
Faraday Discussions
Cite this: Faraday Discuss., 2022, 236, 191

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 3
:3

5:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Identifying chemical and physical changes
in wide-gap semiconductors using real-
time and near ambient-pressure XPS

Simon Astley,a Di Hu,a Kerry Hazeldine, a Johnathan Ash,a

Rachel E. Cross, a Simon Cooil,ab Martin W. Allen, c James Evans,d

Kelvin James,d Federica Venturini,e David C. Grinter,e Pilar Ferrer, e

Rosa Arrigo,e Georg Held, e Gruffudd T. Williamsf

and D. Andrew Evans *a
Received 13th December 2021, Accepted 14th March 2022

DOI: 10.1039/d1fd00119a

Photoelectron spectroscopy is a powerful characterisation tool for semiconductor

surfaces and interfaces, providing in principle a correlation between the electronic band

structure and surface chemistry along with quantitative parameters such as the electron

affinity, interface potential, band bending and band offsets. However, measurements are

often limited to ultrahigh vacuum and only the top few atomic layers are probed. The

technique is seldom applied as an in situ probe of surface processing; information is

usually provided before and after processing in a separate environment, leading to

a reduction in reproducibility. Advances in instrumentation, in particular electron

detection has enabled these limitations to be addressed, for example allowing

measurement at near-ambient pressures and the in situ, real-time monitoring of surface

processing and interface formation. A further limitation is the influence of the

measurement method through irreversible chemical effects such as radiation damage

during X-ray exposure and reversible physical effects such as the charging of low

conductivity materials. For wide-gap semiconductors such as oxides and carbon-based

materials, these effects can be compounded and severe. Here we show how real-time

and near-ambient pressure photoelectron spectroscopy can be applied to identify and

quantify these effects, using a gold alloy, gallium oxide and semiconducting diamond as

examples. A small binding energy change due to thermal expansion is followed in real-

time for the alloy while the two semiconductors show larger temperature-induced

changes in binding energy that, although superficially similar, are identified as having
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different and multiple origins, related to surface oxygen bonding, surface band-bending

and a room-temperature surface photovoltage. The latter affects the p-type diamond at

temperatures up to 400 �C when exposed to X-ray, UV and synchrotron radiation and

under UHV and 1 mbar of O2. Real-time monitoring and near-ambient pressure

measurement with different excitation sources has been used to identify the

mechanisms behind the observed changes in spectral parameters that are different for

each of the three materials. Corrected binding energy values aid the completion of the

energy band diagrams for these wide-gap semiconductors and provide protocols for

surface processing to engineer key surface and interface parameters.
1 Introduction

X-ray photoelectron spectroscopy (XPS) is widely used for the quantitative analysis
of solid surfaces, adsorbates and interfaces.1 A simple energy transfer picture for
the photoemission process is illustrated in Fig. 1 for a metal (a gold-based alloy),
an n-type semiconductor (b-Ga2O3) and a p-type wide-gap semiconductor (dia-
mond). This assumes that the single-particle energy levels are unchanged on
photoexcitation and ignores nal state effects and electron energy losses. In this
simple picture, the measured kinetic energy of photoelectrons emitted from the
surface of a metal excited by an X-ray of frequency n is usually assumed to be given
by eqn (1).

