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ABSTRACT

b-Ga2O3 is attracting considerable attention for applications in power electronics and deep ultraviolet (DUV) optoelectronics owing to the
ultra-wide bandgap of 4.85 eV and amendable n-type conductivity. In this work, we report the achievement of Si-doped b-Ga2O3

(Si:b-Ga2O3) thin films grown on vicinal a-Al2O3 (0001) substrates with high electrical conductivity and DUV transparency of promising
potential as transparent electrodes. The use of Al2O3 substrates with miscut angles promotes step-flow growth mode, leading to substantial
improvement of crystalline quality and electrical properties of the Si:b-Ga2O3 films. A high conductivity of 37 S�cm�1 and average DUV
transparency of 85% have been achieved for 0.5% Si-doped film grown on a 6� miscut substrate. High-resolution x-ray and ultraviolet photo-
emission spectroscopy were further used to elucidate the surface electronic properties of the grown Si:b-Ga2O3 films. An upward surface
band bending was found at the surface region of Si:b-Ga2O3 films. Interestingly, all the Si:b-Ga2O3 films have a very low work function of
approximately 3.3 eV, which makes Si:b-Ga2O3 suitable materials for efficient electron injection. The present Si:b-Ga2O3 films with high con-
ductivity, DUV transparency, and low work function would be useful as the DUV transparent electrode to develop advanced DUV optoelec-
tronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0147004

Deep ultraviolet (DUV, �200–300nm) transparent oxide semi-
conductors (TCOs) have been actively developed as transparent elec-
trodes for DUV optoelectronic devices, such as laser diodes (LDs),
DUV light emitting diodes (LEDs), and solar-blind photodetectors.1–4

DUV LEDs and LDs have widely been applied in coronavirus steriliza-
tion, water/air purification, biochemistry, curing, printing, sensor, and
optical data storage.5–7 However, conventional TCOs, like Sn-doped
In2O3 (ITO), F-doped SnO2 (FTO), and Al-doped ZnO (AZO),
abruptly lost high transmittance in the UV region because of their
small bandgaps of less than 3.5 eV. The non-availability of DUV trans-
parent electrodes results in DUV LEDs with an external quantum effi-
ciency as low as about 1%.8

Ga2O3 (all the Ga2O3 discussed in the following are b-Ga2O3

phases unless otherwise specified) is an emerging ultra-wide bandgap

semiconductor, and its bandgap of �4.8 eV makes it a natural advan-
tage in the field of DUV optoelectronic devices. The n-type doping
Ga2O3 using group IV elements, such as Si, Ge, and Sn, can achieve a
wide range of carrier concentrations from 1015 to 1020 cm�3.9–11

Among them, degenerately doped Ga2O3 is regarded as a promising
candidate for DUV transparent electrodes because it maintains both
DUV transmittance and electrical conductivity. Recently, we have
reported the homoepitaxial growth of Si-doped Ga2O3 (Si:Ga2O3) thin
films on semi-insulating Fe-doped Ga2O3 substrates using pulsed laser
deposition (PLD), which exhibits a record-high conductivity of 2500
S�cm�1 and �65% transparency at a wavelength of 300nm.12 Si is
considered as an efficient dopant because the weak hybridization
between Si 3s and Ga 4s orbital can maintain the low effective mass
and the high electron mobility of Si:Ga2O3 thin films.13 Despite these
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excellent electrical properties, the cost, wafer size, and low thermal
conductivity of Ga2O3 substrates limit the Si:Ga2O3 films as transpar-
ent electrodes for further applications at the present stage.14,15

a-Al2O3 (simplified as Al2O3) has widely been used in current
process systems of GaN-based and AlGaN-based DUV LEDs due to
its technical maturity, low cost, and availability of large-size sub-
strates.16,17 Furthermore, Al2O3 has an ultra-large bandgap of 8.8 eV,
which warrants high transparency over a wide range in the DUV spec-
trum. Therefore, growth of Si:Ga2O3 films on Al2O3 substrates is a via-
ble strategy to exploit the potential of Si:Ga2O3 as DUV transparent
and conductive films. It is worth mentioning that the large lattice mis-
match and different crystal symmetry between Ga2O3 and Al2O3 pose
a challenge to the growth of high-quality Ga2O3 thin films on
Al2O3.

