PHYSICAL REVIEW B 79, 205211 共2009兲

Band gap, electronic structure, and surface electron accumulation of cubic
and rhombohedral In2O3
P. D. C. King,1,* T. D. Veal,1 F. Fuchs,2 Ch. Y. Wang,3 D. J. Payne,4 A. Bourlange,4 H. Zhang,4 G. R. Bell,1 V. Cimalla,3
O. Ambacher,3 R. G. Egdell,4 F. Bechstedt,2 and C. F. McConville1,†
1
Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
für Festkörpertheorie und-Optik, Friedrich-Schiller-Universität, Max-Wien-Platz 1, D-07743 Jena, Germany
3Fraunhofer-Institut für Angewandte Festkörperphysik, Tullastraße 72, 79108 Freiburg, Germany
4
Department of Chemistry, Chemistry Research Laboratory, University of Oxford, Mansfield Road, Oxford OX1 3TA, United Kingdom
共Received 26 March 2009; published 29 May 2009兲
2Institut

The bulk and surface electronic structure of In2O3 has proved controversial, prompting the current combined
experimental and theoretical investigation. The band gap of single-crystalline In2O3 is determined as
2.93⫾ 0.15 and 3.02⫾ 0.15 eV for the cubic bixbyite and rhombohedral polymorphs, respectively. The
valence-band density of states is investigated from x-ray photoemission spectroscopy measurements and
density-functional theory calculations. These show excellent agreement, supporting the absence of any significant indirect nature of the In2O3 band gap. Clear experimental evidence for an s-d coupling between In 4d and
O 2s derived states is also observed. Electron accumulation, recently reported at the 共001兲 surface of bixbyite
material, is also shown to be present at the bixbyite 共111兲 surface and the 共0001兲 surface of rhombohedral
In2O3.
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I. INTRODUCTION

Tin-doped indium oxide is one of the most widely used
transparent conducting oxides 共TCOs兲. The unusual combination of optical transparency in the visible region and a high
electrical conductivity make it a crucial material in a range of
devices including liquid crystal displays and solar cells.1,2
Despite this, the basic optoelectronic properties of In2O3
have been intensely debated. Its direct band gap was long
thought to be ⬃3.75 eV from the onset of significant optical
absorption, with a low-intensity onset of absorption below
this energy attributed to indirect optical transitions.3,4 This
indirect band gap hypothesis was not, however, supported by
theoretical calculations, which found no significant indirect
nature of the band gap.5–9 These experimental and theoretical
results have recently been reconciled,8,9 with In2O3 shown to
have a direct band gap Eg ⱗ 3 eV. The weak nature of optical absorption around this energy can be attributed to transitions between the highest valence-band states and states at
the conduction-band minimum 共CBM兲 being dipole forbidden or having only minimal dipole intensity. The surface
electronic properties of In2O3 have also proved controversial.
A pronounced depletion of carriers has previously been reported at the surface of In2O3.10,11 However, investigations of
high-quality single-crystalline material have recently shown
an accumulation of electrons occurs at the 共001兲 surface,12 as
for the similar TCO compound, CdO,13 and the other Incontaining compounds, InN 共Ref. 14兲 and InAs.15
Following recent efforts in growth, it is now possible to
obtain high-quality single-crystalline In2O3 in the stable
body centered cubic 共bcc兲 bixbyite structure by both metalorganic chemical-vapor deposition 共MOCVD兲 and oxygen
plasma-assisted molecular-beam epitaxy 共PAMBE兲.16,17 Despite the tendency for In2O3 to be heavily n-type, almost
nondegenerate films have now been achieved.12 In addition,
by judicious choice of substrate, growth temperature and tri1098-0121/2009/79共20兲/205211共10兲

methylindium flow rate during MOCVD, growth of the
metastable rhombohedral 共rh兲 phase of In2O3 has been
demonstrated.18 Recent work has suggested enormous potential for the use of TCO materials as the active layers in electronic and short wavelength optoelectronic devices, rather
than just their use as transparent contacts.19–23 In order to
probe the potential of In2O3 for such applications, it is necessary to investigate the electronic structure and properties of
both bcc and rh high-quality single-crystalline In2O3
samples, rather than the often polycrystalline, highly defective samples produced by methods such as magnetron sputtering, evaporation, or by pressing pellets of In2O3 powder,
which have been the subject of the majority of prior
investigations.1,4,10,11,24,25 Such an investigation into the band
gap, valence electronic structure, and surface electronic
properties, combining experimental and theoretical studies,
is presented here.
II. EXPERIMENTAL AND THEORETICAL DETAILS

