
LLNL-JRNL-811560

Transition from electron accumulation to
depletion at beta-Ga2O3 surfaces: The
role of hydrogen and the chargeneutrality
level

J. E. N. Swallow, J. B. Varley, L. A. H. Jones, J. T.
Gibbon, L. F. J. Piper, T. D. Veal

June 11, 2020

APL Materials



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



APL Materials ARTICLE scitation.org/journal/apm

Transition from electron accumulation
to depletion at �-Ga2O3 surfaces: The role
of hydrogen and the charge neutrality level

Cite as: APL Mater. 7, 022528 (2019); doi: 10.1063/1.5054091
Submitted: 29 August 2018 • Accepted: 4 January 2019 •
Published Online: 12 February 2019

J. E. N. Swallow,1,a) J. B. Varley,2 L. A. H. Jones,1 J. T. Gibbon,1 L. F. J. Piper,3 V. R. Dhanak,1

and T. D. Veal1,b)

AFFILIATIONS
1Stephenson Institute for Renewable Energy and Department of Physics, University of Liverpool, Liverpool L69 7ZF,
United Kingdom

2Lawrence Livermore National Laboratory, Livermore, California 94550, USA
3Department of Materials Science and Engineering, Binghamton University, Binghamton, New York 13902, USA

a)Electronic mail: JackSwallow@outlook.com
b)Electronic mail: T.Veal@liverpool.ac.uk

ABSTRACT

The surface electronic properties of bulk-grown �-Ga2O3 (2̄01) single crystals are investigated. The band gap is found using opti-
cal transmission to be 4.68 eV. High-resolution x-ray photoemission coupled with hybrid density functional theory calculation of
the valence band density of states provides insights into the surface band bending. Importantly, the standard linear extrapolation
method for determining the surface valence band maximum (VBM) binding energy is found to underestimate the separation from
the Fermi level by ⇠0.5 eV. According to our interpretation, most reports of surface electron depletion and upward band bending
based on photoemission spectroscopy actually provide evidence of surface electron accumulation. For uncleaned surfaces, the
surface VBM to Fermi level separation is found to be 4.95 ± 0.10 eV, corresponding to downward band bending of ⇠0.24 eV and
an electron accumulation layer with a sheet density of ⇠5 ⇥ 1012 cm�2. Uncleaned surfaces possess hydrogen termination which
acts as surface donors, creating electron accumulation and downward band bending at the surface. In situ cleaning by thermal
annealing removes H from the surface, resulting in a ⇠0.5 eV shift of the surface VBM and formation of a surface electron deple-
tion layer with upward band bending of ⇠0.26 eV due to native acceptor surface states. These results are discussed in the context
of the charge neutrality level, calculated bulk interstitial hydrogen transition levels, and related previous experimental findings.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054091

Beta phase gallium oxide (�-Ga2O3) is a transparent, oxide
semiconductor material that has attracted a large amount
of interest in recent years due in part to its wide band gap
(⇠4.7 eV at room temperature),1,2 gas adsorption-tunable con-
ductivity, and high breakdown field (8 MV cm�1). These prop-
erties mean that �-Ga2O3 is a promising material for a large
range of applications, such as solar-blind ultraviolet photode-
tectors,3 gas sensing devices,4 and high power electronic
devices.5 Despite the suitability of this material for such a large
range of applications, there is a distinct lack of spectroscopic

information on its surface electronic behavior. Unlike other
oxide semiconductors, such as In2O3 (Ref. 6), SnO2 (Ref. 7),
CdO (Ref. 8), and ZnO (Ref. 9), the surface electronic behav-
ior has not been well understood in the case of Ga2O3, which
is an important factor for gas sensing devices and electronic
contacts.

