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Zhang et al. report the achievement of a deep UV transparent, highly conductive,
and low work-function thin film based on Si-doped Ga,O3. This work may provide
significant guidance for the use of Si-doped Ga,O3 thin films as electrodes in high-
power electronics, deep UV, and organic electronic devices.
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Deep UV transparent conductive oxide
thin films realized through degenerately

doped wide-bandgap gallium oxide

Jiaye Zhang,'? Joe Willis,**> Zhenni Yang," Xu Lian,® Wei Chen,® Lai-Sen Wang,” Xiangyu Xu,'
Tien-Lin Lee,” Lang Chen,?* David O. Scanlon,*** and Kelvin H.L. Zhang'-®*

SUMMARY

Deep UV transparent thin films have recently attracted considerable
attention owing to their potential in UV and organic-based opto-
electronics. Here, we report the achievement of a deep UV trans-
parent and highly conductive thin film based on Si-doped Ga,03
(SGO) with high conductivity of 2500 S/cm. The SGO thin films
exhibit high transparency over a wide spectrum ranging from visible
light to deep UV wavelength and, meanwhile, have a very low work-
function of approximately 3.2 eV. A combination of photoemission
spectroscopy and theoretical studies reveals that the delocalized
conduction band derived from Ga 4s orbitals is responsible for
the Ga,0Oj3 films’ high conductivity. Furthermore, Si is shown to act
as an efficient shallow donor, yielding high mobility up to app-
roximately 60 cm?/Vs. The superior optoelectronic properties of
SGO films make it a promising material for use as electrodes in
high-power electronics and deep UV and organic-based optoelec-
tronic devices.

INTRODUCTION

Transparent conducting oxides (TCOs) constitute a unique class of materials that
simultaneously possess seemingly conflicting properties of optical transparency
and high electrical conductivity. TCOs have widespread applications as transparent
electrodes in modern optoelectronics, including flat panel displays, solar cells and
light-emitting diodes (LED)."? At present, commercially used TCOs are based on
degenerately doped wide-bandgap oxide semiconductors such as Sn doped
In;03 (ITO), F-doped SnO, (FTO), and Al-doped ZnO (AZO), in which a bandgap
(Eg) of greater than 3.2 eV maintains optical transparency for visible light, and
degenerate doping provides an excellent electrical conductivity higher than 103
S/em.

However, with the rapid development of UV and organic-based optoelectronics in
recent years, there is an increasing demand for new TCO materials with deep UV
(deep UV, 200-300 nm in wavelength) transparency as efficient electrodes for
deep UV lasers, deep UV LEDs and deep UV detectors. Deep UV LEDs and lasers
are attracting considerable attention for various applications, including coronavirus
sterilization, water purification, lithography, and biological detection,” but the effi-
ciency of such a deep UV LED is quite low (only approximately 1%), in part because
of the non-availability of a deep UV transparent electrode.®’ Conventional TCOs
such as ITO, FTO and AZO are opaque in the deep UV region because of their small
Egof lessthan 3.5 eV.% Moreover, a TCO layer with a low work-function of 2.5-3.5 eV
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is also highly needed to increase the electron ejection efficiency into the given
organic semiconductor in organic LED and organic thin-film transistors (OTFT),”""

as the work-functions of most TCOs are larger than 4.2 eV.""'?

