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The valence and core levels of In2O3 and Sn-doped In2O3 have been studied by hard x-ray photoemission
spectroscopy 共h = 6000 eV兲 and by conventional Al K␣ 共h = 1486.6 eV兲 x-ray photoemission spectroscopy.
The experimental spectra are compared with density-functional theory calculations. It is shown that structure
deriving from electronic levels with significant In or Sn 5s character is selectively enhanced under 6000 eV
excitation. This allows us to infer that conduction band states in Sn-doped samples and states at the bottom of
the valence band both contain a pronounced In 5s contribution. The In 3d core line measured at h
= 1486.6 eV for both undoped and Sn-doped In2O3 display an asymmetric lineshape, and may be fitted with
two components associated with screened and unscreened final states. The In 3d core line spectra excited at
h = 6000 eV for the Sn-doped samples display pronounced shoulders and demand a fit with two components.
The In 3d core line spectrum for the undoped sample can also be fitted with two components, although the
relative intensity of the component associated with the screened final state is low, compared to excitation at
1486.6 eV. These results are consistent with a high concentration of carriers confined close to the surface of
nominally undoped In2O3. This conclusion is in accord with the fact that a conduction band feature observed
for undoped In2O3 in Al K␣ x-ray photoemission is much weaker than expected in hard x-ray photoemission.
DOI: 10.1103/PhysRevB.81.165207

PACS number共s兲: 71.20.Nr, 79.60.Bm, 73.20.At, 71.15.Mb

I. INTRODUCTION

Transparent conducting oxides 共TCOs兲 combine the properties of optical transparency in the visible region with a high
electrical conductivity. The most widely used TCOs are
based on post-transition metal oxides such as ZnO, CdO,
SnO2, and In2O3. These oxides all have optical band gaps in
excess of 3 eV and are therefore transparent to visible-light
radiation. They are however amenable to degenerate n type
doping, typically by replacement of the host cation by an
element one group to the right in the periodic table. The
onset of optical absorption is shifted to higher energies due
to occupation of the conduction band 共the Moss-Burstein
shift兲1,2 and the material remains transparent down to the
energy of the conduction electron plasmon, below which
there is a high reflectivity. With carrier concentrations typically ranging from 1020 cm−3 to above 1021 cm−3, plasmon
energies up to about 1 eV are found. TCOs find a wide range
of applications as transparent electrodes in flat panel
1098-0121/2010/81共16兲/165207共9兲