Semiconductors with the greatest mismatch between
their cation and anion in terms of atomic size and
electronegativity, such as CdO (Refs. 8 and 10), In2O3 (Refs. 6
and 11), and InN (Refs. 12 and 13), appear to only exhibit surface
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electron accumulation, as opposed to the electron depletion
present at the surface of the majority of n-type semiconduc-
tors.14 The slightly less mismatched materials such as ZnO
(Refs. 15–18) and SnO2(Refs. 19 and 20) can have either of these
two types of surface space charge, depending on how the sur-
face is treated. Indeed, it has been proposed recently that
electron depletion is the inherent space charge property of
the ZnO surface.17,18

As the Ga cation is smaller and has higher electronega-
tivity than Zn, such a trend suggests that Ga2O3 may behave,
in terms of surface space charge properties, more like ZnO
than In2O3. Upward surface band bending and electron deple-
tion are assumed in Ga2O3 due to the difficulty in achieving
Ohmic contacts with a low conductivity material,21 consistent
with similar observations for ZnO. In this context, recent x-ray
photoemission spectroscopy (XPS)22–24 and angle resolved
photoemission spectroscopy (ARPES)25–27 have been inter-
preted as indicating surface electron depletion and upward
band bending. However, previous analysis of XPS valence band
spectra employed the method of linear extrapolation of the
leading valence band edge which underestimates the surface
valence band maximum (VBM) to Fermi level separation. This
is because, just as in the case of In2O3,6 the top of the valence
band has very little dispersion and a high effective mass, lead-
ing to a very rapid onset of the density of states. Instrumental
broadening in XPS introduces a significant slope to the mea-
sured onset of the valence-band photoemission, leading to the
aforementioned underestimation. In the case of the previous
ARPES data where the resolution is higher, the broadening is
lower and so a higher surface VBM to Fermi level separation
has been reported of about 4.9–5.0 eV. However, the pres-
ence of electron depletion was still incorrectly inferred due
to a band gap of about 4.9 eV being assumed, higher than
the measured room temperature value, some 0.2 eV or so
lower.25–27

Furthermore, the space charge layer of the ZnO surface
has been shown to be highly dependent on surface proper-
ties,15,16 especially the effects of H adsorption.28 Whilst H
doping in the bulk has been considered in recent years for
Ga2O3 both experimentally29 and theoretically,30,31 its influ-
ence on the surface has mainly been considered from a gas
sensing perspective in terms of changes to the measured con-
ductivity,32,33 rather than in photoemission studies. Here we
report the surface electronic behavior and band bending of �-
Ga2O3 and contrast our interpretation of XPS data with that
contained in other recent reports.

Bulk single crystalline (2̄01) �-Ga2O3 (from Novel Crys-
tal Technology, Inc., Tamura Corporation) grown using the
edge-defined film-fed growth method34 was used in this
study. Sn-doped samples were used to make them suffi-
ciently conducting to avoid sample charging effects during
photoemissionmeasurements. The net donor density (N+

D
�N�

A
)

was determined by capacitance-voltage measurements to be
6 ⇥ 1018 cm�3, and the free electron density was confirmed
to be n ⇠ 6 ⇥ 1018 cm�3 using Hall effect measurements.
Optical transmittance was performed using a Shimadzu UV-
Vis-IR 3700 spectrophotometer which employs a photomul-
tiplier detector to reach energies up to 6.5 eV, enabling the

absorption onset of �-Ga2O3 to be determined. XPS was per-
formed using a SPECS monochromatic Al K↵ (h⌫ = 1486.7 eV)
x-ray source operated at 250 W. A PSP Vacuum Technology
hemispherical electron-energy analyzer with a 120 mm mean
radius was employed to detect photoelectrons, operated at a
pass energy of 10 eV (50 eV for survey scans). The XPS system
is described in detail elsewhere.35 Binding energies are stated
throughout with respect to the Fermi level. Binding energies
are calibrated using the Fermi edge of an Ar+-ion bombarded
polycrystalline silver sample, also enabling the resolution of
0.4 eV to be determined. This resolution includes broadening
due to the x-ray source, the electron analyzer, and thermal
effects. The uncertainty in stated binding energies is ±0.05 eV.
All measurements were performed at room temperature. Prior
to in situ cleaning, the Ga2O3 was investigated in its as-
received form. In situ surface cleaning was performed via
sample annealing at between 200 and 800 �C for 30 min
cycles23,36,37 and a final 2 h cycle at 800 �C.