Gallium oxide (Ga,O3) is a semiconductor with an ultra-wide bandgap of 4.8 eV;
therefore, it is transparent in the deep UV spectrum. The bandgap of Ga,O3 is larger
than other reported deep UV TCO materials, such as electron-doped
12Ca0-7Al,05 (Eg~4 eV, ¢ ~ 800 S cm™"),"*""* Mgg.43Znos70 (Eg~4.2 eV, o ~
400 S cm™"),"® and SrSnO5 (Eg~4.6 eV, 3000 S em™ )10 Recently, Ga,O3 has been
attracting considerable attention for application in high-power electronics and so-
lar-blind UV (200-280 nm) photodetection, because of the ultra-wide bandgap,
high theoretical breakdown field, and availability of large-scale wafers and sta-
bility."’'” Ga,O3 is also amenable to degenerate n-type doping using group IV el-
ements such as Si,”°?? Ge?* and Sn,”’ rendering Ga,O3 a promising candidate to be
explored as a deep UV TCO. The technological importance of highly conductive
Ga,0O3 has prompted a number of studies of electron doping of Ga,O3. Sn doped
Ga,Oj3 thin films were explored as a deep UV TCO 20 years ago,”* but the conduc-
tivity was limited to a low value of approximately 1 S/cm. Recently, Leedy et al.”” re-
ported the achievement of a high conductivity of 732 S/cm based on Si-doped
GayO3 thin films. Heavily Si-doped Ga,Oj3 layers with carrier concentration of 5 x
10" ecm™2 have been used as low-resistance Ohmic contacts to a Ga,O3 channel
layer,”” effectively reducing the parasitic resistance in Ga,O3 modulation-doped
high electron mobility transistors. However, thus far, the electrical conductivity of
n-type doped Ga,Oj3 achieved is still orders of magnitude lower than the minimum
value of approximately 10° S/cm required for TCOs. The fundamental optoelec-
tronic properties and the potential of degenerately doped Ga,Oj thin films as
deep UV TCOs have not been fully explored yet.

In this work, we report the achievement of highly conductive and deep UV trans-
parent oxide thin films based on Si-doped Ga,O3 (SGO) with a record-high conduc-
tivity of 2,500 S/cm and mobility of 60 cm?/V s. The SGO thin films possess a high
transparency of more than 80% in the wide spectrum from infrared to deep UV light
wavelengths, and a work-function of as low as 3.2 eV, making it a promising UV
transparent electrode for deep UV optoelectronics. A combination of hard X-ray
photoemission spectroscopy (HAXPES), optical spectroscopy and density functional
theory (DFT) calculations were also performed to reveal the fundamental insights
into the electronic structures for the superior properties and reveal that the chemis-
try of the spatially extended Ga 4s-derived conduction band and effective Si doping
are the key for high mobility and conductivity of SGO films.

RESULTS AND DISCUSSION

Thin-film growth and crystal structures

The most stable phase of Ga,QOs is the monoclinic B-phase (hereafter referred to as
Ga,03).?® Figure 1A shows the crystal structure of Ga,Oj5 (left), consisting of tetrahe-
drally (T,) coordinated Ga; and octahedrally (O}) coordinated Ga; sites. The con-
duction band (CB) of Ga,Os3 (right, Figure 1A) is mainly derived from the spatially
extended Ga 4s orbital, giving rise to a dispersive CB edge and high mobility for
conduction of electrons.?”” Si doping in Ga,O3 preferentially substitutes for Ga at
the Ga; site,?®?? effectively adding extra electrons to the bottom of CB. We grew
approximately 200-nm-thick SGO thin films with Si doping levels of x = 0.01%,
0.03%, 0.1%, 0.5%, 1%, and 2% on (010)-oriented Ga,Oj3 substrates using pulsed
laser deposition. Details for thin film growth and characterizations are provided in
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Figure 1. Crystal structure and temperature-dependent transport properties

(A) Left: Crystal structure of monoclinic Ga,O3 doped with Si at the Ty-coordinated Ga site; Ga
cations located at T4 (Gay, yellow) and Oy, (Gay, cyan) coordination. Right: Schematic energy
diagram for Ga,03, showing the Ga 4s derived CB and O 2p derived VB.

(B) Out-of-plane 6-20 XRD patterns in the vicinity of Ga,O3 (020) reflections. Pronounced Kiessig
interference fringes confirm the high crystalline quality of the epitaxial films.

