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Angle-resolved photoemission spectroscopy reveals the presence of a two-dimensional electron gas at

the surface of In2O3ð111Þ. Quantized subband states arise within a confining potential well associated with
surface electron accumulation. Coupled Poisson-Schrödinger calculations suggest that downward band

bending for the conduction band must be much bigger than band bending in the valence band. Surface

oxygen vacancies acting as doubly ionized shallow donors are shown to provide the free electrons within

this accumulation layer. Identification of the origin of electron accumulation in transparent conducting

oxides has significant implications in the realization of devices based on these compounds.
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Oxide semiconductors such as In2O3 and SnO2 are
amenable to degenerate n-type doping to give materials
which combine optical transparency in the visible region
with a high electrical conductivity [1,2]. These so-called
transparent conducting oxides (TCOs) are an essential
component as the window electrode in liquid crystal dis-
plays, light emitting diodes, and solar cells. Sn-doped
In2O3 (ITO) is the TCO of choice in many applications
owing to the high conductivity and high transmittance that
may be achieved using routine thin film deposition tech-
niques [2]. In addition, In2O3 itself finds application as a
gas sensor for detection of oxidizing gases such as ozone,
NO2, and Cl2 [3].

Despite its undoubted technological importance, many
of the basic properties of In2O3 have proved to be con-
troversial. In particular, the fundamental band gap has
recently been shown to be almost 1 eV smaller than pre-
viously assumed [4], leading in turn to the identification of
strong downward band bending at the surface of In2O3

[5,6]. Thus, the surfaces of In2O3 are highly electron rich,
as is the case for the other TCO materials [7]. This has
important implications for their use in electronic device
applications, where a contact must always be made to the
surface, as well as for their performance as sensors where
molecules are adsorbed on the surface. Recent theoretical

work has even suggested that the charge carriers giving
unintentional conductivity in nominally undoped In2O3

result from surface carriers, rather than from bulk defects
or impurities [8]. Surprisingly, however, a microscopic
identification of the origin of surface electron accumula-
tion amongst the TCOs has proved elusive.
One major obstacle has been the limited availability of

single crystal samples with low unintentional bulk dop-
ing. We have recently grown high-quality undoped In2O3

and ITO films by oxygen plasma-assisted molecular
beam epitaxy [9–11]. Here, angle-resolved photoemis-
sion spectroscopy (ARPES) is used to examine the sur-
face electronic properties of such epitaxial In2O3ð111Þ
and ITO(111) films. A two-dimensional electron gas
(2DEG) is observed in the near-surface of In2O3, with
the host conduction band quantized into subband states
by the confining potential well associated with the pro-
nounced downward band bending. It is shown that the
density of this surface 2DEG is sufficiently high for
many-body interactions to induce a pronounced band
gap renormalization close to the surface. Furthermore,
we identify the source of these free electrons as doubly
ionized surface oxygen vacancies, answering the long-
standing mystery of the origin of electron accumulation
at TCO surfaces.

PRL 110, 056803 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

1 FEBRUARY 2013

0031-9007=13=110(5)=056803(5) 056803-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.110.056803


Undoped In2O3 and 3% Sn-doped In2O3 (ITO) films
with a thickness of 210 nm and atomically flat surfaces
were grown on Y-ZrO2ð111Þ substrates by oxide MBE
[9–11] at a substrate temperature of 700 �C. The initial
carrier concentrations for the as-grown In2O3 and ITO
films were 2� 1018 cm�3 and 4� 1020 cm�3, respec-
tively, as determined by Hall measurements. The carrier
density increased to around 1:5� 1019 cm�3 for the
undoped sample after the experimental measurements in
ultrahigh vacuum (UHV), a value above the limit for the
onset of degeneracy. For the doped sample it was possible
to estimate an in situ carrier density of 4:5� 1020 cm�3

from measurement of the energy of a plasmon satellite
on the In 4d shallow core line [12] (see Supplemental
Material [13]).

ARPES spectra were measured using photon energies
between 6 and 40 eV on the BaDElPh beam line of the
Elettra Synchrotron Laboratory, Trieste, Italy [14]. The
contribution of second order radiation is estimated to be
well below 10�4 of the first order contribution at 9 eV
photon energy. Measurements were performed at room
temperature, in a pressure better than 5� 10�11 mbar,
with a total energy resolution of 100 meV and an angular
resolution of 0.25�. The surfaces of In2O3 and ITO were
cleaned by repeated cycles of Arþ sputtering (500 eV) and
annealing at 600 �C in UHV for 1 h. The cleanliness of the
final surface was confirmed by well-ordered (1� 1) low
energy electron diffraction (LEED) patterns and the
absence of a C 1s signal in core level photoemission.
Additional experiments were performed offline using
He-I radiation (h� ¼ 21:2 eV).