Our density functional theory (DFT) modeling adopts
the HSE06 screened hybrid functional38,39 and projector-
augmented wave (PAW) approach40 as implemented in the
VASP code.41,42 We explicitly include the semi-core Ga 3d
states as valence electrons and adopted a fraction of 32%
exact-exchange in the hybrid functional. These choices lead
to an excellent description of the lattice and electronic struc-
ture, with a 0 K direct gap of 4.87 eV (indirect of 4.86 eV).43
Temperature effects lead to a decrease of ⇠0.2 eV between
0 K and room temperature according to recent measure-
ments.44 The treatment of the Ga d states leads to slightly
improved lattice parameters as compared to the experiment
(12.21, 3.03, and 5.79 Å for the a, b, and c lattice parameters
and a � angle of 103.8�), and most importantly for this study,
an improved description of orbital interactions that can influ-
ence the valence band features observable via photoemission
spectroscopy. While the primitive unit cell was used for the
bulk electronic structure calculations, defect calculations of
Hi defects were performed in 120-atom supercells for the
Ga2O3 and 216-atom supercells for SnO2 and corrected for
finite-size effects following the approach of Freysoldt et al. as
described elsewhere.30,45,46

In order to determine the band bending at the surface of
�-Ga2O3 and its evolution with annealing, XPS has been used
to measure the valence band and core level spectra at each
annealing stage. The valence band spectra give the surface
VBM to Fermi level separation. The bulk conduction bandmin-
imum (CBM) to Fermi level separation can be determined using
semiconductor statistics from the bulk carrier density and,
with the knowledge of the band gap, this gives the bulk VBM
to Fermi level separation. The difference between the bulk and
surface VBM energies with respect to the Fermi level thus
provides the sign and magnitude of the surface band bend-
ing. Changes in the band bending as a function of annealing
result in changes to the VBM binding energy with respect to
the Fermi level and can be confirmed by observing the corre-
sponding shifts of the core level peaks. The core levels provide
additional information about contamination via both peaks
due to adsorbed species and chemical shifts of the elements
of the semiconductor.
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FIG. 1. Valence band photoemission spectra and DFT valence band total DOS with and without instrumental and lifetime broadening applied for �-Ga2O3 (a) as entered and
(b) after annealing at 800 �C for 2 h. (c) The evolution of valence band spectra under subsequent annealing cycles at increasing temperatures.

The valence band spectra for �-Ga2O3 are shown in
Fig. 1 for the sample (a) before surface cleaning, (b) after
an 800 �C anneal for 2 h, and (c) the evolution of the
valence band over the whole cleaning procedure. The cal-
culated hybrid DFT valence band density of states (VBDOS)
is compared to the XPS valence band spectra. Photoion-
ization cross section corrections taken from Ref. 47 have
been applied to the calculated VBDOS with the result shown
in Fig. 1 with and without instrumental [0.4 eV full width
at half maximum (FWHM) Gaussian] and lifetime broaden-
ing (0.45 eV FWHM Lorentzian). The calculated and thus
corrected VBDOS is in extremely good agreement with the
experimental data.

The methodology of extracting the valence band position
is demonstrated in Figs. 1(a) and 1(b) which involves shift-
ing the broadened calculated VBDOS until it aligns with the
spectral features of the XPS data. The leading edge of the
unbroadened VBDOS is then taken as the VB-edge position
(relative to the Fermi level aligned to zero). This method of
determining the VBM energy with respect to the Fermi level
is well established48 but not widely used, and the much sim-
pler method of linear extrapolating the leading edge is gen-
erally preferred and has been widely used for the analysis
of Ga2O3 XPS data.23,49,50 However, as discussed above, for
materials with very flat valence bands, with a correspondingly
sharp onset of the VBDOS, the linear extrapolation method
underestimates the VBM to Fermi level separation due to the
instrumental broadening. Comparing the green dotted linear
extrapolations in Figs. 1(a) and 1(b) to the red lines of the
aligned unbroadened DOS onset enables us to determine that
linear extrapolation underestimates the VBM position by ⇠0.5
eV. All the calculated VBDOS features match very well with the
Ga2O3 data, giving good confidence that the VB position is well
represented. For materials, such as ZnO, where the valence
band onset is more gradual, the two methods for determin-
ing the VBM position are in much closer agreement with each
other.

