronics, communications, and digital signal processing
devices.1–3 However, silicon faces limitations, particularly with scal-
ability for power applications.1 Silicon technologies in use today are
already scaled close to the maximum operating voltages3 that are
limited by the maximum critical electric field strength. There has
been a great deal of focus on wide-bandgap semiconductors, espe-
cially SiC and GaN,4–8 leading to enormous progress in power
switching and/or power amplifier applications. Further progress in
this area requires new materials for devices that operate at higher
voltages and higher energy density such as electrified vehicles.4 The
ultrawide bandgap semiconductors, such as diamond, high Al
content AlGaN, and Ga2O3, have shown promising device perfor-
mance; yet, many challenges exist, including growth maturity,
thermal management, cost, and reliability.4,5,9

Gallium oxide is a material of great interest due to its large
bandgap (4.8–5.0 eV)3,6,7,10–12 ideal for wide-bandgap optoelectronics,

semiconducting lasers, and high-power electronics.4,8,10,11 Specifically,
it will allow power electronic devices to be smaller, faster, more
reliable, and efficient than current silicon-based counterparts.3

Baliga’s figure of merit (BFOM), commonly used to compare
materials for power semiconductor devices, is proportional to the
cube of the breakdown field yet only linearly proportional to the
electron mobility and dielectric constant.12,13 β-Ga2O3 has a high
breakdown field estimated to be ∼8 MV/cm, close to three times
larger than those of 4H-SiC and GaN,1,3,4,13 leading to a much
higher BFOM.

Several techniques, such as metal-organic chemical vapor
deposition,14–16 pulsed-laser deposition (PLD),17–20 and MBE,13,21–25

have been used for the epitaxial growth of Ga2O3-based materials on
various substrates. In addition, the ability to obtain high quality bulk
substrates from floating zone (FZ) and edge-defined film-fed growth
(EFG) methods offers a potential for scalable, cost effective Ga2O3

technology that could compete with other high-power materials such
as SiC, GaN, and diamond.3,4,6,13,26
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Despite this promise of Ga2O3 as a wide-bandgap semicon-
ductor, it lacks p-type conductivity necessary for most electronic
device applications.26,27 Bandgap engineering by alloying may be a
route to overcome this challenge. Previous alloying studies have
been focused on alloying Ga2O3 with Al2O3 and In2O3. The alloy-
ing of Ga2O3 with Al2O3 has been shown to increase the bandgap
and has potential to be used in high-sensitive wavelength tunable
photodetectors28 and in addition further enhances the breakdown
voltage.29 Alloying Ga2O3 with In2O3 enables tuning of the
bandgap to lower energies mainly attributed to shifts in the con-
duction band edge,30 also making them advantageous for solar
blind photodetectors with tunable absorption edges.31 The ability
to form heterostructures and alloys greatly increases the range of
potential applications for Ga2O3-based technologies; hence, we
report the alloying of Ga2O3 with Ga2S3. Alloying Ga2O3 with iso-
lectronic anions are expected to have a drastic change in the elec-
tronic band structure analogous to various highly mismatched
alloys (HMA) such as GaN1− xAsx.

32,33

II. FILM GROWTH AND CHARACTERIZATION

The Ga2(O1− xSx)3 thin films were deposited on double-side
polished, c-plane sapphire substrates by pulsed-laser deposition
(PLD) using a KrF laser (λ = 248 nm) with a 20 ns laser pulse dura-
tion and a laser spot size of 6 mm2. The laser fluence used in this
work was fixed at 2.3 J/cm2 with a laser repetition rate of 1 Hz.
Four Ga2(O1− xSx)3 PLD targets composed with varying S contents
were used in this study: x = 0, 0.1, 0.4, and 0.5. These films were
grown at various temperatures ranging from 450 °C to 650 °C with
a background gas environment of vacuum, O2, and Ar. The film
thickness and alloy composition were measured by Rutherford
backscattering spectrometry (RBS) using a 3MeV He2+ ion beam.
The Ga2(O1−xSx)3 alloys have been determined to be amorphous
through XRD and TEM measurements. The absorption coefficient
of the Ga2(O1− xSx)3 films was obtained from transmission and
reflection measurements taken in the spectral range of 250–2500 nm.
The bandgaps of the dilute-sulfur samples were determined by
fitting the absorption coefficient spectra using a modified valence-
band anticrossing (BAC)12–15 model.

