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First-principles density-functional theory is employed to investigate the role of hydrogen impurities in
In2O3. We find that both interstitial hydrogen �Hi� and substitutional hydrogen �HO� act as shallow donors. Our
results support recent experiments by Koida et al. �Jpn. J. Appl. Phys. 46, L685 �2007��, which found
hydrogen-doped In2O3 to be a good candidate for transparent conducting films.
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Indium oxide �In2O3� is one of the few transparent mate-
rials that can be doped to a very high carrier concentration
without significantly degrading their transparencies. The
most widely used transparent conductor is tin-doped In2O3,
known as indium tin oxide �ITO�, which is used as a trans-
parent electrode for optoelectronic devices such as solar cells
and light emitting diodes. Recently, Koida et al.1 showed that
hydrogen-doped In2O3 can have mobility exceeding
100 cm2 /V s at carrier densities of �1020 cm−3 and exhibits
good transparency even at near-infrared �NIR� wavelengths.
Hydrogen-doped In2O3 is, therefore, a promising material to
replace or improve upon ITO for applications in optoelec-
tronic devices such as solar cells or photodetectors, in par-
ticular, when sensitivity in the NIR region is required.

In this Brief Report, we provide a detailed first-principles
study of H in In2O3. In most semiconductors Hi is amphot-
eric, acting as a donor in p-type samples and as an acceptor
in n-type samples. If Hi is amphoteric, it can never be the
cause of conductivity since it self-compensates. There are
exceptions though. For example, Hi was proposed, based on
first-principles calculations,2 to act exclusively as a donor in
ZnO, a prediction which was soon confirmed by
experiments.3 Hydrogen is thus one of the causes of uninten-
tional n-type conductivity in ZnO. In the present work we
find that Hi is also a shallow donor in In2O3, and can, there-
fore, also be the cause of n-type conductivity. In addition, H
atoms can also occupy substitutional oxygen sites �HO� and
also act exclusively as donors in this configuration. Substitu-
tional hydrogen was recently described in terms of a multi-
center bond and found to be stable in a number of oxides and
some nitride materials.4–6 In order to explore the stability of
HO, we also performed calculations for oxygen vacancies
�VO� in In2O3. Our findings confirm that hydrogen acts as the
source of n-type conductivity in In2O3.

In2O3 has a fairly complicated crystal structure called bix-

byite �space group Th
7�Ia3̄�� with 80 atoms in a conventional

cell and 40 atoms in the primitive unit cell. Its large primitive
unit cell, compared with conventional semiconductors �two
atoms per cell for Si or GaAs�, rendered first-principles cal-
culations of this material prohibitively demanding in the
past. Only in the last decade have first-principles calculations
for In2O3 been attempted, starting with a linear muffin tin
orbital method with atomic sphere approximations with a
small basis set for an unrelaxed experimental structure by

Odaka et al.,7 followed by a more advanced full-potential
linear muffin-tin-orbital calculation that included volume re-
laxation by Mryasov and Freeman.8 Based on their investi-
gation of the band structure, Mryasov and Freeman attributed
the coexistence of conductivity and transparency to the
unique characteristics of the conduction-band separation in
In2O3. More recently, Medvedeva9 used the full-potential lin-
earized augmented plane-wave method and allowed full
structural relaxations to calculate the band structures. To
date, only a few impurities in In2O3 have been studied by
first-principles calculations.8–11

