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abstract
Photoemission spectra of Sn-doped In2 O3 (111) have been measured using a range of photon energies
between 40 and 1300 eV. The intensity of structure at the bottom of the valence band associated with
states of mixed Sn 5s/O 2p character increases with increasing photon energy relative to that of states of
more dominantly O 2p character at the top of the valence band, as expected from one electron ionisation
cross sections. In addition a pronounced resonance in the intensity of a weak conduction band feature is
observed around the In 4p core threshold.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Tin doped indium oxide, widely known as indium tin oxide or
ITO, is one of the most important of all transparent conducting
oxides with important applications as a window electrode in liquid
crystal and other display devices and in the many designs of solar
cell which require a transparent electrode [1–3]. Indium oxide
itself adopts the body centred cubic bixbyite structure (space group
Ia3̄). This is based on a 2 × 2 × 2 superstructure of fluorite
with ordered removal of 25% of the oxygen ions. The onset of
strong optical absorption in In2 O3 is found around 3.75 eV [4],
which is almost 1 eV greater than the onset of weak optical
absorption [5] now known to be associated with direct but dipole
forbidden transitions [6]. The bandgap of 2.9 eV [7] for In2 O3
is intermediate between the neighbouring oxides CdO and SnO2
which have respectively a lowest energy indirect gap estimated to
be 1.2 eV [8–10] and a direct but forbidden gap of 3.62 eV [11].
In the ionic model limit the O2− ions of In2 O3 have an electron
configuration 2p6 while the electron configuration of In3+ is
4d10 5s0 5p0 . In terms of this model the valence band is composed
of O 2p states and the conduction band derives from In 5s states.
However, band structure calculations suggest that In2 O3 is a highly
covalent material, with pronounced In 5s and In 5p character
found respectively toward the bottom and the middle of the
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valence band [12,13]. Conversely there is corresponding O 2p
character in the conduction band. Photoemission spectroscopy
using a variable incident photon energy provides one means of
unravelling the contributions of differing atomic orbitals to the
occupied states in a solid and indeed this approach has been used
to study the electronic structure of both CdO [14] and SnO2 [15,16].
Somewhat surprisingly we are unaware of corresponding work
using a series of photon energies to study the electronic structure
of In2 O3 . In the current paper we therefore present a study of
Sn-doped In2 O3 by photoemission spectroscopy using a range of
photon energies between 40 and 1300 eV. The experimental results
provide evidence of In 5s character both at the bottom of the
valence band and in the conduction band.
2. Materials and methods
Epitaxial thin films of undoped and Sn-doped In2 O3 were
grown on 1 cm × 1 cm Y -stabilized ZrO2 (111) substrates in
an ultrahigh vacuum oxide MBE system (SVT, USA) with a base
pressure of 5 × 10−10 mbar (5 × 10−8 Pa). This incorporated
a hot lip indium Knudsen cell, a conventional Sn Knudsen cell
and a radio frequency (RF) plasma oxygen atom source operated
at 200 mW RF power with an oxygen background pressure
of 3 × 10−5 mbar (3 × 10−3 Pa). Substrates were heated
radiatively using a graphite filament. The nominal growth rate
was 0.035 nm s−1 , as calibrated from the film thickness derived
from HRTEM measurements. The Y -ZrO2 substrates were cleaned
by exposure to the oxygen atom beam at a nominal substrate
temperature of 900 °C. Films were then grown to a thickness of
210 nm at a substrate temperature of 700 °C. In situ display LEED
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undoped and doped samples. Photoemission measurements were
performed on beamline I311 of the MAX II synchrotron housed
at MAXLAB, Lund, Sweden. The beamline is based on a 48.5
period undulator and operates in an energy range between 40
and 1500 eV. The ultrahigh vacuum end station incorporates
a sample preparation chamber including facilities for sample
heating, whilst the analysis chamber houses a Scienta SES200
spherical sector electron energy analyser. Clean ordered surfaces
are easily regenerated by heating the samples to 700 °C for
several hours [17]. Some additional offline measurements were
performed at hν = 1486.6 eV in a Scienta ESCA 300 electron
spectrometer incorporating a monchromatised rotating anode
X-ray source and a 300 mm mean radius hemispherical energy
analyser with parallel electron detection system.
3. Results and discussion

Fig. 1. Photoemission spectra of undoped In2 O3 (111) and Sn-doped In2 O3 (111)
excited at hν = 600 eV encompassing In 3d, Sn 3d and O 1s core levels.

was carried out in an analysis chamber connected to the growth
chamber, which revealed a well ordered (1 × 1) reconstruction. The
carrier concentrations determined by Hall effect measurements
were respectively 2 × 1019 and 6 × 1020 cm−3 for the nominally

Photoemission spectra of undoped In2 O3 (111) and of Sn-doped
In2 O3 (111) excited at hν = 600 eV in the region of the In 3d,
Sn 3d and O 1s core lines are shown in Fig. 1. As expected the
spectrum of the doped samples contains a weak but well defined
Sn 3d spin–orbit doublet associated with the Sn dopant: after
correction for ionisation cross sections the ratio of concentrations
In/(In + Sn) in the near surface region probed by XPS is estimated
to be 0.022. Assuming that there is no compensation of Sn by
interstitial oxygen, this corresponds to a carrier concentration of
6.8 × 1020 cm−3 , in good agreement with the Hall measurements
This is sufficient to bring about degenerate doping of the In2 O3
and thus to populate the conduction band. In turn this ensures
that samples are sufficiently conducting that there are no problems
with sample charging during photoemission experiments. The
measurements performed on the undoped sample were more
restricted due to sample charging problems.