EK ¼ hn � EB � fA (1)
Fig. 1 Energy band diagrams for (a) a metal (gold), (b) an n-type semiconductor (b-Ga2O3)
and (c) a p-type semiconductor (diamond). The emission process is illustrated for the
excitation, emission and collection of a photoelectron from a metal core state in (a). The
influence of the potential barriers, fBN and fBP, on the core level binding energies relative
to the Fermi level, EF, are shown in (b) and (c).
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This equation is oen further simplied by omitting the work function of the
electron energy analyser fA as this is taken to be constant for a given spectrom-
eter. Measurement of the kinetic energy of photoelectrons emitted following
excitation by photons of a xed energy hn is then assumed to directly yield the
binding energy of the core electron, EB, that is usually dened with reference to
the Fermi level that can be directly measured for the metal and inferred from the
photoelectron core level spectra for a clean, elemental surface. For a metal
therefore, eqn (1) is usually a reasonable approximation, especially using xed
laboratory sources such as Mg and Al Ka X-rays coupled to calibrated, energy-
dispersing analysers with appropriate electron lens parameters and a xed
experimental geometry. This combination can provide reliable energy values with
an overall energy resolution, determined by the lifetime and instrumental
broadening, that is sufficient to identify the chemical environment of elements on
solid surfaces.2,3 With these assumptions, the binding energy can be used
quantitatively to infer the surface chemistry of metal surfaces, for example
identifying alloy composition,4 oxidation5 and adsorbates.6 The reproducibility of
clean, inert metal surfaces has led to their extensive use for the study of surface
reactions and for thin lm growth. Advances in instrumentation, in particular the
efficiency of electron detectors, is now enabling real-time and in-operando
measurements of these surface processes.

For semiconductors, photoelectron spectroscopy can provide direct measure-
ment of key parameters such as the valence and conduction band edges (EV, EC),
electron affinity (c) and interface potential (fB) in order to determine the energy
band diagrams shown in Fig. 1b and c that are widely used to design and model
devices based on semiconductor and metal interfaces.7 In this case, the core level
binding energy is not uniquely dened for a given semiconductor since the energy
difference between the Fermi level and the band edges depends on the bulk
doping level and on the band bending, dened by the potential barrier fBN,fBP,
that results from charges in the depletion region and at the surface.8 This is
analogous to the potential energy barrier at a metal–semiconductor or p–n
junction and for semiconductor surfaces, correlations can be determined
between the energy band diagram shown in Fig. 1 and the surface chemistry,
inferred from the line-shape analysis of photoelectron core level spectra.9

For many wide gap semiconductors, doping is a particular challenge and the
acceptors or donors may not be fully ionised at room temperature. This results in
a high resistivity that can lead to a photovoltage or photocurrent induced
charging.10 The Fermi level at the surface does not then align with the analyser,
with the charging offset, Eq, affecting the measured kinetic energy as shown in
eqn (2).

EK ¼ hn � EBS � fA � Eq (2)

In a surface-sensitive XPS measurement, where the electron escape depth is small
in comparison with the depletion width, the measured core level binding energy
is that at the surface, EBS, rather than in the bulk, EBB. These are related by eqn (3).

EBS ¼ EBB � (qfB � z) (3)

For the n-type and p-type semiconductors in Fig. 1b and c, respectively,
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 191–204 | 193
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EBS ¼ EBB � (qfBN � EC + EF) (4)

EBS ¼ EBB + (qfBP � EF + EV) (5)

The kinetic energy is then given by eqn (6),

EK ¼ hn � EBB � (qfB � z) � fA � Eq (6)

The quantity, z, is determined by the acceptor (donor) binding energy and is oen
ignored for moderately-doped semiconductors as its value is ideally less than the
thermal energy, kT.

However, for wide-gap semiconductors such as diamond, these binding
energies are oen larger than kT (the B acceptor is around 15 � kT and the P
donor is around 25 � kT at room temperature). This makes doping difficult and
increases the room temperature resistivity, introducing a further energy term, Eq,
due to surface charging and photovoltage generation during exposure to X-rays.11

For semiconductors, therefore, the core level binding energy depends on
a number of factors that must be identied and quantied and these cannot
always be uniquely dened in a single XPS measurement. Errors can accumulate
within the many terms and any spatial inhomogeneity in the chemical and
electronic environment within the measurement volume can also change the
lineshape through increased broadening or additional components.12