III. RESULTS AND DISCUSSION

A. Growth of Ga2O3

The growth of β-Ga2O3 was first achieved before the growth of
Ga2(O1− xSx)3 alloys. The films were targeted to grow stoichiomet-
rically. This was accomplished with a background O2 pressure of
7.4 × 10−4 Torr and a substrate to target distance of 20 mm. After
obtaining stoichiometric films, the substrate temperature was varied
to understand the effect of temperature on the crystallinity of the
Ga2O3 films. Normal θ–2θ X-ray diffraction on three samples with
varying substrate temperatures is shown in Fig. 1. Consistent with
previous reports,10,15 the films were found to be (−2 0 1) oriented
for growth with a substrate temperature of 650 °C with (−2 0 1)
(2θ = 18.9°), (−4 0 2) (2θ = 38.3°), and (−6 0 3) (2θ = 59°) . The
film grown at 600 °C had an additional peak at (400) (2θ = 30.45°),
and the structure of this film can be presumed to be polycrystalline

with multiorientations. These particular films were found to be
insulating with a bandgap ∼5 eV found by extrapolating α2 to zero.

B. Ga2(O1− xSx)3 films

After achieving the growth of crystalline β-Ga2O3 films, the
growth was focused on Ga2(O1− xSx)3 alloys. Cold-pressed powder
targets with varying compositions of Ga2O3 and Ga2S3 were used.
One major challenge of growing Ga2(O1− xSx)3 alloys was achieving
stoichiometric films. The initial growths were found to be Ga-rich

FIG. 1. θ–2θ X-ray diffraction of Ga2O3 films grown at different substrate tem-
peratures. Films at 650 °C were shown to be (−2 0 1) oriented β-Ga2O3 films.
All unlabeled peaks correspond to sapphire.

FIG. 2. The ([S] + [O])/[Ga] ratio is close to 1.5, indicating stoichiometric films.
S, O, and Ga quantities determined by RBS.
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due to sulfur outgassing at temperatures above 600 °C.34 Targets
with an additional 7 at. % of S led to stoichiometric Ga2(O1−xSx)3
films with sulfur ratios, [S]/([S] + [O]) from 0.013–0.35 measured
through RBS and grown at various temperatures ranging from 450 °
C to 650 °C. In Fig. 2, the ([S] + [O])/[Ga] ratio is shown to be
close to 1.5, indicating that these films are stoichiometric.

All Ga2(O1− xSx)3 films with x > 0 were found to be amor-
phous via XRD. The θ–2θ X-ray diffraction pattern of a (−2 0 1)
β-Ga2O3 film is shown in Fig. 3 alongside two Ga2(O1− xSx)3 films
shown to be amorphous via XRD. Figure 4(a) shows a HR-TEM
image of a Ga2(O1− xSx)3 film with x = 0.013 and a thickness of
65 nm with the chromium (Cr) layer, Ga2(O1− xSx)3 film and sap-
phire substrate indicated in the image. The image was taken with a
TEAM microscope with single atom sensitivity. Figure 4(b)

presents a fast Fourier transform (FFT) that is a diffused ring
pattern of the Ga2(O1− xSx)3 layer, indicating that the film is amor-
phous. The red arrows indicate dots in the FFT that are from adja-
cent crystalline layers. Additional shapes in the FFT are from
residual aberration parameters.