displays,3,4 organic light emitting diodes 共OLEDs兲 共Ref. 5兲
and solar cells. They are also used in electrochromic devices,
where the optical properties are modulated upon charge
insertion/extraction to give so-called “smart windows.”3
One of the most important TCOs is Sn-doped In2O3,
widely known as ITO 共indium tin oxide兲. Despite the importance of this material, the nature of the band gap in In2O3
itself has remained contentious. Measurements by Weiher
and Ley6 showed an onset of strong optical absorption at
around 3.75 eV which was attributed to a direct allowed gap.
However, a weaker onset at 2.62 eV was also observed and
attributed to indirect transitions. Despite these observations,
the band gap of In2O3 has been quoted to be around 3.7 eV
in many hundreds of publications. The conduction band
minimum for In2O3 is found at the ⌫ point and the indirect
gap hypothesis therefore requires that there must be pronounced upward dispersion of the uppermost valence band
away from ⌫. Dispersion of this sort is found in CdO due to
mixing between shallow core Cd 4d states and O 2p states.7
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Within a centrosymmetric structure, mixing between states
of different symmetry such as p and d is forbidden at the ⌫
point, but the parity restriction is relaxed away from ⌫. However, theoretical work by Erhart et al.8 showed that although
the valence-band maximum was indeed displaced away from
the ⌫ point, the upward dispersion was only around 50 meV.
This is much too small to account for the large shift between
the strong and weak absorption onsets observed by Weiher
and Ley 共⬃1 eV兲. X-ray emission spectroscopy confirms
that the extent of mixing between In 4d and O 2p states in
In2O3 is very much less pronounced than the shallow core
mixing in CdO.7,9
More recent work based on x-ray spectroscopies, in conjunction with first-principle density-functional theory 共DFT兲
calculations of the optical spectra, has resolved this
controversey.10,11 It has been found that transitions from all
the states in the upper part of the valence band are either
dipole forbidden, or carry very low dipole intensity, and
there is a large shift between the forbidden onset of optical
absorption and the effective optical gap of about 3.7 eV. In
the fully ionic limit the valence band of In2O3 is of pure O
2p atomic character, while the lowest empty conductionband states are of In 5s character. However, to fully understand the electronic structure in this important material it is
important to be able to assess the extent of mixing between
the valence orbitals of In and O in the valence and conduction bands. Of course band-structure calculations contain this
information, but it is not trivial to confirm theoretical results
with experiments which decompose the valence and conduction bands into component orbitals.
Historically x-ray photoemission spectroscopy 共XPS兲, using either Al K␣ or Mg K␣ radiation, has been a workhorse
technique for the study of filled states in solids. Valence-band
XPS samples the whole Brillouin zone and there is little
influence from final state effects. Thus, for noncorrelated materials the technique effectively probes the total density of
states, weighted by cross sections for ionization of component orbitals. O K-shell x-ray emission 共XES兲 has been
shown to be very effective at elucidating the O 2p contribution to the valence-band states in oxides and experiments on
In2O3 have been performed.7,9 It is more problematic to obtain direct information about the metal ns orbital contribution
to electronic states 共where n is the principal quantum number兲. In principle decay into metal np core holes will sample
the metal s and d partial densities of states but the In 4p and
5p levels suffer from pronounced lifetime broadening and
x-ray emission involving decay into these levels is very weak
and difficult to measure.12–14
We have recently shown that hard x-ray photoelectron
spectroscopy 共HAXPES兲 provides an approach to the study
of the contribution of metal ns states to valence and conduction bands in simple oxides.15–17 Final state wave functions
for the high-energy photoelectrons produced in valence band
HAXPES have a short characteristic wavelength and oscillate rapidly over the length range which characterizes the
radial distribution of typical valence orbitals. However, the
wave functions of ns orbitals with n ⱖ 4 are highly penetrating, with rapidly oscillating inner radial maxima whose
length scale may better match the final state wave functions.
Thus the inner part of the ns wave function provides a con-

tribution to the dipole matrix elements that determine ionization cross sections, that decays less rapidly with increasing
photon energy, than is typical for nonpenetrating orbitals
such as O 2p. Thus the ns contribution to the partial density
of states is selectively enhanced at high photon energies. In
addition the inelastic electron mean free path increases with
increasing electron kinetic energy so that HAXPES is very
much less surface sensitive than conventional XPS.18–25 We
exploit both these aspects of the HAXPES technique in the
current study of In2O3 and Sn-doped In2O3 thin films.
II. EXPERIMENTAL DETAILS

