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We report first-principles density functional theory calculations
of interstitial oxygen in tin-doped indium oxide (ITO), a trans-
parent conducting oxide. Interstitial oxygen plays a critical role
in the defect of ITO because it is by removal of interstitial
oxygen that n-type charge carriers are produced. The Frank and
Kostlin defect model successfully rationalizes the observed con-
ductivity, Sn-doping, and oxygen partial pressure dependencies
of ITO by postulating that tin atoms, which substitute for in-
dium, are clustered with interstitial oxygen. Structural evidence
for such a clustering, however, remains ambiguous. Recently
published Rietveld refinement results of X-ray and neutron dif-
fraction data found interstitial oxygen to be significantly dis-
placed (0.4 A) from the ideal fourfold position. Our calculations
show that the experimental position is plausible only if intersti-
tial oxygen is clustered with Sny, defects at any of the three
d-type cation sites nearest to the interstitial, thereby providing
direct structural confirmation of the Frank and Kostlin defect
model.

I. Introduction

TIN-DOPED In, 03, also known as indium-tin oxide (ITO), is a
widely used transparent conducting oxide (TCO) with
numerous applications in opto-electronics technology as trans-
parent electrodes for flat-panel displays, electro—chromic win-
dows, and solar panels.'? Critical to the conducting properties
of any TCO is the underlying defect chemistry and for ITO, the
model of Frank and Kostlin” is now commonly referred to. In-
ferred from measured carrier concentrations as a function of tin-
doping level and oxygen partial pressure, this model postulates
that Sn (which substitutes for In) is bound in neutral defect
complexes (2Sny,-O;) ™ with interstitial oxygen. A fraction of
these complexes is “‘reducible,” meaning that interstitial oxygen
atoms can be removed under reducing conditions, freeing two n-
type charge carriers in the process. This is in contrast to what
Frank and Késtlin refer to as “non-reducible” clusters in which
interstitial oxygen remains tightly bound even under highly re-
ducing conditions.>* While the general aspects of the Frank and
Kostlin model (such as the existence of the (2Sny, - O;) * clusters)
are most probably correct, experiments have not been able to
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provide detailed structural evidence for the formation of defect
clusters. Even less is known about the relative placement of in-
terstitial oxygen and substitutional Sn in these complexes, which
is of direct relevance to the question of what distinguishes “‘re-
ducible” (i.e., carrier generating) and ‘“‘non-reducible” clusters
from one another.

In,O5 crystallizes in the cubic bixbyite lattice (space group /a3
(#206), @ =10.117 A), which contains 80 atoms or 16 formula
units.” Its structure can be derived from a 2 x 2 x 2 supercell of
the fluorite (CaF,) lattice by removing one-fourth of all anions
of its simple cubic anion sub-lattice. The relative positioning of
these vacant sites with respect to the center of a cube (occupied
by indium) results in two types of cation sites. These are termed
8b and 24d sites (or “b” and “‘d sites” for short) following
Wyckoff notation, and are characterized by body-diagonal and
face-diagonal placement of the neighboring structural vacancies,
respectively. Vacant anion sites (Wyckoff 16¢) provide space to
accommodate excess oxygen as interstitials. The 16c¢ site is a
special position in the /a3 space group, with x =y =z as the
defining criterion; this places interstitials onto an axis parallel to
the [111], and we shall refer to this axis as the “16c¢ axis.”” The
precise placement of interstitial oxygen on or along this axis and
what it reveals about the environment of the interstitial is the
concern of this article.

Interstitial oxygen is tetrahedrally coordinated by four cati-
ons, as illustrated schematically in Fig. 1. One b-site cation is
located on the 16¢ axis at x = y =z = 0.250 (all positions given

