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Electronic structure and surface band bending of Sn-doped 8-Ga,0O; thin films studied

by x-ray photoemission spectroscopy and ab initio calculations
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The bulk and surface electronic structures of Sn-doped 8-Ga,0Oj5 thin films have been studied by soft and hard
x-ray photoemission spectroscopy (soft PES at 1486.6 eV and HAXPES at 5920 eV). The experimental spectra
are compared with density functional theory calculated density of states in the valence band and conduction
band. Excellent agreement was found between experimental spectra and calculated density of states by taking
into account the photoionization cross section of different orbitals involved in the valence and conduction bands.
The electronic states derived from Ga 4s character are selectively enhanced by HAXPES. This allows us to infer
that the states at the conduction band and bottom of the valence band contain pronounced Ga 4s character. The
occupation of the lower conduction band in degenerately Sn-doped Ga,0; is clearly observed by HAXPES,
which allows for direct measurement of Burstein-Moss shift and band-gap renormalization as a function of Sn
doping. A comparison of the valence band spectra of Sn-doped Ga,0Oj3 films with Si-doped samples suggests
that Sn doping has different effects on the electronic structure than Si doping. An in-gap electronic state is
observed for Sn-doped Ga,Qj3, which is attributed to self-compensating Sn’>* related defects. Furthermore, a
larger band-gap renormalization is found in Sn-doped samples, because the Sn 5s dopant orbital mixes strongly
with the host Ga 4s derived conduction band. Finally, a comparison of the valence band and core-level spectra
excited with soft and hard x rays allows us to identify an upward band bending at the surface region of Sn-doped

G3.203 films.

DOI: 10.1103/PhysRevB.110.115120

I. INTRODUCTION

Monoclinic B-phase Ga,;O3 has garnered significant in-
terest as a wide band gap semiconductor for various device
applications, including high-power electronics, solar-blind
deep ultraviolet (DUV) photodetectors, and DUV transparent
conductive oxides (TCOs). This is due to its ultralarge band
gap of approximately 4.8 eV, high theoretical breakdown field
of 8 MV /cm, controllable n-type dopability, and availability
of large-scale substrate wafers grown from the melt [1-3].
These advantages offer a competitive edge over current wide
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band gap semiconductors such as SiC and GaN. In the con-
text of these device applications, the ability to regulate the
charge carrier concentrations and defects is of essential impor-
tance [4,5]. For instance, in Ga, 03 used as an active channel
layer in high-power electronics, a low carrier concentration
with high mobility is necessary in order to achieve a high
breakdown voltage [6]. However, highly conductive Ga;0O3
with higher carrier concentrations over 10" cm™3 is required
for Ga, 03 used as a DUV transparent conductive electrode
and ohmic contact in modulation-doped high-mobility het-
erostructures [7].

Achieving precise control over carrier concentration and
mobility entails incorporating dopants with small activation
energies while simultaneously suppressing the formation of
compensating defects. Various dopants have been investigated
for this purpose, including group IV elements such as Si,
Ge, and Sn [8-11], as well as transition metals like Ta, Nb,
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and Zr [12-14], among others. These dopants have been
demonstrated to tune carrier concentrations in Ga,Os bulk
crystals and thin films within the range of 10'°-10%° cm~3.
Notably, Sn-doped Ga,O3 bulk crystals are commonly uti-
lized as n-type substrates [15]. Thin films of Si and Sn-doped
Ga;03 have found application as doping layers in different
types of field-effect transistors (FETs) and Schottky barrier
diodes (SBDs). Heavily Si-doped Ga,0O; layers with car-
rier concentration of 5x10'” cm™ have been employed as
low-resistance ohmic contacts to Ga,0s, effectively reduc-
ing the parasitic resistance in Ga,Os-based high-mobility
transistors [7].

On the other hand, doping of semiconductors also alters the
optical and electronic structure of the host semiconductor, due
to the introduction of additional dopant electronic states and
the high density of free electrons [16]. The electronic struc-
ture, particularly the energy band dispersion at the conduction
band (CB) edge, and its resulting transport properties, are
influenced by the electronic states of dopant ions and electron
concentrations [17,18]. Therefore, to fully exploit the poten-
tial of doped Ga;0j3 in optoelectronic device applications, it
is essential to comprehend the electronic structure of n-type
doped Ga,03 [19].

The electronic structure of undoped B-Ga,O3; has been
studied by ab initio calculations [20-23], optical spectroscopy
[24], and a few photoemission spectroscopy experiments
[22,25-29]. There is general consensus that Ga,Os; has a
direct band gap of ~4.85 eV and a slightly smaller indi-
rect band gap [20]. Standard density functional theory (DFT)
calculations result in an underestimation of the band gap
because of the underestimation of the energy position of
Ga 3d semicore states and the overestimation of Ga 3d-O
2p hybridization at the top of the valence band (VB) [30].
On the other hand, Heyd-Scuseria-Ernzerhof (HSE06) hy-
brid functionals [20,23] and the GW approximation approach
[21,22] have been demonstrated to provide better agreement
with experimental band gaps and lattice parameters. The CB
of Ga,0; is mainly composed of delocalized Ga 4s derived
states giving rise to a dispersive CB edge with a low electron
effective mass, while the VB is mainly formed by occupied O
2p6 derived states with minor hybridization with Ga 3d, 4p,
and 4s orbitals. The localized nature of the O 2p derived VB
edge makes it challenging to achieve reliable p-type doping in
Ga;03 [5,19]. The VB spectra of undoped Ga,O3 have been
experimentally measured using photoelectron spectroscopy
excited with a range of photon energies [22,25-28], yielding
consistent results with the calculated density of states (DOS).
However, to date, there has been limited investigation into the
impact of n-type doping on the electronic structure and defect
states of Ga,0s.