(C-E) Temperature dependence of (C) resistivity, (D) carrier concentration, and (E) hall mobility for
(Si,Gaq.,),03 with different x.

the experimental procedures section. Figure 1B show §-20 X-ray diffractometer
(XRD) patterns around the (020) diffraction peak of Ga,O3. For x < 1%, the film
(020) peaks overlap with that of the substrate, suggesting that the films have very
similar lattice constants as bulk Ga,O3 (3.037 A). However, for the x = 2% films,
the out-of-plane lattice constants are slightly smaller than that bulk Ga,O3 substrate.
The shrinkage of the lattice constant is due to the smaller ionic radius of Si** (0.54 A)
than Ga3* (0.76 A) at the T4 Gaq coordinated site, indicating the successful incorpo-
ration of Si at the Ga lattice site. Furthermore, all the films exhibit well-defined Kies-
sig fringes and have similar full-width-at-half-maximum as the substrate in the XRD
rocking curve (Figure S1), confirming the high crystalline quality of the films. atomic
force microscopy images (Figure S2) also shows the films have smooth surfaces with
a root-mean-square roughness of less than 0.6 nm.

Transport and optical properties

Temperature-dependent transport properties were measured from 10 to 300 K. The
corresponding electrical resistivity (p), carrier concentration (ng), and mobility (u) are
shown in Figures 1C-=1E. The 0.01% SGO film with n. = 5.6 x 10"® cm~3 exhibits
semiconducting behavior, whereas films with higher doping levels show clear char-
acteristics of metallic conductivity, indicating the degenerate doping of Ga,O3. Us-
ing the reported static dielectric constant &5 of 10.2 and electron effective mass mg*
of 0.28 m,,*%*" the effective Bohr radius ag* = apes/(mo*/ms) for a donor state in
Ga,0s3 is estimated to be 1.9 nm. The critical carrier concentration n for the onset
of degenerate metallic conductivity as defined by the Mott criterion (n)"3ag* =
0.25 is calculated to be approximately 3 x 10'® cm™.?? The overall trend of
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Figure 2. Room temperature transport and optical properties

(A) Room temperature Hall mobility as a function of carrier concentration for the SGO thin films
deposited by pulsed laser deposition in this work, and Si, Sn, and Ge doped thin films reported in
the literature” %" as well as ITO and FTO."” The gray dashed lines display the lines of constant
conductivity.

(B) The wide-range optical transmission of Ga,Oj3 substrate (Sub.) and approximately 200 nm-
thickness 0.03%, 0.5 and 1% Si doped Ga,O3 thin films (on GayO3 substrate), as well as
approximately 200 nm-thickness ITO on SiO; substrate. DUV, deep UC; IR, infrared; NUV, near UV.

transport properties of our films with different doping levels agrees fairly well with
the prediction based on the Mott criterion for metal-insulator transitions. Figure 2A
and Table 1 summarize the room temperature ne, ., and electrical conductivity (o) of
our films, alongside other n-type doped Ga,O; films reported in the litera-
ture,”*?%3* as well as ITO and FTO."? It can be seen that the 0.5% and 1% doped
SGO films possess very high u values up to 75 cm?/Vs and 65 cm?/Vs respectively,
and high n, of more than 10%° cm~3, indicating the superior electrical properties
of the SGO films. We found the electrical properties of SGO is very sensitive to
the growth temperature and oxygen pressure. With an optimized growth tempera-
ture of 600°C and oxygen pressure of 10 mTorr, we have achieved a record highest o
of 2500 S/cm and ne of up to 2.6 X 102 cm 3 forthe 1% Si-doped films. The ¢ and n,
ofthe 0.5 and 1% SGO are competitive with those of conventional ITO and FTO thin
films and can meet the requirements for optoelectronic device applications.” We
also found that the crystalline quality has a considerable effect on the mobility of
thin films. Under the same growth conditions, the hetero-epitaxial thin films grown
on Al,Oj3 substrates normally exhibit a low mobility of 2 cm?/V s. This is likely due
to the scattering from the defects and/or grain boundaries in the hetero-epitaxial