Focusing now on Fig. 1(c), it is apparent that after each
annealing step, the VB edge shifts to lower binding energy.
From the valence band spectra, the surface VBM to Fermi level

separation is found to vary from 4.95 ± 0.10 eV after no surface
preparation to 4.45 ± 0.10 eV after surface cleaning using the
highest temperature annealing (800 �C).

As mentioned above, to use photoemission to determine
the sign and amount of band bending at the polar �-Ga2O3
(2̄01), it is important to have a measure of the band gap of
thematerial investigated. Figure 2 shows two absorption spec-
tra of �-Ga2O3 derived from transmission data taken with the
crystal oriented perpendicular to each other (schematically
shown in the inset). A linear extrapolation indicates the onset
of optical absorption is at 4.68 eV. This is consistent with other
optical measurements,44 energy loss spectroscopy50 and our
calculation results mentioned above. This allows us to give a
conservative estimate of the band gap of ⇠4.7 ± 0.2 eV when
excitonic effects and optical anisotropy are considered.1,51 It

FIG. 2. Optical absorption as a function of photon energy for �-Ga2O3 with the
[010] plane upward (red) and alternately the [102] plane facing the incoming light
(black).
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also is worth noting the relative independence of the band
gap on the carrier concentration up to ⇠1019 cm�3 displayed in
Ref. 44. The Mott criterion given by n1/3

c aB ⇡ 0.25 where aB is
the effective Bohr radius (given by a0

"(0)
m⇤/m0

) and nc is the criti-
cal carrier density52 gives nc around 3 ⇥ 1018 cm�3. This means
that our absorption onset only minimally deviates from the
fundamental band gap (from band filling effects). Indeed, our
semiconductor statistics calculations, assuming a band edge
effective mass of 0.28m0 (Refs. 53–55) and a nonparabolic con-
duction band,56 indicate that for Ga2O3 with a carrier density
of 6 ⇥ 1018 cm�3, the Fermi level is about 30 meV (0.03 eV)
above the conduction band minimum (CBM). That is, the
bulk CBM is essentially at the Fermi level. Therefore, given
the measured band gap of about 4.68 eV, this indicates
that �-Ga2O3 (2̄01) goes from downward to upward sur-
face band bending as a function of in situ annealing. That
is, the as received �-Ga2O3 (2̄01) surface exhibits an elec-
tron accumulation layer which transforms into an electron
depletion layer as the annealing treatment progresses. In
order to illustrate the band bending and charge density as
a function of depth quantitatively, the Poisson equation has

been solved within the modified Thomas-Fermi approxima-
tion (MTFA),57,58 with a nonparabolic conduction band, as
described elsewhere.56,59

Figures 3(a) and 3(b) show the calculated band bending
before and after annealing for the �-Ga2O3 (2̄01) surface and
the associated electron density plots as a function of depth,
respectively. For the unannealed �-Ga2O3, the 0.24 eV down-
ward band bending is associated with a corresponding accu-
mulation of electrons in the near-surface region with a sheet
electron density of 5 ⇥ 1012 cm�2. For In2O3, weak conduction
band emission was observed below the Fermi level in photoe-
mission spectra.6,60 However, in that case, the surface sheet
density was an order of magnitude higher than that observed
here for Ga2O3, explaining the absence of this feature in Fig. 1.
The other charge profile shown in Fig. 3(a) is for the 0.26 eV
upward band bending and surface electron depletion present
after annealing at 800 �C for 2 h. The corresponding accep-
tor surface state density is 3.8 ⇥ 1012 cm�2. The band bending
as a function of annealing treatment is shown in Figs. 3(c) and
is also correlated with the relative strength of the hydroxyl
contribution to the O 1s spectrum, as discussed below. The