Fig. 2. Solid lines: valence band photoemission spectra of Sn-doped In2 O3 (111) excited at the photon energies indicated. The overlaid spectra shown with dashed lines (red
online) at 100, 300 and 1000 eV photon energy are from undoped In2 O3 (111). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Photoemission spectra of Sn-doped In2 O3 (111) excited at
photon energies between 40 and 1300 eV are shown in Fig. 2.
The spectra of undoped In2 O3 (111) are very similar (as shown
in the overlays in Fig. 2 for selected photon energies), although
doping evidently produces a small shift to higher binding energy
as will be discussed below. Three main features may be identified
in the spectra: a peak with maximum intensity at around 3.9 eV
binding energy along with less prominent shoulders at 6.6 and
8.5 eV binding energy. These are labelled as I, II and III in the figure.
A weaker feature labelled IV with a binding energy of 10.5 eV is
apparent in some spectra, especially those excited at low photon
energies between 40 and 60 eV. Partial densities of states derived
from bandstructure calculations [13] (Fig. 3) reveal that the states
associated with peak I are of dominant O 2p character (with a
small admixture of shallow core In 4d states). By contrast the states
associated with band III have large contribution from In 5s states as
well as O 2p states. Similarly the intermediate peak II is a mixture of
In 5p and O 2p states. The very weak peak IV is probably associated
with Sn 5s states hybridised with O 2p states.
The main change in the spectra found upon increasing the
photon energy is that the intensity of the peak III and to a lesser
extent peak II increases relative to peak I. This may be understood
in terms of changes in ionisation cross sections illustrated in
Fig. 4. This figure shows that both O 2p and In 5s one electron
cross sections have maxima below 100 eV and thereafter decrease
monotonically with increasing photon energy. However the decay
of the O 2p cross sections is much more pronounced than for the
In 5s states so that the In 5s/O 2p cross section ratio increases
with increasing photon energies and above about 500 eV the In
5s cross section is bigger than O 2p: somewhat surprisingly the
standard tabulation of cross sections due to Yeh and Lindau [18]
does not give values for one ionisation cross sections of In 5p states,
although from consideration of cross sections for Sn 5s and 5p
states and from values of cross sections above 1000 eV tabulated by
Scofield [19] we may infer that the In 5p cross section is about half
that of In 5s states in the energy range between 100 and 1000 eV,
thus explaining the variations in intensity of band II.
A weak feature straddling the Fermi energy is observed for
photon energies between 60 and 110 eV (Fig. 5): unfortunately
at higher photon energies this very weak structure is generally
obscured by photoemission arising from second order synchrotron
radiation. However structure at the Fermi energy can also be
observed in spectra excited with conventional monochromatic
Al Kα radiation with hν = 1486.6 eV, as shown in Fig. 6.
These spectra reveal that this structure is even weaker (but not
zero) for the nominally undoped sample. The weak feature may
therefore be associated with partial filling of the conduction band
due to Sn doping. As discussed in detail elsewhere [13] doping
produces a shift to higher binding energy due to an upward shift
of the Fermi level within the conduction band. The non-vanishing
intensity in the nominally undoped sample arises from downward
band bending at the surface with consequent carrier accumulation
[7,20].
This intensity of the conduction band structure declines in
intensity between 70 and 80 eV photon energy but then shows a
pronounced intensity enhancement in the energy range between
85 and 95 eV before decreasing again. The conduction band states
in Sn-doped In2 O3 are of mixed Sn 5 s/In 5 s and O 2p character.
The rapid variation in intensity is not predicted by the computed
one electron ionisation cross sections but is instead attributed to
a Fano anti-resonance/resonance line shape linked to the In 4p
core threshold. The In 4d, In 4p and In 4s core level spectra of the
sample excited at 1486.6 eV photon energy are shown in Fig. 7.
The In 4p core level appears as a very broad feature centred around
80 eV binding energy. The large width arises from many electron
effects which allow 4p hole states to mix with excited 4d hole

Fig. 3. Full and partial densities of states for Sn-doped In2 O3 .
Source: Adapted from Ref. [13].

states—in the nearby element tellurium this leads to a complete
breakdown in the one electron picture for a core hole [21]. Using
a notional configuration 5sC to represent partial occupancy of
the In 5s derived conduction band, the Fano intensity profile is
then attributed to interference between the direct photoemission
channel:
4s2 4p6 4d10 5sc → 4s2 4p6 4d10 5s0 + Ce
and the channel where resonant photoexcitation is followed by
Coster–Krönig decay:
4s2 4p6 4d10 5sc → 4s2 4p5 4d10 5sC +1
4s2 4p5 4d10 5sC +1 → 4s2 4p6 4d10 5s0 + Ce.
Very similar resonance structure has been observed [16] in
photoemission from bandgap states with significant Sn 5s in
reduced SnO2 , although as expected the peaks and the dip are
shifted to higher photon energy than observed here owing to the
greater nuclear charge on Sn as compared with In.
In summary photoemission spectra of Sn-doped In2 O3 have
been measured over a range of photon energies between 40 and
1300 eV. The spectra provide evidence for Sn 5s character both in
the states that go to make up the conduction band and in states
at the bottom of the valence band. The results complement earlier
comparable work on CdO [14] and SnO2 [16].
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Fig. 6. Valence band and conduction band spectra of nominally undoped and 2.2%
Sn-doped In2 O3 (111) excited at 1486.6 eV photon energy using a conventional AlKα
source.

Fig. 4. (a) One electron ionisation cross sections for O 2p and In 5s states calculated
by Yeh and Lindau as a function of photon energy. (b) One electron cross section
ratio σIn5s /σO 2p as a function of photon energy.

Fig. 7. Photoemission spectra of Sn-In2 O3 (111) in region of In 4d, In 4p and In 4s
core levels measured at hν = 1486.6 eV.
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