films. 53¢

Figure 2B shows the optical transmittance for the SGO films together with the Ga,O3
substrates. Despite its large thickness of approximately 0.5 mm, the Ga,Oj3 substrate
still shows a high average transmittance greater than 80% in the visible range (400-
700 nm in wavelength). Moreover, the Ga,Oj3 substrate also exhibits a high transpar-
ency in the deep UV region, e.g., 65% at 300 nm. The SGO films grown on Ga,O3
substrates show quite similar transparency from visible light to deep UV spectrum,
as summarized in Table 1, but the transparent window of the SGO films is re-set at
the infrared region by plasmon energy arising from doped free electrons, and
extended to shorter UV wavelengths owing to the widening of the optical bandgap.
The plasmon energy (w,) is proportional to n.'"? by w,,” = ne?/m*e . £o. The plasmon
energies derived from carrier concentrations are summarized in Table 1. At UV wave-
lengths, the cutoff is slightly extended to shorter UV wavelengths owing to the in-
crease of optical bandgap from 4.80 eV to 4.99 eV arising from the filling of the lower
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Table 1. The summary of electrical and optical properties for Si doped Ga,03

X G (S/em) ne(em™®)  p(em®NVs) Ty (%) Tu(%) Evem(eV) wp(eV) @, (eV)
0.01% 18.6 5.6 x10'® 207 NA NA 4.80 0.067  3.26
0.03% 111 15%x 10" 475 80.3 67.2 4.85 0.144  3.34
0.1% 378 3.8x 10" 621 NA NA 4.89 0175  3.39
05% 1,322 1.1%x10%°  75.0 80.1 67.4 4.97 0.297 343
1% 2,500 2.6 x 102 60.3 78.6 65.1 4.99 0.456  3.45

Room temperature conductivities (o), carrier concentration (ng), mobility (u), averaged transmission in the
visible (Tyis, at wavelengths of 420, 490, 560, 630 and 700 nm), and UV region (Tyy, at wavelengths of 280,
310, 340, 370, and 400 nm), HAXPES measured VBM (Eygw), plasmon energy (w,) derived from carrier con-
centration, and work-function (®,,) for SGO thin films on a Ga,03(010) substrate.

CB states by degenerately doped electrons, i.e., the Burstein-Moss shift.>’-** We will
discuss the determination of the change of the optical bandgaps using HAXPES in
the following section.

To clearly compare the optical transmission and conductivity of SGO with other re-
ported deep UV TCO materials, we introduce Haacke's figure-of-merit o rc=T"%R,,*’
where Tis the transmission and Rsis the sheet resistance. The ¢ ¢ of the present SGO
filmis 3.8 x 107*Q~", which is much higher than that of other reported deep UV TCO
materials, such as electron-doped 12Ca0-7Al,03 (1077Q™ """ and Mgo.43Zno.570
(107'2Q7""® and is compared with that of recently reported La-doped SrSnOs (8.6
x 107% Q7")'® at 300 nm in wavelength. The high electrical conductivity and
outstanding transparency up to the deep UV spectrum of the SGO films make
them promising materials as efficient electrode layers for deep UV LED and lasers,
as well as low-resistance Ohmic contacts in high-power electronics. For example,
recently deep UV LEDs are attracting considerable attention for various applications
including coronavirus sterilization, lithography, and biological detection.” However,
the current external quantum efficiency of such a deep UV LED is quite low (only
around 1%), in part because of the non-availability of a deep UV transparent elec-
trode.®’ The SGO films can meet the requirement for conductivity and deep UV
transparency. Unlike conventional TCO thin films, which are typically grown on glass
or Al,O3 substrates,’”"" the present high conductive and UV transparent SGO thin
films are homoepitaxially grown on Ga,Oj3 substrates. Nevertheless, the present
SGO thin films have a promising potential for many optoelectronic device applica-
tions. First, a large size Ga,Oj3 substrate with a high transmittance of more than
80% in the spectrum from infrared to deep UV range, are commercially available
and its price is expected to gradually decrease.”? Second, at present, most of the
Ga,03-based power electronics devices, e.g., field-effect transistors, are homoepi-
taxially grown on Ga,Oj3 substrate. The homo-epitaxially grown SGO layers with
high conductivity are much needed to be used as low-resistance ohmic contacts