Additionally, there remains a debate concerning the surface
band bending of Ga,03. The works of Navarro-Quezada et al.
[25,26] and Lovejoy et al. [27] reported an upward surface
band bending up to 0.5 eV (electron depletion) existing on
the Ga, O3 (100) surface, as measured by x-ray photoemission
spectroscopy (XPS). However, Swallow et al. [28] argued that
the analysis of XPS VB spectra by linear extrapolation of the
VB edge leads to underestimation of the surface valence band
maximum (VBM) to the Fermi level; they claimed that the
surface band bending is downward (electron accumulation)

when considering the instrumental broadening effect accu-
rately. It is important to note that the surface band bending is
significantly influenced by the presence of surface adsorbates
and the bulk carrier concentration. Recent work by Gazoni
et al. suggests that removal of the OH termination adsorbed on
an as-received Ga,0; (201) single-crystal surface produced a
large upward shift in band bending of up to 1.0 eV [31].

In this work, we provide an in-depth study of the elec-
tronic structure of Sn-doped Ga,0Os; using photoelectron
spectroscopy and HSEQ6 hybrid functional calculations. We
grew Sn-doped Ga,0O3; homoepitaxial thin films with carrier
concentrations from 2.8x10%cm™3 to 1.3x10% cm™ us-
ing pulsed laser deposition (PLD). The core levels, VB, and
occupied CB spectra were measured by photoelectron spec-
troscopy excited with soft x rays (soft PES at 1486.6 eV) and
hard x rays (HAXPES at 5920 eV). HAXPES enhances the
ability to detect the Ga 4s orbital because of the increased pho-
toionization cross section for Ga 4s relative to O 2p [32] and
provides an approach to the direct observation of the doped
electronic states at the CB. Furthermore, utilizing HAXPES
also allows us to obtain true bulk electronic structure of the
materials due to the much longer electron mean path length
and correspondingly enhanced bulk sensitivity [33]. On the
other hand, the soft PES is a more surface sensitive technique,
which reflects electronic properties at the surface region. The
combination of soft PES and HAXPES allows us to resolve
the surface band bending of Ga,0s;.

II. EXPERIMENT

A. Thin film growth and characterization

Homoepitaxial Sn-doped B-Ga,O; thin films were grown
on Fe-doped semi-insulating (010) 8-Ga,O3 substrates using
PLD from respective targets. Sn-doped Ga,0; targets with
Sn doping concentrations of x = 0.01%, 0.1%, 1%, and 3%
[i.e., mole ratio x = Sn/(Sn + Ga)] were made by mixing and
grinding the appropriate proportions of Ga; 03 (99.999%, Alfa
Aesar) and SnO; (99.999%, Alfa Aesar) polycrystalline pow-
der, followed by cold pressing and sintering in air at 1350 °C
for 24 h. During the growth, laser ablation was performed
at an energy density of 1.4J/cm?. Films were grown at a
substrate temperature of 650 °C in 10 mTorr O, with a target-
substrate distance of 50 mm. In addition, two Si-doped Ga, 03
films with Si doping level of 0.5% and 1% were also grown for
comparison. Details about the growth of Si-doped Ga,0O3 can
be found in Ref. [34]. All film thickness are ~200 nm. The
crystal structures of thin films were determined by a Rigaku
SmartLab high-resolution x-ray diffractometer (XRD), using
Cu K radiation (A = 0.15406 nm) and parallel beam optics.

B. Photoemission spectroscopy

Soft PES measurements were performed on a Thermo
Scientific ESCALAB Xi* spectrometer using a monochro-
matized Al Ka x-ray source (hv = 1486.6eV). The emitted
electrons were detected using a hemispherical analyzer at a
normal emission angle (electron takeoff angle = 90° relative
to the surface plane) and the total energy resolution was
~0.50 eV. HAXPES measurements at a photon energy of
5920 eV were conducted at beamline 109, Diamond Light
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Source, UK. The end station is equipped with a VG Scienta
EW4000 electron analyzer with +28° angular acceptance.
During the measurements, the photon beam is perpendicular
to the electron emission direction. The photon beam is polar-
ized in a horizontal plane resulting in the electric vector being
aligned with the electron emission direction. The sample was
placed in a grazing incidence geometry (~10°), with the
surface normal in the plane defined by the photon beam and
electron emission direction, thereby significantly enhancing
the count rate. All these samples were prepared by mounting
the thin films on copper sample holders with carbon tape and
electrical contact was made at the corners of the films to avoid
charging effects. The pass energy and step size were set at
200 and 0.05 eV, resulting in an overall energy resolution of
~0.25 eV. The binding energy scale was calibrated by an Au
foil using the Fermi edge cutoff at 0 = 0.02eV and Au 4 /7,
core level at 84.00 £0.02¢eV.

C. DFT calculations

Density functional theory calculations were performed us-
ing the periodic code VASP (version 5.4.4) [35,36], which uses
a plane-wave basis set and describes the interactions between
valence and core electrons using the projector augmented
wave (PAW) method [35,36]. Ga[3d'%4s%4p'], Si[3s*3p?],
Sn[4d'955%5 pz], and O[2s22p4] PAW pseudopotentials were
chosen for this work. The HSE06 hybrid exchange correlation
functional, with an increased Hartree-Fock mixing parameter
o of 32%, was used in order to accurately reproduce the
bulk band gap and lattice parameters of Ga,O3, as has been
performed in other computational studies of Ga,O3 in the
literature [20,23,37]. A plane-wave cutoff of 475 eV and bulk
I'-centered k-point mesh of 8x8x4 were found to converge
the total energy to less than 1 meV per atom and accurately
describe the electronic structure. While a ten-atom cell was
utilized for undoped Ga,0s;, one Ga atom replaced by Sn
and Si in the 80-atom Ga,0O; cell was employed to deal with
Sn and Si doping, respectively. This corresponds to replacing
one dopant atom in 32 Ga atoms, i.e., 3.125% doping and
a carrier concentration of 1.2x10?' cm~3. These supercells
and relevant input files were generated using many of the
tools available in the PYCDT package [38]. After relaxation
with a I'-centered 2x2x?2 k-point grid, band structures were
computed along the high-symmetry path X — N in order
to capture the behavior at the conduction band minimum.
Analysis and plotting of band structures were performed with
the SUMO PYTHON package [39]. For the total and projected
density of states for undoped and doped supercells, a Gaussian
broadening of 0.6 eV and a Lorentzian broadening of 0.2 eV
were applied using the GALORE software [40].