*[111]
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Fig.1. Schematic diagram of the position of interstitial oxygen in in-
dium-tin oxide (ITO) in lattice units along the 16c symmetry axis
(x=y=12z). The four nearest cation neighbors (one b-site and three
d-site cations) and the idealized interstitial position in In,O3, defined as
the fourfold site equidistant to the four cations, are indicated. The inter-
stitial position as reported in Gonzalez et al” displaced substantially (0.44
A) from the ideal site toward the plane of d-site cations, is also shown.
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in lattice units), and three d-site cations form the base plane of
the trigonal pyramid, which, in bulk In,O5°, intersects the 16¢
axis at x =y =z=0.072. Given this geometry, an ad hoc esti-
mation of the interstitial position can be arrived at by choosing
the point on the axis at which the four nearest-neighbor cations
are equidistant. This type of reasoning yields x =y =z =0.116,
and we will refer to this as the “ideal position.” Experimentally,
the interstitial oxygen position in ITO was determined by
Gonzalez et al%’ using Rietveld refinement of neutron and
high-resolution, synchrotron X-ray diffraction data. These re-
sults found interstitial oxygen at x=y=2z=0.086(3) and
0.091(1) in oxidized ITO samples containing 3 and 9 at.% Sn,
respectively. This means interstitials are dramatically displaced
from the ““ideal” position (0.53 and 0.44 A in absolute terms,
respectively) toward the plane of nearest d cations (Fig. 1). As
detailed in Gonzélez er al.®’ the diffraction results exhibit a
number of internal consistencies. Sny, and O; were found in a
ratio close to 2:1 in agreement with the Frank and Kgstlin mod-
el,®> and no interstitial oxygen was found in pure In,O;. This
gives us an indication that the observed interstitial displace-
ments are genuine.

In this work, we use first-principles density functional meth-
ods to examine what may cause the observed displacement. One
intriguing possibility is that the displacement is because of clus-
tering with nearby Sn dopants. The ionic radius of Sn(IV) is
approximately 0.1 A smaller than In(III); thus, one should ex-
pect displacement of interstitials toward any site where Sn sub-
stitutes for Indium. In a diffraction experiment, which measures
the (symmetry-) averaged displacement over many configura-
tions, this would yield an observable net displacement only if
there is a site-preference of substitution. In this case, any ob-
served displacement would not only be in evidence of defect
clustering, but would further provide insights into local coordi-
nation preferences.

II. Computational Procedure

Selected defect structures, all containing one oxygen interstitial
and zero to three Sn atoms, substituting for In at nearest and
next-nearest sites, were geometry optimized using the first-prin-
ciples density functional theory (DFT). All calculations were
performed in the generalized gradient approximation (GGA)®?
of DFT using the VASP software.!®!3 Defect structures were
represented within a single cubic unit cell of bixbyite containing
80 atoms (In3»Oyg), i.e., Sny,, O;, and (2Snp, - O;) defects are
represented by unit cells of stoichiometry SniIn;;Oyug, In3,049,
and Sn,In3yOy, respectively.

All atomic positions in the unit cell were relaxed, while the
dimensions of the cell were held fixed to those obtained in a
separate bulk calculation (10.34 A to be compared with 10.117
A experimentally).® The constraint on the cell dimensions is
applied here as an approximate representation of the strain
because of the surrounding crystal.

Integrations over the Brillouin zone were performed on a
2 x 2 x 2 grid of k points. Valence as well as semi-core bands
were expanded in a plane wave basis with a cut off at 300 eV.
Core electrons were represented using Vanderbilt ultrasoft pseu-
dopotentials.'*!> In order to ascertain the degree of error be-
cause of finite energy cutoff on the computed quantities of
interest to this work (defect energy differences and oxygen in-
terstitial position), selected structures were recomputed using a
400 eV cutoff. While the increased cutoff resulted in changes in
absolute energies of about 0.06 eV, changes in defect energy
differences were found to be marginal (<0.01 eV). An increase
of the k-point density had a similarly small effect on defect en-
ergy differences. For example, the defect energy difference of Sn
substituting at an In b site and a d site was found to be 0.0847
and 0.0844 eV with 300 and 400 eV cutoffs, respectively. The
same defect energy difference computes to 0.0843 eV (at 300 eV
cutoff) when the k-point grid is increased to 4 x 4 x 4. The dis-
cussion of our results is based entirely on defect energy differ-
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Fig.2. (in color online) Local coordination geometry around intersti-
tial oxygen (O;) in InyO; with first and second shell cation positions
labeled by Wyckoff type (b or d) and shell index (in subscript) with re-
spect to O (cf. text). Cation sites without label are related to labeled sites
through the threefold rotation axis along [111]. Oxygen atoms and In/Sn
cation positions are colored dark gray (red) and light gray, respectively.

ences that are (because of cancellation of errors) much less
sensitive to the approximations made in this work. We quote
here, for reference only, the absolute formation energy of a
(2Sny, - O;) * defect cluster in In,Os, which computes to +1.7 €V
in our model; this is likely to be an overestimation because of
periodic cluster—cluster interactions.