to a Ga,O3 channel layer.?®

Electronic structure

To gain deep insights on the optical and electronic properties, HAXPES measure-
ments at the CB and valence band (VB) as well as hybrid DFT calculations were
performed. Based on hybrid DFT density of state calculations, the VB of Ga,O3 is
mainly derived from the filled O 2p® orbital, and the CB primarily from the Ga 4s
orbital. The spatially extended Ga 4s orbital leads to highly dispersive CB edges
and thus small effective masses for high electron mobility. HAXPES enhances the
ability to detect Ga 4s orbital owing to the enhanced photoionization cross-section
for Ga 4s orbital relative to O 2p at higher excitation photon energies.** This makes it
a very effective way to directly observe the electronic states of the filled electrons at
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Figure 3. Electronic structure of Ga,03

(A) The calculated partial and total density of state (top) for undoped Ga,O3, as well as the
experimental HAXPES spectra (bottom) plotted as a function of binding energy.

(B) The expanded view of VB edge (x3) and CB (x50) for the (SixGa1_,),03 with different x.

(C) Schematic diagram of the change in electronic structure for undoped and degenerately doped
Ga,03. Doping produces an increase of optical bandgap (E.p), consisting the contributions from
Burstein-Moss shift (ABM).

(D) HSEQ6 calculated band structures for undoped Ga,Os.

the Ga 4s-derived CB. Figures 3A and 3B show the HAXPES spectra, encompassing
the VB, CB, and the bandgap region. Based on a free-electron model, using the ne
determined from transport measurement, the 0.01% SGO is close to the threshold of
degenerate doping and its E is just 0.02 eV above the CB minimum (CBM). A well-
defined CB feature straddling the Fermi level (E) is observed for a higher Si doping
level (Figure 3B inset), resulting from the filled electrons at the bottom of CB. As ex-
pected, the intensity of the occupied CB feature progressively increases with the Si
doping level. The electrons occupying the highly dispersive CB leads to free elec-
tron-like metallic properties, consistent with the temperature-dependent transport
measurement.

Turn to the VB spectra. Concurrently with the filling of CB by electrons, the VB
maximum (VBM) also shifts to higher binding energy, owing to the upshift of the
Er, as shown in Figure 3B and Table 1. The VBM for 0.01% SGO is determined to
be at 4.80 eV below the Eg. This value is approximated as the bandgap of Ga,Os3,
since the Ef of the 0.01% SGO is close to the CBM. With increasing Si, the optical
bandgap of SGO increases because of the block of the lower CB states by filled elec-
trons, i.e., Burstein-Moss shift. Based on a free electron model, the Er for 0.5 and 1%
SGO are estimated to be at 0.34 and 0.51 eV above the CBM (see Figure 3C), i.e., the
optical bandgap should be increased by 0.34 and 0.51 eV, respectively. However,
the increase of bandgap is further counteracted by bandgap shrinkage owing to
many-body interactions arising from electron-electron interaction and electron-ion
interaction in degenerate doping levels.”* Nonetheless, as illustrated in Figures
3B and 3C, because HAXPES measures both the CB and VB features with the Eg
referred to as zero energy, the measured energetic separation between the VBM
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Figure 4. Work function and band structure
(A) Secondary energy cutoff used to measure the work-function of the SGO thin films and Ag, Au foils.
(B.and C) (B) The work function values of various metals and TCOs.""'? (C) Valence and CB with respect to the VL for ZnO, GaN, ITO, and SnO, taken from

the recent calculations,***® as well as that of Ga,Os from our experiment. The VL is set to 0 eV. The EA and ionization potential values are indicated at

the top and bottom of the figure, respectively.