III. RESULTS AND DISCUSSION

A. Epitaxial thin films and electrical properties

The monoclinic crystal structure of B-phase Ga,0Os;
[Fig. 1(a)] has two nonequivalent Ga sites, including the
tetrahedrally (7;) coordinated Ga; site and octahedrally (O;,)
coordinated Ga, site. Sn dopants in Ga,0O3 preferentially
substitute Ga at the O, coordinated Ga, site, while Si
dopants prefer the 7; coordinated Ga, site, because of better
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FIG. 1. (a) Crystal structure of monoclinic S-phase Ga,03; Ga,
and Ga, are located at 7; and O, coordination, respectively. (b) Out
of plane 6-26 XRD pattern at the vicinity of Ga,O3 (020) reflection.
(c) Room-temperature Hall mobility as a function of carrier con-
centration for Sn- and Si-doped Ga,O; thin films. (d) Temperature
dependence of resistivity for (Sn,Ga,_,),05 with different x.

accommodation of the different ionic radii at the respective
sites [8]. Figure 1(b) shows 6-26 XRD patterns around the
(020) diffraction peak of Ga,O3. When the Sn doping levels
x are <1%, the film (020) peaks overlap with that of the
substrate, and the films have very similar lattice constants as
the bulk Ga,05 (3.037 A). However, for the x = 3% Sn-doped
films, the out of plane lattice constants are slightly larger
than that of the bulk Ga,; O3 substrate. The increase of lattice
constant is due to the ionic radius of Sn** (0.69 A) being
larger than that of Oy, Ga, (0.62 A) [8].

Figure 1(c) and Table I present a summary of the room-
temperature carrier concentration (n,) and mobility (u) of
the Sn-doped films, as well as for 0.5% and 1% Si-doped
Ga,03; films. The film with 0.01% Sn doping exhibits the
highest mobility of 69cm?/Vs. As more Sn is doped, the
film’s mobility decreases due to scattering by the dopants.
Films with 1% and 3% Sn doping show higher carrier con-
centrations of 4.5x 10" and 1.3x10% cm™3, respectively, but
lower mobilities of 39.5 and 35cm?/Vs. Interestingly, the

TABLE I. Room-temperature carrier concentration (n,), mobil-
ity (u), and conductivities (o ) for Sn- and Si-doped Ga,Oj3 thin films
on Ga, 03 (010) substrates.

Dopant X n, (cm™3) nw (cmz/V s) o (S/cm)

Sn 0.01% 2.8x10" 69.2 30.9
0.1% 2.7x10" 53.8 232
1% 4.5%10" 39.5 283
3% 1.3x10% 34.9 724

Si 0.5% 1.1x10% 75.0 1322
1% 2.6x10% 60.3 2500
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0.5% and 1% Si-doped films exhibit much higher mobilities of
75 and 60.3 cm? /V s, respectively, with carrier concentrations
of 1.3%x10% and 2.6x10%° cm 3, despite the lower Si dopant
levels compared to Sn. This indicates that Si is a more efficient
n-type donor for Ga,Os. This result aligns with recent theo-
retical calculations by Lany [41] and our recent work [42],
which suggest that among the group 14 dopants, only Si acts
as a truly shallow donor, whereas Sn doping results in a higher
donor activation energy and creates defect states close to the
conduction band edge.

Figure 1(d) presents the temperature-dependent electrical
resistivity (o) was measured from 10 to 300 K. The 0.01% Sn-
doped film exhibits semiconducting behavior, whereas films
with higher Sn levels exhibit characteristics of metallic con-
ductivity, indicating the degenerate doping of Ga;0j3. Using
a static dielectric constant &, of 10.2 and electron effective
mass (mg;) of 0.28m, [43], the effective Bohr radius calcu-
lated using ay = ayes/(mg/m,) for a donor state in Gay O3
is approximately 1.9 nm. Consequently, the critical carrier
concentration n. for the onset of degenerate metallic conduc-
tivity, as determined by the Mott criterion (nc)l/ 3 aj, ~ 0.25,
is approximately 3x10'8 cm™3. The observed trend in trans-
port properties of our films with different Sn doping levels
agrees well with the prediction by the Mott criterion for metal-
insulator transition.

B. Valence band spectra and electronic structure of Ga,0;

The VB and core-level photoemission spectra of the films
were excited with soft and hard x rays. Figure 2(a) shows the
VB spectra of the 0.01% Sn-doped B-Ga,Oj3 film. We argue
that the photoemission spectra of the 0.01% Sn-doped film
should closely resemble that of undoped B8-Ga,0s, given the
low Sn doping level and the electron density in the film being
below the critical carrier concentration for degenerate dop-
ing. Moreover, light Sn doping mitigates the charging effect
during photoemission measurements, enabling the referencing
of binding energy to the Fermi level (Ef) as zero energy.
Therefore, we use the 0.01% Sn-doped film to establish the
electronic structure of Ga,Os.

The VB spectrum of the 0.01% Sn-doped Ga,O3 shown
in Fig. 2(a) comprises three main features labeled I-III. The
different VB spectral shapes of Ga,O; excited by soft and
hard x rays arise from different photoionization cross sec-
tions (PICSs) for the orbitals involved in the VB. HSE06
hybrid functional calculations were performed to calculate the
electronic structures of Ga;0s. The calculated indirect band
gap is 4.82 eV, and the lattice parameters are a = 12.23 A,
b=3.04A, c=579A, and g = 103.8°, which are in good
agreement with the experimental results [44]. The calculated
DOS is depicted in Fig. 2(b) (top), where the VB maximum
(VBM) is positioned at 0 eV. The VB primarily consists of
filled O 2p° states with small contributions of the Ga 4s state
near the bottom of the VB, Ga 4p in the middle, and Ga 3d
close to the top of the VB [5,45]. The CB mainly comprises
unoccupied Ga 4s states.