Optical absorption spectroscopy measurements were performed using a Perkin-Elmer Lambda 25 and a Varian Cary
5000 UV-visible spectrophotometer. Infrared 共IR兲 reflectivity
measurements were performed using a Perkin-Elmer Spectrum GX Fourier transform infrared spectrometer, using a
specular scattering geometry at a 35° angle to the surface
normal. The spectra were referenced to the reflectivity from
an optical mirror. Single-field Hall effect measurements were
performed in the Van der Pauw geometry. High-resolution
x-ray photoemission spectroscopy 共XPS兲 measurements were
performed using a Scienta ESCA300 spectrometer at the National Centre for Electron Spectroscopy and Surface Analysis, Daresbury Laboratory, UK. X-rays, of energy h
= 1486.6 eV, were produced using a monochromated rotating anode Al K␣ x-ray source. The ejected photoelectrons
were analyzed by a 300 mm mean radius spherical-sector
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FIG. 1. 共Color online兲 Measured IR reflectivity spectra 共points兲
and dielectric theory simulations 共lines兲 of 共a兲 bcc-In2O3共111兲
grown by PAMBE, and 共b兲 rh-In2O3共0001兲 grown by MOCVD.

carrier density in the MOCVD bcc-共111兲 sample. However,
from the simulation of IR reflectivity measurements for this
sample, the carrier density was estimated to be 2.0
⫻ 1019 cm−3.
III. BAND GAP

The measured optical absorption coefficient from
bcc-In2O3 is shown in Fig. 2共a兲. Significant onset of absorption in the measured spectrum occurs above ⬃3.5 eV,
broadly consistent with previous observations.3,18 A pro-
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electron energy analyzer with 0.8 mm slits at a pass energy
of 150 eV. The effective instrumental resolution, determined
by fitting a broadened Fermi function to the Fermi edge of an
ion-bombarded silver reference sample, is 0.4 eV due to the
Gaussian convolution of the analyzer broadening and the
natural linewidth of the x-ray source 共0.27 eV兲. All measurements were performed at room temperature.
Density-functional theory 共DFT兲 calculations were performed using the Vienna ab initio simulation package, treating electron-ion interactions within the projector-augmented
wave method. For the calculations of the electronic density
of states 共DOS兲, the hybrid functional HSE03 was employed
to account for exchange and correlation.26 For comparison
with the photoemission measurements, the calculated DOS
was convolved with a 0.4 eV full width at half maximum
共FWHM兲 Gaussian and a 0.4 eV FWHM Lorentzian to account for instrumental and lifetime broadening, respectively.
For the rh polymorph, the theoretical band gap was calculated by employing G0W0 quasiparticle 共QP兲 corrections of
the HSE03 eigenvalues. However, the large size of the unit
cell made this method too computationally expensive for the
bcc-In2O3 polymorph. Consequently, the gap opening caused
by QP corrections for the rh polymorph was applied as a
rigid shift for the bcc polymorph, therefore approximately
including QP effects. The spectral shape of the DOS is very
similar between the HSE03 results and those incorporating
QP corrections,9 although the position of the In 4d derived
bands is shifted to slightly higher binding energy by the QP
corrections. Optical spectra were calculated from the band
structure determined within the local-density approximation,
treated within the independent QP approximation using scissor shifts to correct the band gap to that obtained from the
HSE+ QP calculations. Further details of the calculations are
described elsewhere.9
Single-crystalline epitaxial thin films of In2O3 共ranging in
thickness from ⬃50 to ⬃500 nm兲 were investigated here.
bcc-In2O3共111兲 was grown by MOCVD at 400 ° C on a sapphire共0001兲 substrate incorporating InN, GaN, and AlN
buffer layers and by PAMBE on a yttria-stabilized cubiczirconia 共YSZ兲 共111兲 substrate at 650 ° C. bcc-In2O3共001兲
was grown by PAMBE at 650 ° C on a YSZ共001兲 substrate.
rh-In2O3共0001兲 was grown by MOCVD at 600 ° C on a sapphire共0001兲 substrate. This film was estimated to contain less
than 10% cubic inclusions. Further details of the growth and
structural characterization are reported elsewhere.16–18 The
carrier density 共mobility兲 of the samples were determined
from single-field Hall effect measurements to be 1.5
⫻ 1018 cm−3 共11 cm2 V−1 s−1兲 for the MBE bcc-共111兲
sample, 7.5⫻ 1018 cm−3 共32 cm2 V−1 s−1兲 for the MBE bcc共001兲 sample, and 6.2⫻ 1018 cm−3 共55 cm2 V−1 s−1兲 for the
MOCVD rh-共0001兲 sample. Example IR reflectivity spectra
from the bcc-共111兲 and rh-共0001兲 samples are shown in Fig.
1. The carrier concentrations of the samples determined from
single-field Hall effect results are in good agreement with the
plasma frequency determined from simulation of the IR reflectivity spectra using the method described in Ref. 27 but
additionally including incoherent reflections from the rear
face of the substrate in the dielectric theory simulations. Due
to the conducting buffer layer structure employed, singlefield Hall effect results could not be used to determine the
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FIG. 2. 共Color online兲 Experimental absorption coefficient, ␣,
measured from 共a兲 bcc-In2O3共001兲 and 共b兲 rh-In2O3共0001兲. The calculated absorption coefficient for each polymorph is shown inset.
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nounced low-energy tail is seen below this absorption edge.
In previous reports, this was attributed to indirect optical
absorption,3 in contrast to the results of theoretical bandstructure calculations.5–7 However, as discussed in the introduction, an alternative explanation has recently emerged.8,9
Walsh et al.8 and Fuchs and Bechstedt9 showed that, due to
the symmetry of the bixbyite crystal structure, optical transitions from the valence-band maximum 共VBM兲 to the CBM
are forbidden within the dipole approximation. Furthermore,
transitions from the valence bands somewhat below the
VBM to the conduction band are also either forbidden or
have only very weak optical transition matrix elements. The
result is evident in the calculated optical absorption spectrum, shown inset in Fig. 2共a兲, where a significant increase in
the absorption coefficient is only observed at energies
⬃0.5– 1 eV above the fundamental band gap.
Consequently, experimental investigations have consistently reported a band gap of bcc-In2O3 that is significantly
too high. Here, we define the “optical gap” as the energy
corresponding to the onset of significant optical absorption.
This is determined by extrapolating the leading ledge of the
optical absorption coefficient, ␣, to the baseline, as shown in
共exp兲
= 3.55⫾ 0.05 eV for the
Fig. 2共a兲, giving a value of Eopt
experimentally determined room-temperature optical gap of
the bcc polymorph. This is slightly lower than the value of
ⲏ3.7 eV typically reported in previous studies. This difference is attributed largely to the different methods of analysis
used in various cases. For example, performing, as is often
done, an extrapolation of the square of the absorption coefficient for this sample to the baseline 共not shown兲 gives a
value of 3.68⫾ 0.05 eV, in approximate agreement with the
lower limit of frequently determined values for the In2O3
optical gap. However, as this absorption onset is not due to
interband transitions around the band extrema, there is no
justification for using an ␣2 extrapolation in this case and we
choose to define the onset of significant absorption based on
the actual absorption coefficient, as described above. It is
also necessary to point out that, from carrier statistics calculations including a nonparabolic conduction-band dispersion,
the Fermi level was estimated to lie only 0.02 eV above the
CBM in this sample, in contrast to the often highly degenerate nature of this material. Consequently, the Moss-Burstein
effect,28,29 which causes a shift of the onset of optical absorption to higher energies due to band filling, can be neglected
here. This was not the case in all previous studies.
The same analysis was applied to the calculated absorption spectrum, shown inset in Fig. 2共a兲, giving an optical gap
共th兲
= 3.72⫾ 0.10 eV, slightly higher than the measured
of Eopt
optical gap. This difference could result from the effects of
the band gap reduction with increasing temperature, as discussed below, and also errors in the calculated value of the
band gap. However, the band-gap determination performed
here is not sensitive to these shifts. The theoretical optical
gap lies 0.62 eV above the calculated fundamental band gap
of E共th兲
g = 3.10 eV, indicating the effects of crystal symmetry
on the dipole transition matrix elements discussed above.
Applying the same difference between the optical and fundamental energy gaps for the experimental results, this allows the fundamental energy gap of bcc-In2O3 to be esti= 2.93⫾ 0.15 eV. Note, Walsh et al.8 recently
mated as E共exp兲
g