18,19 Previous works showed that Si- and Sn-doped Ga2O3 thin
films grown on Al2O3 substrates possess low electrical conductivity of
< 8 S�cm�1.20–22 Recently, Rafique et al. reported that the use of vici-
nal Al2O3 (0001) substrates with appropriate miscut angles can pro-
mote step-flow growth mode and then reduce twin lamellae and
stacking mismatch boundaries in the grown Ga2O3 films.23 A high
mobility of 106.6 cm2V�1 s�1 was achieved due to the substantially
improved crystalline quality. The enhancement of crystallinity and
modulation of the domain structure for films were also demonstrated
by previous studies.24–26 However, films prepared by Rafique et al.
exhibited a low conductivity of �8 S�cm�1, because of a low carrier
concentration in undoped Ga2O3. Si or Sn doping would be an effec-
tive way to further enhance electrical conductivity. In addition, the
vicinal substrates were employed to improve the performance of solar-
blind photodetectors and LEDs.27–29

In this work, we report the use of vicinal Al2O3 (0001) substrates
to grow Si:Ga2O3 thin films. By optimizing Si doping level and sub-
strate miscut angles, Si:Ga2O3 films with a high conductivity of 37
S�cm�1 and average transparency (260–400nm) over 85% have been
achieved. The surface electronic structures of the Si:Ga2O3 films are
analyzed in detail by high-resolution photoemission spectroscopy and
discussed in terms of device applications.

The Si-doped Ga2O3 films were grown on Al2O3 (0001) sub-
strates with different miscut angles (0�, 2�, and 6�) toward the [1120]
direction using PLD from homemade targets. The targets were
obtained by mixing and grinding the appropriate proportions [i.e., Si/
(Si þ Ga)] of Ga2O3 (99.999%) and SiO2 (99.999%) polycrystalline
powder. XRD h–2h scans and phi scans were performed by Rigaku
SmartLab XRD system with Cu Ka radiation. The carrier concentra-
tion and electron mobility were measured by Hall measurement with a
direct current (DC) bias using the four-point van der Pauw configura-
tion at room temperature. The 5nm Ni/50 nm Au top electrodes were
deposited on the corners of the films by magnetron sputtering to
achieve Ohmic contacts. The x-ray photoelectron spectroscopy (XPS,
Al Ka1, hv ¼ 1486.6 eV) and ultraviolet photoemission spectroscopy
(UPS, He I, hv ¼ 21.22 eV) were performed by Thermo Scientific
ESCALAB Xiþ at a 90� takeoff angle. The binding energy was cali-
brated by setting the Au 4f7/2 peak of Au foil placed in the electrical
contact with the film surface at binding energy of 84.0 eV.

A series of growth parameters (e.g., Si doping concentration, tem-
peratures, and oxygen pressures) for Si:Ga2O3 thin films were investi-
gated to optimize the crystal structure and electrical properties of
Ga2O3 (Fig. S1). Among all films grown on Al2O3 (0001) substrate
without miscut angle, the 0.5% Si-doped film grown at 600 �C in O2

pressure of 1 Pa shows the best electrical properties with the mobility
of 2.5 cm2V�1 s�1. Subsequently, vicinal substrates with different mis-
cut angles (d) of 2� and 6� toward the [1120] direction were used to
further improve the crystal quality. Figure 1(a) shows the h–2h XRD
patterns for �500nm thick 0.5% Si-doped films grown on Al2O3 sub-
strates without miscut angle (d¼ 0�) and with d of 2� and 6�. Two dif-
fraction peaks located at 38.3� and 58.9� can be found and ascribed to
ð402Þ and ð603Þ planes of Ga2O3, respectively, suggesting the epitaxial
relationship of Ga2O3 ð201ÞjjAl2O3 (0001).