and Ef (Er-VBM) in HAXPES reflects the onset of optical absorption or Eg. There-
fore, we take the Eg-VBM values as optical bandgaps of SGO. It can be seen that
Si doping widens the transparent window at deep UV spectrum by increasing the op-
tical bandgaps, up to 4.99 eV for 1% SGO. Based on the HAXPES results and DFT
calculations, it can be concluded that the high density of free electrons filled at
the highly dispersive Ga 4s-derived CB is responsible for the highly conductive
SGO thin films, notably with 0.5 and 1% Si doping levels. Figure 3D shows the
DFT calculated band structure of Ga,O3. The CB edge of Ga,Oj3 consists of a highly
dispersive Ga 4s derived band, leading to a low effective electron mass of 0.28 m*
and large orbital overlapping for high electron mobility. DFT calculations also indi-
cate the 3s dopant state of Si are energetically separated from the Ga 4s-derived
CBM, and can easily donate the extra electrons to the delocalized CB of Ga,Os.
Furthermore, because there is no hybridization of Si donor orbitals with the Ga 4s
CBM states, the low effective mass of Ga,Oj3 is retained even with a high Si doping
level, therefore leading to the high electron mobility in the degenerately SGO.

Band structure and work-function

We measured the work-function of the SGO films using UV photoemission spectros-
copy, as shown in Figure 4A. It is interesting to note that SGO has lower work-func-
tion values of 3.26-3.45 eV. Notably, the work-function of SGO films are much lower
than those of conventional TCOs, such as ITO (approximately 4.5 eV), FTO (approx-
imately 4.7 eV), and AZO (approximately 4.2 eV),"""'? as shown in Figure 4B. Oxide
semiconductors rarely have work-functions that are lower than 4 eV. The low work-
functions of SGO films has significant implications for their use as efficient electron
injection layers in organic LED and OTFT, which require efficient band alignment be-
tween the low work-functions of the cathode organic semiconductors. Most of the
organic semiconductors in organic LED and OTFT have a rather small electron affin-
ity (EA) of less than 3.5 eV.7 145 A low work-function and stable electrode material
are highly needed to minimize the interfacial energy barriers for electron injection
into the lowest unoccupied molecular orbital of organic semiconductors to maximize
device efficiency. However, at present, the lack of stable low work-function electrode

materials still limits the device efficiency.'""?

Moreover, it is also of interest to discuss the low work-function of SGO in comparison
with conventional TCOs such as ITO, FTO, and AZO, in terms of the electronic
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structure. Figure 4C summarizes the energy positions of CB and VB edges of ZnO,
GaN, ITO, and SnO,, relative to the vacuum level (VL) taken from the recent calcula-

tions,%’48

as well as that of Ga,O3 from our experiment. The CB edges for all these
wide bandgap semiconductors are formed by the empty ns orbitals of metal cations.
An important factor explaining the low work-function of SGO is the relatively high
energy position of the Ga 4s derived CB,*” which results in a very small EA value
of 3.0 eV for Ga,Os3. This, coupled with the high energy position of the Ef lifted by
degenerately doped electrons, results in the low work-function. A similar explana-
tion also applies to GaN in which the Ga 4s-derived CB also results in a small EA
value of 3.7 eV,***% and degenerately n-type doped GaN has low work-function
values of approximately 3.8 eV. In contrast, the low-lying Zn 4s in ZnO, Sn 5s in
SnO,, and In 5s in ITO result in larger EAs and correspondingly larger work-
functions.