To complete the electron energy landscape for a semiconductor interface,
measurement of the valence band maximum, EV, is needed to determine the
band-bending and potential barrier, fB. For so X-ray excitation, core and valence
photoelectron spectra can be measured at the same photon energy;13 for labora-
tory X-ray sources such as Mg and Al Ka, the usual approach is to record the
valence band spectra using UV excitation such as He I. These measurements can
also provide the metal work function, fM, and the semiconductor electron
affinity, c.14 The conduction band maximum, EC, requires a value for the energy
band gap, EG, for example from optical measurements, and z is calculated from
the doping concentration and acceptor (donor) binding energy.15

The surface band bending for both Ga2O3 and diamond has been widely
studied and has been reported to be sensitive to the surface composition. In both
cases, the Fermi level at the bare surface is pinned within a range that is
consistent with the barrier heights measured for metal contacts and that are
clustered around the charge neutrality level that lies in the upper half of the
energy band gap for Ga2O3 and the lower half of the energy band gap for diamond.
This results in similar potential barriers of 1–2 V for both semiconductors that
have similar room-temperature band gaps of 4.7 eV (Ga2O3) and 5.6 eV (diamond),
as shown in Fig. 1.

XPS studies of semiconductor surfaces can therefore in principle provide
a correlation between the energy band prole and changes in the surface chem-
ical environment induced, for example, by adsorption, heating and irradia-
tion.16–18 However, additional measurements are required to identify the inuence
of sample inhomogeneity and the inuence of the measurement method such as
nal state effects, radiation damage and surface charging.19,20

Here we show how different mechanisms are responsible for the observed core
level binding energy changes for a metal alloy and two wide-gap semiconductors
194 | Faraday Discuss., 2022, 236, 191–204 This journal is © The Royal Society of Chemistry 2022
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when the temperature is cycled between room temperature and 600 �C. Using
real-time and near-ambient pressure XPS, where temperature and pressure are
the only variables, the dominant physical and chemical effects are identied and
corrected.
2 Experimental
2.1 Materials

A gold–silver–copper alloy was prepared by the Diamond Centre Wales (DCW Ltd)
using injection mold casting with a predicted composition of 75% gold, 15%
silver and 10% copper.21 The sample was then ultrasonically cleaned using
acetone, isopropyl alcohol and methanol before mounting in the spectrometer.

The b-Ga2O3 single crystal used in this study was a Sn-doped (�201) single
crystal wafer grown using the edge-dened lm-fed growth method,22 (Tamura
Corporation (Japan)). The carrier concentration was measured to be 4.46 � 1018

cm�3, corresponding to a bulk resistivity of 0.020 U cm. The band gap of the (�201)
b-Ga2O3 wafer was measured optically to be 4.71 � 0.02 eV; Ti/Au contacts were
deposited by e-beam evaporation on part of the front and back sides of each
sample. The b-Ga2O3 sample (5 � 5 � 0.65 mm3) investigated here was immersed
in 1 M of NaOH at 60 �C for 30 minutes, before drying in N2 gas and mounting
into the spectrometer.

The p-type diamond (001) sample was a CVD-grown, B-doped single crystal,
with a boron concentration of around 1015 cm�3 (Element Six Ltd.).23 The dia-
mond (6� 8 � 1 mm3) was scaife-polished and oxidised using 10 mL of sulphuric
acid and 0.5 g potassium nitrate, followed by cleaning in water and organic
solvents and drying in N2 gas before mounting in the spectrometer.
2.2 Methods