We perform first-principles calculations using density-
functional theory �DFT� within the local-density approxima-
tion �LDA�, as implemented in the Vienna ab initio simula-
tion package.12 Electron-ion interactions are treated using
projector augmented wave potentials.13 The electron wave
functions are described using a plane-wave basis set with an
energy cutoff of 400 eV. Since In 4d electrons are not fully
localized near the core and can play a role in the crystal
bonding, they are treated as valence electrons and allowed to
relax during the self-consistent calculations. A shifted 2�2
�2 k-point sampling based on the Monkhorst-Pack scheme14

is employed for the Brillouin-zone integration. The calcu-
lated lattice constant of 10.073 Å is in good agreement with
the experimental value of 10.117 Å.15 The calculated band
gap �1.17 eV� is much smaller than the experimental value
due to the well-known DFT problem. In the past, the experi-
mental band gap of In2O3 was widely believed to be 3.6
eV.16 Only recently has the actual value of the band gap been
established, at 2.67 eV for molecular-beam epitaxy �MBE�-
grown samples17 and a slightly higher value at 2.89 eV for rf
magnetron sputtered samples.18 We can overcome the band-
gap underestimation inherent in LDA by performing LDA
+U calculations, allowing us to investigate the changes in
the transition levels and formation energies as the band gap
is increased. This approach has been successfully applied in
the study of H in other oxides and nitrides.4–6,19 To calculate
H in various configurations, we follow a supercell approach
with a conventional unit cell of 80 atoms as the supercell and
the lattice constant fixed at the calculated bulk value
�10.073 Å�. All atoms are allowed to relax during the calcu-
lations. The formation energy of Hi

q �q=−, 0, or +� is defined
as20,21
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Ef�Hi
q� = Etot�Hi

q� − Etot�bulk� − �H + qEF, �1�

where Etot�Hi
q� is the total energy of the supercell containing

Hi in charge state q, and Etot�bulk� is the total energy of the
perfect crystal in the same supercell. For a charged Hi �q
�0�, electrons are exchanged with a reservoir with energy
EF, the Fermi energy of the system. �H is the hydrogen
chemical potential, i.e., the energy of the reservoir with
which H atoms are exchanged. We fixed the value of �H to
half of the calculated energy of a free H2 molecule. The
formation energies of VO and HO are defined as

Ef�VO
q � = Etot�VO

q � − Etot�bulk� + �O + qEF, �2�

and

Ef�HO
q � = Etot�HO

q � − Etot�bulk� + �O − �H + qEF, �3�

where Etot�VO
q � is the total energy of the supercell with one O

removed, and Etot�HO
q � is the total energy of the supercell

with one H substituted for O. For the purposes of presenting
our results we assumed In-rich growth conditions, i.e., �In is
fixed at the energy per atom of In metal, and �O is fixed at
3.66 eV below the energy of half an O2 molecule, based on
the calculated heat of formation of In2O3 �10.99 eV/f.u.�.
Values for other growth conditions can easily be obtained by
referring back to Eqs. �2� and �3�.

By symmetry, In2O3 in the bixbyite structure has two in-
equivalent In sites �8b and 24d in Wyckoff notation� and all
oxygen sites are equivalent.15 A quarter of all In atoms �la-
beled In1� occupy the 8b positions while the remaining three
quarters �labeled In2� occupy the 24d positions. Both types
of In atoms have a sixfold coordination with their O neigh-
bors. The calculated local structures of In1 and In2 atoms are
shown in Figs. 1�a� and 1�b�, respectively. The local structure
of In1 atom is quite symmetrical. All six In-O bonds are
equivalent with a bond distance of 0.2% smaller than the
average value of all In-O bonds. It has a shear distorted
octahedral coordination as shown in Fig. 1�a�. If all the bond
angles were 90°, the structure would be a perfect octahedron.
The In2 configuration is less symmetrical, as shown in Fig.
1�b�. For In2, the six In-O bonds can be divided into three
groups of two equivalent In-O bonds. The major difference
between In1 and In2 is that In1 and its O neighbors form
three sets of linear O-In-O bonds whereas no linear O-In-O
bonds occur for In2. For the local structure of oxygen, each
O atom forms distorted tetrahedral bonds with its neighbor-
ing In atoms �one In1 and three In2� as shown in Fig. 1�c�.
These four In-O bonds are inequivalent and have bond dis-
tances that differ from the average bond distance �dIn-O

calc.