FIG. 3. Poisson-MTFA calculations of (a) the band bending and (b) carrier density profiles in the electron accumulation (blue) and depletion (red) surface layers for �-Ga2O3
before and after cleaning. (c) The �-Ga2O3 surface band bending and the relative contribution of the hydroxyl component of the O 1s spectrum as a function of annealing
temperature. The annealing temperature of 20 �C on the upper x-axis represents the unannealed sample. The lines between points are a guide to the eye. (d) Band line-up
with respect to the charge neutrality level for �-Ga2O3 compared to that of other metal oxide semiconductors. The CNL for �-Ga2O3, In2O3,6 ZnO,77 and CdO10 is
determined from valence band offsets from particle irradiation studies of other materials78 and from calculations for SnO2.74 The CBM shown for CdO is for the � point
rather than the indirect CBM at the the L point. The ✏ (+/�) transition levels for Hi configurations which involve disrupting the cation-anion bond are shown as dotted orange
lines for �-Ga2O3 (0.51 eV below the CBM—this work), In2O3 (0.53 eV above the CBM),76 ZnO (0.40 eV above the CBM),71 SnO2 (0.48 eV above the CBM for the bond
disrupting H+

i
configuration—this work), and CdO (0.43 eV above the CBM).75 Also shown, as purple dotted lines, are the ✏ 0(+/�) transition levels for Hi configurations that

involve O lone-pairs capturing Hi which are the lowest formation energy for �-Ga2O3 [✏ 0(+/�) at 4.90 eV above the VBM,73 corresponding to 0.22 eV above the CBM for
our room temperature band gap of 4.68 eV] and SnO2 [✏ 0(+/�) at 1.53 eV above the CBM].30
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uncertainty in the absolute band bending values is ±0.22 eV
due to the aforementioned uncertainties in the band gap and
in determining the VBM position. However, the change in band
bending is independent of the band gap and, between the as-
received surface and after 800 �C annealing, is 0.50 ± 0.14
eV using the VBM positions with their ±0.10 eV uncertainty
or 0.50 ± 0.07 eV using the core-level positions with their
±0.05 eV uncertainty. The uncertainty in the band bending
value would be much smaller than ±0.22 eV with a less conser-
vative estimate of the band gap than the ±0.2 eV uncertainty
stated here. Figure 3(d) compares the natural band alignment
and bulk interstitial H transition levels of Ga2O3 with other
metal oxide semiconductors and will be discussed further
below.

In order to confirm the changes in the surface electronic
properties as a function of annealing and to investigate their
origin, core level XPS spectra were also recorded. Figures 4(a)
–4(d) show XPS survey and core level spectra for �-Ga2O3
after successive in situ thermal annealing steps were per-
formed to remove surface contamination. Starting from an
unannealed sample (black spectra), 200 �C temperature steps
were performed for 30 min up to 800 �C, which was also per-
formed for 2 h (red spectra). All survey spectra possess only
gallium, oxygen, and carbon lines. No peaks related to Sn could
be discerned due to the low concentration of Sn in the samples
(⇠6 ⇥ 1018 cm�3), well below the detection limit. As succes-
sive annealing steps are completed, Ga and O related peaks
are seen to increase in intensity, whilst C related peaks are
greatly reduced, indicating the removal of contamination from
the surface. This is more clearly seen in the core level spectra

in Fig. 4(b) C 1s, (c) O 1s, and (d) Ga 2p. The C 1s peak reduced
in intensity after each annealing step up to 800 �C where it
could not be reduced further. Annealing at a higher temper-
ature (1000 �C) caused another carbon species to develop on
the surface, possibly as a result of carbon reacting with Ga2O3.
All core level peaks shifted to lower binding energy after each
cleaning step, indicating changes in the surface electronic
properties of the material occurring as a result of the surface
cleaning.