The calculated one-electron photoionization cross sections
for the Ga 4s, Ga 4p, Ga 3d, O l1s, and O 2p orbitals, taken
from the tabulations of Yeh and Lindau [33] are shown in
Fig. 2(c). It can be seen that upon increasing the photon
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FIG. 2. (a) Soft PES and HAXPES measured valence band spec-
tra of 0.01% Sn-doped Ga, O3 sample. (b) DFT-calculated total and
partial DOS for Ga,0; around the valence and conduction band,
with instrumental (0.6 eV FWHM Gaussian) and lifetime (0.2 eV
FWHM Lorentzian) broadening. (c) One-electron photoionization
cross sections (PICSs) of Ga 4s, Ga 4p, Ga 3d, and O 2s, O 2p as
a function of photon energy taken from Yeh and Lindau [33] and
Scofield [32]. (d) Shirley background subtracted (top) soft PES and
(bottom) HAXPES valence band photoemission spectrum of 0.01%
Sn-doped Ga,0; sample and the corresponding DFT-calculated total
and partial DOS weighted by PICS for Ga,O;.The measured valence
band photoemission is rigidly shifted to lower energies by 4.95 for
soft PES and 5.05 eV for HAXPES to align the VBM at 0 eV binding
energy as for the calculation.

energy, the cross sections decrease for all atomic subshells.
However, the decrease in intensity for the Ga 4s, Ga 4p, and
Ga 3d orbitals is less pronounced than that for the O 2p or-
bital. The relative intensity of states with Ga 4s, Ga 4p, and Ga
3d characters thus shows enhanced intensity at higher photon
energies. This is seen in the fact that feature I, which has the
most pronounced O 2p character, loses most intensity upon
increasing the incident photon energy to 5920 eV. Conversely,
feature III becomes the dominant feature of the VB spectrum
because of the stronger hybridization between the O 2p and
Ga 4s states near the bottom of the VB.

Figure 2(d) presents a comparison between the measured
valence band (VB) spectra and the calculated density of states
(DOS) for Ga,0s3. To facilitate a direct comparison between
the theoretical and experimental results, the HSE06-calculated
DOS were corrected for photoionization cross sections for
both soft PES and HAXPES and broadened by a 0.6 eV
FWHM Gaussian and a 0.2 eV FWHM Lorentzian accounting
for instrument resolution and lifetime broadening to simulate
the experimental VB spectra. Both theoretical and experimen-
tal VB spectra are aligned to the VBM at 0 eV. The variations
in the VB spectral line shapes observed between soft XPS and
HAXPES stem from differing orbital contributions weighted
by photoionization cross sections. In the soft PES VB spectra,
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FIG. 3. (a) The HAXPES measured VB structure and expanded
view (80x) of the CB state for (Sn,Ga;_,),0; with different x.
(b) Expanded view of the HAXPES measured VB edges. The HAX-
PES measured (¢) Ga 2p and (d) O 1s core level for (Sn,Ga,_,),03
with different x. (¢) The HAXPES measured binding energy (BE)
shift of VBM (AVBM) and core level (ACL) are with resepct to
the lowest Sn-doped sample, x = 0.01%. The Burstein-Moss shift
(ABM) derived from the free-electron model using the n, deter-
mined from Hall measurement. The ACL is the average of the shift
values for Ga 2p3/, O 1s, Ga 3s, and Ga 3p. (f) The schematic
diagram for the band structure of the undoped and degenerately
doped samples. Doping produces an increase of optical band gap
(Eopt), consisting of the contributions from the Burstein-Moss shift
(ABM) and compensating band-gap renormalization (ARN); i.e.,
AE, = ABM — ARN.

the top of the VB is primarily contributed by Ga 3d and O 2p
orbitals because of their large PICs in this excitation energy,
while the bottom is mainly influenced by the Ga 4s orbital. On
the other hand, the HAXPES VB is dominated by the Ga 4s
feature at the bottom, because of the enhanced crossed section
at higher energies. Both the soft PES and HAXPES VB spec-
tral features are fairly well reproduced by the simulations. The
good agreement thus validates the HSEO6 hybrid functionals
for electronic structure calculations of Ga, O3 [29]. However,
this shows slight disagreement between experimental soft PES
VB and simulated VB regarding the relative intensity at the
top of the VB [Fig. 2(d), top panel]. This may be induced by
the uncertainty in the values of cross sections for Ga 3d, O
2p, and Ga 3s. Nevertheless, there is good agreement for the
spectral features in soft PES VB and the simulation.

C. Electronic structure of Sn-doped films

Figure 3(a) displays the HAXPES spectra of Sn-doped
B-Ga, 03 with different doping levels, encompassing the CB,
VB, and band gap regions. For films with Sn doping level

x 2 0.1%, CB spectral intensity across the Ef is clearly ob-
served [Fig. 3(a), inset]. According to the calculated DOS,
the CB is mainly derived from Ga 4s orbital. We assigned
the feature near the Ep to the occupied state at the bottom
of the CB by doped electrons, consistent with the metallic
transport behavior in our films. Richard et al. investigated
the band structure of a heavily Si-doped Ga,Oj3 single crystal
with electron density of ~1x10' cm™ using angle-resolved
photoemission spectroscopy (ARPES) excited with photon
energies ranging from 20 to 40 eV [46]. They also observed
a well-defined state across the Ep, which they assigned to the
occupied CB by doped electrons, similar to our present work.
However, in Richard’s work, an occupied state below the Ep
was also observed and attributed to the Si impurity state,
different from the observation in our work. This discrepancy
may arise for their ARPES excited with low photon energies
which may provide more surface state, or from the use of
different dopants in our studies. On the other hand, for Ga,; 03
films with Sn doping level less than 0.01%, no appreciable
CB feature is observed. This is because the electron density is
still lower than the threshold for degenerate doping. Michling
and SchmeiBler studied the electronic structure of a Ga,O;
single crystal with a carrier concentration of 10'” cm ™~ using
resonant photoemission spectroscopy; in this work, no density
of states was observed at the Ef, because the Ga,0;3 single
crystal is still in the semiconductor region [47]. As expected,
the intensity of the occupied CB feature progressively in-
creases with doping.