We denote cation positions where Sn substitutes for In by
their Wyckoff type (b or d) and, via a numeric index, whether
located in the first or second cation coordination shell of the
interstitial. Thus, as Fig. 2 illustrates, we have four cations in the
first shell: one b site (denoted b;) and three d sites (denoted d,).
In the second shell, we have three b sites (denoted b,) and nine d
sites, which, in sets of three, are symmetry related (we denote
these sets collectively as d, and separately as d,,, dsp, and dy).

III. Results and Discussion

In Table I, we list the calculated defect energy as well as the
projected position of the interstitial onto the 16¢ axis for defect
clusters of varying stoichiometry (number of Sn atoms around
O)) and the relative position of Sny,. Defect energies are given
relative to the most stable arrangement with the same number of
Sny, atoms to provide an indication of the relative preference
(and thus likelihood of observation) between clusters of different
structural configurations of the same stoichiometry; we stress
that no inferences about the relative stability between clusters of
different stoichiometry should be made from these energies. The
projected position of the interstitial in Table I is calculated as
(x+y+z)/3 where x, y, and z are the fractional lattice coordi-
nates of O; after full relaxation. This projection is the most
appropriate value for comparison with the experimental diffrac-
tion result, which measures an average of symmetry-equivalent
configurations. For convenience, the projected position in Table
I has also been expressed in absolute terms relative to the
experimental position x = y = z = 0.091(1) (this is the interstitial
position of highest confidence, reported in Gonzélez et al.” for
an oxidized 9 at.%-ITO sample).

(1) Interstitial Position

For an isolated oxygen interstitial O;, we find the calculated
projected position at x =y =z =0.110 reasonably close (0.11 A)
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Tablel. Oxygen Interstitial (O;) Position (Projected Onto the [111] Axis; cf. Text), Calculated for Selected Clusters Containing up
to Three Sn in the First and Second Coordination Shell

Projected O; position

Cluster Sn sites Relative energy (eV) x =y =z (lattice units) Distance to exp. position (A)
o Nil 0.00 0.110 0.34
[Sn-O]™ b, 0.00 0.105 0.25

d; 0.03 0.098 0.12

d, * 0.13-0.16 0.107-0.108 0.29-0.30

b, 0.19 0.111 0.36
[2Sn- O} did, 0.00 0.091 0.00

byb, 0.00 0.104 0.23

b,d,; 0.25 0.105 0.25

dpd,’ 0.33-0.35 0.106-0.109 0.27-0.32
[3Sn- O]~ bybsb, 0.00 0.104 0.23

dd;b, 0.13 0.094 0.05

d;dd, 0.16 0.084 —0.13

bid;d; 0.35 0.078 -0.23

d>d»d," 0.50-0.63 0.107-0.109 0.29-0.32
Experiment — — 0.091 (1) —

"Energy and positional ranges are based on a selection of three configurations. Relative defect energies are with respect to the most stable cluster of the same stoichiometry.
The experimental interstitial position is taken from Gonzalez et al.” for 9 at.% ITO sample. ITO, indium-tin oxide.

