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��O ¼ �3:2 eV [cf. Eq. (3)]. For more oxidizing (In-
poor—O-rich) conditions,��O is determined as a function
of the temperature T and the partial pressure pO2 via the
ideal gas law [5]. The release of free electrons, Eq. (2),
depends on the donor transition energy "ð2þ =0Þ (ioniza-
tion energy) and on the Fermi energy EF. In order to predict
the concentrations of O vacancies and free carriers as a
function of T and pO2, we use a thermodynamic model
where we solve numerically a self-consistency condition
for the formation energy �H½VO�, the defect concentra-
tion, and the Fermi level EF under the constraint of overall
charge neutrality [19].

Bulk In2O3.—Figure 1 shows the predicted VO concen-
trations and carrier densities based on our earlier supercell
calculations for the formation energies of intrinsic defects
in In2O3 [5], where we have now taken into account the
recent reassignment of the band-gap energy of In2O3

(Eg ¼ 3:1 eV at low temperature [20]) and the results of

many-body quasiparticle energy calculations [10,



Intrinsic surface donors.—For the surface calculations
(see below for details on the employed methods), we
consider the particularly stable (111) surface orientation
of In2O3 which—due to faceting—occurs even after epi-
taxial growth on different substrate orientations [26]. The

surface energy is calculated as 50 meV= �A2. The calculated
ionization potential (IP) is 6.8 eV, as compared to a range
7.0–7.6 eV measured in photoemission experiments [27],
where the larger values have been attributed to adsorbed
surface species. As shown in Fig. 3, the surface band gap is
reduced to 2.3 eV, down from 3.1 eV in the bulk, due to an
offset of 0.2 eV between the surface and bulk CBM, and an
offset of 0.6 eV between and the surface and bulk valence
band maxima. The unoccupied conduction bandlike sur-
face states are localized only in the direction perpendicular
to the surface, but have a considerable dispersion along in-
plane directions. Thus electrons released into the surface
conduction band cause a 2D conductive layer.

Figure 3 shows the calculated single-particle energies

for the electronic states introduced by an In adatom Inð111Þad

and by a surface O vacancy Vð111Þ
O , which are the surface

counterparts of the Ini and VO defects in the bulk. As seen
in Fig. 4a, the In adatom creates a doubly occupied state
deep inside the surface band gap which is nonconductive,
but also a singly occupied shallow conductive state that is
derived from the surface conduction band. The surface

vacancy Vð111Þ
O creates a doubly occupied state which lies

considerably higher in energy than the respective states of
the O vacancy in the bulk. Since its energy is practically
degenerate with the surface CBM (Fig. 3), the electrons
can easily be thermally excited into the (surface or bulk)
conduction band at room temperature, thereby causing
conductivity.

Figure 4 shows the formation energies of the charge-

neutral Inð111Þad and V 111 Þ



(cf. Fig. 2), the surface component can be expected to be
even more important, because the presence of internal
porosity of grain boundaries would be expected to increase
the effective surface area. Indeed, the conductivity of the
polycrystalline film (Fig. 2) is more that an order of mag-
nitude higher than that of an epitaxial film (Fig. 5) of the
same thickness.

Plotting the film interior (nb) and surface (�s) compo-
nents as a function of the O partial pressure during thin-
film growth [Fig. 5(b)], we find that both components can
be described by the power law behavior with the �1=6
exponent. The crucial conclusion is that the observation of
this exponent in thin films, e.g., in Fig. 2, is not a unique
signature of the traditional point defect mechanism de-
scribed by Eqs. (1) and (2), but instead points also towards
a surface-dominated conductivity.

Conclusions.—The microscopic cause of conductivity in
TCO has been a long standing topic of discussion and
debate, which has so far focused mostly on defects, dop-
ants, and impurities in the bulk, including traditional donor
doping through higher valent elements [3–5], intrinsic
defects (interstitials and vacancies) [5,6,8–10], and hydro-
gen incorporation [11,12]. We emphasized here that such
bulk defect models are incapable to account for the high
carrier densities above 1020 cm�1 that are observed in
nominally undoped In2O3 when it is grown in the techno-
logically important thin-film form. The formation energies

of intrinsic defects or hydrogen impurities are too high to
account for such high electron concentrations [29], and the
donor level of O vacancies is too deep to produce large
densities of free electrons at room temperature [10].
Instead, we showed here in a combined theoretical and
experimental study that such bulk effects are overshad-
owed by carriers caused by surface donors, thereby resolv-
ing the puzzle of mysteriously high carrier densities in
undoped In2O3 thin films. This finding highlights a funda-
mental difference between TCO materials in the bulk and
thin-film forms, and could lead to new approaches for the
design of optoelectronic devices with TCO thin films as the
conducting contact layer.
Methods.—The electronic structure calculations in this

work were performed within the projector-augmented
plane-wave pseudopotential formalism implemented in
the VASP code [30]. Total energies were calculated within
the generalized gradient approximation of Ref. [31], and
defect formation energies were determined by supercell
calculations including band-gap and image charge correc-
tions as described in Ref. [32]. Compared to our earlier
results for bulk defects in In2Oul31
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