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Relationship between the hydroxyl termination and band bending at (201) 8-Ga,O; surfaces
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Synchrotron x-ray photoelectron spectroscopy was used to explore the relationship between the hydroxyl
termination and band bending at the (201) surface of 8-Ga,O5 bulk single crystals. All as-received (201) surfaces
were terminated with OH groups, with H/OH binding to surface O,/Ga, atoms. Removal of this native OH
termination produced a large upward shift in band bending of up to 1.0 eV, consistent with strong electron
depletion and a semiconductor to insulator-like transition in the near-surface region. Simple surface treatments
were used to control the size and stability of the band bending of as-received (201) surfaces by modifying
the nature of the OH termination. NaOH (H,SO,) treatment consistently produced upward (downward) shifts
in band bending and a significant increase (decrease) in the thermal stability of the OH termination that
was associated with an increase in the relative density of Ga;-OH (Os-H) species. Annealing in wet O,
(at 600 °C) produced an extremely stable OH termination and the strongest downward shift in band bending.
These effects, combined with the relatively slow dissociation of H,O on bare (201) surfaces, allowed the
preparation of surfaces with significant variations in band bending that may prove useful in optimizing the
properties of 8-Ga, O3 metal-semiconductor contacts and heterojunctions. A comparison of two methods used
to determine the absolute band bending at semiconductor surfaces confirmed that bare 8-Ga,03 (201) surfaces
are characterized by strong upward band bending (~0.5 to 1.0 eV) and an electron depletion layer that can be
completely removed by the hydroxylation of the surface.

DOI: 10.1103/PhysRevB.102.035304

I. INTRODUCTION

Monoclinic 8-Ga;Os3 is an ultrawide-band-gap semicon-
ductor that has become the subject of considerable interest
for power electronic devices and deep UV photodetectors
[1-3]. It has one of the highest known breakdown fields
(~8 MV/cm), significantly higher than that of SiC or
GaN (~3 MV/cm), allowing the potential scaling of next-
generation power Schottky diodes and field-effect transistors
to smaller dimensions, thereby increasing their speed and
efficiency. However, device fabrication is still at an early
stage and a thorough understanding of the electronic nature
of the commonly used surfaces of B-Ga,0O3 is required to
optimize the performance of metal-semiconductor contacts
and heterojunctions with other semiconductors [4,5].

The surfaces of B-Ga,O; are also interesting from a
fundamental perspective as they appear to show significant
differences in electronic behavior compared to other techno-
logically useful transparent conducting oxides (TCOs), such
as ZnO [6], SnO, [7], CdO [8], and In,O3 [9,10]. The
surfaces of the latter TCOs have a metalliclike nature due
to the presence of a two-dimensional electron accumulation
layer that is confined inside a potential well created by
the downward bending of the near-surface electronic bands
in response to donorlike surface states [6—12]. In the case
of ZnO, we have previously reported a strong correlation
between the downward band bending and the OH termination
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of the surface, with a reduction in OH coverage producing
a transition from surface electron accumulation to depletion
[13,14]. The surface metallicity of ZnO, SnO,, and In, 05 also
results in a number of interesting physical effects: (i) a diffi-
culty in forming high-quality Schottky metal-semiconductor
contacts without the use of oxidizing surface treatments, such
as an oxygen plasma, ozone, or hydrogen peroxide, to reduce
the surface conductivity [15-18], and (ii) the tendency of
the electron-rich surfaces to attract electrophilic atmospheric
adsorbates, such as O, and H,O, and introduce environmental
sensitivity into the performance of electronic devices [19-21].

In contrast, 8-Ga,O; surfaces appear to be naturally de-
pleted of charge carriers and several researchers have used
x-ray photoelectron spectroscopy (XPS) to report significant
upward band bending at 8-Ga, O3 surfaces: Navarro-Quezada
et al. [22] used Al Ka (hv = 1486.6eV) XPS to measure an
upward band bending of ~0.28 eV at air-cleaved S-Ga,0;3
(100) surfaces that increased to ~0.48 eV after annealing at
800 °C, while Lovejoy et al. [23] used hard XPS and scanning
tunneling microscopy on nominally undoped B-Ga, 03 (100)
surfaces to observe an upward band bending of ~0.5 eV
and the presence of negatively charged surface defects. Both
these results appear consistent with experimental observa-
tions that (i) Ohmic contacts are rather difficult to produce
on B-Ga,03, typically requiring postmetallization annealing
[24,25], while the formation of high-quality Schottky contacts
is relatively straightforward [26,27], i.e., the opposite situation

©2020 American Physical Society
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to that observed in ZnO, SnO,, and In,O3 [15-18], and (ii)
simple electrical measurements using standard metal probes
yield very high resistances even on low-resistivity Sn-doped
B-Ga, 05 substrates, suggesting the presence of an electrically
inactive surface layer [23].

However, the assumption that 8-Ga, O3 surfaces are natu-
rally depleted of charge carriers has recently been questioned
by the work of Swallow et al. [28], who proposed that the
upward band bending at $-Ga,Os3 surfaces determined by
XPS measurements has been significantly overestimated, by
as much as ~0.5 eV. The standard XPS method of determining
the band bending at semiconductor surfaces is to use the
intersection of a linear extrapolation of the low binding energy
(BE) edge of the valence-band spectrum with the instrument
background to determine the band-bending parameter ¢ [29].
This is the energetic separation between the valence-band
maximum (Ey) and the Fermi level (Er) at a depth ap-
proximately equal to the inelastic mean-free path (1) of the
XPS photoelectrons. The actual band bending (V) is then
determined from

Vb =E;— ¢ —&, whereé =kT/qIn(Nc/n), (1)
E, is the band gap of the semiconductor, and &(= E¢ —
EF) is the energy separation between the conduction-band
minimum (E¢) and Ep, with n the bulk carrier concen-
tration and N¢ the conduction-band effective density of
states [Ne = 2Q2wm*kT /h?)""*]. For B-Ga, 03, Ne = 3.72 x
108ecm—3 at 7 = 300K, assuming an effective electron mass
m;; of 0.28m, [30,31]. Negative values of V,;, indicate down-
ward surface band bending and electron accumulation, while
positive values of Vj, correspond to upward band bending and
electron depletion.