In contrast, the high energy position of CB and small EA in Ga,Os3 also pose a hin-
drance to the n-type dopability of the free electron concentration, because the
higher CB energy position limits its ability to accommodate doped electrons. %%
The highest n, in Ga,O5 so far is 2.6 x 10%° cm~2 achieved in the present work. In
comparison, an n, of approximately 10?' cm™3 can be achieved in Sn doped
ITO."? ITO has the lowest CB level of all the TCOs, which correlates with its ability
to sustain the highest n. and highest ¢ (>10* S/ecm?) when doped with 6% Sn. This
is due to the relativistic contraction of the In 5s orbitals which causes the In 5s state
to be located at lower energies relative to the VL.*? This indicates that alloying
Ga,O3 with ITO could increase the n-type dopability of Ga,O3, and as such, increase
the electrical conductivity. This type of rationale has been successfully used to
increase the EA of ITO by alloying with Tl,03.>? Furthermore, the work-function
of the films can also be tuned, because of the change of EAs. To verify this, we
grew 1% Si-doped 90% Ga,O3 alloyed with 10% ITO thin film, i.e., 1% Si-doped
(Ing.1Gag.9)203, referenced as SIGO. The SIGO thin film has a high ¢ of 2100 S/cm
and an ng of 2.6 x 102° cm™3. As shown in Figures 4A and 4B, the SIGO film indeed
has a work-function of 3.88 eV. The tuning of electronic properties and work-function
by alloying with ITO would offer great potential to extend the applications of the
current commercialized ITO if alloyed with Ga,O3, and vice versa for SGO if alloyed
with ITO.

In summary, this work reported the achievement of deep UV transparent, highly
conductive, and low work-function SGO thin films. The combined HAXPES and theo-
retical calculations clearly demonstrate their superior optoelectronic properties
exhibit strong correlations with the chemistry of Ga 4s derived CB and doping effect
of Si. The high conductivity of SGO is attributed to the high density of the free elec-
trons induced by Si doping filled at the highly dispersive Ga 4s derived CB, while the
low work-function of SGO is owing to high energy position of Ga 4s derived CB and
thus small EA. Remarkably, with the introduction of a much lower In 5s orbital into the
CB, its work-function can be tuned by alloying with ITO. The present results advance
our fundamental understanding and provide important guidance for use of SGO and
its alloying in UV and organic-based optoelectronics and high-power electronics.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Prof. Kelvin. H. L. Zhang (Kelvinzhang@xmu.edu.cn).
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Materials availability
This study did not generate new material structures.

Data and code availability

This study did not produce new code. All of the data associated with this study can
be found in the article or supplemental information and are available from the au-
thors upon reasonable request.

Material synthesis

Ga, O3 targets with Si doping concentrations of 0.01%, 0.03%, 0.1%, 0.5%, and 1%
[i.e., Si/(Si + Ga)] were made by mixing and grinding the appropriate proportions of
Gay03(99.999%, Alfa Aesar) and SiO; (99.999%, Alfa Aesar) polycrystalline powder,
followed by cold pressing and sintering in air at 1,350°C for 24 h. SGO thin films were
homoepitaxially grown on Fe-doped semi-insulating (010) B-Ga,Oj3 substrates
(Novel Crystal Technology) by pulsed laser deposition using a KrF excimer laser
source (A = 248 nm, T = 25 ns, Coherent COMPex 102) from respective targets.
The doping level (x) are Si nominal values calculated from the mole ratio of Si to
Ga in the targets. Before being loaded into the pulsed laser deposition chamber,
the substrates were cleaned sequentially by acetone, isopropanol, and deionized
water in the ultrasonic bath for 5 min and dried by nitrogen. During the growth, laser
ablation was performed at a repetition rate of 5 Hz and an energy density of 1.2 J
cm~2. Films were grown at a substrate temperature of 600°C in 10 mTorr O, with
a target-substrate distance of 50 mm and cooled to room temperature in the
same O, pressure. The target of 1% Si-doped (Ing.1Gag 9),O3 were made by a similar
preparation method with the addition of appropriate proportions of ITO (99.999%,
Alfa Aesar) polycrystalline powder and the corresponding films were prepared by
the above growth method.