=2.169 Å� by +2.0%, +0.5%, −0.2%, and −2.3%.
We have calculated Hi in three charge states: +, neutral,

and −. Similar to other oxides2,22 and nitrides,20,23 Hi
+ prefers

sites near the anions. In other oxides and nitrides, Hi
+ exhibits

local minima at the bond center �BC� and anion antibonding
�ABO� sites. For In2O3 there are four inequivalent BC and
four inequivalent ABO sites, as illustrated in Fig. 1�d�. We
find that Hi

+ is not stable at the BC sites. It is spontaneously
pushed away from the site and moves significantly off-axis
�similar to the OA� site in Ref. 24�. Indeed, two of the BC
sites lead to configurations that are essentially the same as

the ABO3 and ABO4 sites. The calculated energies for Hi
+ at

the four inequivalent ABO sites are listed in Table I. It has
been previously shown for the cases of ZnO �Ref. 2� and
III-Nitrides20,23 that when H occupies the AB site, the corre-
sponding host-atom bond is significantly extended. We ob-
serve the same phenomenon in In2O3. This may explain why
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FIG. 1. �Color online� Schematic illustration of the coordination
around In and O atoms in In2O3. The percentage numbers indicate
the differences in bond length compared to the average of all In-O
bonds �calculated value=2.169 Å�. There are two In inequivalent
sites, both surrounded by six O atoms. All O sites are equivalent
and surrounded by four In atoms. �a� The 8b In site, �b� the 24d In
site, �c� the O site, and �d� the possible sites for interstitial H.

TABLE I. Calculated formation energies Ef for H defects and O
vacancies in In2O3. For some defects with an occupied gap state, a
corrected value of Ef based on LDA+U and extrapolation �Ref. 19�
�see text� is presented in square brackets. For charged defects we
take the Fermi energy at the VBM. Equilibrium with bulk In metal
�In-rich conditions� and with H2 molecules at T=0 is assumed.
Bond lengths for O-H bonds in the antibonding configurations of
Hi

+ are also listed.

Defect Location
Ef

�eV�
dO-H

�Å�

Hi
+ ABO1 −2.09 1.026

Hi
+ ABO2 −1.66 1.015

Hi
+ ABO3 −1.34 0.995

Hi
+ ABO4 −1.35 0.996

Hi
0 16c 2.43

Hi
− 16c 3.41 �4.27�

Hi
− 8a 4.33

HO
+ O site −1.40

VO
2+ O site −2.68

VO
+ O site −0.84�0.01�

VO
0 O site 0.96 �2.30�
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the ABO1 site is the preferred site for Hi
+, since its corre-

sponding In-O bond is initially the longest. Hi
+ at the ABO1

site is lower in energy than the other �metastable� sites by at
least 0.4 eV, rendering the occupation of those other sites
negligible at reasonable temperatures. The fully relaxed ge-
ometry of Hi

+ at the ABO1 site is shown in Fig. 2�a�. The O-H
bond distances �dO-H�, as shown in Table I, are slightly
longer than the O-H bond in H2O. A similar trend was ob-
served for the case of Hi in ZnO.25

In the negative charge state, Hi prefers interstitial sites
closer to the cations.20,23 In the bixbyite crystal, two such
interstitial sites exist, which we will refer to as 8a and 16c
following their Wyckoff notations.15 We find that Hi

− and Hi
0

are stable at the 16c site with the single-electron level at
�1 eV above the valence-band maximum �VBM�; the cor-
responding defect state is spatially localized on the H atom.
The relaxed geometry of Hi

− at the 16c site is shown in Fig.
2�b�. At the 8a site Hi

− is metastable with a formation energy
that is higher by 0.9 eV than at the 16c site.

The formation energies for Hi
− and Hi

0 are shown in Table
I, and a plot of formation energy as a function of Fermi-level
position for all three charge states is shown in Fig. 3. Based
on the LDA results, Hi is a negative-U defect �the neutral

charge state is never stable�. Hi is stable in the + charge state
for the range of Fermi energies from the VBM up to EF
�2.75 eV above the VBM. Since the band gap of MBE-
grown In2O3 has been reported to be 2.67 eV,17 we can con-
clude that hydrogen behaves exclusively as a donor for
Fermi levels within this gap.