Ultrahigh vacuum measurements were recorded using a Mg Ka X-ray excitation
source, with photoelectrons continuously energy analysed and detected using
a Phoibos 100 analyser with a 2d CCD detector. In the spectrometer, UPS
measurements using a SPECS UVS 300 He I/He II UV source with photoelectrons
are possible with the same analyser, in the same sample position. Real-time
monitoring of core level photoelectron spectra during temperature cycling was
enabled by operating the multichannel detector in snapshot mode.24 Pro-
grammed annealing cycles were set up by varying the power of a graphite–boron
nitride heater and monitoring the temperature, pressure and photoelectron
spectra. The sample heating is indirect with the metal directly connected to an
external earth to avoid the inuence of the bias applied to the heater. A typical
cycle between room temperature and 600 �C for the metal alloy required a total
time of 5 hours to sequentially record Au4f, Ag3d, and Cu2p snapshot spectra
every 20 s, each with a 6 s dwell time. The annealing cycles for the semiconductor
samples over the same temperature range involved the collection of Ga2p, Ga3p
and O1s core level snapshot spectra for the b-Ga2O3 and the C1s and O1s core
level snapshot spectra for the diamond. Near-ambient pressure XPS was carried
out at beamline B07-C at Diamond Light Source (DLS) with photoelectrons excited
by photons of energy 400 eV to 840 eV and collected in a Phoibos 150 NAP ana-
lyser, equipped with a delay line detector operating in scanning (xed
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 191–204 | 195

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00119a


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
5 

M
ay

 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 3

:3
5:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
transmission) mode, at pressures from UHV to 10 mbar of oxygen. O1s and C1s
core level spectra for the diamond at near-ambient pressures were recorded with
higher surface sensitivity at selected temperatures between room temperature
and 400 �C at an oxygen pressure of 1 mbar.25
3 Results and discussion
3.1 Gold alloy

Inert transition metals such as gold, copper and silver provide useful reference
samples for XPS measurements. A clean surface can be prepared in situ that is
representative of the bulk and the photoelectron spectra measured with typical X-
ray excitation have narrow emission peaks covering the full range of kinetic
energy. This enables the calibration of the electron analyser to provide reliable
reference energy scales for the measurement of binding energy shis in metal
alloys and in non-metals such as semiconductors. A reference metal sample is
also useful to identify non-equilibrium charging effects in high resistance
materials.

Detailed core level emission spectra were recorded with high energy and
temporal resolution using multichannel electron detection as shown in Fig. 2a.
The Au4f doublet in a Au–Ag–Cu alloy was measured in snapshot mode during
a programmed temperature cycle between room temperature (20 �C) and 600 �C.
Temperature series for metal alloys are useful to directly monitor effects such as
surface desorption and changes in alloy composition. Within each series, the
metal core level spectra were tted using asymmetric pseudo-Voigt functions with
xed Gaussian and Lorentzian mixing ratio and width of 0.7 and 0.4 eV respec-
tively. The variation of peak position with temperature extracted from the tting
sequence for a typical series is shown in Fig. 2b.
Fig. 2 (a) Real-time photoelectron spectroscopy for the 4f core level in a Au–Ag–Cu alloy
recorded in snapshot mode during an annealing cycle from room temperature to 600 �C.
(b) Curve fitting reveals a reversible kinetic energy shift of +60 meV of the Au4f5/2
photoelectrons as the alloy is heated.
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There is an initial increase in peak intensity due to the desorption of surface
species with no re-adsorption during cooling. The lineshape is unchanged other
than a small increase in broadening which suggests that the surface gold envi-
ronment is not signicantly changed. However, there is a reversible shi in
kinetic energy for the tted Au4f5/2 component as shown in Fig. 2b. This change in
energy is observed for each core level and is interpreted as due to the thermal
expansion of the alloy. Metals such as gold are expected to have an increase in
binding energy when heated, while alkali metals have a decrease in binding
energy.26–29 The gold alloy in this case has a rate of change of 0.1 meV K�1 that
compares with measurements for elemental gold and suggests a uniform
expansion without a signicant structural phase change. Relative changes in the
peak intensities for the Au, Ag and Cu reect the alloy composition to reveal
stoichiometric changes at the surface as the temperature is increased. The energy
shi is reliably measured in real-time with a xed geometry by minimising
experimental uncertainty due to changes in sample position. Calibration of the
energy scale using pure metals reveal that the initial binding energy of the Au4f
core levels for this alloy differ by less than 0.1 eV from the reference gold spectra
due to a charge transfer effect in the alloy.30 Changes in surface alloy composition
with temperature has relevance for soldering application in sectors such as
jewellery and dentistry, where the joints become fail points.31,32 These studies
enable metal migration of elements such Cu and Ag to be followed in real time, to
better mitigate risks.33
3.2 n-type b-Ga2O3