With the occupation of the CB bottom, the optical band
gap of the Sn-doped Ga,0O;3 should increase, because the
CB states are blocked by filled electrons, i.e., Burstein-Moss
shift (ABM) [48,49]. The corresponding ABM based on a
free-electron model are summarized in Table II. The values
are estimated by the carrier concentration determined from
the Hall measurement. For the 0.01% Sn-doped Ga, O3, the
Er is located close to the CBM, while for the 3% Sn-doped
film with a carrier concentration of 1.3x10%° cm™3, the Ef is
positioned at 0.32 £ 0.005 eV above the CBM, i.e., ABM =
0.32 £0.005eV.

The HAXPES measured spectra for the VBM [Fig. 3(b)]
and core levels of Ga 2p3, [Fig. 3(c)], O 1s [Fig. 3(d)], and
Ga 3s and Ga 3p (see Figs. S1(a) and S1(b) in the Supplemen-
tal Material [50]) exhibit slight shifts toward higher binding
energy, due to the upward movement of the Er when the CB
is gradually filling with electrons. We determined the VBM
positions by linear extrapolation of the leading edge of the
VB region to the extended baseline of the VB spectra. This
method has been proven to consistently yield correct VBMs
with an uncertainty of about £0.1eV [51]. The energy range
used for the linear fitting is from 5.0 to 6.0 eV, in order to
encompass the linear part of the top of the VB. To determine
the binding energy shifts of the core levels of Ga 2ps3,,, O 1s,
Ga 3s, and Ga 3p, we obtained the energy position of these
core levels by measuring the spectral center positions of corre-
sponding peaks after Gaussian and Lorentzian function fitting
(details for the fitting and parameters are shown in Fig. S2
and Table S1 in the Supplemental Material [50]). We then
used the binding energy shifts of the respective core levels
to obtain the average value of core-level shifts. The values
of the VBM shifts (AVBM) and the average core-level shift
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TABLE II. Room-temperature carrier concentration (n,), the energy separation between the Er and CBM estimated from the free-electron
model (i.e., Burstein-Moss shift, ABM), the HAXPES measured VBM values (VBM), the binding-energy shift of HAXPES measured VBM
(AVBM) and core level (ACL), and the band-gap renormalization (ARN) derived from the difference between the modeled ABM and the
HAXPES measured AVBM for Sn- and Si-doped Ga,O; thin films. All the binding energy shifts are with respect to the lowest Sn-doped

sample, x = 0.01%.

Modeled Measured Measured Measured Measured
Dopant X n, (cm™3) ABM (eV) VBM (eV) AVBM (eV) ACL (eV) ARN (eV)
0.01% 2.8x10" 0 477 £0.02 0 0 NA
Sn 0.1% 2.7x10" 0.10 £ 0.005 4.87 £0.02 0.10 = 0.04 0.07 + 0.03 0+ 0.045
1% 4.5%10" 0.15 4+ 0.005 4.88 +0.02 0.11 £ 0.04 0.08 £ 0.03 0.04 £+ 0.045
3% 1.3x10% 0.32 + 0.005 4.82 +0.02 0.05 £ 0.04 0.05 £ 0.03 0.27 &+ 0.045
si 0.5% 1.1x10% 0.29 & 0.005 4.97 +0.02 0.20 + 0.04 0.18 +0.03 0.09 + 0.045
1% 2.6x10% 0.49 + 0.005 4.99 £ 0.02 0.22 + 0.04 0.24 + 0.03 0.27 £ 0.045

(ACL) with respect to those of 0.01% Sn-doped film are given
in Fig. 3(e) and Table II. However, the shifts of the VBMs and
core levels (e.g., for 3% Sn-doped sample, AVBM = 0.05 &+
0.04eV, ACL = 0.05 £0.04eV) are much smaller than the
ABMs (e.g., 0.32 + 0.005 eV). This discrepancy is caused by
the band-gap renormalization resulting from mutual exchange
and Coulomb interactions between the electrons in the CB and
electron-dopant interactions [16]. The band-gap renormaliza-
tion leads to a decrease in the optical band gap. Thus the net
change in the optical band gap of a semiconductor of a de-
generate semiconductor is affected by the contributions from
Burstein-Moss shift (increase) and band-gap renormalization
(decrease). The values of the measured band-gap renormal-
ization (ARNS) in Table II are derived from the difference
between the modeled ABM and the measured AVBM.

Figure 3(f) displays the schematics for band-gap renormal-
ization in a degenerate semiconductor. The measured energy
separation between VBM and Ef (denoted as Er—VBM) in
HAXPES reflects the onset of optical absorption (Eoy), and
the separation between the VBM and CBM corresponds to
the fundamental band gap (Eé?). Therefore, the measured vari-
ation of Ep—VBM (AVBM) corresponds to the net change in
the optical band gap, while the difference between the shifts
of CBM and VBM corresponds to the ARN, i.e., ARN =
ACBM — AVBM. Interestingly, as shown in Table II, the
measured AVBM and ACL for 3% Sn-doped film with re-
spect to those of 0.01% Sn-doped film are found to be much
smaller than that of 0.5% Si-doped film (~0.20 £ 0.04eV)
with a similar carrier concentration of ~1.1x10* cm™3. Tt
suggests that the ARN is dopant dependent and the Sn and
Si doping induces different electronic structures in the host
Ga;0;3. This difference is attributed to the more significant
hybridization for the Sn 5s than the Si 35 dopant state with the
CB edge (Ga 4s) of Ga,03, which will be further discussed
with a combination of DFT results in the following section.