reported that the onset of optical absorption does not occur
until energies 0.81 eV above the fundamental band gap, suggesting a slightly larger shift between the fundamental and
optical band gaps than determined here. However, lifetime
broadening was not applied in the optical absorption coefficient calculations of Walsh et al.,8 as was included here,
which decreases the value of the optical gap slightly. Consequently, a similar shift between the fundamental band gap
and the onset of optical absorption as that determined here
would be expected.
The following points should be noted about this determination. First, due to the complexity of this system, the theoretical calculations of the absorption coefficient do not include QP effects, besides a rigid gap opening, or excitonic
effects. While the experimental spectra do not show any indications of bound excitons, these effects could still cause a
slight redshift of the absorption edge. In contrast, QP effects
would tend to cause a slight “stretching” of the conduction
and valence-band electronic structure around the band gap,9
leading to a slight blueshift of the absorption edge. The combination of these effects lead to some uncertainty in the determined fundamental band gap, as represented by the error
given on this quantity. Additionally, the calculations are for a
zero temperature limit, whereas the measurements were performed at room temperature. Broadening of the spectral features due to lifetime effects has been included in the calculations, but the band gap of semiconductors is also known to
reduce in size with increasing temperature due to a mixture
of lattice dilation effects and electron-phonon interactions.30
Indeed, for the similar material SnO2, the shift of the band
gap between 0 K and room temperature is ⬃0.2 eV.31 Such
a shift is not included in the independent QP approximation
used to correct the band gap for calculating the theoretical
absorption coefficient here. The above treatment, however, is
not sensitive to the exact calculated band-gap value; rather
the comparison of the experiment with the theoretical calculations serves to account for the variation in the transition
matrix elements on the onset of optical absorption. The determination of the room-temperature band gap would therefore still be expected to hold. Indeed, the experimental value
determined here being slightly lower than the calculated fundamental band gap is consistent with a reduction in band gap
with increasing temperature.
The fundamental band gap determined here is slightly
higher than the weak onset of absorption identified by
Weiher and Ley3 as due to indirect transitions, but which can
now be understood as due to dipole forbidden or minimal
dipole intensity transitions. However, Weiher and Ley analyzed this absorption edge assuming that it had the spectral
shape associated with indirect transitions in a parabolic band
semiconductor—both of these assumptions are not true for
this absorption in In2O3, which could lead to significant inaccuracies in the extrapolated value for the onset of absorption. Also, the effects of Urbach tailing and lifetime broadening on this absorption onset, which could cause a
pronounced shift between the extrapolated onset of such a
weak absorption feature and the fundamental band gap, were
not considered. These effects would lead to optical absorption at lower energies than would be expected from the band
structure alone, further explaining why the weak onset of