Swallow et al. [28] argued that in the case of 5-Ga, O3 (and
also InyO3) instrumental broadening of the XPS measured
valence-band (VB) edge causes an underestimation of ¢ due to
the very rapid onset of the valence-band density of states (VB-
DOS) that results from the very low dispersion at the valence-
band maximum. Instead, they proposed a method of fitting
an instrumental and lifetime-broadened VBDOS calculated
using hybrid density-functional theory to their experimental
VB XPS spectra, with the almost-vertical leading edge of
the corresponding unbroadened VBDOS used to determine ¢ .
This VBDOS-fitting method resulted in a systematic increase
in ¢ of ~0.5 eV, sufficient for these authors to report a
downward band bending of ~0.24 eV and therefore electron
accumulation at the as-received (‘“‘uncleaned”) surfaces of
their B-Ga,O3 (201) single-crystal substrates, instead of an
upward band bending of approximately the same amount that
would have been determined using the standard linear VB-
edge extrapolation method [29].

There is evidence to suggest that hydrogen in the form of
hydroxyl (OH) groups acts as a surface donor in 8-Ga,03
producing a downward shift in band bending at the surface.
Swallow et al. [28] observed that the in situ cleaning of the
(201) surface by thermal annealing up to 800 °C produced an
upward shift in band bending of ~0.5 eV that was correlated
with the removal of OH from the surface. A similar upward
shift was reported by Navarro-Quezada ef al. [22] on (100)
B-Ga,05 single crystals after in situ annealing to the same

temperature. Both these studies used Al Ko (hv = 1486.6eV)
XPS with a relatively deep sampling depth (A~18 A) and
the band-bending changes closer to the surface are likely
to be significantly larger. In the case of ZnO (1010) and
(0001) surfaces, we have previously used synchrotron XPS
(hv = 150eV, 1~ 6.8 A) to observe upward band-bending
shifts of ~0.8 eV after significantly reducing the surface OH
termination, sufficient to produce strong near-surface electron
depletion [13,14].

In this work, we use surface-sensitive synchrotron XPS
to determine the relationship between the OH termination
and the electronic band bending at the (201) surface of
B-Ga,0s3. This is one of the most common low-index surfaces
involved in bulk single crystal and epitaxial thin-film growth.
Due to the large number of atoms and low symmetry of
the unit cell, there are several possible structures for the
(201) surface depending on the cleavage plane chosen [see
Fig. 1(a)]. Density-functional theory (DFT) calculations by
Anvari et al. [32] have indicated that the most likely of these
are two nonpolar stoichiometric (201) surfaces. Here, we will
consider one of these surfaces as shown in Fig. 1(b). This is
the relaxed surface created after cutting the fewest number
of Gar-Oy; bonds. However, our analysis also applies to the
alternative structure considered by Anvari et al. [32], given
that both have the same surface density of Ga and O atoms
and that there is only a small (9 meV A~2) difference in their
surface energy. We show that bare (201) 8-Ga,O; surfaces
are characterized by strong upward band bending (~0.5 to
1.0 eV) and an electron depletion layer that can be com-
pletely removed by the hydroxylation of the surface. We also
show that different surface treatments can be used to modify
the nature and stability of the OH termination and allow
(201) B-Ga, 03 surfaces with significant variations in surface
band bending (up to ~1 eV) to be prepared. The ability to
control the band bending of $-Ga,03 surfaces may prove
useful in optimizing the fabrication of metal-semiconductor
contacts and semiconductor-semiconductor heterojunctions to
this technologically useful material.

II. EXPERIMENTAL METHODS
A. Surface treatments

The B-Ga,O; material used in this study was a Sn-
doped (201) single-crystal wafer of dimensions 15 x 10 x
0.65 mm?, from Tamura Corporation (Japan). This was grown
using the edge-defined film-fed growth method [33], with
a resistivity, carrier density, and mobility of 0.020 Q cm,
4.46 x 10" cm=3, and 71 cm® V~! s™!, respectively, as deter-
mined by 0.51-T Hall effect measurements at room temper-
ature (RT). The band gap of the (201) B-Ga,O; wafer was
4.71 £ 0.02 eV, as determined from optical transmission spec-
troscopy, also at RT (see Supplemental Material Fig. S1 [34]).
The wafer was evenly diced to provide (5 x 5 x 0.65 mm?)
samples that were cleaned using ultrasonically agitated ace-
tone, methanol, and isopropyl alcohol and then dried using N,
gas. Ti/Au contacts were deposited by e-beam evaporation on
part of the front and back sides of each sample. These were
then annealed at 450 °C in N; for 30 min to improve their
contact resistance. Even on low-resistivity Sn-doped 5-Ga, 03
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FIG. 1. (a) B-Ga,0; unit cell (20 atoms) comprising two Ga sites: Ga; (fourfold coordinated) and Gay; (sixfold coordinated), and three
O sites: Oy (onefold coordinated to Gay and twofold coordinated to Gay atoms), Oy (onefold coordinated to Gay and threefold coordinated
to Gay atoms), and Oy (twofold coordinated to Ga; atoms and onefold coordinated to Gay); (b) 8-Ga, 05 crystal projection with the [010]
direction perpendicular to the page with the dashed line in (b) indicating the cleavage plane used to create the (c) lateral and (d) top projections
of the relaxed (201) surface. Orthogonal crystallographic vectors [010], [102] and the direction normal to the (201) plane are included to help
visualize the projections. The coordinates for the relaxed (201) surface were taken from Ref. [32].

substrates, annealed Ti/Au contacts were necessary to provide
adequate grounding to the spectrometer to eliminate sample
charging during XPS.

These samples were then subjected to different sur-
face treatments, involving immersion in aqueous NaOH and
H,SO, solutions and annealing (600 °C) in wet O,. The
following nomenclature is adopted for sample identification:
“As-received” samples were only cleaned in the organic
solvents described above; “wet O, annealed” samples were
annealed at 600 °C for 30 min in wet oxygen (i.e. O, gas
bubbled through deionized H,0); “NaOH-treated” samples
were immersed in 1 M aqueous NaOH at 60 °C for 30 min;
“HySO4-treated” samples were immersed in 1 M aqueous
NaOH at 60 °C for 30 min followed by concentrated (~95%)
H,SO4 at RT for 10 min. Atomic force microscope images
taken with a Digital Instruments Dimension 3100 instrument
showed no significant change in the morphology of the (201)
B-Ga, 03 surface following these treatments, with the excep-
tion of the H,SOy-treated sample in which the surface atomic-
step terrace structure became more visible (see Supplemental
Material Fig. S2 [34]).