To further examine the crystalline quality of the Si:Ga2O3 films,
XRD phi scans and rocking curve measurements have been carried
out. Figure S2 shows the XRD rocking curves of 0.5% Si:Ga2O3 thin
films grown on different substrates, which indicates that the film
grown on substrate with 6� miscut angle has a smaller FWHW (1.59�)
than that of film grown on substrate without miscut angle (d ¼ 0�,
FWHW ¼ 2.50�). XRD phi scans from ð401Þ skew-symmetric Bragg
reflections were performed as shown in Fig. 1(b). Six strong reflection
peaks separated by 60� are observed for the films grown on Al2O3 sub-
strates without miscut angle, due to its sixfold in-plane rotational sym-
metry. It is a combination of the twofold in-plane rotational domains
of monoclinic Ga2O3 and the threefold rotational symmetry of sub-
strates.30 However, for films grown on 2� and 6� miscut substrates, the
number of peaks decreased, and only one peak dominated in the phi
scan for d ¼ 6�, indicating that the in-plane domain structures and
rotational symmetry are strongly suppressed. This indicates that the
films grown on vicinal substrates have preferred growth orientation
and the characteristics of step-flow growth mode. This can also be fur-
ther visualized from the surface morphologies, shown in Fig. 1(c). The
film grown on the substrate without miscut angle shows granular
structures, while the film grown on d¼ 6� substrate exhibits more reg-
ular step-like features. The preferred growth orientation and different
morphology on miscut substrates are attributed to the change in
growth mechanism guided by the high density of atomic steps on

FIG. 1. (a) h–2h XRD patterns of 0.5% Si-doped Ga2O3 (0.5% Si:Ga2O3) films
grown on Al2O3 (0001) substrates with different miscut angles of 0�, 2�, and 6�

toward [1120] direction. (b) Phi-scans of the (4 01) plane of 0.5% Si:Ga2O3 thin
films. (c) AFM images of 0.5% Si:Ga2O3 films (5� 5 lm2) on 0� and 6� vicinal
Al2O3 (0001) substrates, respectively. (d) Schematic illustrations of the growth
mode of Ga2O3 films deposited on Al2O3 (left, island growth) and vicinal Al2O3 sub-
strate (right, step-flow growth), respectively.
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vicinal substrates, as schematically shown in Fig. 1(d). For films grown
on the substrate without miscut angle, the substrate surface terrace is
wide and there are no preferential sites for Ga adatoms to nucleate,
leading to three-dimensional island growth mode. On the other hand,
on the vicinal substrates, the surface terrace width became small
enough and steps act as the preferential binding sites for Ga adatoms.
This suppresses the random nucleation on the surface and promotes
step-flow growth mode along the miscut direction. The step growth
mode and preferred growth orientation could effectively reduce twin
lamellae and grain boundaries, and therefore, improve the electrical
properties of the Si:Ga2O3 films.31

Figures 2(a) and 2(b) show the room temperature Hall mobilities
(l) and conductivities (r) as a function of Si doping levels for films on

substrates without miscut angle (d ¼ 0�) and with d ¼ 6�. The films
on d ¼ 6� substrates show substantially improved mobility and con-
ductivity compared with films on d ¼ 0� substrates. In particular, the
0.5% Si-doped film exhibits the highest conductivity of �37 S�cm�1
and mobility of 7.2 cm2V�1 s�1, which are about three times higher
than that of film grown on d ¼ 0� substrates. Figure 2(c) presents the
optical transmittance of the Si:Ga2O3 films in the 200–1000nm wave-
length range, showing that the Si:Ga2O3 films possess a high transmit-
tance of over 85% in the ultraviolet region of 260–400 nm. Si doping
slightly increases the transmittance of the films in the DUV region
[inset of Fig. 2(c)] because of the blueshift of the bandgap caused by
doping. The direct optical bandgaps of Si:Ga2O3 thin films are extrap-
olated by the Tauc plot [Fig. 2(d)]. The Tauc relation can be expressed
as ðah�Þ2 / ðh� � EgÞ, where a is the absorption coefficient and h� is
photon energy.32,33 The bandgaps increase from 4.86 to 4.96 eV with
increasing Si doping, due to the filling of the conduction band (CB) by
free electrons, i.e., Burstein–Moss effect.34 Table I summarizes the elec-
trical and optical properties of our Ga2O3 thin films compared with
those reported in previous works. It can be seen that the Si:Ga2O3 films
grown on vicinal Al2O3 substrates exhibit much better conductivity
and transparency in the DUV region.