Nominally undoped In2O3 and Sn-doped In2O3 共2 and 10
weight% Sn兲 thin films were deposited by radio frequency
magnetron sputtering onto doped Si substrates, to a thickness
of 400 nm, using pure Ar as the sputter gas and a 400 ° C
substrate temperature.26 The measured conductivities are 142
S/cm, 4185 S/cm, and 5998 S/cm for the undoped, 2% and
10% Sn-doped samples, respectively. Assuming a typical
carrier mobility of 30 cm2 / Vs,27 this translates to carrier
concentrations of 3.0⫻ 1019, 8.7⫻ 1020, and 1.2
⫻ 1021 cm−3. A second series of samples were deposited on
quartz substrates under identical conditions. The onsets of
strong optical absorption for these samples were found at
3.71, 4.17, and 4.49 eV for the undoped, 2% and 10% Sndoped In2O3, respectively.
High-resolution x-ray photoemission spectra were measured in a Scienta ESCA 300 spectrometer. This incorporates
a rotating anode Al K␣ 共h = 1486.6 eV兲 x-ray source, a
seven crystal x-ray monochromator and a 300 mm mean radius spherical sector electron energy analyzer with parallel
electron detection system. The x-ray source was run with 200
mA emission current and 14 kV anode bias, while the analyzer operated at 150 eV pass energy with 0.8 mm slits.
Gaussian convolution of the analyzer resolution with a linewidth of 260 meV for the x-ray source gives an effective
instrument resolution of 400 meV. XPS spectra of the
samples deposited on Si were also measured in situ in the
deposition system. The integrated surface analysis and preparation system DAISY-MAT28 includes a Physical Electronics
PHI 5700 photoelectron spectrometer equipped with a monochromatic Al K␣ x-ray source, an OMNI IV imaging lens
system and a five channeltron electron detector. At 5.85 eV
pass energy the overall resolution of the spectrometer, as
determined from the Gaussian broadening of the Fermi edge
of a sputter cleaned Ag sample, amounts to 350 meV.
Hard x-ray photoemission measurements at h
= 6000 eV were performed on beamline ID16 of the European Synchrotron Radiation Facility in Grenoble 共France兲
using the VOLPE 共volume photoemission兲 endstation.22,29–31
The radiation from the undulator on beamline ID16 was linearly polarized in the horizontal plane and was incident at
45° to the sample surface. Photoelectrons were collected in
normal emission in the horizontal plane, so that the angle
between the offtake direction and both the propagation and
polarization vectors of the beam was 45°. The effective
beamline resolution was set at 300 meV at 6000 eV photon
energy. The spectrometer resolution was set at 200 meV for

165207-2

PHYSICAL REVIEW B 81, 165207 共2010兲

ELECTRONIC STRUCTURE OF In2O3 AND Sn-…

most measurements. The total overall energy resolution was
360 meV. The typical time for accumulation of In 3d core
level spectra was 1 h, while valence-band spectra required
longer accumulation times of around 4 h. No sample degradation was observed at higher photon energies.

(a) In2O3

II

III

I

hν = 1486.6 eV
hν = 6000 eV
IV
x 20
x5

III. THEORETICAL DETAILS

The electronic structures of In2O3 and Sn-doped In2O3
were calculated in the cubic bixbyite structure using DFT
共Refs. 32 and 33兲 employing the all-electron projector augmented wave method34 as implemented in the VASP
code.35,36 Exchange-correlation effects were treated within
the generalized gradient approximation as formulated by Perdew, Burke, and Ernzerhof 共PBE兲 functional.37 A 500 eV
cutoff for the plane-wave basis set was employed. Both the
In and Sn 4d10 and O 2s2 states were treated explicitly as
valence. For bulk In2O3 a full stress and volume minimization was performed using a higher plane-wave cutoff 共700
eV兲 to avoid errors associated with Pulay stress, with the
internal atomic positions relaxed until the forces on all
atomic sites were below 0.005 eV/ Å. The equilibrium PBE
lattice constant was found to be a = 10.30 Å, 1.8% greater
than the experimental value 共10.117 Å兲.38 A well-converged
4 ⫻ 4 ⫻ 4 Monkhorst-Pack39 k-point grid was employed, with
an increased density of 6 ⫻ 6 ⫻ 6 used for calculation of the
electronic density of states.
At the PBE level, the band gaps of insulators are underestimated, and this is the case for In2O3 with a calculated
fundamental band gap of 1.22 eV.11,40 However, if a nonlocal
hybrid-DFT exchange-correlation functional is employed,
where 25% of the short-range PBE exchange is replaced with
exact exchange from Hartree-Fock theory 共HSE06
functional兲,41–44 we predict a band gap of 2.74 eV at the
experimental lattice constant.45 In comparison, the HSE03
functional, which features stronger screening of the nonlocal
exchange, has been reported to predict a band gap of 2.45
eV.46
To deal with Sn doping, one In atom was replaced by Sn
in the 80 atom In2O3 cell. This corresponds to replacement of
1 In atom in 32 i.e., 3.1% doping and a carrier concentration
of 9.7⫻ 1020 cm−3. The energetic difference between substitution on the 8b or 24d In sites is small 共60 meV兲, with the
trigonally distorted 8b octahedra favored; this is in agreement with analysis of Mössbauer spectra.47 Differences in
the resulting electronic structure are minor and results are
presented for the lowest-energy 8b substitution. At this doping level, the system is found to be degenerate with the
Fermi energy located within the In2O3 conduction band. For
this case a 6 ⫻ 6 ⫻ 6 k-point grid was used for accurate determination of the Fermi level position, with Brillouin zone
integration performed using the tetrahedron method including Blöchl corrections.
IV. RESULTS AND DISCUSSION
A. Valence-band structure in photoemission