The absorption spectra for samples with sulfur x≤ 0.35 films
are shown in Fig. 5. Despite the amorphous structure, the stoichio-
metric samples show very well-defined optical absorption edges
that shift abruptly to lower energies upon S incorporation. This is
similar to the amorphous HMA GaNAs system where the replace-
ment of N with As atoms results in a rapid reduction of the optical
bandgap.32,33 The shift of the bandgap is especially rapid at low S
content; as is seen in Fig. 5, replacing O with only 1% S reduces the
absorption energy by almost 1 eV indicating that, similarly to the
GaNAs alloy system, the band structure of Ga2(O1− xSx)3 alloys is
determined by the anticrossing interaction between localized S level
and the bands of the Ga2O3 host matrix.32,33

In the BAC model, the substitution of O with less electroneg-
ative S introduces a localized level above the valence-band edge of
the Ga2O3 host. The interaction of the localized S level with the
extended valence-band states of Ga2O3 results in a splitting of the
valence band into two subbands (E+ and E−). At the dilute-sulfur
compositions, the valence BAC (VBAC) effect produces a narrow,
nonparabolic S-derived band with the total number of states
dependent on the S content. In a simplified version of the VBAC
model, the dispersion relations for the E+(k) and E−(k) subbands
are given by

EV+(k) ¼ 1
2

(EV (k)þ Ed)+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(EV (k)� Ed)

2 þ 4C2
s x

q� �
, (1)

where Ed refers to the S localized level, Ev(k) corresponds to the
dispersion relation of the band that is undergoing an anticrossing
effect (i.e., valence band of Ga2O3), CS is the coupling parameter
that represents the coupling strength between the localized and
delocalized states, and x is the S ratio.

As mentioned previously, the valence BAC effect occurs when
S substitutes O in the Ga2O3 matrix. Previously reported deviations

FIG. 3. θ–2θ X-ray diffraction patterns of a (−2 0 1) β-Ga2O3 film compared to
two Ga2(O1 − xSx)3 films shown to be amorphous via XRD.

FIG. 4. (a) HR-TEM image of a
Ga2(O1− xSx)3 film with x = 0.013 and
a thickness of 65 nm. Three layers are
indicated in the image. (b) Fast Fourier
Transform (FFT) that shows a diffused
ring pattern of the Ga2(O1 − xSx)3 layer,
indicating that the film is indeed amor-
phous. The red arrows indicate dots in
the FFT that are from adjacent crystal-
line layers.
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of the BAC fit in the mid-range region were primarily due to the
assumption of constant coupling parameters in the BAC calcula-
tions.35 Here, we adopt a modified BAC model that uses composi-
tion dependent coupling parameters in which composition
dependence is included within the virtual crystal approximation.

The modified BAC model improved the fitting of experimental data
in the mid-range region for the GaN1− xSbx and ZnO1− xTex
systems.35,36

This study has been intentionally limited to amorphous stoi-
chiometric films that show relatively sharp and well-defined
absorption edges. This can be understood in terms of the highly
localized nature of the potentials responsible for the BAC interac-
tion. Thus, as long as the coordination number of the O (S) site
remains constant, the energy levels of the localized states and their
contribution to the anticrossing interaction are well defined. In
contrast, for nonstoichiometric films, we found them to have
absorption at much lower energies. We attribute this low energy
absorption to possible variations in the coordination number of O
(S) sites and thus also to a spread in the energy and the strength of
the BAC interaction.

Since this work is focused on Ga2(O1− xSx)3 films with
x≤ 0.35, we adopt the simplified version of the valence BAC.37 We
take into consideration optical transitions from the various valence
subbands to the conduction band. The optical joint density of
states (JDOS) were convolved with a Gaussian function at each
wave vector k, an approach used in Refs. 35 and 37–39 to account
for the broadening in the bands.

The coupling parameter CS (x = 0) and ES were found by
fitting the measured absorption coefficient with the BAC calcula-
tions. The best-fit broadening parameters were found by minimiz-
ing the root-mean-square error between the experimental
absorption curve and the calculated absorption.

Figure 6(a) shows the experimental result and the fitting of
the absorption coefficient using the VBAC for the film with
x = 0.067 sulfur ratio, whereas Fig. 6(b) shows the contributions of
different optical transitions to the total absorption. These fittings
were done for all the dilute-S samples, and it was possible to extract
the energy of the S level, ES, at 1 eV above the valence-band edge of

FIG. 5. Absorption coefficient for various Ga2(O1− xSx)3 films with x < 0.35.