The surface electronic properties of the Si:Ga2O3 films are impor-
tant for transparent electrode application. We used XPS and UPS to
further explore the surface electronic structures, band bending and
work functions of the grown Si:Ga2O3 films. Figures 3(a) and 3(b)
show the Ga 2p3/2 and valence band (VB) XPS spectra of the Si:Ga2O3

films, respectively. As the Si doping level increases from 0% to 0.1%, a
shift toward higher binding energies in both Ga 2p3/2 and VB maxi-
mum (VBM) can be observed, because of the up-movement of the
Fermi level (EF) with the increase in the electron doping. This varia-
tion is consistent with the increase in the optical bandgap by the
Burstein–Moss effect as mentioned above. A schematic energy dia-
gram for the electronic structure of Ga2O3 with Si doping is shown in
Fig. 3(c). Based on the free-electron model, the Burstein–Moss shift
(DBM) can be calculated by DBM ¼ h2k2

8p2m�, where h is the Planck’s
constant, m� is the electron effective mass, and k ¼ ð3nep2Þ1=3 is the
fermi wave vector, where ne is carrier concentration.34 Figure 3(d)
summarizes the value of DBM and the change in optical bandgap
(Eopt), VBM, and average core level binding energies. The shift values
of DBM are in agreement with the change in Eopt as a function of Si
doping because the bottom of the CB is filled with electrons.
Nevertheless, for 0.5% and 1% Si-doped films, the shifts of VBM and

FIG. 2. (a) Hall mobility and (b) conductivity of Si:Ga2O3 thin films grown on 0� and
6� miscut Al2O3 (0001) substrates as a function of Si doping level. (c)
Transmittance spectra and (d) (ah�)2 vs h� plot of Si:Ga2O3 films with different Si
content (violet, 0%; green, 0.1%; orange, 0.5%; red, 1%). The inset in (c) shows
the transmittance of Si:Ga2O3 films at k ¼ 300 and 260 nm as a function of Si dop-
ing level.

TABLE I. Summary of optical and electrical properties of the n-type doped Ga2O3 films with different deposition methods from literatures, including transmittance, mobility, and
conductivity.

Dopants Substrate Method Transmittance Mobility (cm2V�1 s�1) Conductivity (S�cm�1) Reference

Si Al2O3 PLD 90% (k ¼ 300 nm) 7.2 37 This work
65% (k ¼ 260 nm)

Sn Glass/Al2O3 PLD 55% (k ¼ 248 nm) 0.44 1 20
Sn Al2O3 PLD 80% (k ¼ 300 nm) � � � 8.2 22
Si Al2O3 PLD 90% (k ¼ 300 nm) 0.1 2 47
Si Al2O3 PLD 90% (k ¼ 300 nm) 2.9 11.7 48
Si Al2O3 MOCVD 50% (k ¼ 280 nm) 11.8 0.49 49
Si Fe:Ga2O3 (010) PLD 20% (k ¼ 280 nm) 64.5 2323 11
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core levels are smaller than the change in the DBM and Eopt. This dis-
crepancy can be resolved by considering the XPS is a surface sensitive
technique, and there is an upward band bending existing in the surface
region of Si:Ga2O3 films.

We used a model to quantitatively estimate the value of surface
band bending (/bb).