It is interesting to note that an in-gap state centered at
the binding energy of ~3.5 eV appears [marked as IGS in
Fig. 4(a)] above the VB edge of Sn-doped Ga,0s3, and the
intensity of the in-gap state increases with the Sn doping
level. In contrast, the 1% Si-doped Ga,0O;3 film does not
show any appreciable intensity for the in-gap state [blue line
in Fig. 4(a)], although it has a high carrier concentration
of 2.6x10% cm~3. The formation of the pronounced in-gap
state at high Sn doping levels may be associated with self-

compensating Sn’>* valence state related complex defects. The
formation of the Sn>* oxidization state may lead to the occu-
pation of the antibonding Sn 5s-5p hybridized lone pair state
above O 2p, giving rise to the observed in-gap state. Recent
theoretical calculations by Lany [41] reported that Sn is not
a truly shallow donor in Ga,0Oj3, but has a defect transition
energy level e(+4/-) below the CBM of Ga;03, and therefore
the formation of the self-compensating Sn>* oxidization state
is favorable when the doping level is high. This situation is
very similar to the self-compensation mechanism occurring in
Sb-doped SnO,, in which Sb has a multivalency of Sb** and
S+, Experimental [52] and theoretical studies [18,53] have
found that at a low doping level substitutional Sb>* acts as
a shallow electron donor, whereas a higher Sb doping level
leads to the formation of Sb** oxidization states which act as
electron compensators, limiting the maximum carrier concen-
tration achievable in Sb-doped SnO,. On the other hand, the
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FIG. 4. (a) The HAXPES measured VB and CB structure for
(Sn,Ga;_,),0;5 and (Si,Ga,_,),0; with different x. Inset: expanded
view of gap states and CB states close to the Fermi energy (Ef).
(b) The diagram of the proposed band edge evolution for undoped
Ga, 03, and Si-doped Ga,0; and Sn-doped Ga,03. Calculated DOS
for (c) Sn- and (d) Si-doped Ga,O5. The Sn 5s, Sn 5p, Si 3s, and
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Si dopant in Ga;Os3 is found to have a transition energy level
above the CBM and acts as a shallow donor [41]. The different
behavior in Si and Sn explains that the carrier concentrations
achieved in Si-doped Ga,O; are higher than that of Sn-doped
Ga, 03, as observed in our films and others reports in the
literature [10,11].

Furthermore, because the nuclear charge of Sn is larger
than that of Ga, the Sn 5s state is expected to be energetically
lower than the Ga 4s state. We speculated that the bottom of
the CB state for Sn-doped Ga;Oj3 has a significant atomic con-
tribution from the Sn dopant [Fig. 4(b)]. To provide atomistic
insights into the electronic structure of the doped Ga,03, we
turn to DFT calculations. The partial DOS of Sn- and Si-doped
Ga; 03 are shown in Figs. 4(c) and 4(d), respectively. Due to
the Sn 5s orbital located at lower energy than the Ga 4s orbital,
there is a large contribution from the Sn dopant state at the
CBM (6.2%), indicating that the Sn state strongly perturbs
the CBM of Ga,0Os5. This is in contrast to the situation of
Si-doped Ga,03, where the Si state mixes minimally with
the CBM. As shown in Fig. 4(d), the Si-doped Ga,0Os has
a negligible contribution at the CBM (0.8%) and a slightly
increased density of Si 3s states at around 2 eV above the
CBM. Therefore a lower electron effective mass with a more
dispersed CB edge, and thus a higher mobility, is expected by
the introduction of Si rather than Sn, which is consistent with
our experimental results [Fig. 1(d)] and the literature [9,11].

In addition, the different effects of dopants on the host CB
structure can explain the different degrees of the band-gap
renormalization observed in HAXPES experiments. In the
free-electron model mentioned before, we used an electron
effective mass of 0.28m for modeling. However, because of
the strong mixing of Sn 5s with Ga 4s, an increase in band
edge effective mass with a less dispersed CB is expected for
Sn-doped Ga, 03, leading to a smaller ABM at a similar car-
rier concentration. Furthermore, the similar energies of the Ga
4s and Sn 5s orbitals lead also to greater electron-impurity in-
teraction in Sn-doped Ga,O3. Because Sn has a larger nuclear
charge than the host Ga cation, Sn doping is expected to result
in a greater attractive Coulomb potential around the dopant
atoms and further enhance the interaction between the dopant
and electrons, leading to larger band-gap renormalization in
Sn-doped samples. These two factors together lead to a larger
band gap ARN for Sn-doped than for Si-doped Ga;0O3 in
the HAXPES spectra. This situation is similar to the differ-
ent band-gap renormalizations observed in Sn- and Ge-doped
In, O3 systems [17], where the calculated ARN (1.1 eV) for
Ge doping is higher than that for Sn doping (0.6 eV) with
10?! cm~3. The DFT calculation has demonstrated that this
behavior is attributed to the different hybridization of the
dopant s orbital with the host CB edge: Ge 4s, which lies
in a lower energy than Sn Ss, induces a greater hybridization
with the host CB edge and thus more significant lowering and
flattening of the CBM, resulting in a higher effective mass of
0.76m, and dopant atom contribution (24%) to the CB than
that of Sn-doped systems (0.43m, and 10%).