205211-3

PHYSICAL REVIEW B 79, 205211 共2009兲

KING et al.

optical absorption determined previously is below the fundamental band gap value determined here. For degenerate
samples with a high concentrations of free electrons
共⬃1020 – 1021 cm−3兲 the weak absorption onset at low energies 共⬃2.6 eV兲 observed previously has also been attributed
to interconduction-band transitions, as discussed in Ref. 9,
providing a further possible mechanism to explain differences with some previous results.
The equivalent investigation for rh-In2O3 was also performed, as shown in Fig. 2共b兲. While the rh structure does
not result in symmetry forbidden optical transitions around
the band gap, the DOS close to the bottom of the conduction
band is very small and the conduction-band dispersion is
nonparabolic,9 resulting in a more gradual onset of optical
absorption than would be expected for a conventional direct
band gap semiconductor characterized by parabolic dispersion relations. Indeed, performing the same analysis as for
the bcc case discussed above, the optical gap is determined
共th兲
from the calculated absorption coefficient as Eopt
= 3.40⫾ 0.10 eV, 0.14 eV above the calculated fundamental
band gap value of E共th兲
g = 3.26 eV. Consequently, the experi共exp兲
= 3.16⫾ 0.05 eV sugmentally observed optical gap of Eopt
= 3.02⫾ 0.15 eV, in
gests a fundamental band gap of E共exp兲
g
reasonable agreement with previous studies.18 Despite the
large differences in the optical gap, the fundamental band
gaps of bcc- and rh-In2O3 are therefore rather similar, consistent with theoretical predictions.9
IV. VALENCE-BAND DENSITY OF STATES

The above results are dependent on the valence electronic
structure of the material. To support these, it is necessary to
compare the results of valence electronic structure calculations to directly measurable physical properties which do not
suffer from the same ambiguities as the optical spectra. This
is achieved here by a comparison of valence-band photoemission spectra with calculations of the valence-band DOS
共VB-DOS兲. XPS measurements are particularly suited to
such a study due to the full Brillouin-zone sampling and
negligible structure introduced by final-state effects on the
photoemission intensity. Valence-band XPS measurements
therefore effectively give the total VB-DOS, as has previously been confirmed both for metals32 and for a variety of
III-V and II-VI semiconductors.33–36
Shirley-background-subtracted valence-band photoemission from bcc-In2O3共111兲 is shown in Fig. 3共a兲. Also shown
is the calculated VB-DOS, with and without lifetime and
instrumental broadening. The calculated VB-DOS exhibits a
large number of narrow peaks, due to the large numbers of
valence bands and their limited dispersions, shown in Fig.
3共b兲. However, when lifetime and instrumental broadening
are applied, these narrow peaks merge together. The resulting
VB-DOS is rather more complex than the characteristic
“two-peak” structure of other semiconductors,34 including
other metal oxides.36 Of particular note is the very shallow
dispersion of the topmost valence band. In fact, an indirect
gap is predicted by the calculations, with the VBM slightly
away from ⌫ in the ⌫-H direction. However, the energy of
the valence band at ⌫ is only ⬃50 meV below the VBM,

FIG. 3. 共Color online兲 共a兲 Shirley-background-subtracted
valence-band photoemission spectrum and DFT VB-DOS calculations shown without 共shaded兲 and with lifetime and instrumental
broadening for bcc-In2O3共111兲. The measured valence-band photoemission is rigidly shifted to lower energies by 3.4 eV to align the
VBM at 0 eV binding energy as for the calculations. The XPS and
DFT spectra are normalized to the same maximum peak intensity.
The corresponding DFT valence-band-structure calculations for
bcc-In2O3 are shown in 共b兲.