The valence- and conduction-band structures in x-ray
photoemission spectra of In2O3, 2% and 10% ITO measured
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FIG. 1. 共Color online兲 Valence- and conduction-band spectra of
共a兲 In2O3, 共b兲 2% ITO, and 共c兲 10% ITO measured at 1486.6 and
6000 eV. Note: Expansion of conduction band ⫻20 for spectra measured at 1486.6 eV and ⫻5 for spectra measured at 6000 eV.

at excitation energies of 1486.6 and 6000 eV are shown in
Fig. 1. For convenience of presentation the spectra are normalized to the maximum of intensity in the valence band.
For the measurements carried out at h = 1486.6 eV the
maximum intensity is found for component I, while for
samples measured at h = 6000 eV the maximum intensity is
found for component IV. The valence band of In2O3 is comprised of four main features labeled I, II, III, and IV, with
peak maxima at 3.9, 5.3, 6.8, and 8.6 eV. For 2% and 10%
ITO the peaks are shifted to higher binding energy and another feature V is seen at ⬃10.5 eV. The band-structure calculation shown in Figs. 2 and 3 for In2O3 and 3.1% ITO
demonstrate that band I relates to states of predominant O 2p
character. The O 2p contribution is around 90% but with
some mixing with In 4d states. Bands II and III by contrast
involve mixing between O 2p and In 5p orbitals, while states
in band IV arise from strong In 5s and O 2p mixing. At the
peak maximum in band IV the states have around 38% In 5s
character and 62% O 2p character. For ITO, band V is of
almost pure Sn 5s character. Under excitation at 1486.6 eV
photon energy, band I is the strongest feature in the valence
band, bands II and III are of intermediate intensity and band
IV is the weakest feature of the spectrum. When the incident
photon energy is increased to 6000 eV the relative intensity
of bands III and IV relative to I and II increases dramatically
and band IV becomes the strongest valence-band spectral
feature. These striking changes arise from changes in the
photoionization cross-sections for the orbitals involved in the
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FIG. 2. 共Color online兲 共a兲 Calculated total density of states and
partial density of states for 共b兲 O 2p and 共c兲 In 4d, 5s, and 5p for
In2O3.
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FIG. 3. 共Color online兲 共a兲 Calculated total density of states and
共b兲 partial density of states for O 2p, 共c兲 In 4d, 5s, and 5p and 共d兲
Sn 5s for 3.1% ITO.

distribution effects, leads to some minor improvement between theory and experiment. The trends seen in the simulated spectra upon increasing the photon energy mirror those
One Electron Cross-Section (Barns)