Figure 1(a) shows photoemission spectra of nominally
undoped In2O3 and ITO excited at h� ¼ 19 eV. A well-
defined conduction band (CB) feature straddling the Fermi
energy is observed for ITO in Fig. 1(b), as expected due to
the highly degenerate doping by Sn. Surprisingly, this
feature persists in nominally undoped In2O3, with a band
filling and spectral weight both much larger than would be
expected given the 30-fold decrease in bulk carrier density.
Furthermore, the valence band onset (VBO) in nominally
undoped In2O3, is as high as 3.05 eV. This is only slightly
less than the value of 3.18 eV for the ITO sample. The shift
is significantly smaller than the value of 0.48 eV that would
be expected from the bulk doping levels [15].

Overall, these observations are consistent with down-
ward band bending and carrier accumulation in the near
surface of the nominally undoped In2O3 [5,6,16], such that
the Fermi level lies higher relative to the CB minimum at
the surface than in the bulk. Here, we use ARPES to
demonstrate that the observed CB emission arises from
such an increased carrier density at the surface. Angle-
resolved spectra were measured at 9 eV photon energy: this
corresponds to a maximum in the intensity of the CB
feature [see Fig. 1(c) and Supplemental Material [13]]
and ensures an effective information depth of around

40–50 Å [17], comparable with the thickness of the accu-
mulation layer as discussed below. The conduction band
feature shows a second weaker and broader maximum in
intensity for photon energies around 24 eV (Supplemental
Material [13]) and so can also be observed in offline
experiments using He-I radiation with h� ¼ 21:2 eV
[Fig. 2(d)]. However, the information depth will have
lower values of 20 Å or less at these higher photon ener-
gies, which is not sufficient to sample the whole of the
accumulation layer.
The ARPES measurements shown in Fig. 2(a) reveal

two nested free-electron-like band dispersions, more
clearly visible in the second-derivative image of Fig. 2(b).

The shallower band has a Fermi momentum of kF1 ¼
0:08 �A�1 and occupied bandwidth of �0:1 eV, while

the deeper band has kF2 ¼ 0:14 �A�1 and a bandwidth of
�0:4 eV [Fig. 2(c)]. The bulk Fermi level lies only 0.07 eV
above the CB minimum. Thus the lower subband cannot be
associated with bulk CB states of In2O3 as proposed in a
recent ARPES study on In2O3 bulk crystals [18]. Instead,
the ARPES results indicate the presence of a 2DEG local-
ized at the surface. Downward band bending creates a
confining potential well perpendicular to the surface. If
the well is sufficiently deep and narrow, electrons within
the accumulation layer are quantized into 2D subbands, as
observed here and also previously, for the intrinsic electron
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FIG. 1 (color online). (a) Photoemission spectra of In2O3ð111Þ
and ITO(111) excited at 19 eV photon energy. The positions of
the valence band onsets (VBO) derived by linear extrapolation of
the band edges are indicated. (b) Expanded view of gap states
(GS) and CB states close to the Fermi energy. (c) Spectra of the
gap state and accumulation layer electrons for In2O3ð111Þ
excited at 7–9 eV photon energy. Collection angle is �7� in
(a)–(c). (d) Spectra of nominally undoped In2O3ð111Þ excited at
h� ¼ 21:2 eV. Measurements performed after surface prepara-
tion by ion bombardment and UHV annealing and then after
annealing in oxygen (1� 10�6 mbar) for 30 min at 600 �C.
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accumulation layers of InAs [19], InN [20], and CdO
[19,21]. The surface charge density n2D giving rise to this
2DEG can be estimated quantitatively from the measured
Fermi momenta through the relationship n2D ¼ �k2Fi=2�,
giving a total electron density of n2D ¼ 4:2� 1013 cm�2.
This very high density is much larger than typically
observed in conventional semiconductor interfaces such
as Si metal-oxide-semiconductor field-effect transistors or
at the GaAs=AlGaAs interface [22].

To analyze the 2DEG quantitatively, we have carried out
nonparabolic coupled Poisson-Schrödinger calculations
[23]. The band bending potential was calculated by solving
Poisson’s equation within a modified Thomas-Fermi ap-
proximation (MTFA), allowing for nonparabolicity of the
CB through the k � p approximation. The one-dimensional