and so this is not a significant effect. The shallow dispersion
of the top valence band leads to a very sharp onset of the
VB-DOS, although this is considerably less steep in the experimental spectrum due to the effects of lifetime and instrumental broadening. The same is true for the bottom of the
VB-DOS.
The experimental spectrum has been rigidly shifted to
lower binding energies by 3.4 eV to align the Fermi level at
the VBM, as for the theoretical calculations. This is discussed further in Sec. VI. Following this shift, both the energetic positions and relative intensities of the local maxima
and minima in the broadened VB-DOS calculations show
excellent agreement with the measured photoemission spectrum. This gives confidence in the band gap determination
performed above, which depends on the calculated properties
of the valence bands. The excellent agreement between
theory and experiment also gives confidence that there is
negligible indirect nature of the bcc-In2O3 band gap.
Previous soft-x-ray emission 共SXE兲 measurements of
In2O3 show much more spectral weight close to the top of
the VBM than in the XPS results presented here.25 The SXE
measurements probed the O 2p partial DOS 共PDOS兲,
whereas XPS effectively probes the total VB-DOS. Consequently, this indicates that the valence band is dominated by
O 2p states close to the VBM, but has appreciable mixing of
other orbital character away from the VBM. This is confirmed by calculations of the PDOS, shown in Fig. 4共b兲,
which indicate considerable s-orbital character close to the
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FIG. 4. 共Color online兲 DFT PDOS calculations for 关共a兲 and 共b兲兴
bcc- and 关共c兲 and 共d兲兴 rh-In2O3 around the valence bands 关共b兲 and
共d兲兴 and In 4d levels 关共a兲 and 共c兲兴. The PDOS is resolved into s, p,
and d components. The total DOS is also shown. The calculations
have been convolved with a 0.4 eV FWHM lorentzian to account
for lifetime broadening.

bottom of the valence bands. Additionally, some In 4d orbital
character is seen close to the VBM, due to the effects of
hybridization between O 2p and In 4d states. The
In 4d-derived states will be discussed in further detail in Sec.
V.
The equivalent investigation of the valence electronic
structure of rh-In2O3 has also been performed here. The
Shirley-background-subtracted valence-band photoemission
measurements and broadened and unbroadened VB-DOS
calculations are shown in Fig. 5共a兲. The unit cell for the rh
polymorph contains only 30 atoms, rather than the 80 atoms
of the bcc unit cell. Consequently, the valence-band structure
is rather simpler than for the bcc case, as shown in Fig. 5共b兲,
although the situation is complicated somewhat in this case
by the anisotropy of the rh crystal structure. The valence
bands disperse more than for the bcc polymorph, causing the
VB-DOS to be slightly less sharply peaked in this case.
However, when lifetime and instrumental broadening are applied, the resulting VB-DOS is rather similar to that of the
bcc polymorph, although the calculations for rh-In2O3 contain slightly more spectral weight close to the VBM. The
dispersion of the top valence band is still shallow, leading to
a very sharp onset of the VB-DOS, as for the bcc polymorph,
although this is again broadened significantly by instrumental and lifetime effects.
Following a shift of the experimental spectrum by 3.5 eV
to align the Fermi levels in the measurement and calculations, discussed in detail in Sec. VI, the energetic positions
of spectral features agree very well between the calculated
and measured spectra. However, there are some differences
in relative intensity. This might suggest that too much spectral weight results close to the top of the valence band, or too
little deeper in the valence band, in the calculations, although

FIG. 5. 共Color online兲 共a兲 Shirley-background-subtracted
valence-band photoemission spectrum and DFT VB-DOS calculations shown without 共shaded兲 and with lifetime and instrumental
broadening for rh-In2O3共0001兲. The measured valence-band photoemission is rigidly shifted to lower energies by 3.5 eV to align the
VBM at 0 eV binding energy as for the calculations. The XPS and
DFT spectra are normalized to the same maximum peak intensity.
The corresponding DFT valence-band-structure calculations for
rh-In2O3 are shown in 共b兲.

this may also be affected by cubic inclusions in the rh
sample. PDOS calculations, shown in Fig. 4共d兲, indicate that
the valence bands are predominantly of O 2p character
again, although with some admixture of d orbitals close to
the VBM, and s orbitals close to the bottom of the valence
band, as for the bcc case.

V. In 4d LEVELS AND s-d HYBRIDIZATION

Shallow semicore d levels have a very large influence on
the valence bands of semiconductors,37 as discussed in detail
for In2O3 elsewhere.7–9 It is therefore of interest to investigate the electronic structure around the In 4d levels of bccand rh-In2O3 in detail.
The calculated DOS from this region for bcc-In2O3, both
with and without lifetime and instrumental broadening, is
shown in Fig. 6共a兲. The corresponding band-structure calculations are shown in Fig. 6共b兲. A large number of effectively
dispersionless bands are evident between ⬃13 and
⬃13.5 eV below the VBM, which can be associated with
localized In 4d states. These bands lead to intense, narrow
peaks in the DOS, although these are considerably broadened
into a single peak and reduced in intensity by lifetime and
instrumental effects. In addition, a shoulder on this peak at
lower binding energies and an additional peak at higher binding energies are observed in the DOS calculations, which are
due to the presence of O 2s orbitals. The orbitally resolved
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FIG. 6. 共Color online兲 共a兲 Shirley-background-subtracted photoemission spectrum and corresponding DFT DOS calculations
shown without 共shaded兲 and with lifetime and instrumental broadening around the In 4d-derived peaks for bcc-In2O3共111兲. The measured photoemission is rigidly shifted to lower energies by 3.4 eV
to align the VBM at 0 eV binding energy as for the calculations.
The XPS and DFT spectra are normalized to the same maximum
peak intensity. The high binding-energy region is also shown magnified ⫻16. The corresponding DFT band-structure calculations for
bcc-In2O3 are shown in 共b兲.