B. Core-level and valence-band synchrotron XPS

Surface-sensitive, variable photon energy (hv = 1267 to
150 eV) XPS measurements were performed at the soft x-ray
beamline of the Australian Synchrotron on the as-received
and surface-treated B-Ga,03 (201) samples. Spectra were
recorded on samples as loaded and after ~15-min in situ
heating steps at 100 °C increments from RT to 600 °C. All
XPS spectra were measured at RT at a base pressure of
<2 x 10710 mbar, with the heating steps performed in a

separate UHV preparation chamber (base pressure ~5 x
107!° mbar at RT, temporarily rising to ~10~7 mbar dur-
ing the 600 °C heating cycle). Each sample was electrically
grounded to the spectrometer via a tantalum foil sample holder
that was connected to the front- and back-side annealed Ti/Au
Ohmic contacts. This was necessary to avoid sample charging
and allowed the Fermi level of each sample to be directly
referenced to the zero of the XPS spectrometer BE scale. The
absence of sample charging was confirmed by the lack of
any BE shifts in the measured core-level and VB spectra on
varying the incident photon flux.

The spectrometer BE scale was calibrated at each photon
energy using the Au4f core-level doublet and the Fermi edge
of a clean gold reference foil. The uncertainty in the measured
binding energies was £0.04 eV. Spectra were collected using
a Specs Phoibos 150 hemispherical electron energy analyzer
with the detector axis positioned normal to the sample surface.
The incident x-ray photon energy (hv) was varied between VB
and core-level scans to maintain the same surface sensitivity,
i.e., the same photoelectron kinetic energy (~150 eV) and
inelastic mean-free path A of ~6.2 A (using the TPP-2M for-
mula) [35]. Consequently, O 1s and Ga 2p core-level spectra
were collected at 680 and 1267 eV, respectively, with VB
spectra taken at hv = 150eV. Survey spectra were measured
on each sample at iv = 1267 eV to check for surface contam-
inants, including adventitious carbon which remained below
detectable levels.

The hydroxyl coverage was estimated using the relative
component areas of O ls core-level spectra, fitted using
pseudo-Voigt functions on a Shirley background, with the full
width at half maximum (FWHM) constrained to <2 eV. The
VB spectra were fitted in a similar way (FWHM < 2.4 eV).
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FIG. 2. (a), (c) O 1s core-level spectra (hv = 680eV) and (b), (d) valence-band spectra (hv = 150eV) measured at RT on as-received,
NaOH-treated, H,SO,-treated, and wet O, annealed 8-Ga,05(201) surfaces: (a) and (b) as loaded (i.e., before heating) and (c) and (d) after
in situ heating to 600 °C. [Note: (1) the main component peaks in the VB spectra have been labelled I, II, III, IV; (2) the spectra for the
H,S0O,-treated sample in Figs 2(a) and 2(b) were measured at RT after in situ heating at 100 °C.]

The near-surface band bending (Vj;) at a depth of ~6.2 A
below the surface was determined from the (hv = 150eV)
VB spectra using Eq. (1), as described previously in Sec. L.
In this work, we have used the standard linear VB-edge
extrapolation method to determine the parameter { used in
Eq. (1). This allows comparisons with many previous band-
bending studies on oxide semiconductors, including 8-Ga, 03,
7Zn0O, SnO,, and In, 03, that have used the same method
[6,7,9,13,14,22,23]. A significant part of our study involves
the changes in band bending (AV},) produced by surface treat-
ments that alter the nature and stability of the OH termination
of the (201) B-Ga, 05 surface, and this is independent of the
method used to determine ¢. However, we will also examine
the implications of the choice of method in establishing the
electronic nature of bare and hydroxylated 8-Ga,0O3 surfaces.

III. RESULTS

A. As-loaded samples

Figures 2(a) and 2(b) show O 1s spectra (hv = 680eV) and
VB spectra (hv = 150eV) measured at RT for the 8-Ga,03
(201) surface in its as-received state, and after NaOH, H,SOy,
and wet O, (600 °C) surface treatments. These spectra were
recorded as loaded before any in situ heating, with the ex-
ception of the H,SO4-treated sample for which the spectrum
recorded after heating at 100 °C is shown. This is because
survey spectra (hv = 1267eV) from the as-loaded H,SOy4-
treated sample (not shown) revealed a small SOq4-related S
2p3;» peak (BE = 168eV) that disappeared after heating,
suggesting that some weakly attached residual H,SO4 was
present on the as-loaded H,SOy4-treated sample. This is also
the only sample for which the as-loaded condition did not
correspond to the highest measured value of ¢ and therefore

the lowest Vp,;, [see Fig. 3(j)]. The lowest V3, for the H,SO4-
treated sample was observed after 100 °C heating, possibly
due to the removal of the residual H,SOy4 (note: the O 1s and
VB spectra for the as-loaded H, SO4-treated sample are shown
in the Supplemental Material Fig. S3 [34]).

The O 1s spectra for each sample in Fig. 2(a) could be
fitted with just two components: a low BE peak due to bulk
oxygen and a higher BE peak due to oxygen atoms in surface-
terminating OH groups, with the relative area of the surface
OH component given in Table I. The surface nature of the
OH component was confirmed by observing that its intensity
rapidly decreased with increasing x-ray photon energy (see
Supplemental Material Fig. S4 [34]). Surface OH groups are
most likely formed by the dissociative adsorption of H,O on
the bare 8-Ga,O; surface on exposure to atmosphere, with
OH binding to surface Ga atoms (Gay) via the oxygen water
atom (Oy,) to form Gas-OyHy,, and H binding to surface oxy-
gen atoms (Os) to form Og-Hy, [32,36,37]. The key difference
between these OH groups is the coordination of the O atom:
for Ga,-Oy Hy, the Oy, atom is coordinated to a single Ga atom,
whereas in Os-Hy, the O, atom is bonded to three surface
Ga atoms. However, it was not possible to unambiguously
distinguish between these different OH environments in the
O 1s spectra. This is similar to the case for ZnO where no
significant difference was observed in the BE separation of
the OH and bulk O components in O ls spectra taken from
the hydroxylated Zn-polar (0001) and O-polar (0001) faces,
on which Zns-OyHy, (Oy, bonded to one Zn atom) and O,-H,,
(O bonded to three Zn atoms) are the dominant OH species,
respectively [13,38].