This energy shift is investigated in more detail by peak
fitting of the O 1s and Ga 2p core levels as shown for the
unannealed and maximally annealed crystal in Fig. 5. The O
1s spectra prior to cleaning (top) and after a 2 h 800 �C clean-
ing cycle (bottom) can be seen in Fig. 5(a). Both spectra were
fitted using a Shirley background and Voigt line shapes. The
spectrum possessed a strong component with a high bind-
ing energy shoulder. The main component is associated with
O bonded to Ga at 532.2 eV, with a shoulder component 1.3
eV higher in binding energy, which is commonly associated
with a hydroxyl (–OH) group.61–65 In this case, this is likely
due to H adatoms bonding to O atoms on the Ga2O3 surface.
Subsequent annealing reduces and then removes the shoul-
der component completely, and a binding energy shift of ⇠0.7
eV to lower energy (531.6 eV) is observed. The FWHM of the
O–Ga O 1s component remained the same (1.2 eV) before and
after annealing, suggesting that no new chemical species is
formed. The binding energy shift of the O–Ga peak is asso-
ciated with the change in the surface electronic properties
resulting from the hydroxyl groups being removed from the
surface. This correlation between the relative intensity of the

FIG. 4. �-Ga2O3 XPS spectra follow-
ing thermal annealing steps at 200, 400,
600, and 800 �C for 30 min and finally
for 2 h at 800 �C showing (a) wide
survey scan with visible peaks labeled.
(b) C 1s core-level, (c) O 1s core-level,
and (d) Ga 2p core level doublets, all
demonstrating a binding energy shift to
lower energy upon surface cleaning up
to 800 �C. The binding energy scale is
referenced to the Fermi level.
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FIG. 5. (a) O 1s and (b) Ga 2p3/2 XPS
core level peaks and curve fitting for both
unannealed (as entered) samples and
following a 2 h 800 �C annealing cycle.

hydroxyl component of the O 1s peak and the band bending is
apparent in Fig. 3(c).

This suggests that the downward band bending and elec-
tron accumulation are due to the hydrogen on the surface.
That is, the adsorbed hydrogen on the surface acts as an
extrinsic source of positively charged donor surface states
which provide the electrons in the accumulation layer. As the
hydrogen is desorbed by annealing, the surface donor density
decreases along with the downward band bending, and all the
core levels shift accordingly. This effect has been seen previ-
ously in ZnO.17,18 Indeed, this is seen in Fig. 5(b) where the
Ga 2p3/2 peak shifts after cleaning by the same amount also
(from 1119.3 eV to 1118.6 eV with no change in the FWHM of
1.5 eV).

As the annealing steps progress, the initial decrease in the
amount of downward band bending is followed by the devel-
opment and then increase in upward band bending and sur-
face electron depletion. The greatest upward band bending of
0.26 eV occurs when the hydroxyl component of the O 1s spec-
trum is absent after annealing at 800 �C. This type of behav-
ior has also been reported for polar ZnO surfaces.16–18 These
results suggest that electron depletion is the “natural” sur-
face space charge state of Ga2O3 surfaces. This corresponds
to the presence of occupied negatively charge acceptor-type
intrinsic surface states.

Having electron depletion at the surface of moderately
doped n-type Ga2O3 with the roughly coincident bulk CBM
and Fermi level is consistent with the so-called charge neu-
trality level (CNL) lying below the CBM. The CNL, otherwise
referred to as the Fermi level stabilization energy (of the
amphoteric defect model66,67) or branch point energy,68 is
the energy at which the surface states change from being
predominantly donor-like below the CNL to being predomi-
nantly acceptor-like above the CNL.10,13 Indeed, as shown in
Fig. 3(d), the natural band alignments of the metal oxides indi-
cate that CNL lies about 0.6 eV below the CBM for Ga2O3.
Such a position high in the band gap and relatively close to
the CBM for such a wide band gap material is consistent
with other reported properties of Ga2O3. These include its
n-type dopability,69 the ability to form Schottky barriers at

metal/Ga2O3 interfaces,69 the sensitivity of surface conduc-
tivity to gas adsorption,32 and the decrease in conductivity
upon particle irradiation of already n-type material.70