calculated PDOS for this region is shown in Fig. 4共a兲. The
large peak in the DOS is of almost entirely d-orbital character, deriving from In 4d states. The higher binding-energy
peak is predominantly of s orbital character, from the O 2s
states. However, there is also a contribution due to the In 4d
orbitals. Similarly, the shoulder on the low binding-energy
side of the In 4d peak, while dominated by its proximity to
the In 4d levels, also has a component of s orbital character
deriving from O 2s states. Such an s-d hybridization has previously been predicted for other binary semiconductors
where the anion s levels are located at a similar binding
energy to cation shallow d levels,38 and has previously been
inferred experimentally from photoemission measurements
of InN.35 In that case, however, this effect could not be unambiguously determined due to inelastic broadening of the
In 4d peak.
Shirley-background-subtracted
photoemission
from
bcc-In2O3共111兲 around the In 4d peak is also shown in Fig.
6共a兲. The same 3.4 eV shift in energy has been applied to the
experimental spectrum, as for the valence-band photoemission discussed above, to align the Fermi level at 0 eV in both
the calculation and experiment. An intense peak, attributed to
the In 4d levels, is observed in the photoemission measurements, experimentally located at 14.6⫾ 0.1 eV below the
VBM. This is slightly more bound than in the theoretical
calculations; such an underestimation of the d-band binding
energy by ⬃1 – 2 eV in DFT calculations employing the
HSE03 functional seems to be a rather general feature of this

calculation scheme.39 The measured width of the In 4d-like
peak is also somewhat larger than that of the broadened calculations. The same broadening has been applied here as for
the valence bands. The In 4d states are, however, more
deeply bound, leading to an increase in lifetime broadening.
Such an increase would account for this difference in width
between theory and experiment.
A pronounced shoulder is observed on the low bindingenergy side of the In 4d peak, in good agreement with the
d-s hybridized component found in the calculations. As this
component has predominantly In 4d orbital character, the
cross-section for photoemission from this state will be very
similar to that of the In 4d peaks, giving rise to a good agreement between the relative intensities of the main peak and
the shoulder in the experiment and the calculations. In contrast, the s-d hybridized peak in the DOS calculations at
⬃18.5 eV is of predominantly O 2s orbital character. The
cross-section for photoemission from such a state would be
expected to be much lower than from an In 4d state and so
the corresponding peak observed in the photoemission measurements is of very low intensity, as shown in Fig. 6共a兲.
Indeed, from the photoionization cross section calculations
of Yeh and Lindau40 and Trzhaskovskaya,41 the photoemission intensity from In 4d states can be estimated to be approximately sixteen times as strong as that from O 2s states.
Multiplying the photoemission spectrum by this factor, as
shown in Fig. 6共a兲, gives a peak intensity in reasonable
agreement with that predicted by the theoretical calculations.
Note also that the effects of hybridization with the In 4d
states, which would be expected to lead to slightly higher
intensity than predicted by the simple cross-section arguments employed here, have been neglected. These observations, therefore, present clear experimental evidence for s-d
hybridization in the electronic structure of semiconductors.
The equivalent investigation for rh-In2O3共0001兲 is shown
in Fig. 7. As for the valence bands, the electronic structure in
this region 关Fig. 7共b兲兴 is somewhat simpler than for the bcc
polymorph, although the DOS 关Fig. 7共a兲兴, especially following broadening, is very similar for the two crystal structures.
As for the valence-band photoemission, a 3.5 eV shift in
energy has been applied to the experimental spectrum to
align the Fermi level at 0 eV in both the calculation and
experiment. The In 4d levels are located at 14.6⫾ 0.1 eV,
the same as for the bcc polymorph to within the accuracy of
the experimental determination, again somewhat more bound
than in the calculations. Again, a large d-s hybridized shoulder is observed on the low binding-energy side of the In 4d
peak, and an s-d hybridized peak is observed at higher binding energies. Multiplying the measured photoemission intensity by a factor of sixteen to account for cross-section variations for photoemission from In 4d and O 2s states gives
good agreement with the theoretical intensity of this component in the DOS.
VI. SURFACE ELECTRON ACCUMULATION