All three surface treatments resulted in an increase in the
relative area of the surface OH component (Apy) as shown in
Table I, suggesting an increase in the surface density of the
OH termination, with wet O, (600 °C) annealing producing

035304-4



RELATIONSHIP BETWEEN THE HYDROXYL ...

PHYSICAL REVIEW B 102, 035304 (2020)

T

! \ A L ! ' NaOHT L ' ' H N6} "] ' Wet O’ )" [-eAs-received —A- NaOH
(@) s-received ,(b) 5011 - (©) 25041 (d) sorv | _ 0.6} @ ~9-H,50, B Wet 0,
(201) (201) (201) || (201) |~
as-loaded ,—/@ M as-loaded {E
A 100 °c | | 100°c L, + 0.4f
. o ° 200 ° 5
bN ' - S
2 300 ¢ 300 °c 300°C || o2r
g I 400 °C] /m 400 °C S R M5
AN Ny (RN i
5 (63 { o } ° - o 0.0 L 1 1
, L 500 ¢ LU 0 100 200 300 400 500 600
O1s 600°||01s 600°% |[O1s e00° || C18 600 °C Temperature (°C)
536 534 532 530 528 534 532 530 528 534 532 530 528 534 532 530 528 10— T
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) <o | |~® As-received (J) {
A, B ———————— —— 3 -A- NaOH
(e) As-received | (f) NaOH 1/ (9) ,S0, 1| (h) Wet 0, | >~ 0.8 |- H,S0,
> 1 5 H 3 1 13 [ |® Wet O
- (201) (201) (201) > 0.6 et 0,
Q L Bl el
< o. | £
2 600 °C 600 °C 00°C L 1204
@ RT 3
% 1 g 0.2
VB 1 ve 1% 00 (201) p-Ge,0

7 6 5 4 3 27 6 5 4 3 27
Binding Energy (eV) Binding Energy (eV)

é 5 4 3
Binding Energy (eV)

2 0 100 200 300 400 500 600
Temperature (°C)

27 6 5 4 3
Binding Energy (eV)

FIG. 3. (a)—(d) O 1s core-level spectra (hv = 680¢eV) and (e)—(h) valence band spectra (hv = 150¢eV) taken on (a), (e) as-received, (b), (f)
NaOH-treated, (c), (g) H,SO4-treated, and (d), (h) wet O, annealed (201)8-Ga, 03 samples, after successive ~15-min heating steps from RT
to 600 °C. Panels (i) and (j) show the extracted values of the OH area fraction Apy and surface band bending Vj,, after each temperature step,

with an indicative error bar provided in each panel.

the strongest effect. It is likely that (i) NaOH (i.e., high-pH)
treatment increases the relative density of surface Ga,-OyHy
species, and (ii)) HySO4 (low-pH) treatment increases the
relative density of Os-Hy, while (iii)) 600°C wet O, an-
nealing (neutral pH) equally increases the surface density
of Ga,-OwH,, and O4-Hy,, due to an increase in dissociative
adsorption. It is also possible that these aqueous treatments
will cause an increase in molecular H,O, possibly in the
form of additional physisorbed layers. However, there is no
indication of a separate H;O component, as observed in the
case of ZnO and In, 03 [13,39], in any of the O ls spectra,
although it is possible that this cannot be separately resolved
in the case of 8-Ga,0s.

Significant changes were also observed in the structure
of the VB spectra following the different surface treatments:

this is shown in Fig. 2(b) where the lowest BE emission at
~5.5 eV is due to O2p derived states and the higher BE
components still mainly involve O 2p states but with small
Ga 4s, 4p, and 3d contributions [40]. Each of VB spectra
were fitted with four main component peaks that are labeled
I to IV in Fig. 2(b). These VB spectra are composed of
intrinsic DOS and contributions arising from the hydroxyl
termination of the surface, with the latter mainly involving
peak II (~7 eV) and peak IV (~12 eV). Emission at these
energies are partially shaded in Fig. 2(b) and their respective
areas are shown as percentages of the total VB area in Table I.
Zhou et al. [36] used DFT calculations to determine the
partial DOS (PDOS) for the dissociative adsorption of H,O
on the (001) surface of @-Ga,Os and found distinct PDOS
contributions for Gas-OwHy, and Os-Hy, species, arising from

TABLEI. Extracted synchrotron XPS parameters as loaded (i.e., before) and after in sifu 600 °C heating for the as-received, NaOH-treated,
H,SO,-treated, and wet O, annealed B-Ga,03(201) samples: area fraction (Aoy) of the OH component in the O 1s spectrum; Ey to Er
separation parameter (¢); surface band bending (V,;); the change in band bending (AV,,) relative to the as-received sample and also (last
column) between samples after 600 °C heating; and the areas [A;(Arv)] of peak II (and peak IV) as percentages of the total VB area. [Note:

Vi and AV, were determined using Eq. (1) with E; = 4.71¢eV.]