However, a possible contradiction is presented by the
bulk donor behavior of interstitial hydrogen, Hi, in n-type
Ga2O3. If the Fermi level is above the CNL, it would be
expected that Hi would act as compensating acceptors. This
is because for Hi configurations that involve disrupting the
cation-anion bond, the Hi ✏ (+/�) transition level corresponds
to a transition between anion- and cation-derived dangling
bond states and so is very close to the CNL.10,71,72 But Hi have
been shown to act exclusively as shallow donors in Ga2O3 from

FIG. 6. Comparison of H+
i

configurations used in the alignment for (a) rutile SnO2
and (b) monoclinic �-Ga2O3. The top panels represent the bond-center (a) or anti-
bonding (b) configurations that disrupt the host bonding. The broken Ga-O bond in
(b) is represented by a dashed line. The bottom panels represent the lowest energy
configurations for H+

i
in these structures, but they do not probe the cation-anion

bonds and instead occupy anion-derived lone-pairs.
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theory73 and studies of the electronic analog muonium.29
This apparent contradiction is resolved when the very dif-
ferent nature of the bonding of Hi in Ga2O3 compared to
most other metal oxides is considered. The bonding envi-
ronment of the O atoms in Ga2O3 results in O lone-pairs
that may capture Hi and form favorable shallow donors with-
out much influence on the lattice (bottom panels of Fig. 6).
This is a phenomenon also exhibited by SnO2. In the spirit
of the usual relationship between the CNL and the behav-
ior of Hi in other materials, these lone-pair H+

i
configura-

tions for Ga2O3 and SnO2 do not probe anion- and cation-
derived dangling bond states and so their Hi transition level
[denoted ✏ 0(+/�) in Fig. 3(d)] does not correspond to the
CNL for these materials. But, if we instead consider higher-
formation energy H+

i
configurations that disrupt the bonding

and lead to cation dangling bonds (top panels of Fig. 6), we
find that the Hi ✏ (+/�) transition level71 falls 0.51 eV below
the CBM for Ga2O3, in good agreement with the experimental
findings here and the CNL depicted 0.6 eV below the CBM in
Fig. 3(d). (For SnO2, we find that a bond-center H+

i
configura-

tion that probes Sn dangling bond energies yields aHi ✏ (+/�)
transition level 0.48 eV above the CBM, which is also quali-
tatively and quantitatively in good agreement with previous
studies.74)

In conclusion, the type and magnitude of band bend-
ing at the (2̄01) surface of �-Ga2O3 were determined for the
as-entered and annealed crystal from valence band and core
level XPS measurements combined with hybrid DFT valence
band calculations. The surface of the as-entered Ga2O3 crys-
tal is found to be terminated by O–H groups, resulting in
downward band bending of 0.24 eV and electron accumu-
lation with a sheet density of ⇠5 ⇥ 1012 cm�3. Cleaning the
surface by annealing and removing the adsorbed hydrogen
results in a transition from electron accumulation to deple-
tion with upward band bending of 0.26 eV. The observation
of electron accumulation at uncleaned and even moderately
annealed Ga2O3 surfaces has been previously overlooked, and
the extent of depletion has been overestimated. This is due in
different cases either to the use of the wrong band gap energy
and/or to an over-reliance upon linear extrapolation of the
valence band leading edge for the determination of the VBM
position with respect to the Fermi level. These findings are
consistent with the charge neutrality level lying ⇠0.6 eV below
the CBM, which is in line with other reported properties of
Ga2O3 and also our calculated ✏ (+/�) transition level for bond
disrupting Hi configurations.
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