The valence-band photoemission spectra from
bcc-In2O3共111兲 and 共001兲 samples, and rh-In2O3共0001兲 are
shown in Fig. 8. A magnification of the low binding-energy
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10
FIG. 7. 共Color online兲 共a兲 Shirley-background-subtracted photoemission spectrum and corresponding DFT DOS calculations
shown without 共shaded兲 and with lifetime and instrumental broadening around the In 4d-derived peaks for rh-In2O3共0001兲. The measured photoemission is rigidly shifted to lower energies by 3.5 eV
to align the VBM at 0 eV binding energy as for the calculations.
The XPS and DFT spectra are normalized to the same maximum
peak intensity. The high binding-energy region is also shown magnified ⫻16. The corresponding DFT band-structure calculations for
rh-In2O3 are shown in 共b兲.

region is also shown. The intensity observed in this region,
above the VBM, has previously been attributed to emission
from bulk conduction-band states.8 However, the samples investigated here are all nearly, or in fact are, nondegenerate in
the bulk, from nonparabolic carrier statistics calculations for
the measured bulk carrier densities. It is therefore likely that
there would be insufficient density of filled conduction-band
states in the bulk alone to give rise to such a feature in the
photoemission spectra. Further, XPS is a surface sensitive
technique, and so this conduction-band emission would not
likely be visible if a pronounced depletion of carriers is
present at the surface, as suggested in previous reports.10,11
If, however, the carrier density at the surface is higher than in
the bulk, a peak would be expected in the photoemission
spectra, as observed here, corresponding to conduction-band
emission from the near-surface region. This supports the recent report12 of an electron accumulation at bcc-In2O3共001兲
surfaces, and provides initial evidence that the same phenomenon occurs at the surface of bcc-In2O3共111兲 and
rh-In2O3共0001兲. Indeed, a recent comparison of the
conduction-band emission intensity observed in XPS measurements, using 1486.6 eV photons 共as here兲, and highenergy XPS 共HXPS兲, using 6000 eV photons, has been
made.42 A distinct decrease in the conduction-band emission
intensity was seen in HXPS as compared to XPS measurements. As HXPS measurements have a much larger probing
depth than XPS measurements, this supports the conclusion
that the high carrier-densities giving rise to the conduction-

8
6
4
2
Binding energy (eV)

0

FIG. 8. 共Color online兲 Shirley-background-subtracted valenceband photoemission spectra from 共a兲 bcc-In2O3 共001兲 关Ref. 12兴 and
共111兲 共grown by PAMBE and MOCVD兲 and 共b兲 rh-In2O3共0001兲.
Conduction-band emission can be seen is the spectra, magnified
⫻25.

band emission are localized near to the surface of the semiconductor, supporting the conclusion of electron accumulation at the surface of In2O3.
The zero of the binding-energy scale of the measured
spectra is referenced to the Fermi level. However, due to the
surface specificity of the technique, the reference is the
Fermi level at the surface of the semiconductor. Consequently, the photoemission measurements can be used to directly determine the VBM to surface Fermi level separation
in this material, as has been performed in a number of previous investigations.8,10–12 In these previous investigations,
the position of the VBM was determined by a linear extrapolation of the leading edge of the valence-band photoemission
to the baseline, to take account of the finite instrumental
resolution of the spectrometer.43 However, as discussed in
Sec. IV and evident in Figs. 3共a兲 and 5共a兲, the shallow dispersion of the top valence band leads to an almost vertical
onset of the VB-DOS. Lifetime and instrumental broadening
cause the measured onset of the valence-band photoemission
to have a significant slope. Extrapolating even over the most
linear portion of this slope will cause a large underestimation
in the VBM to surface Fermi level separation.
Consequently, a more accurate determination of the VBM
to surface Fermi level separation can be obtained by comparisons of the positions of spectral features with those of a
calculated VB-DOS which has been suitably broadened. This
is true provided that good agreement can be achieved between the photoemission spectrum and the calculated VBDOS with only a rigid shift of the binding-energy scale to
account for Fermi level differences. This was seen to hold
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FIG. 9. 共Color online兲 Poisson-MTFA calculations of 关共a兲 and
共c兲兴 band bending, and 关共b兲 and 共d兲兴 carrier concentration profiles in
the electron accumulation layer at the surface of 关共a兲 and 共b兲兴
bcc-In2O3 and 关共c兲 and 共d兲兴 rh-In2O3.