As loaded After 600 °C AV,
Surface treatment Aoy ¢ (V) Vi (V) AVy (eV) An(Aw)(%) Ao ¢ (V) Vi (eV) AV (eV) Ap(Aw) (%) After 600 °C
As received 0.289 4.59 +0.12 0.00 29(21) 0.036  3.89 +0.82 0.00 30(11) +0.70
NaOH 0.343 445 +0.26 +0.14 38(17) 0.235 4.24 +0.47 —0.35 30(15) +0.21
H,SO, (100°C)  0.520 4.64 +0.07 —0.05 32(19) 0.011  3.78 +0.93 +0.11 21(10) +0.86
Wet O, Anneal 0.541 4.73 —0.02 —-0.14 29(23) 0.446 4.38 +0.33 —0.49 30(17) +0.35
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the different Ga coordination of the respective O atoms,
with the Ga;-Oy Hy-related PDOS occurring at lower binding
energy. This assignment is consistent with the increase in
peak II (~7 eV) emission (associated with Gas-OyHy) and
the decrease in peak IV (~12 eV) emission (associated with
Os-Hy,) for the NaOH-treated sample. The most noticeable
change in the wet O, annealed sample was a significant
increase of the relative intensities of peaks II and IV, and also
peak III, compared to peak I. This is not surprising as wet O,
annealing is expected to increase the surface density of both
Ga,-OyHy, and Os-H,,. The H,SOy4-treated sample showed
a more complicated change with a positional shift (to lower
BE) and decrease in the FWHM of the Os-Hy-related peak
IV emission near ~12 eV and the appearance of an additional
related peak that is not yet understood.

Table I shows the values of ¢ and Vj,;, determined from the
VB spectra using Eq. (1), with ¢ obtained using the standard
linear VB-edge extrapolation method [29]. In the case of
the moderately doped B-Ga,Os; material used in this study,
Eq. (1) simplifies to Vj, ~ E; — ¢, as § = kT /qIn(N¢/n) ~
0 because n ~ Nc. We will focus on the changes in band
bending AV, relative to the as-received surface and discuss
the absolute values later. Both H,SO,4 treatment (AV,, =
—0.05eV) and wet O, annealing (AVy, = —0.14eV) pro-
duced downward shifts in band bending, with wet O, an-
nealing producing the strongest effect. In contrast, NaOH
treatment produced an upward shift in band bending (AV;, =
+0.14 eV). The direction of these changes were consistently
observed in several other 8-Ga,O3; samples. They are also
consistent with DFT simulations of H,O dissociation on the
B-Ga,03 (201) surface by Anvari et al. [32], who used
Bader charge analysis to show that a significant net nega-
tive charge is transferred to the surface by dissociated H,O,
with electronic charge transferred to the surface by Os-H,,
species and (to a weaker extent) away from the surface by
Ga,-OyHy,. This is consistent with the increase in Vj, after
NaOH treatment that increases the relative concentration of
Gas-OywHy, (and therefore reduces the electron density at the
surface) and the corresponding decrease in Vj,;, after HySOy4
treatment that increases the relative concentration of O,-Hy,
(and therefore increases the electron density at the surface).
Wet O, annealing, that is expected to equally increase the
surface density of Gas-OywHy, and Og-Hy, also decreases Vi,
since the electron-donating effect of Os-H,, is predicted to be
stronger than the electron-withdrawing effect of Gas-OyH,,
[32].

B. After in situ heating

Figure 3 shows the O ls spectra [3(a)-3(d)], the low-BE
edge of the VB spectra [3(e)-3(h)], and the extracted values
of the OH area fraction Aoy [3(i)] and the surface band
bending Vj, [3(j)], after in situ heating the as-received and
surface-treated 8-Ga, O3 (201) samples from RT to 600 °C, in
100 °C steps. Figures 2(c) and 2(d) also show the O 1s and VB
spectra after 600 °C heating in greater detail, with individual
components fitted in the same way as before. It is clear that
significant differences in the thermal stability of the hydroxyl
termination Aoy and the band bending Vj,;, were produced by
the different surface treatments. The OH coverage of the as-
received and, in particular, the H, SO4-treated sample could be

almost entirely removed by 600 °C UHV heating, producing
an almost “bare” (OH-free) surface. This was accompanied by
a large upward shift in band bending of 4+0.70 and +0.86 eV
for the as-received and H,SOy-treated samples, respectively.

It is also clear that both NaOH treatment and wet O, an-
nealing were effective at both stabilizing the OH termination
against thermal desorption and reducing the increase in Vj,
after in situ heating. In addition to the results shown here, the
wet O, annealed sample was also heated to 750 °C for ~2 h
without any significant changes in Agy or Vj, relative to the
minor changes measured after 600 °C. This highlights the very
high thermal stability of the surface OH termination produced
by wet O, annealing.

C. After in situ HO dosing and atmospheric exposure

To further explore the relationship between the surface OH
coverage Aoy and band bending Vj,, a series of additional
in situ experiments were performed on the as-received and
surface-treated B-Ga,O3 (201) samples. Following the first
UHYV heating cycle to 600 °C (shown in Fig. 3), the samples
were subsequently: (1) in situ exposed at RT to 25 000
langmuir (L) of degassed H,O at a pressure of 10~* mbar (for
~4 min); (2) in situ reheated to 600 °C (for ~15 min); and
(3) exposed to atmosphere (for ~30 min). Figures 4(a)—4(h)
show the evolution of the O ls spectra and the VB edge
following these additional experiments, while Figs. 4(i) and
4(j) show the extracted values of Aoy and Vj, after each
step. The results are also numerically tabulated in Table II,
with the as-loaded and first in situ 600 °C heating results
included for comparison. For each sample, in situ 25 000 L
H,O dosing caused Aoy to return to similar levels to those
measured in the as-loaded samples before heating. Surpris-
ingly, in each case only a partial corresponding recovery in
Vi, towards the as-loaded values was observed. The changes
in Aoy and Vj, for the NaOH-treated and wet O, annealed
samples were significantly smaller due to the much stronger
thermal stability of their OH coverage. Therefore, we will
focus on the as-received and H,SO4-treated samples for which
significantly larger changes in Aoy and Vj, were observed:
Although 25 000 L H,O dosing restored Aoy to close to the
as-loaded values, there was only an accompanying ~30% re-
covery in Vj, for the as-received and H,SOy-treated samples.
The second 600 °C heat treatment again produced an almost
complete removal of the OH signal and an increase in V;;, to
similar values to those produced by the first 600 °C heating
cycle. In fact, Vj,;, was slightly larger after the second 600 °C
heat treatment, due to a more complete removal of the OH
termination. Surprisingly, atmospheric exposure produced an
even smaller recovery in Vj,, than in situ 25 000 L H,O dosing,
i.e., only ~11% (~19%) for the as-received (H,SOg4-treated)
samples. This is in contrast to similar experiments carried
out on the nonpolar (1010) and O-polar (0001) surfaces
of ZnO for which an almost fully reversible recovery in
both Aoy and V,, was observed after atmosphere exposure
[13,14]. Since atmospheric exposure represents a significantly
larger H,O exposure than in situ 25 000 L H,O dosing, it
seems likely that the presence of atmospheric O, and/or N,
slows the adsorption and dissociation of H,O on $-Ga,03
(201) surfaces. Berthold et al. [21] have observed a similar
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FIG. 4. (a)—(d) O 1s core-level spectra (hv = 680 eV) and (e)—(h) valence band spectra (hv = 150 eV) measured on (a), (e) as-received, (b),
(f) NaOH-treated, (c), (g) H,SOy-treated (100 °C), and (d), (h) wet O, annealed 8-Ga,03(201) samples, after each of the following consecutive
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min. Panels (i) and (j) show the extracted values of the OH area fraction Aoy and band bending V},, after each experiment, with an indicative