The temperature sequence for the Ga2p3/2 core level photoelectron spectrum for
b-Ga2O3 is shown in Fig. 3a. Also recorded in the sequence were the Ga3p3/2 and
Fig. 3 (a) Real-time photoelectron spectroscopy for an n-type b-Ga2O3 single crystal
during an annealing cycle from room temperature to 600 �C. The Ga2p3/2 core level
increases in intensity up to 600 �C and shows a significant, irreversible energy shift of 300
meV to higher kinetic energy (b).

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 191–204 | 197
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O1s photoelectron emission spectra. The initial increase in intensity is due to the
desorption of weakly-adsorbed species and is reected in an increase in the
corresponding O1s photoelectron emission and a decrease in the C1s photo-
electron emission. The Ga and O core level emission spectra for the initial surface
were tted with two components and no additional components were required to
t the sequence shown in Fig. 3a. The components are broad such that identi-
cation of all surface species requires a higher surface sensitivity than available
using these laboratory sources. For example, it has been shown using synchrotron
radiation excitation that different adsorption sites are possible for surface OH
species and that these are sensitive to the surface treatment.34

The peak position for the Ga2p3/2 core level, extracted from the real-time
sequence is shown in Fig. 3b. There is a signicant increase in kinetic energy
(decrease in binding energy) as the temperature is increased to 600 �C that is not
reversed when the temperature is decreased to 20 �C. This irreversible shi is
interpreted as a change in the potential barrier due to a change in surface states
and Fermi level pinning. There is no evidence of surface charging for this semi-
conductor due to its low potential barrier, high doping concentration and low
resistivity. During heating to 600 �C, the relative Ga : O ratio is increased as the
surface OH species are desorbed irreversibly in vacuum. The O1s core level
spectrum can be tted with two components, a larger bulk peak corresponding to
oxygen in Ga2O3 and a smaller low binding energy component due to surface OH
groups. The latter component is reduced on heating as the OH is desorbed with
the total area of the O1s reducing by 3%.35 There is a corresponding change in the
Ga core level lineshape as the Ga–OH component is removed on heating. The
binding energies of the core levels in this n-type semiconductor are therefore
correlated with the surface composition which affects the surface electronic states
and hence potential barrier.36 Knowledge of the thermal stability of semi-
conducting oxides is essential for device applications where the surface termi-
nation and band prole change with temperature.37
3.3 p-type diamond