D. Surface band bending

The surface electronic properties and surface band bending
of Ga, 03 are crucial for device performance. The binding en-
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FIG. 5. (a) The schematic diagram of the probing depths for pho-
toelectrons with kinetic energies of 360 and 4800 eV, corresponding
to Ga 2pj3,, excited by soft PES and HAXPES. (b) The soft PES
and (c) HAXPES measured Ga 2ps, spectra of (Sn,Ga,_,),03 with
different Sn concentration. (d) Soft PES and HAXPES measured
binding energies Ga 2p3,, with different Sn concentration. (e) Soft
PES and (f) HAXPES measured VB spectra. Inset: expanded view
of CB states (20x ) close to the Fermi energy.

ergy shift of core levels and VBM derived from photoelectron
spectroscopy have been used to determine the surface band
bending of semiconductor systems [54]. Figure 5(a) shows a
schematic diagram for the probing depths for soft PES (hv =
1486.6eV) and HAXPES (hv = 5920eV), in which the Ga
2p3/> photoelectron is used for comparison. The kinetic en-
ergy of Ga 2ps;, photoelectrons for soft PES is ~360 eV,
corresponding to an inelastic mean free path (1) of 0.8 nm and
a probing depth (31) of 2.4 nm [33]. For HAXPES, the kinetic
energy of Ga 2p;3,, photoelectrons is 4800 eV, corresponding
to an inelastic mean free path of 5 nm and a probing depth
of 15 nm. Therefore, the Ga 2p3,, from soft PES provides
information at the very surface region of the film, whereas
the Ga 2p3/, from HAXPES provides more information at the
bulk of the film.

Figures 5(b) and 5(c) show the Ga 2p3/, spectra of the Sn-
doped Ga,03; samples measured by soft PES and HAXPES.
In the HAXPES, the Ga 2pj3,,’s slightly shift toward higher
binding energy with increasing Sn doping, because of the up-
shift of the Er with doped electrons, as discussed in Sec. III C.
However, one significant difference for the soft PES is that the
Ga 2p3,»’s gradually shift toward lower binding energies with
increasing Sn doping. For example, for the 3% Sn-doped film,
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the soft PES Ga 2pj3;’s shift by 0.3 eV toward lower binding
energy with respect to the 0.01% Sn-doped sample. The differ-
ent trend of the shift of Ga 2p3/,’s measured by soft PES and
HAXPES is summarized in Fig. 5(d). The shift of Ga 2p3,,’s
toward lower binding energy in soft PES is in contradiction
with the upshift of the Er in the CB with more Sn doping
in Ga,;03. Considering the more surface-sensitive character in
soft PES and the more bulk-sensitive character in HAXPES,
the discrepancy in the binding energy shifts measured by soft
PES and HAXPES is an indication of upward surface band
bending existing in the surface region of Sn-doped Ga,Os.
The upward surface band bending is also further evidenced
by the comparison of VB spectra from soft PES and HAX-
PES. As shown in Figs. 5(e) and 5(f), the soft PES VBMs
shift toward lower binding energy with increasing Sn doping,

while the VBMs measured by HAXPES shift toward higher
binding energies. Meanwhile, in the HAXPES VB spectra, a
clear density of states is observed at the Er because of the
doped electrons at the bottom of the CB, while no density of
states is observed at the Ep for the soft PES VB spectra. This
observation suggests a depletion of electrons in the surface
region caused by the upward band bending.

Next, we derive the values of surface band bending based
on soft PES and HAXPES. We selected the 0.01% and
3% Sn-doped samples to represent cases with lower carrier
concentration (2.8x10'® cm™3) and heavily doped samples
(1.3x10%° cm—3), respectively. Firstly, we calculated the band
bending width (W;) with different bending potentials (Vy;)
for 2.8x10"® cm™3 and 1.3x10?°cm™> samples, based on
the equation Wt = /2¢0&;Wi/qn., where gy is the vacuum
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permittivity, & is the static dielectric constant, V; is the
built-in potential, ¢ is the elementary charge, and n, is the
carrier concentration [54]. Figure 6(a) plots the band bending
width for the 2.8x 10" cm~ and 1.3%x10% cm~3 films as a
function of band bending potentials from 0 to 1.0 eV. As
shown in Fig. 6(b), assuming there are 0.1, 0.2, and 0.4 eV
band bending potentials for the 2.8x10'8 cm™ film, the cor-
responding band bending widths are calculated to be 6.3,
8.9, and 12.6 nm, respectively. On the other hand, for the
1.3x10®° cm™3 film [Fig. 6(c)], assuming there are 0.1, 0.2,
and 0.4 eV band bending potentials, the corresponding band
bending widths are calculated to be 0.9, 1.3, and 1.8 nm,
respectively.

Figures 6(b) and 6(c) also compare the probing depths
of Ga 2p3/, soft PES and HAXPES with the band bending
widths with bending potentials of 0.1, 0.2, and 0.4 eV. For the
2.8x10'8 cm~3 sample, because of the larger bending width
compared to the probing depth of the soft PES, the Ga 2p3/»
soft PES can approximately represent the surface, whereas the
HAXPES Ga 2p;/, can represent the bulk. Furthermore, as
shown in Fig. 5(d), for the 2.8 x 10" cm =3 film, the binding
energies for the Ga 2p3,, from the soft PES and HAXPES
are quite similar, indicating there is a very small or negligible
surface band bending for the 2.8x 10" cm™3 film. We also
compared binding energies for the VBM positions from soft
PES and HAXPES. Both show quite similar values, further
confirming very small or negligible surface band bending.