error bar provided in each panel.

competition between O, O3, and H,O for surface adsorp-
tion sites on In,O3(111) surfaces. Finally, an examination
of Table II across all samples shows that the difference in
Vi, between the least and most hydroxylated (201) surfaces
was +1.02 eV, illustrating the large electronic effect of the
hydroxyl termination on (201) 8-Ga,O; surfaces.

IV. DISCUSSION

Surface-sensitive synchrotron XPS spectroscopy (A ~ 6.2
A) was used to explore the stability of the hydroxyl termina-
tion and electronic band bending V},, at the as-received (201)
surfaces of high-quality B-Ga,03 single crystals and those
subjected to different surface treatments. The key findings
were:

(1) All as-received (201) surfaces were hydroxyl termi-
nated, with a significant surface OH component consistently
observed in their O 1s spectra. Removal of this OH termina-

tion consistently produced a large upward shift in V};, of up to
1.0eV;

(2) NaOH treatment of as-received (201) surfaces consis-
tently produced an upward shift in Vj;,, while H,SO4 treatment
and wet O, annealing (at 600 °C) both produced downward
shifts in Vj;

(3) NaOH treatment and wet O, annealing both produced
a strong increase in the thermal stability of the surface OH
coverage. In contrast, the stability of the OH coverage was
reduced following H,SO, treatment;

(4) In situ H,O dosing of bare (201) surfaces produced
only a partial (~30%) recovery in Vj,, compared to as-
received surfaces. Atmosphere exposure (~15 min) produced
a significantly smaller (~10-20%) recovery in Vj,.

These findings can be explained by differences in the
electron-donating nature of different OH species and the stabi-
lization of the OH termination at high coverages by hydrogen
bonding. Hydroxylation of the bare (OH-free) 8-Ga, 03 (201)

TABLEII. Area fraction (Aoy) of the OH component and surface band bending (V};,) from synchrotron XPS for as-received, NaOH-treated,
H,S0,-treated, and wet O, annealed 8-Ga,03(201) samples after the following sequential experiments: (i) as loaded, (ii) first 600 °C heating,
(iii) 25 000 L in situ H,O dosing, (iv) second 600 °C heating, and (v) atmospheric (i.e., air) exposure.

As loaded 1%t 600 °C 25000 L H,O 2" 600 °C Air exposure
Surface treatment AOH V],}, (CV) AOH Vbb (eV) AOH Vbb (CV) AOH Vbb (GV) AOH V},}, (CV)
As received 0.289 +0.12 0.036 +0.82 0.352 +0.62 0.031 +0.84 0.229 +0.75
NaOH 0.343 +0.26 0.235 +0.47 0.381 +0.45 0.229 +0.50 0.369 +0.46
H,S0, (100 °C) 0.520 +0.07 0.011 +0.93 0.253 +0.70 0.010 +1.00 0.161 +0.82
Wet O, anneal 0.541 —0.02 0.446 +0.33 0.498 +0.24 0.442 +0.37 0.483 +0.29
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surface is predicted to occur via the fast exothermic molecular
adsorption of H,O in which the water oxygen atom (Oy,)
attaches to a Gay site, forming Gay-OyH,, followed by a
relatively slow dissociation process that forms two different
hydroxyl species, i.e., Gas-OwHy, + Os-Hy, [32,36,37]. The
fast molecular adsorption of H,O followed by a slower OH.H
dissociation has been observed by Giber er al. [41] on rf-
sputtered B-GayOs3 thin films. Anvari et al. [32] used DFT
Bader charge analysis to show that H,O in both molecular and
dissociatively adsorbed forms acts as a Lewis base transfer-
ring electronic charge to the 8-Ga, O3 (201) surface, with dis-
sociated H,O producing a significantly stronger donor effect.
This is due to dissociated water (OH.H) binding to surface
Ga, and Oq sites as Ga,-OyH,, and O,-H,,, with the latter
transferring a relatively large amount of electronic charge to
the surface which dominates the smaller charge-withdrawing
effect of Ga;-OyH,, [32]. Consequently, increasing H,O dis-
sociation will result in a net increase in surface donor density,
and an increasing downward shift in V3. In addition, surface
treatments that increase the concentration of O4-H,, relative
to Gas-OyH,, will also increase the surface electron density
and the downward shift in V},,. This explains the observation
that although all three surface treatments increased the surface
OH component (Apy) in the O 1s spectra, H,SO, treatment
(that is likely to increase Os-Hy ) and wet O, annealing (that
should equally increase both Os-Hy, and Gas-O,,Hy,) produced
downward shifts in Vj,;,, while NaOH treatment (that is likely
to increase Gas-OywHy,) produced an upward shift in V,
compared to as-received samples.