The room temperature diamond photoelectron spectrum is dominated by emis-
sion from the C1s core level with a small emission from the O1s core level cor-
responding to a monolayer coverage (1 mL). The initial annealing of this surface
in ultrahigh vacuum (UHV) to 400 �C desorbs residual surface contaminants,
resulting in a small increase in core level emission and this is evident in the
sequence of C1s snapshot spectra for the oxidised diamond (001) surface in
Fig. 4a. This surface is stable when the maximum annealing temperature is below
400 �C, with both C1s and O1s core level emission spectra showing a reversible
change in kinetic energy without change in lineshape. This reversible change is
sensitive to the X-ray ux and is interpreted as a room temperature photovoltage,
as reported for a H-terminated diamond (111) crystal with a similar boron
concentration measured in the same environment.38 For the (111) diamond, the
observed shi and its saturation at higher temperature was modelled using the
diamond resistivity as the main temperature-dependent variable. At room
temperature, the photoexcitation process generates electrons and holes in the
depletion region that are separated, with electrons accumulating at the surface
when the resistance to earth in the diamond is high. Under these conditions, the
198 | Faraday Discuss., 2022, 236, 191–204 This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Real-time photoelectron spectroscopy for a p-type diamond single crystal
during an annealing cycle from room temperature to 600 �C. (b) The kinetic energy of the
dominant component of the C1s core level emission spectrum exhibits a reversible
decrease of 960 meV on heating to 400 �C due to the removal of a surface photovoltage.
Between 400 �C and 600 �C the energy shift is reversed and is unchanged on cooling to
200 �C. A surface photovoltage returns on cooling to room temperature.
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surface is at a negative potential relative to the electron analyser and this leads to
an increase in the measured electron binding energy and a decrease in the kinetic
energy. As the temperature is increased, the diamond resistance and the deple-
tion width decrease and the surface photovoltage reduces to zero. At room
temperature, the bulk diamond peak for the p-type diamond (001) (Fig. 4a) was
found to have an apparent binding energy similar to graphite rather than its true
value of 285.4 eV that is only revealed at the higher temperature.38,39 This surface
photovoltage was also observed for this diamond when irradiated with He I and
synchrotron radiation at room temperature and was found to persist when
measured at near-ambient pressure of oxygen. Ultraviolet Photoelectron Spec-
troscopy (UPS) measurements for this moderately-B-doped diamond at the higher
temperature yield a barrier height that is close to that predicted by the charge
neutrality level but is dependent on the surface preparation.40

Above 400 �C there is a loss of surface oxygen and a reversal of the peak shi as
shown in Fig. 4b for the sequence of C1s snapshot spectra recorded during
a temperature cycle between room temperature and 600 �C. During the cooling
phase, the peak position remained constant between 600 �C and 200 �C, returning
to an energy close to the starting value at room temperature. The irreversible shi
at higher temperatures is similar to that observed for the Ga oxide, corresponding
to a decrease in the potential barrier for the p-type diamond as the surface oxygen
is desorbed. Below 200 �C therefore, the surface photovoltage dominates and for
this moderately-doped diamond, the true potential barrier is only correctly
measured at the higher temperature when the resistance is sufficiently low to
ensure equilibrium.
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 191–204 | 199
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Fig. 5 Near-ambient pressure photoelectron emission spectra for the C1s (a) and O1s (b)
core level in a p-type diamond (001) single crystal measured at 55 �C and 400 �C in 1 mbar
of O2 and at 20 �C in UHV. The incident photon energy for the synchrotron radiation
excitation source was 840 eV in both cases. The kinetic energy of all peaks (c) changes
with temperature during annealing in UHV and in 1 mbar of O2 with a reversible shift as
observed for higher energy X-ray excitation in UHV (Fig. 4).
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To separate the inuence of surface photovoltage from chemical changes, the
annealing of the oxygen-terminated diamond (001) surface was repeated under 1
mbar of molecular oxygen as shown in Fig. 5. The C1s spectrum (Fig. 5a) is
dominated by a main peak at a binding energy of 284.6 eV at 55 �C corresponding
to C–C bonding in the bulk diamond, with a broad, multi-component shoulder at
higher binding energy associated with C atoms in different C–O bonding envi-
ronments. Non-diamond carbon contamination was minimal on this surface as
there is a negligible component at low binding energy. The thermal annealing
cycle resulted in small line shape changes but the main observation in Fig. 5a is
a rigid energy shi that affects all peaks and components as observed in UHV. The
O1s spectrum (Fig. 5b) is dominated by an ether (C–O–C) component at a binding
energy of 531.9 eV at 55 �C, with lower intensity components due to other species
such as ketones at lower binding energies.41 The doublet at 537.3 eV and 538.4 eV
corresponds to photoelectron emission from molecular oxygen in the gas phase
above the surface.42,43 The O1s emission peak for the oxidised diamond surface at
the lower temperatures (Fig. 5b) has a similar lineshape when measured at UHV
and in 1mbar of oxygen conrming that the surface remained oxidised during the
400 �C annealing cycle in oxygen. At 400 �C, the substrate and gas phase peaks are
shied to higher binding energy, with a similar shi for the C1s core level. This
energy shi in both core levels is dependent on temperature as shown in Fig. 5c
and seems to be insensitive to the pressure. The reversible energy shi in the
photoelectron spectra is similar to that observed in UHV and in this case can only
be associated with physical effects. This surface processing method of annealing
in oxygen has been shown to provide the optimal surface for diamond quantum
technology applications.44