Schrödinger equation was then solved to yield the 2DEG
density and position of the quantized subbands. Using a
bulk free electron density of 1:5� 1019 cm�3, a downward
bending of the conduction band by 1.3 eV was required to
obtain agreement with the ARPES data. The calculations
then well reproduce the dispersions of the two measured
subbands with band minima located at 0.08 and 0.38 eV
below EF. The upper subband is very diffuse and not well
defined experimentally at 9 eV photon energy. This band
sits very close to the top of the near-surface quantum well,
as seen in Fig. 2(d). Consequently, this state cannot be
considered a well defined two-dimensional state (as for
the lower subband), but will likely retain substantial three
dimensional character (i.e., dispersion along k?) as the
confinement energies are so small. ARPES measurements
always integrate over a finite window in k?. This leads to
the broad spectral features observed here, and seen previ-
ously for the shallow subbands of InAs and CdO 2DEGs
[19]. Emission from the upper subband is much stronger
than from the deeper subband under 31 eV excitation
(Supplemental Material [13]). The effective mass at the
bottom of the deeper subband required to fit the band
dispersion is 0:22me. This is lower than the value of
0:35me cited for the conduction electron effective mass
of ITO films [24]. However, the conduction band in In2O3

is nonparabolic so that the effective mass increases in
moving upward from the bottom of the conduction band
in highly doped ITO. The effective mass found here is in
excellent agreement with that obtained using hybrid den-
sity functional theory [25].
Overall, therefore, our Poisson-Schrödinger calculations

confirm that quantized states arise within the surface elec-
tron accumulation layer produced by downward band
bending. It is of interest to note, however, that the down-
ward bending of the CB (1.3 eV) is much higher than the
value we extract experimentally for the valence band (VB)
bending. Indeed, from the onset of VB photoemission as
well as the binding energy of the In 4d core level peak [6],
we could determine a downward bending of the VB of
only 0.45 eV (Supplemental Material [13]), as shown in
Fig. 2(d). If this band bending is used for both valence and
conduction bands, the calculations yield only a single
occupied subband and a corresponding carrier density of
1:4� 1013 cm�2 [area beneath bottom curve in inset to
Fig. 2(d)], which is significantly lower than the value of
4:2� 1013 cm�2 estimated from ARPES. We propose that
the differences in valence and conduction band bending
result from many-body interactions caused by the high
electron density within the electron accumulation layer,
which leads to a pronounced shrinkage of the band gap at
the surface of In2O3, as for other high-density surface
2DEGs [19]. The shrinkage arises from screening of the
interaction between valence and conduction band states by
the conduction electrons themselves. The surface band gap
shrinkage effectively increases the depth of the potential
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FIG. 2 (color online). (a) ARPES photocurrent map of con-
duction band states of In2O3ð111Þ excited with 9 eV photons,
showing two subbands below the Fermi level. The horizontal
axis is the momentum (kk) parallel to the surface along ½1�10�,
while the vertical axis is the binding energy. The solid curves
indicate the positions of two subbands derived from Poisson-
Schrödinger calculations. (b) A second-derivative image of the
data shown in (a). (c) Momentum distribution curve obtained by
summing intensities over a range �25 meV with respect to the
Fermi level. The points where the subbands cross the Fermi level
are indicated. (d) Downward band bending of 1.30 eV in the CB
(upper curve) and 0.45 eV in the VB (lower curve) and corre-
sponding quantized 2D states. The inset shows the near-surface
carrier density obtained from Poisson-MTFA calculations. The
upper and lower curves correspond to band bending of the CB by
1.30 and 0.45 eV, respectively, yielding surface carrier densities
of 5:05� 1013 cm�2 and 1:41� 1013 cm�2.
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well at the surface, giving quantized states at higher bind-
ing energies than would be expected from the valence band
bending and neglect of these many-body interactions. The
band gap renormalization found here is much bigger than
in the bulk for comparable carrier densities [15], which
may indicate an important role of dimensionality in deter-
mining the magnitude of the effect.

Thus, the implications of electron accumulation for
device applications are even more striking than might
initially be thought, with not just the presence of a near-
surface layer that is highly electron rich, but one that even
has an electronic structure fundamentally altered from that
of the bulk. Yet, the microscopic origins of this electron
accumulation have proved elusive. The striking tendency
towards electron accumulation across the TCOs has been
explained within the charge neutrality level (CNL) con-
cept. In2O3, as for the other TCOs, has a highly dispersive
lower CB, but a relatively flat topmost VB [4,25,26]. This
leads to a CNL that lies well above the conduction band
minimum (CBM) of this material, in fact about 0.4 eV
above the CBM [5,6]. This high value typically leads to
favorable energetics for the formation of donor-type sur-
face states, which are required to induce electron accumu-
lation [5,7,27]. While this simple model seems to have a
powerful predictive power, it describes tendencies, and
does not a priori guarantee the microscopic existence of
such surface states. Identification of their microscopic
origin is of central importance for gaining control over
the surface electronic properties of TCOs, an essential
requirement for their incorporation as the active elements
in a new generation of transparent oxide electronics requir-
ing rectifying contacts, as well as for improving their use as
transparent contacts and sensor materials.