The slow dissociation of molecularly adsorbed H,O and
the strong electron-donating nature of Os-Hy, explains the dif-
ference in band bending between as-received (201) 8-Ga, 03
surfaces and in situ prepared bare surfaces that were sub-
sequently dosed with H,O. The former were characterized
by a significantly larger downward shift in V,;, compared to
bare surfaces since they have been exposed to atmospheric
H,0 for a much longer period of time (i.e., many weeks),
leading to an increased density of dissociated Os-Hy, and
Gas-OyHy, species. The smaller (~30%) downward shift in
Vi, on bare (201) surfaces following in situ HyO dosing is
a result of a much shorter exposure (only ~4 min) to H,O.
The even smaller (~10-20%) change in Vj;, on exposing the
bare (201) surface to atmosphere (~30 min) is surprising
and may be due to a competition for surface adsorption sites
between electron-withdrawing O, and electron-donating H,O
molecules. This competition is known to occur in 8-Ga, O3
gas sensors and catalysts [42], where the formation of surface
OH groups significantly reduces the sensitivity to CO and O,
while a similar effect has also been observed on In,O3(111)
surfaces [21].

The change in the stability of the OH coverage following
different surface treatments is likely to be related to the
hydrogen-bonding density at the surface, although differences
in the OH bond strength in the Os-Hy, and Ga;-OyHy, envi-
ronments may also play a role. Hydrogen bonding is known
to stabilize the hydroxyl termination of ZnO (1010) and SnO,
(100) surfaces, on which closed hydrogen-bonded networks of
OH groups can form at close to monolayer coverages [43—45].

We therefore first consider the effect of hydrogen bonding:
there are multiple hydrogen-bonding opportunities for both

molecular- and dissociatively adsorbed H,O species, both
with each other and with the 8-Ga, O3 surface. Figure 5 shows
a model for the hydroxylation of the relaxed 8-Ga;O3 (201)
surface in which we assume that H,O preferentially adsorbs
onto (i) Gay sites and (ii) Gayy sites that are adjacent to two Oy
atoms. These are likely to be the most chemically active sites
since the (201) surface is formed by breaking only Ga;-Oy
bonds. However, the following arguments equally apply to
surfaces in which H,O molecules adsorb onto all surface Ga
atoms.

During molecular adsorption [Fig. 5(a)], the dipole of the
adsorbed H,O molecule is predicted to lie almost parallel to
the surface [32,36], which promotes the hydrogen bonding
of water H atoms with adjacent surface Oy atoms, while
for dissociatively adsorbed water (OH.H), hydrogen bonding
can occur between dissociated Gas-OyHy, and Og-Hy, groups,
with the number of possible interactions increasing with OH
coverage [Fig. 5(b)]. Hydrogen bonding is therefore likely to
stabilize the OH termination of the (201) surface as the dis-
sociated water (OH.H) coverage increases, which explains the
strong thermal stability following wet O, annealing. Hydro-
gen bonding can also occur between Ga,-OyH,, and surface
O, atoms. Zhou et al. [36] used DFT to show that the distance
between Ga;-OyHy, groups and Og atoms on a-Ga, O3 (110)
surfaces is significantly reduced by the corrugated nature
of the surface, allowing strong hydrogen bonds to form. A
similar corrugated surface structure is likely to be present
on the B-Ga,0; (201) surface [32]. Consequently, NaOH
treatment is also likely to increase the stability of the OH
coverage due to an increase of the relative surface density
of Ga;-OyH,, species that can form hydrogen bonds with
O; sites [Fig. 5(c)]. Conversely, H,SO, treatment is likely to
remove Gag-OyH,, and increase the relative surface density
of Os-Hy,, which explains the decrease in thermal stability
of the OH coverage, since there are no hydrogen-bonding
opportunities between adjacent Os-H species or between Os-H
species and any surface atoms [Fig. 5(d)]. Although the model
shown in Fig. 5 is idealized in that it shows complete O5-Hy,
(Ga;-OyHy,) removal following NaOH (H,SO,) treatment, it
is consistent with the overall changes in band bending and
thermal stability following the different surface treatments.

We now consider the effect of differences in the bond
strength of the different OH species: it is possible that the
thermal stability of the Ga;-OyH,, bond is higher than that
of the Os-H,, bond, although this has not been addressed
in any of the DFT studies on §-Ga,O; surfaces [32,36,37].
However, in the case of ZnO, Heinhold et al. [13,14] observed
a much higher thermal stability for OH groups on the Zn-
polar (0001) face, on which Zns,-OyH is likely to be the
dominant OH species, compared to the O-polar (0001) face,
where O;-H is likely to be the dominant species. A higher
thermal stability for Gas-O H,, species could also explain the
increased thermal stability of the hydroxyl coverage following
NaOH and wet O, annealing treatments, and why the most
complete hydroxyl removal was achieved on H,SOjy-treated
surfaces.

The relative concentrations of the different OH species
(i.e., Os-H, Ga;-OyH, and Gay-OyH,) and their different
relative contributions to the surface electron density (i.e.,
strong donor, weak acceptor, and weak donor, respectively
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FIG. 5. Model of the hydroxylation of bare B-Ga,03(201) surfaces: (a) molecular H,O adsorption, (b) dissociative H,O adsorption,
(c) NaOH treatment, (d) H,SO, treatment. (Note: the coordinates for the relaxed (201) surface were taken from Ref. [32].)

[32]) may also explain the nonlinear relationship between the
surface OH coverage (Aon) and V. This is shown in Fig. 6
in which V;, is plotted against Aoy for all the as-received
and surface-treated (201) B-Ga, O3 samples during the first
600 °C heating cycle. It is clear that the effect of OH coverage
on Vy, is greatest at low coverages, with small changes in
Aop producing large variations in Vp,. At larger coverages
this effect tends to saturate, most likely as the OH coverage
approaches a complete monolayer. In the case of ZnO (1010)
and SnO, (100) surfaces, monolayer OH coverages can lead
to the formation of closed networks of strongly hydrogen-
bonded OH groups onto which additional H,O molecules can
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FIG. 6. Band bending V,, versus OH-fraction Aoy for the
as-received, NaOH-treated, H,SOj4-treated, and wet O, annealed
B-Ga,03(201) samples during the first 600 °C heating cycle. [Note:
(1) the left-hand axis shows Vj,;, determined using the standard linear
VB-edge extrapolation method [29], while the right-hand axis corre-
sponds to the VBDOS fitting method [28]; (2) In each case, positive
values of V,, indicate upward surface band bending and electron
depletion, while negative values of V};, correspond to downward band
bending and electron accumulation.]

only weakly physisorb [43—-45]. Further theoretical studies are
required to examine the question of whether similar closed
networks can form on 3-Ga,Oj3 surfaces.