Correction for the surface photovoltage effect in diamond and conrmation of
equilibrium measurement of b-Ga2O3 enables a direct comparison of the energy
band diagrams for the two wide-gap semiconductors as shown in Fig. 6. In both
cases, there are several possible adsorption sites and oxygen-containing species
which have different photoelectron binding energies, making their precise iden-
tication difficult, especially in laboratory XPS measurements. The density of
200 | Faraday Discuss., 2022, 236, 191–204 This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Schematic diagram of the b-Ga2O3 (�201) surface with calculated atomic co-
ordinates from Anvari et al.35 The surface is terminated by OH groups that are desorbed
during heating from room temperature to 600 �C. This affects the band bending as shown
in (b). (c) The oxygen-terminated diamond (001) surface with calculated atomic co-
ordinates from ref. 44 and 45 is preserved by heating to 400 �C in 1 mbar O2. The apparent
change in core level binding energy at high temperature is due to the removal of a surface
photovoltage with an unchanged potential barrier as shown in (d).
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electronic states that determine the surface Fermi level pinning is below the
sensitivity of the measurements and cannot be directly measured in general.
However, the parallel monitoring of photoelectron spectra during temperature
annealing can reveal these correlations indirectly as demonstrated for these two
wide-gap semiconductors. In Fig. 6a, only one possible OH site, bonded to surface
Ga atoms, is shown to illustrate the desorption that is observed during heating to
600 �C. During this processing, the potential barrier for this n-type semiconductor
increases from fBN1 to fBN2 as shown in Fig. 6b. For b-Ga2O3, therefore, the elec-
tronic properties are strongly dependent on adsorbed OH species, with the upward
band bending increased irreversibly for the NaOH-treated surface when OH species
are desorbed. For p-type diamond, the oxidised (001) surface is dominated by
bridge C–O–C bonding, although other bonding congurations such as C–OH, C–H
and C]O are usually present. This is shown schematically in Fig. 6c, with oxygen
desorption above 400 �C prevented by measurement at a pressure of 1 mbar of
molecular oxygen. Under these conditions, the core level binding energy is
reversible, and the band bending is determined by a surface photovoltage, VSPV,
and the potential barrier fBN is unchanged as shown in Fig. 6d. The true barrier
height is close to that measured for most metal contacts17 that suggests a Fermi
level pinning close to the charge neutrality level. Above 400 �C, surface oxygen is
desorbed in vacuum and this reduces the downward band bending on this p-type
diamond surface. The potential barriers for both n-type b-Ga2O3 and p-type dia-
mond are thus sensitive to surface oxygen composition.
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 191–204 | 201
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4 Conclusions

Real-time measurements reveal shis in measured kinetic energy for all three
samples, but the origin in each case is different. For the metal alloy, the binding
energy shi of 60 meV is reversible and is due to thermal expansion. For the n-
type b-Ga2O3, the shi of 300 meV to lower binding energy is due to a change
in surface state pinning of the Fermi level as surface OH species are desorbed. For
the p-type diamond, there is a reversible shi at temperatures below 400 �C due to
the removal of a surface photovoltage and an irreversible shi above 400 �C, due
to a change in surface Fermi level pinning position as the surface oxygen is
desorbed. When the oxygen is replenished by heating in an oxygen environment,
the shi is fully reversible. Corrected binding energy values aid the completion of
the energy band diagrams for these wide-gap semiconductors and provide
protocols for surface processing to engineer key surface and interface parameters.
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