Turning to the 1.3x10%° cm™3 film, because of the higher
carrier concentration, the bandwidth is expected to be nar-
rower than that of the 2.8x10'¥cm™ film. Figure 6(c)
illustrates the comparison of the band bending widths at band
bending potentials of 0.1, 0.2, and 0.4 eV with the escape
lengths of Ga 2p3,, spectra from soft PES and HAXPES. It
can be seen that the band bending widths are in the range
of 0.9-1.8 nm, comparable to the escape length of soft PES
(2.4 nm). On the other hand, the HAXPES is predominated by
bulk information. As shown in Figs. 5(b)-5(d), the binding en-
ergy of the soft PES Ga 2p3, for the 1.3 x 10%° cm 3 sample is
located at 1118.92 eV, while the binding energy of the HAX-
PES is at 1119.19 eV. Considering the soft PES representing
for surface and HAXPES for bulk, the binding energy differ-
ence suggests there is at least 0.27 eV upward surface band
bending. However, as mentioned above, the escape length of
Ga 2pj3,, soft PES is comparable to the band bending width.
The soft PES Ga 2p3,, is depth integrated spectra in the
band bending region. The band bending of 0.27 eV result-
ing from simply taking the binding energy difference in Ga
2p3 > from soft PES and HAXPES would underestimate the
band bending value. To derive the band bending value more
accurately, we used a model to deconvolute the measured Ga
2p3 /> spectrum into several spectra at different depth points,
taking into account both the surface band bending potential
and the escape probability of photoelectrons at different sur-
face layers. This method has been applied for determining
the surface band bending of GaN [55,56]. The intensity of
the core-level XPS spectrum can be given by the equation
I(E) = fod I[E (2), zlexp(—z/A)dz, where z is the depth from
the Ga,Oj5 surface, Iy[E (z), z] refers to the contribution from
different depths, and A corresponds to the escape depth of the
photoelectron at different depths. We used a 0.5 nm depth step
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FIG. 7. (a) Fitting diagram of surface energy band bending of the
3% Sn-doped Ga,0s3. (b) The schematic diagram for surface band
bending (Vi) of the 0.01%, 1%, and 3% Sn-doped Ga,0s. (c) Band
line-up with respect to the charge neutrality level (CNL) for Ga,0;
and other oxide semiconductors including CdO, In,0;, SnO,, and
ZnO. The CNLs of all materials are aligned to 0 eV.

and XPS peaks with full width at half maximum (FWHM)
of 1.4 eV to deconvolute the Ga 2p3/,. The reason to use a
FWHM of 1.4 eV is that for the 2.8 x10'® cm 3 film in which
there is no detectable surface band banding, the soft PES
measured FWHM of the Ga 2p;,; is 1.4 €V, and therefore we
chose this spectrum as reference. Figure 7(a) shows the decon-
volution and fitting result for the soft PES Ga 2p3,» spectrum.
Therefore, based on the deconvoluted soft PES Ga 2p3,, and
HAXPES, we can infer that the band bending value for the
1.3x10%° cm~3 sample is 0.4 eV. Using the same approach,
we derived the band bending for the 4.5x10'® cm 3 sample to
be 0.2 eV. Figure 7(b) displays the schematic energy diagrams
for the surface band bending for the Sn-doped samples with
different carrier concentrations.

Our observation of upward surface band bending is con-
sistent with the results reported by Lovejoy ef al. [27] and
Navarro-Quezada et al. [25,26] based on Ga,O3 (100) ori-
ented single crystals, and recent results by Gazoni et al. [31]
based on Ga,03 (201) single crystals. On the other hand,
Swallow et al. [28] questioned the standard method of linear
extrapolation of the VB edge of Ga, 03 to determine the VBM
used in Refs. [25,57], and argued that the linear extrapolation
method causes an underestimation of the VBM by ~0.5 eV,
resulting from instrumental broadening. Instead, they pro-
posed that there is a 0.24 eV downward band bending at
the uncleaned Ga, 03 (201) surface terminated with hydrogen
which produces surface donor states; once the hydrogen is
removed by vacuum annealing, an upward band bending of
~(.5 eV relative to the uncleaned surface was observed. In our
analysis, the uncertainty arising from instrumental broadening
is largely minimized, which can provide more accurate values
for the band bending.
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The upward band bending in the surface region of Ga, 03 is
different from the conventional oxide semiconductors, such as
In, O3 [58-61], SnO, [62,63], and ZnO [64], which exhibit a
downward band bending and surface electron accumulation at
the surface. The general tendency of surface band bending for
a semiconductor can be explained within the context of the
charge neutrality level (CNL). The energy position of CNL
relative to the Ef is the demarcation for a surface state being
donorlike (higher than Ef) or acceptorlike (lower than Ef).
The energy level of the Ga 4s orbital is much higher than
those of the In 5s and Sn 5s orbitals. As seen in Fig. 7(c),
the calculated CNL lies nearly 0.6 eV [28] below the CBM
in Ga,03, while the CNLs for In,O3 [61], SnO, [62], and
7ZnO [64] are located at 0.7, 0.6, and 0.5 eV above the CBM,
respectively. In this context, the surface states for those n-
type Ga-based semiconductors are expected to be “naturally”
acceptorlike and their surfaces tend to form electron depletion
and upward band bending. Further increase in the doping level
will increase the separation between Er and CNL, giving rise
to larger surface upward band bending, which can explain
the enhanced upward surface band bending of the Sn-doped
Ga, 03 thin films at higher carrier concentrations. The upward
band bending also induces an electron depletion layer at the
surface of Sn-doped Ga,0Os.

IV. CONCLUSIONS

In summary, a combination of soft and hard x-ray photoe-
mission spectroscopy and density functional theory has been
used to study the bulk and surface electronic structures of
Sn-doped Ga;Os3 thin films. Excellent agreement was found
between the experimental valence band spectra and calculated
density of states for lightly doped Ga,O3 by taking into ac-
count the photoionization cross section of different orbitals.
It has been found that the electronic states at the conduction
band and bottom of the valence band are selectively enhanced
in HAXPES relative to soft PES. This is attributed to the
fact that these states have substantial Ga 4s character. With
increasing Sn doping in Ga,;03, the occupation of the lower
conduction band is clearly observed by HAXPES, which

allows for the direct determination of band-gap renormaliza-
tion as a function of Sn doping. Relatively larger band-gap
renormalization was found in Sn-doped Ga, O3 films in com-
parison with Si-doped Ga,0O; samples, because the Sn Ss
state mixes strongly with the host Ga 4s derived conduction
band, as further proved by theoretical calculation. Further-
more, an in-gap state is observed for Sn-doped Ga, O3, which
is attributed to self-compensating Sn>* related defect states.
Insights in electronic structures of Sn-doped Ga,O3; may ex-
plain the higher activation energy and lower electron mobility
observed in Sn-doped Ga, O3 films in the literature. Finally, a
comparison of the valence band and core-level spectra excited
with soft and hard x rays allows us to identify the existing
upward surface band bending in the Sn-doped Ga,Os.
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