The bare LDA results show that the + /− transition level
�the Fermi-level value for which Hi

+ and Hi
− have equal for-

mation energies� occurs at 2.75 eV above the VBM. Since
this value is only slightly above the reported gap of 2.67
eV,17 and since there may still be some uncertainty in this
band-gap value �due to the band-gap renormalization and the
potential residual strain in the thin films�, it is worthwhile to
obtain a more reliable value for the + /− transition level by
going beyond the bare LDA results. LDA underestimates the
band gap and, therefore, also the energy of Hi

−, which has an
occupied state in the band gap. Correction of the band gap
may shift this state upward and hence increase the energy of
Hi

−. To estimate this correction, we performed LDA+U cal-
culations as described in Ref. 19 with U=4 eV for the In 4d
states. The LDA+U calculation for bulk In2O3 produces a
slightly reduced lattice constant �by 1.4%� and raises the
band gap by 0.47 eV compared to LDA. To obtain a com-
plete band-gap correction, further extrapolation is needed.19

Based on the calculations of bulk band gap, we can see that
the correction has to be scaled up by �2.67−1.17� /0.47
=3.19 times to get the full band-gap correction. The LDA
+U calculations of Hi

− raise the + /− level by 0.14 eV; there-
fore, the corrected transition level would occur at 2.75
+0.14�3.19=3.20 eV, which is well above the conduction-
band minimum �CBM�. The corrected formation energy of
Hi

− is shown in Fig. 3.
In addition to Hi, we have studied H substitution on the O

site, finding that HO is also exclusively a donor. It always
exists in + charge state without any defect level inside the
band gap. The fully relaxed geometry of HO

+ is shown in Fig.
2�c�, and the calculated formation energy of HO is included
in Table I and plotted in Fig. 3. The formation energy of HO
is slightly higher than that of Hi, but low enough to lead to a
significant incorporation of substitutional hydrogen. We also
performed calculations for oxygen vacancies in order to in-
vestigate the stability of HO with respect to the dissociation
into Hi and VO. We find that VO is a deep donor in In2O3. Our
calculations show that VO is stable in two charge states: 2+
and neutral; the + charge state is never stable. We again used
the LDA+U extrapolation scheme; formation energies based
on LDA and LDA+U are listed in Table I, and the corrected
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FIG. 2. �Color online� Schematic illustration of H defects in In2O3. Hi
+ at the ABO1 site in �a�, Hi

− at the 16c site in �b�, and HO
+ in �c�.
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formation energies are shown in Fig. 3. Our calculated 2
+ /0 level, referenced to the VBM, is in good agreement with
that calculated by Lany and Zunger.26 �Note that in Lany and
Zunger’s work, the transition level for VO appears to be
much deeper in the gap because they used a larger In2O3
bandgap of 3.50 eV.� The binding energy between VO and Hi
to form HO can be calculated from the formation energies of
the three defects, shown in Fig. 3. Under n-type conditions
the binding energy is 1.82 eV, a large value which is indica-
tive of the stability of the substitutional hydrogen.

Recently, Koida et al.1 prepared and characterized rf mag-
netron sputtered In2O3 samples doped with various concen-
trations of hydrogen. They reported an optimized carrier den-
sity of 3�1020 cm−3 and mobility as high as 130 cm2 /V s
for a sample doped with �3 at. % of H. King et al.27 per-
formed muon spin rotation measurements to investigate the

electrical behavior of hydrogen in In2O3. Their results indi-
cate that hydrogen is a shallow donor, with the estimated
+ /− transition level at 0.6 eV above the conduction-band
minimum.27 These experimental results are consistent with
our calculations, which indicate that both interstitial and sub-
stitutional hydrogen serve as donors in In2O3.
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