Thus far, we have focused on the changes in band bending
(AVpp) produced by different surface treatments that modify
the nature and stability of the native OH termination of the
(201) B-Ga,0;3 surface. We now discuss the absolute values
of V, for different surface conditions and the implications
for the electronic nature of the (201) surface, i.e., electron
depletion or electron accumulation. Absolute values of Vj,
depend on the choice of method used to extract the band-
bending parameter ¢ [used in Eq. (1)], i.e., the standard linear
VB-edge extrapolation method [29] or the recently published
VBDOS fitting method of Swallow et al. [28]. The VBDOS
fitting approach yields values of V;, that are systematically
more negative by ~0.5 eV compared to the linear VB-edge
extrapolation method, while AV, is, to a reasonable approx-
imation, independent of the method used. A similar ~0.5-eV
systematic shift between these methods should also apply to
the synchrotron XPS VB spectra in this work, and this was
verified by a comparison of the low BE edges of unbroadened
and (instrumental and lifetime) broadened VBDOS that were
fitted to a selection of our experimental VB spectra (not
shown). Consequently, we have added a right-hand V,,, axis
to Fig. 6 to indicate the approximate values expected using
the VBDOS fitting method, while the left-hand Vj,, axis corre-
sponds to the standard linear VB-edge extrapolation method.
In addition, Fig. 7 shows a schematic diagram of the band
bending of the conduction band, using both methods, at the
as-received (201) B-Ga,0; surface before and after each of
the surface treatments, and also for the bare (201) 8-Ga,0s3
surface prepared by 600 °C heating of the H,SOjy-treated
surface.

A number of conclusions can be drawn from Fig. 6 and
Fig. 7 irrespective of the choice of method: (1) 8-Ga,03 (201)
surfaces with high OH coverages, particularly those prepared
by wet O, annealing, are unlikely to be electron depleted
as there is no evidence of any upward band bending using
either method, and (2) bare 8-Ga, 03 (201) surfaces are highly
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FIG. 7. Schematic diagram of the band bending of the conduc-
tion band at the as-received, NaOH-treated, H,SO,-treated, wet O,
(600 °C) annealed, and bare (OH-free) surfaces of 8-Ga,03(201) de-
termined using (i) the standard linear VB-edge extrapolation method
(solid traces) and (ii) the VBDOS fitting method (dashed traces).
Note: (1) the bare surface was prepared by H,SO, treatment followed
by 600 °C heating; (2) in the absence of surface band-gap narrowing
[46] the band bending of the conduction band should match that
of the valence band; (3) the position of the Fermi level (Er) is at
0 eV and is coincident with the conduction-band minimum (E¢) in
the bulk of the sample as Ec — Er =~ 0 for the Sn-doped B-Ga,0;
single-crystal wafers used in this work.

likely to be electron depleted as large positive Vj,;, values of at
least +0.5 eV were obtained using both methods. The main
uncertainty concerns the nature of the as-received B-Ga,03
(201) surface—this would be weakly depleted (i.e., close to
flat bands) using the standard linear VB-edge extrapolation
method [29], while the VBDOS fitting method of Swallow
et al. [28] predicts the presence of downward band bending
and electron accumulation. Further experimental measure-
ments such as variable temperature magnetotransport mea-
surements [6] or electrochemical capacitance-voltage mea-
surements [7] would be useful in confirming the presence or
absence of any electron accumulation at hydroxyl-terminated
B-Ga, O3 (201) surfaces. Alternatively, evidence can possibly
be obtained by observing zero-binding energy XPS emission
directly from any surface electron accumulation layer [11] or
by measuring the direction of the near-surface band bending
using depth-resolved core-level XPS [47,48].

V. CONCLUSIONS

Core-level and valence-band synchrotron XPS were used
to investigate the relationship between the OH termination
and band bending at (201) B-Ga,Os surfaces. Removal of
the OH termination produced large upward shifts in band
bending of up to 1.0 eV, almost twice that previously reported
[22,23,28], due to the use of surface-sensitive synchrotron
radiation (hv = 150eV, 1 ~6.2 10\). Simple surface treatments

and UHV heating were used to modify the band bending of as-
received (201) B-Ga, 03 surfaces by changing the nature and
stability of the OH termination. NaOH treatment consistently
produced an upward shift in band bending, compared to as-
received surfaces, while significantly increasing the thermal
stability of the OH coverage. Conversely, H,SOy4 treatment
produced a downward shift in band bending and a significant
reduction in the thermal stability of the OH termination,
allowing almost complete OH removal via 600 °C heating in
UHV. Wet O, (600°C) annealing produced the most-stable
OH coverage, that was resilient to UHV heating at 750 °C and
also the strongest downward shift in band bending. These ef-
fects can be explained by differences in the electron-donating
and hydrogen-bonding ability of the O,-Hy, and Gas-OyH,,
hydroxyl species, that are created by the dissociative adsorp-
tion of H,O on B-Ga,0; surfaces, although differences in
the Os-Hy, and Gas-OyH,y, bond strengths may also play a
role. The dissociative rehydroxylation of bare (201) 8-Ga,O;
surfaces in atmosphere was found to be a relatively slow
process, which allowed §-Ga, O3 surfaces with different levels
of electronic band bending to be prepared. The ability to
modify the band bending at B-Ga,O3 surfaces by chemically
manipulating the surface OH termination may prove useful for
the fabrication of metal-semiconductor contacts and hetero-
junctions to this material. For example, the thermally stable
downward shift in surface band bending produced by wet O,
annealing should be advantageous for Ohmic contacts as these
rely on the formation of low (or narrow) potential barriers,
while the strong upward band bending at bare (OH-free)
surfaces should assist the formation of Schottky contacts for
which high potential barriers are necessary. Finally, a compar-
ison of two different methods to determine the absolute band
bending showed that bare (201) 8-Ga,Os surfaces are charac-
terized by strong (~0.5 to 1.0 eV) upward band bending and
an associated near-surface electron depletion layer. This can
be completely removed by the hydroxylation of the surface,
particularly using wet O, (600 °C) annealing.
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