FIG. 6. (a) Measured and calculated
absorption coefficient for
Ga2(O1− xSx)3 with x = 0.067. The cal-
culations were performed using the
VBAC model. (b) Contributions of dif-
ferent optical transitions to the total cal-
culated absorption coefficient (dashed
line) using the VBAC. The sulfur level
is located 1 eV above the Ga2O3

valence band, and the coupling param-
eter, CS(x = 0), is 1.8 eV.
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Ga2O3 and CS(x = 0) of 1.8 eV. The location of the sulfur energy
level is consistent with previous reports on ZnO1− xSx, where the S
level was found to be at 0.3 eV above the ZnO valence-band
edge.39,40 This translates to the S level being about 1.0 eV above the
valence-band edge of Ga2O3

41 as illustrated in Fig. 7. Using the
values of the coupling parameter and the S level energy, we calcu-
late the band structure (Fig. 8) and determine the bandgap of the
Ga2(O1− xSx)3 alloys given by the energy separation between the
maximum of the E+ subband and the conduction band minimum.
The BAC calculations show that the reduction in the bandgap of
O-rich Ga2(O1− xSx)3 films is mainly due to the upward movement
of the highest valence-band edge.

Using the values of ES and CS obtained in this work, we also
calculated the dependence of the conduction band and valence-
band edges of the O-rich Ga2(O1− xSx)3 system with x≤ 0.5. These
calculations were performed using the compositional weighting
method proposed in Refs. 33, 35–39, and 43. In Fig. 9(a), the
bandgaps calculated from the absorption fitting using valence BAC
for samples with sulfur x≤ 0.35 are shown as blue unfilled circles.
The compositional weighting method is labeled as BAC since it uti-
lizes the values ES and CS determined through the absorption
fittings described earlier. It is seen in Fig. 9(a) that the BAC model
provides a very good description of the composition dependence of
the bandgap of the alloy including an initial abrupt reduction.
Figure 9(b) shows the dependence of the conduction band edge
and valence-band edge as a function of sulfur ratio. As the sulfur
ratio increases, the reduction in the bandgap is shown to be due to
an upward shift of the upper valence band.

The amphoteric defect model has been used to predict
maximum free carrier concentration attained through doping.44

Additionally, the model relates the location of the band edges rela-
tive to the Fermi-level stabilization (EFS∼ 4.9 eV below vacuum

FIG. 7. Band edges of ZnO, ZnS, Ga2O3,
41 and Ga2S3

42 relative to vacuum
with the sulfur level found to be consistent with previous ZnO1− xSx work.

39.

FIG. 8. (a) Calculated BAC electronic band structure of a
Ga2(O1− xSx)3 film with x = 0.067 sulfur ratio. It shows the
various valence bands that resulted from the interaction of
the S states with the matrix valence band. (b) The (a)
zoomed in to illustrate the details of the valence-band
structure.
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level) to the doping concentration and type.45 In the case of Ga2O3,
the conduction band edge lies very close to EFS, while the valence-
band edge is far below EFS, indicating the ease of n-type doping
and difficulty in p-type doping, respectively. Therefore, the ability
to shift the valence-band edge toward EFS may enable p-type
doping in Ga2O3-based technologies.

IV. CONCLUSIONS

Ga2(O1− xSx)3 stoichiometric amorphous films were synthe-
sized with x≤ 0.35 using PLD. All deposited films, even with very
small S content, were found to be amorphous. Despite being amor-
phous, these alloys Ga2(O1− xSx)3 show relatively sharp absorption
edges that could be tuned from 5 eV down to 3 eV by changing S
content in the range 0≤ x≤ 0.35. The absorption properties of the
alloy are well explained by the band anticrossing model. Fitting the
absorption coefficient of this alloy system yields the coupling
parameters and the location of the localized level of S relative to
the valence-band edge of the Ga2O3 host matrix. The results show
that replacing a small amount of O with S produces a large upward
shift of the valence-band edge. The effect could be used to control
band offsets of this alloy with other oxides.
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