We use photoemission to directly address this question.
Figure 1(b) shows expanded photoemission spectra excited
at 19 eV encompassing the top of the valence band, the
conduction band and the band gap region. In addition to the
conduction band feature, a low-lying in-gap state (GS1) is
observed at a binding energy of around 1.6 eV for nomi-
nally undoped In2O3. The gap state is particularly pro-
nounced at lower photon energies around 8 eV as in
Fig. 1(c): the information depth is expected to be around
40–50 Å at these low energies [17]. We assign GS1 to a
defect level corresponding to doubly occupied oxygen
vacancy (Vo) states in the subsurface region of In2O3

broadly consistent with its energetic position in recent
first-principles calculations [8]. This is further supported
by measurements performed after annealing the sample in
oxygen, which would be expected to heal oxygen vacan-
cies. As shown in Fig. 1(d), the intensity of the in-gap peak
is indeed strongly suppressed following oxygen treatment.

At the same time, we find a drastic shift of the leading
edge of the valence band by 0.3 eV toward EF, and a
pronounced suppression of the near-EF intensity that we
have shown above directly reflects the presence of an

electron accumulation layer. Together, these observations
indicate a reduction of band bending and depopulation of
surface electron accumulation as oxygen vacancies are
healed in In2O3. This reveals that the microscopic origin
of the positive surface states which mediate electron accu-
mulation in In2O3, and most likely other TCOs, are oxygen
vacancies localized at the surface. This is consistent with
recent work on the complex oxides SrTiO3 and KTaO3

[28,29] where surface 2DEGs were also found to be
accompanied by in-gap oxygen-vacancy-derived states
whose spectral weight directly scaled with the density of
the 2DEG. Thus, it seems that electron accumulation in-
duced by oxygen vacancies may be a general property of
oxide surfaces.
The energy of O-vacancy states and their influence on

the (bulk) conductivity of wide band gap semiconductors
such as In2O3, SnO2, and ZnO has provoked widespread
controversy in the past few years [7,30–32]. Recent work
has suggested that although oxygen vacancies are the most
stable and abundant defect in the bulk of In2O3, the Vo

level is too deep to be ionized to generate free electrons at
room temperature [8]. However, both the defect formation
energy [8,33] and the defect ionization energy [8] are
dramatically reduced for surface O ions such that surface
O vacancies act as shallow donors, as observed here.
It has been shown by LEED that In2O3ð111Þ has a

bulk-terminated surface with minor relaxations [34].
In detail, the surface structure involves an alternating
sequence of atomic layers with stoichiometry and charge
f½O2��24�12 ½In3þ�48þ16 ½O2��24�12 g, etc. The energy required to

create O vacancies within the topmost O12 layer is lowest
for the three so-called O1 ions [33]. These ions sit highest
at the surface and the energy required to remove one of
them is only 0.95 eV, less than half the value for bulk
In2O3. Assuming surface oxygen vacancies act as two
electron donors, the sheet density of the 2DEG implies
that only 1.6% of O sites in the outermost O12 layer are
vacant, a plausible value that would be difficult to detect by
core photoemission. The surface O vacancy concentration
is something that can be controlled experimentally, ena-
bling taming of the extreme surface electronic properties of
TCOs, as we have demonstrated here using oxygen expo-
sure. Moreover, these findings could explain the operation
of In2O3 as a gas sensor. For example, the selective sensing
of NO2 by In2O3 nanowire devices [3] likely results from
healing of the surface oxygen vacancies and concomitant
reduction of surface conductivity. Engineering the surface
atomic coordination of TCOs may therefore give new
routes to optimizing signal strengths in gas sensor
applications.
The GS1 state is suppressed in Sn-doped In2O3ð111Þ and

a much stronger state just above the top of the valence band
is observed, labeled GS2 in Fig. 1(b). A similar deep
structure is observed in photoemission spectra of reduced
surfaces of SnO2 itself [35,36] and, as there, the gap state is
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assigned to ‘‘lone pair’’ states localized on surface Sn(II)
cations. These arise from an antibonding state of mixed Sn
5s=O 2p character which further hybridizes with Sn 5p
states in noncentrosymmetric surface sites [35,37].

In summary, we have used ARPES to directly image a
quantized two-dimensional electron gas at the surface of
In2O3ð111Þ with an electron density sufficiently high that
many-body interactions drive a shrinkage of the band gap
close to the surface. The microscopic origin of these elec-
trons is shown to be oxygen vacancies localized at the
surface, which have a much reduced formation energy as
compared with bulk vacancies and act as doubly ionized
shallow donors. This identification suggests the potential to
control the surface electronic properties of transparent
conducting oxides for applications in electronics and
sensors.
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