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Existing defect models for In2O3 and ZnO are inconclusive about the origin of conductivity, non-
stoichiometry, and coloration. We apply systematic corrections to first-principles calculated formation
energies �H, and validate our theoretical defect model against measured defect and carrier densities. We
find that (i) intrinsic acceptors (‘‘electron killers’’) have a high �H explaining high n-dopability,
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GGA equilibrium lattice constant. The GGA band gaps are
0.94 eV in In2O3 and 0.73 eV in ZnO, much smaller than
the experimental gaps 3.50 and 3.45 eV. We correct both
GGA errors and finite-supercell errors according to the
scheme described in Ref. [24] (see also below). We calcu-
late the defect formation energy as

 �HD�EF;�� � �ED � EH� � qEF �
X

	��0 � ���;

where ED and EH are host � defect and host-only super-
cell energies, respectively, and q is the defect charge state.
The chemical potentials ��In, ��Zn, ��Sn, ��Al, and
��O for atoms added to (�) or removed from (�) the

lattice are taken with respect to the GGA energy �0 of the
elementary metals and the O2 molecule. We apply the
thermodynamic host stability condition, i.e., 2��In�
3��



tivity above 1100 K [4], and leads to high-temperature
electron concentrations comparable to the respective VO

concentrations (Fig. 1).
Extrinsic donors do lead to degenerate doping.—As

shown in Fig. 3, SnIn in In2O3 and AlZn in ZnO are shallow
donors and have low �H even when EF is near the CBM,
and, therefore, can produce free carriers. We find that in
In2O3, even the large donor concentration of 1% remains
uncompensated for a wide range of growth conditions (O2

partial pressures); i.e., the electron density equals the
concentration of Sn donors (Fig. 2). In quantitative agree-
ment with annealing experiments (Ta � 1073 K) [30],
compensation occurs only at rather oxygen-rich conditions
above p�O2� * 10�6 atm, and leads to the observed [30]
p�O2��1=8 dependence of the electron density (Fig. 2). As
seen in Fig. 3, the dominating electron killer Oi is ineffec-
tive under metal-rich conditions [low p�O2�], having a
formation energy still above 1 eV even when EF is at the
CBM. In ZnO, a donor concentration of 1% remains also
uncompensated under extreme metal-rich conditions, as
shown in Fig. 2. With increasing p�O2�, however, the
electron density falls short of the donor density, as a result
of compensation by the VZn acceptor. The electron density
follows a p�O2��1=4 dependence above around p�O2� �
10�6 atm (Fig. 2), where strong compensation leads to
nondegenerate electron densities and to a Fermi level in-

side the band gap (EF < EC). Note that vanishing forma-
tion energies of VZn when EF approaches the CBM, as
found in Refs. [13,15], are inconsistent with degenerate
doping levels achievable in ZnO.

In nominally undoped ZnO with, e.g., n � 1017 cm�3

(growth at Tg � 1423 K) [31], we obtain, in quantitative
agreement with the positron annihilation experiments of
Ref. [31], only small concentrations of compensating VZn

defects, c�VZn� � 2 � 1015 cm�3 [at p�O2� � 1 atm].
Large equilibrium oxygen deficiency.—In2O3 and ZnO

are characterized by a large (&1%) O-deficient nonstoichi-
ometry [4,8], which, historically, has been attributed to
either the O vacancy, or the cation interstitial. Our calcu-
lations show that VO, not the cation interstitial is the by far
most abundant point defect in equilibrium grown In2O3

and ZnO (Fig. 1). In In2O3, the maximal calculated O
vacancy concentration is 2 � 1020 cm�3 or 0.4% of the O
lattice sites at T � 1673 K (Fig. 1, metal rich), agreeing
well with the maximal O deficiency of 1% found in Ref. [4]
from thermogravimetric analysis at this temperature. In
ZnO, the calculated concentration of VO is 4 �
1019 cm�3 (0.1%) at T � 1373 K (Fig. 1) under Zn-rich
growth, where we chose conditions comparable with the
coloration experiments in Ref. [5]. This maximal VO con-
centration is consistent with the range of O deficiency of
high-temperature equilibrium grown ZnO [8], and with
c�VO� 
 1017 cm�3 determined by positron annihilation
spectroscopy in chemical vapor transport grown ZnO [32].
Excited O vacancies can lead to (persistent) photocon-

ductivity.—The possibility that VO could cause PPC in
ZnO was surmised already in Ref. [14], and we recently
developed a detailed model for PPC due to anion vacancies
[16], finding that the ground state of V0

O has a deep, non-
conductive a2

1 level, but that the excited vacancy has a
metastable conductive state. Following photoexcitation,
the emptied a0

1 level moves deep into the conduction
band, giving up its two electrons to a shallow, conductive
state near the CBM [16]. This behavior is found here also
for In2O3, but not for the main group oxides, e.g., CaO
[20], where the empty a0

1 stays inside the gap. The back
transition into the nonconducting ground state is impeded
by an energy barrier, and ambient background illumination
could be sufficient to constantly regenerate the conductive
state due to the large optical cross section for F�-center
(V�

O ) excitation [9], explaining the residual conductivity of
pure In2O3 and ZnO.
Coexistence of coloration and conductivity.—The si-

multaneous occurrence of coloration and conductivity after
metal-rich growth, found both in In2O3 (gray) [4] and in
ZnO (red) [5], creates an apparent paradox: On one hand,
color centers are indicative of a deep level (i.e., the exci-
tation V0

O ! V�
O � e requires an energy in the visible

range), but, the existence of conductivity is indicative of
a shallow level. For the optical V0

O ! V�
O � e and V�

O !

V2�
O � e excitations, we calculate 1.8 and 1.6 eV in In2O3

(present Letter), compared to 2.8 and 2.4 eV in ZnO [16].
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These absorption energies, along with the large concen-
trations of VO (Fig. 1), explain the gray and red colora-
tion in reduced In2O3 and ZnO, as well as the recent
observation of photoemission from a gap state [33] in
In2O3. Room-temperature electron-densities in the
1017–1019 cm�3 range [4,5,7] would require the simulta-
neous presence of large quantities of another, donorlike