valence band. The calculated one electron photoionization
cross-sections for O 2p, In 4d, In 5s, and In 5p states, taken
from the tabulations of Yeh and Lindau,48 and from
Scofield,49 are shown in Fig. 4. It can be clearly seen that
upon increasing the photon energy, the cross-section decreases for all atomic subshells. However the decrease in
intensity for In 4d, In 5s, and In 5p orbitals is less pronounced than for the O 2p orbital. At higher photon energies,
this has the effect of enhancing the relative intensity of O 2p
valence-band states mixed with In 5s, In 5p, and In 4d states.
This enhancement is proportional to the extent of the orbital
hybridization. This is seen in the fact that band I, which has
the most pronounced O 2p character, loses most intensity
upon increasing the incident photon energy to 6000 eV. Conversely band IV becomes the dominant feature of the valence
band because hybridization between O 2p and metal 共In 5s兲
states is strongest at the bottom of the valence band. The
strong hybridization between In 5s and O 2p states is at
variance with a simple ionic model description of electronic
structure which requires the valence and conduction bands to
be of pure O 2p and In 5s character, respectively. At the high
photon energies used in the present work, the Gelius model
should provide a good basis for simulation of photoemission
spectra. Figure 5 shows the total density of states for In2O3
and 3.1% ITO weighted with the photoionization cross sections for 1500 and 6000 eV photon energies.49 The cross
sections were corrected by a term of the form 共1 + ␤ / 4
+ ␥ / 2冑2 + ␦ / 冑2兲 where the ␤, ␥, and ␦ asymmetry parameters were interpolated from the tabulations of Trzhaskovskya et al.50,51 In general, taking into account the angular
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FIG. 4. 共Color online兲 One electron photoionization crosssections of In 4d 共solid up-triangles兲, In 5s 共solid squares兲 and O 2p
共solid diamonds兲 orbitals as a function photon energy taken from
Yeh and Lindau. 共Ref. 48兲 One electron photoionization crosssections of In 4d 共hollow up-triangles兲, In 5s 共hollow squares兲, In
5p 共hollow down-triangles兲 and O 2p 共hollow diamonds兲 taken
from Scofield. 共Ref. 49兲
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FIG. 5. 共Color online兲 Photoionization cross-section weighted
density of states of In2O3 at 共a兲 1500 and 共b兲 6000 eV. Photoionization cross-section weighted density of states of 3.1% ITO at 共c兲
1500 and 共d兲 6000 eV.

seen in the experiments, especially in relation to the growth
in intensity of band IV as compared with the rest of the
spectrum. However, quantitative agreement is not perfect and
it appears that the tabulated cross sections give too high a
value for the In 5s/O 2p and In 4d/O 2p cross-section ratios
at 6000 eV photon energy. Similar problems have been found
in comparing simulated HAXPES spectra of PbO2 with experimental data.15,16
B. Conduction-band structure and spectral shifts due to
doping

The Al K␣ spectra shown in Fig. 1 all contain a weak
peak close to the Fermi energy, terminating in a sharp Femi
edge which straddles zero binding energy. This peak is associated with occupied conduction-band states. The peak grows
in intensity and becomes broader with increasing carrier concentration. The conduction-band peak is also seen in spectra
excited at h = 6000 eV, for both Sn-doped samples, and the
intensity of this feature relative to the peak at the valence
band maximium 共I兲 is obviously higher at the higher photon
energy. The differing expansions for the conduction band
feature relative to the maximum intensity feature in the valence band used in Fig. 1 共⫻5 in HAXPES and ⫻20 in
Al K␣ XPS兲 serve to highlight the difference in relative intensity. The intensity effects are again due to the fact that the
photoionization cross section for In 5s states increases relative that for O 2p states with increasing photon energy.
Quantitatively we find that the conduction-band maximum is
eight times more intense relative to the valence band peak I
for 10% ITO at h = 6000 eV, as compared with h
= 1486.6 eV. Comparison with the photoionization cross
section weighted partial density of states for 3.1% ITO suggests that the CBM should be five times more intense at 6000
eV. This is tolerably close to what is measured in the experi-
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FIG. 6. 共Color online兲 Expansions of valence band edges excited at 共a兲 h = 1486.6 eV and 共b兲 h = 6000.0 eV.