Crystal structure characterization

The crystal structures of thin films were determined by Rigaku SmartLab high-reso-
lution XRD, using Cu Ka radiation (A = 0.15406 nm) and parallel beam optics. High-
resolution XRD 6-26 scans and rocking curves were performed in standard symmetric
geometry to examine the out-of-plane epitaxial relationship and crystalline quality.
The thicknesses of thin films ranging from 180 to 220 nm were calculated from the
positions of their Kiessig fringes. Film morphology was characterized using atomic
force microscopy (Asylum Research MFP-3D-SA) at room temperature.”®* The ex-
periments were carried out in the tapping mode with a scan speed of 10 um/s, using
Olympus standard silicon cantilevers (AC240TS-R3).

Optical and electrical measurements

Optical transmission spectra were collected at room temperature using a Cary
5000 spectrophotometer over the spectral range from 0.5 to 5.5 eV. The
temperature-dependent electrical properties of the samples were characterized
using a physical property measurement system (PPMS) in van der Pauw 4-point
configuration. Ohmic contact pads with a metal stack of 5 nm Ni/100 nm Au
were deposited by magnetron sputtering at the corners of the rectangular
samples. The contact pads were bonded through aluminum wires to the channels
of the PPMS dc resistivity puck.

Photoemission spectroscopy measurements

The HAXPES measurements were conducted at beamline 109 (Diamond Light
Source, UK). The endstation is equipped with a VG Scienta EW4000 electron
analyzer with +30° angular acceptance. HAXPES samples were prepared by
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mounting the thin films on copper sample holders with carbon tape and placing Cu
foil in an electrical contact with contact pads (5 nm Ni/100 nm Au) on the films’ sur-
face to avoid charging effects. For core-level and VB scans, the pass energy and step
size were set at 200 and 0.05 eV, resulting in an overall energy resolution of approx-
imately 0.25 eV at a photon energy of 6,000 eV. The absolute binding energy scale
was calibrated by an Au foil using Au’s Fermi edge cutoff at 0 + 0.02 eV and 4f;,,
core level at 84.00 + 0.02 eV. The probing depth was estimated to be approxi-
mately 3% of 24.2 nm, where A = 8.1 nm refers to VB electron’s inelastic mean free
path, as calculated by TPP-2M method in NIST's database.”® UV photoemission
spectroscopy measurements were carried out in a customer-designed ultrahigh vac-
uum system (base pressure =107"° mbar) with He | (21.22 eV) as the excitation
source. The sample was held by a Ta foil, which also provided electrical contact
with contact pads (5 nm Ni/100 nm Au) on the samples’ surface to avoid charging
effects. By applying a sample bias of —5 V, the work-function of the sample was
determined by the secondary electron cut-off in the low kinetic energy region.
SGO thin films were cleaned after transfer through air to the photoemission setup
by annealing at 200°C in 100 mbar O, for 30 min.

DFT calculations

DFT calculations were performed using the periodic code VASP (version 5.4.4),°°7%7
which uses a plane-wave basis set and describes the interactions between valence
and core electrons using the projector augmented wave (PAW) method.®¢! Ga
[3d104524p1] and O[2522p4] PAW pseudopotentials were chosen for this work. The
HSEO06 hybrid exchange-correlation functional,®” with an increased Hartree-Fock
mixing parameter « of 32%, was used to accurately reproduce the bulk bandgap
and lattice parameters of Ga,Og3, as has been performed in other computational
studies of Ga,Oj in the literature.?®3% A plane-wave cut-off of 475 eV and bulk
I'-centered k-point mesh of 8 X 8 x 4 were found to converge the total energy to
less than 1 meV per atom and accurately describe the electronic structure. An 80
atom supercell and relevant input files were generated using many of the tools avail-
able in the PyCDT package.®® Analysis and plotting of band structures were per-
formed with the sumo python package.®

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100801.
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