here, as discussed in Sec. IV. Consequently, the Fermi level
is pinned 3.40⫾ 0.05 eV above the VBM in the MOCVD
bcc-In2O3共111兲 sample investigated above. For the measured
bulk carrier density, nonparabolic carrier statistics
calculations44 assuming a band edge electron effective mass
of 0.35m0,1 give a bulk Fermi level 0.07 eV above the CBM
in this sample, which, taking the band gap of 2.93 eV determined above, lies 3.0 eV above the VBM. Consequently,
there is a downward band bending of 0.40⫾ 0.16 eV relative
to the Fermi level at the surface of the semiconductor. This
causes electrons to accumulate at the 共111兲 surface of In2O3,
as recently reported for the 共001兲 surface.12 Valence-band
photoemission from a bcc-In2O3 sample grown by PAMBE
is very similar to that from the MOCVD sample, revealing a
downward band bending of 0.50⫾ 0.16 eV from the same
method of analysis. This is slightly larger than for the
MOCVD sample due to the lower carrier density, but confirms that electron accumulation is an intrinsic property of
the material, and not just a product of a particular growth
technique. In addition, the valence-band photoemission spectrum of a bcc-In2O3共001兲 sample considered previously12
can be seen, from Fig. 8共a兲, to occur almost coincident in
energy with the bcc-In2O3共111兲 samples, leading to a downward band bending of 0.45⫾ 0.16 eV. This is slightly larger
than the value reported previously12 due to the alternative
method of analysis presented here.
The band bending and carrier-concentration profiles as a
function of depth below the surface have been calculated by
solving Poisson’s equation within a modified Thomas-Fermi
approximation45,46 共MTFA兲 incorporating a nonparabolic
conduction-band dispersion, as described in detail
elsewhere.44 These are shown in Figs. 9共a兲 and 9共b兲. A pronounced peak in the electron density is observed close to the
surface due to the downward band bending. The higher bulk
carrier density in the MOCVD 共111兲 sample leads to a

shorter screening length for the accumulation layer, and
hence the higher peak electron density seen close to the surface than for the PAMBE-grown samples. This is in spite of
the same VBM to surface Fermi level separation in each
case.
The origin of the electron accumulation has previously
been attributed to the charge neutrality level 共CNL兲 lying
well into the conduction band of this material. The surface
Fermi level pins below this energy, leading to a positive
surface charge associated with unoccupied donor surface
states, and hence the electron accumulation.12 The PoissonMTFA calculations performed here allow the density of these
unoccupied donor surface states to be estimated as
共1.3⫾ 0.1兲 ⫻ 1013 cm−2 for all of the bcc samples. This is
again slightly higher than previously reported,12 due to the
alternative method of analysis utilized here. From the analysis of the bulk and surface Fermi level positions in undoped
and heavily Sn-doped samples, the CNL was previously located ⬃0.4 eV above the CBM in bcc-In2O3.12 Reanalyzing
this data with the method presented here, the CNL can be
estimated as lying ⬃3.6 eV above the VBM, and so consequently ⬃0.65 eV above the CBM, again slightly higher
than previously reported.
The Fermi level in the rh sample 关Fig. 8共b兲兴 is determined
as lying 3.50⫾ 0.05 eV above the VBM at the surface, from
the comparison with the VB-DOS calculations 共Fig. 5兲.
While this is slightly higher above the VBM than for the bcc
case, the bulk band gap of the rh polymorph was also determined to be ⬃0.1 eV larger than that of bcc-In2O3 in Sec.
III. Consequently, the Fermi level pins at a similar position
into the conduction band 共0.48 eV above the CBM兲 in low
bulk carrier concentration rh-In2O3 as it does for low bulk
carrier concentration bcc-In2O3. The similarity of the bulk
band structure of the bcc and rh polymorphs9 will result in
the CNL lying in a similar location for both cases,13 explaining the similar pinning position of the surface Fermi level.
This is supported by recent first-principles calculations
which locate the CNL 0.54 eV above the CBM in rh-In2O3.47
Parameters such as the effective mass are not well known for
rh-In2O3. However, using the same ones as for bcc-In2O3 as
a first approximation, the bulk Fermi level is determined to
lie ⬃0.02 eV above the CBM, leading to a downward band
bending of 0.46⫾ 0.16 eV and a carrier density profile as
shown in Figs. 9共c兲 and 9共d兲. This corresponds to a surface
state density of 1.2⫻ 1013 cm−2, similar to that of bcc-In2O3,
although these numerical answers should be treated as somewhat approximate. Irrespective of this, however, these results
provide clear evidence for an accumulation of electrons at
the 共0001兲 surface of rh-In2O3.
VII. CONCLUSIONS

The band gap, valence electronic structure, and surface
electronic properties of single-crystalline cubic bixbyite
共bcc兲 and rhombohedral 共rh兲 In2O3 have been investigated.
From comparisons of theoretical calculations and experimental measurements of the absorption coefficient, the fundamental band gap of bcc- and rh-In2O3 was determined as
2.93⫾ 0.15 and 3.02⫾ 0.15 eV, respectively. Calculations of
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the valence-band density of states were shown to be in excellent agreement with experimental measurements utilizing
x-ray photoemission spectroscopy, supporting the lack of any
significant indirectness of the band gap of bcc-In2O3. Experimental and theoretical evidence for an s-d coupling between
In 4d and O 2s states was presented. Comparison of valenceband photoemission with broadened density of states calculations was found to be a more accurate method to determine
the surface Fermi level position above the valence-band
maximum in this material than the linear extrapolation
method commonly applied. Using this method of analysis,
electron accumulation was shown to be present at the 共111兲
and 共001兲 surfaces of bcc-In2O3 and the 共0001兲 surface of
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