mental spectrum. Somewhat surprisingly a well-defined
conduction-band peak is not observed in HAXPES for the
nominally undoped sample. The increasing occupancy of the
conduction band with increasing carrier concentration leads
to a shift in valence band features to higher binding energy.
The shifts in the position of the valence-band edge for XPS
and HAXPES are shown in detail in Fig. 6 and the value of
the positions of the valence-band edge derived from linear
fits to the experimental spectra are given in Table I.
This table also includes values for band edge positions
measured for the series of samples grown on quartz and for
the samples deposited on Si measured in situ in the deposition system. Qualitatively the shift arises because all binding
energies are given relative to the Fermi energy and the Fermi
level moves to increasingly higher energies within the conduction band with increasing doping. The shifts observed in
photoemission spectra are closely related to the so-called
Moss-Burstein shift1,2 in optical absorption spectra. It is interesting to compare the shifts observed in XPS with those
from optical absorption. As mentioned in Section II the onset
of strong optical absorption increases from 3.71 eV for the
nominally undoped sample with  = 142 S / cm to 4.49 eV
for the most highly doped sample with  = 5998 S / cm giving an overall shift of 0.78 eV. This is in good quantitative
agreement with a shift of 0.85 eV which may be extrapolated
from ab initio calculation of In2O3 supercells in which 1/32,
1/64, and 1/128 of the In atoms are replaced by Sn. These
calculations take full account of nonparabolicity in the conduction band as well as shrinkage or renormalization of the
bulk band gap due to Sn doping.52 The optical shift is however significantly bigger than the valence-band edge shifts
obtained in the four independent series of photoemission
measurements where the shifts range between 0.56 and 0.30
eV, giving an average value of 0.48 eV. This observation is
consistent with pinning of the Fermi level in the nominally
undoped sample by surface states that sit about 0.3 eV above
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TABLE I. Optical onset energies and valence band onset energies for In2O3 and ITO samples.

Sample
In2O3
2% ITO
10% ITO

Valence-band onset energy
共eV兲

Conductivity
共S/cm兲

Optical onset energy
共eV兲

a

b

c

d

142
4185
5998

3.71
4.17
4.49

2.85
3.20
3.40

2.84
3.06
3.14

2.94
3.20
3.50

2.81
3.05
3.30

measured ex situ with h = 1486.6
in situ with h = 1486.6
c
measured ex situ with h = 1486.6
dmeasured ex situ with h = 6000.0
a

bmeasured

eV on samples deposited on quartz.
eV on samples deposited on silicon.
eV on samples deposited on silicon.
eV on samples deposited on silicon.

the conduction band minimum: similar behavior has been
found for ordered single crystal In2O3 surfaces with 共100兲10
and 共111兲53 orientation.
The carrier accumulation resulting from surface band
bending will produce a space charge region whose thickness
is calculated to be of the order of 5 nm.54 The XPS signal in
conventional XPS is completely dominated by the space
charge region53 but in HAXPES the longer electron meanfree path allows a significant fraction of the total valenceband signal to derive from beyond the space charge region.
The differing surface sensitivities in conventional and hard
XPS may account in part for the differences in relative intensity of the conduction band feature for the nominally undoped sample, as compared to the more highly doped
samples. It is added however, that valence-band maximum
binding energy shifts measured using in situ XPS often follows the shifts in optical absorption onset quantitatively.26,55
The range of valence-band maxima of ITO thin films prepared with different carrier concentrations, i.e., by magnetron sputtering with different concentration of oxygen in the
sputter gas, is 2.6–3.5 eV,26,55–58 which is in very good agreement to the differences in absorption edge induced by different doping levels. The carrier accumulation observed at
In2O3 surfaces might therefore be related to the particular
sample preparation or processing.

lites, initially in the context of core photoemission spectra of
sodium tungsten bronzes.65–67 The Wertheim-Kotani model
proposes a screening mechanism in which the Coulomb potential of the core hole at an ionized atom creates a localized
trap state by pulling an orbital out of the conduction band.
This is in general possible if the occupied conduction bandwidth is less than the Coulomb interaction between the core
hole and the orbital contributing to the conduction band. In
this situation two different final states are then accessible
depending on whether the localized state remains empty 共to
give an unscreened final state兲 or is filled by transfer of an
electron from the conduction band 共to give a screened final
state兲. The width of the higher binding energy unscreened
state is determined by the time scale for the conduction elecXPS
(a) In2O3