35,36 For Ga2O3, the Ga 3d is located at
16.886 0.05 eV below the VBM (i.e., DEGa 3d�VBM, measured by hard
x-ray photoelectron spectroscopy in Fig. S3).37,38 Therefore, the
amount of surface band bending can be calculated by /bb ¼ E0

g
þDBMþ DEGa 3d�VBM � EGa 3d , where EGa3d is the binding energy
of Ga 3d. The calculated values of /bb, work functions (/), and the
measured VBM are summarized in Table II. There is a 0.35 eV upward
band bending at the surface region of undoped Ga2O3, and the value
of band bending slightly increases with the increase in Si doping [a
0.39 eV upward band bending for 1% Si:Ga2O3, as shown in Fig. 4(a)].
The upward surface band bending in Ga2O3 is very different from the
traditional transparent oxide semiconductors, i.e., In2O3 and SnO2

show downward surface band bending (electron accumulation
layer).39–41 This is mainly due to the fact that the charge neutrality

level (CNL) of Ga2O3 is located at 0.6 eV below the CBM derived by
Ga 4s orbital, and a depletion layer will occur on the surface to com-
pensate for negatively charged surface states.35 With the increase in
carrier concentration, the upward band bending increases, because the
Fermi level moves further away from the CNL.

We used UPS to measure the work functions of the grown
Si:Ga2O3 films. Figure 4(b) shows the secondary electron cutoff
(SECO) and the VBM of the films measured by UPS. Based on
/ ¼ h� � ðEcutoff � EFÞ, the work functions are determined to be
3.22 eV for undoped Ga2O3, 3.31 eV for 0.1%, 3.44 eV for 0.5%, and
3.45 eV for 1% Si:Ga2O3 films. The work functions of Si:Ga2O3 films
are much smaller than that of In2O3 and SnO2 (4.2–5.0 eV).42–45 A
low work function conductive cathode is highly needed in OLEDs to
promote the electron injection into the lowest unoccupied molecular
orbital (LUMO) of the organic semiconductor and then realize high-
performance photoelectric devices.46 The DUV transparent Si:Ga2O3

thin films with conductivity and low work function have the potential
to be used in OLEDs and other optoelectronic devices.

In summary, we fabricated highly conductive and DUV transpar-
ent Si:Ga2O3 thin films on vicinal Al2O3 (0001) substrates. It is found
that the growth model, crystalline quality, electrical properties, and
surface morphologies of Si:Ga2O3 thin films are closely related to the
miscut angle. 0.5% Si-doped film grown on the 6

�
miscut substrate

FIG. 3. (a) Ga 2p3/2 core level and (b) valence-band XPS spectra (inset: valence
band maximum edges) for the Si:Ga2O3 films series. (c) Schematic energy diagram
for Si:Ga2O3 based on free-electron model. (d) Energy shifts of Burstein–Moss
(DBM), optical bandgap (Eopt), VBM, and average of core levels (CL) as a function
of Si content.

TABLE II. Summary the values of the surface band bending, work functions, and
VBM for Si-doped Ga2O3 thin films.

Si doping
level (%)

Surface band
bending (/bb, eV)

Work function
(/, eV)

VBM
(eV)

0 0.35 3.22 4.53
0.1 0.36 3.31 4.58
0.5 0.39 3.44 4.58
1 0.39 3.45 4.59

FIG. 4. (a) Schematic energy diagram of the band bending at the surface of 1%
Si:Ga2O3 thin film (/, work function; /bb, surface band bending). (b) The UPS
spectra (He I, h� ¼ 21.22 eV) for Si:Ga2O3 thin films.
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shows the highest conductivity of 37 S�cm�1 and attractive average
transparency of 85% in 260–400nm wavelength. An upward band
bending was found at the surface region of Si:Ga2O3 films, which is in
stark contrast to the downward surface band bending found for other
oxide semiconductors, such as In2O3 and SnO2. The upward band
bending can be explained by the low charge neutral level in Ga2O3.
Furthermore, the Si:Ga2O3 films have low work functions of �3.3 eV,
making them promising as efficient electron injection materials. The
results and the understanding of surface electronic properties for
Si:Ga2O3 films would be a guideline for developing advanced DUV
transparent electrodes with the characteristics of high DUV transpar-
ency, conductivity, and low work functions.

See the supplementary material for characterizations of b-Ga2O3

thin films, such as h–2h XRD patterns, rocking curves, and hard x-ray
photoelectron spectroscopy.
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