In 3d5/2

HAXPES
(d) In2O3

(b) 2% ITO

(e) 2% ITO

(c) 10% ITO

(f) 10% ITO

In 3d5/2

C. In 3d core lines

The In 3d5/2 core lines measured at h = 1486.6 and 6000
eV for In2O3, 2% and 10% ITO are shown in Fig. 7. It should
first be noted that upon increasing Sn doping levels the core
level shifts to higher binding energy. This mirrors the shifts
in valence-band edges discussed above.1,2 In each case the
spectra may be fitted with a pair of Voigt functions. The low
binding energy component is the narrower of the two and is
of dominant Gaussian character. The broader high binding
energy component is dominantly Lorentzian, hinting at a
broadening mechanism associated with life-time effects.
Similar satellite structure has been observed before in XPS
of In2O3 and ITO,59 as well as other degenerately doped
post-transition metal oxides such as Sb-doped SnO2,60,61
Tl2O3−x,62 and PbO2−x.13,16,63
Following initial work by Kotani,64 a model was developed by Wertheim and co-workers to describe these satel-

448
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Binding Energy (eV)

440

448

444
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Binding Energy (eV)

FIG. 7. In 3d5/2 core lines measured at h = 1486.6 eV 共XPS兲
for 共a兲 undoped In2O3, 共b兲 2% ITO and 共c兲 10% ITO and at h
= 6000 eV 共HAXPES兲 for 共d兲 undoped In2O3, 共e兲 2% ITO and 共f兲
10% ITO.
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TABLE II. Data derived by fitting In 3d5/2 core line photoemission spectra to a pair of pseudo-Voigt functions. Values of the binding
energy 共eV兲, full width at half maximum height 共FWHM兲 共eV兲, Lorentzian contribution 共%兲 and relative area 共%兲 of the components, are
given along with the satellite energy 共eV兲, and subsequently derived carrier concentrations 共cm−3兲.

Sample
In2O3

Photon energy
共eV兲
1486.6

2% ITO
10% ITO
In2O3
2% ITO
10% ITO

6000

Binding energy FWHM
Relative Satellite energy Carrier concentration
共eV兲
共eV兲 Lorentzian contribution共%兲 area共%兲
共eV兲
共⫻1020 cm−3兲
Unscreened
Screened
Unscreened
Screened
Unscreened
Screened
Unscreened
Screened
Unscreened
Screened
Unscreened
Screened

444.93
444.41
445.35
444.65
445.76
444.85
444.59
444.23
445.29
444.57
445.99
444.94

1.06
0.72
1.05
0.81
1.46
0.73
1.06
0.61
1.52
0.81
1.61
0.82

75
7
84
15
76
3
84
0
80
51
90
64

trons to screen the core hole. Within this model the probability of final state screening is expected to decrease as the
carrier concentration decreases and in the limit of zero carrier concentration, only an unscreened final state can be
reached. The relative intensity of screened and unscreened
final state peaks derived by curve fitting the spectra of Fig. 7
are given in Table II. It is found that the relative intensity of
the low binding energy screened final state peak does indeed
decrease as the carrier concentration decreases.
A radically different model for the core line satellites is
provided by a description of the high binding energy component as an unusually strong plasmon loss satellite. The
Lorentzian linewidth is then determined by the conduction
electron scattering rate. It was discovered early in the application of photoemission techniques to simple metallic solids
that plasmon satellites make a significant contribution to core
level structure in x-ray photoelectron spectra. Much of the
early work in this area was concerned with unraveling the
relative contributions of intrinsic and extrinsic structure and
with rationalizing the pattern of multiple plasmon
excitations.68 Intrinsic plasmons arise synchronously with
the creation of the core hole during the photoemission
process.69 Extrinsic plasmons are due to inelastic scattering
events as the photoelectron leaves the material.69
The weak coupling models developed by Langreth70 suggested that the intrinsic plasmon satellite intensity I should
increase as the conduction electron density N decreases according to the expression I ⬀ N−1/3. Thus within the framework of this model, the unusually high intensity of the high
binding-energy satellite structure observed in the present
work reflects the low density of conduction electrons. As
noted above the relative intensity of the high binding energy
component of the core line increases as the carrier concentration decreases, as required by the Langreth model. The
present results are in accord with earlier work on Sb-doped
SnO2,71,72 where it was found that the relative intensities of
high and low binding energy components showed the N−1/3
variation predicted by the plasmon model. It has also been

69
31
47
53
57
43
87
13
55
45
50
50

0.52

2.8

0.70

5.0

0.91

8.4

0.36

1.3

0.72

5.7

1.05

11.2

shown that the plasmon energy observed in electron energy
loss spectroscopy of PbO2 is the same as the satellite energy
in XPS,63 while more recent work has established that the
core XPS satellite energy for Sn-doped In2O3 mirrors the
plasmon energy measured by infrared reflectivity. The plasmon energy ប p is determined by the carrier concentration N
through the relationship:⫽

2p =

Ne2
m ⑀0⑀共⬁兲
ⴱ

共1兲

where  p is the plasmon frequency, mⴱ is the electron effective mass, ⑀0 is the permittivity of free space and ⑀共⬁兲 is the
optical dielectric constant. Table II shows satellite energy
separations for In2O3, 2% and 10% ITO, respectively.
The value for the effective mass is taken to be 0.35m0
共Ref. 4兲 共where m0 is the electron rest mass兲 and a dielectric
constant ⑀共⬁兲 = 4.0 is assumed. Based on the core level data
taken under excitation at a photon energy of 1486.6 eV the
carrier concentrations are then estimated from Eq. 共1兲 to be
2.75⫻ 1020, 4.98⫻ 1020, and 8.41⫻ 1020 cm−3 for undoped
In2O3, 2% and 10% ITO respectively. The carrier concentrations calculated from plasmon energies measured under 6000
eV incident photon energy for undoped In2O3, 2% and 10%
ITO are 1.3⫻ 1020, 5.71⫻ 1020 and 1.12⫻ 1021 cm−3, respectively. As stated previously, the carrier accumulation resulting from surface band bending produces a space charge
region which is calculated to be about 5 nm thick. Assuming
a universal curve mean free path 共兲 of about 2 nm for photoelectrons with a kinetic energy close to 1.5 keV it can be
shown that 97% of the photoelectron signal derives from the
space charge region, as defined previously, at 45° offtake
angle. Thus Al K␣ photoemission is dominated by the space
charge region. By contrast in HAXPES, using 6000 eV photons,  has been estimated to be about 6 nm.22 Now the space
charge region contributes significantly less 共57%兲 to the total
photoelectron signal 共measured at normal emission兲, with
significant signal coming from the low carrier density bulk of

165207-7

PHYSICAL REVIEW B 81, 165207 共2010兲

KÖRBER et al.

the sample. It is therefore expected that the screened component to the core level measured at h = 6000 eV will be
weaker than when measured at h = 1486.6 eV. It is again
noted that In 3d core levels of low conducting In2O3 and ITO
films measured using in situ XPS with Al K␣ excitation typically have a symmetric line shape,26,56–58 also indicating that
surface carrier accumulation is not an intrinsic feature of the
material.

metal 5s character and the 5s photoionization cross-section
decays with increasing photon energy less rapidly than the O
2p cross section due to the internal structure of the 5s radial
wave function. Comparison between four independent series
of photoemission measurements and optical absorption measurements provides evidence for downward band bending in
the nominally undoped sample, with consequent carrier accumulation.
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