to the ideal position at 0.116 and significantly distant (0.34 /0\)
from the experimental position at 0.091. This reveals that the
displacement of the interstitial observed experimentally is not an
intrinsic property of the interstitial, and is thus most likely be-
cause of clustering with Sn. This is evident in the series of clus-
ters (nSn - O;) ™ with one to three Sn substituents at the nearest
d-type cation site, that is, clusters in Table I with Sn-site con-
figurations d;, d;d;, and d;d;d;. For these, we find the intersti-
tial position to be increasingly displaced toward smaller values:
0.098, 0.091, 0.084 lattice units, respectively. The apparent ex-
cellent agreement with the experiment of the calculated position
(x=y=2z=0.091)" for the (2Sn- O;) * cluster with d;d;-config-
uration is perhaps fortuitous; conservatively, we would be in-
clined to accept calculated distances of below 0.15 A from the
observed position, and thus all three configurations (d,, d,d,,
and d,d;d,) as not in disagreement with the experiment. Look-
ing now at Sn substitution at the nearest b site (b;), we observe a
pull of the interstitial toward the b site and thus away from the
plane of d sites and the experimental position. This can be seen
in Table I by contrasting displacements between the following
pairs of defect clusters (as characterized by their Sn-site occu-
pations): nil versus b; and d, versus b;d;. In these two cases, the
additional Sn atom at the b, site results in a displacement to
larger x =y =z, by 0.02 and 0.13 A, respectively. Thus, b; oc-
cupation is clearly not compatible with the experimental posi-
tion. Substitutions in the second shell at d, and especially at b,
sites lead to displacements to smaller x = y = z; however, these
displacements are small in contrast to those achieved by d, sub-
stitutions. In the set of second shell substitutions investigated by
us, the largest displacement through second shell substitution
alone brought the interstitial to x = y =z =0.104, which is still
at a distance of 0.23 A from the experimental position. In sum-
mary, Table I shows that only Sn substitution at d; sites results
in O; displacements toward the plane of three nearest d sites to
an extent consistent with experimental observation.

(2) Substitution Site Preference

We now discuss the relative energies of defect clusters in Table I
with a particular focus on substitution preference for Sn at cat-
ion b versus d sites. Experimental data indicates a strong pref-
erence of Sn to substitute at the b site rather than the d site.>”'®
How does this b preference come about and how is it reconcil-

able with our conclusion that the observed O; position is clus-
tered with d-site Sn?

In the absence of nearby interstitial oxygen, the energy of an
Snyy substitutional defect at a cation b site is calculated to
be more stable by 0.08 eV than at the d site. This result is in
qualitative agreement with earlier first-principles FLMTO cal-
culations by Myrazov and Freeman,'” who found a 0.05 eV
preference for the b site. Preference for the b site, however, is in
disagreement with our earlier empirical shell model calculations,
which concluded equal preference to within calculational er-
ror.'® As we find Sny, to be clustered with O,, it is perhaps more
relevant to enquire how b- versus d-site preferences play out in
the vicinity of interstitial oxygen. Comparison of the energies in
Table I between three pairs of clusters (as characterized by their
Sn-site occupations), d, versus b,, d,d, versus b,b,, and d,d»d,
versus b,b,yb,, reveals a b preference of 0.13, 0.17, and 0.17 eV
per b/d-pair, respectively; thus, b-site preference in the second
shell around O; appears to be enhanced compared with the pref-
erence calculated for isolated Sny,. Similarly, we contrast b and
d sites in the first shell around an interstitial. Comparing clusters
with sites at d; versus by, d;d; versus b;d;, and d,d,d, versus
b,d;d,, all differing by a single Sny,, at d; moved to by, illustrates
a reversed site preference: in the first cation shell of an intersti-
tial, substitution at the d; site is preferred over the b;-site by
0.16, 0.25, and 0.19 eV, for the three examples, respectively. Fi-
nally, we discuss shell preference or the relative energetics of
first-shell versus second-shell Sn substitution where we focus on
d; and b, sites, the favored positions in each shell. Comparison
of d, versus b,, d;d,d; versus d;d;b,, and d;d, versus b,b, re-
veals marginal preferences for the second shell of below 0.03 eV,
but also note the transition d;d;d; to b,b,b,, which leads to a
substantial gain of 0.16 eV (or 0.05 eV per d;/b,-pair). We ra-
tionalize this particular gain as being driven by the mutual re-
pulsion of three (formally net positive) Sn dopants crowded
together in the first shell. It is thus very plausible that the dis-
tribution of Sn dopants between the first and second shell is less
determined by shell preferences and is instead driven by the need
to minimize repulsion between Sn dopants. This is in qualitative
agreement with our earlier shell model calculations.*® These site
and shell preferences also provide insights into what may appear
to be a conundrum in the experimental data: interstitial dis-
placement points toward d site Sn occupation; yet, an overall
preferential Sn substitution at the b site is observed.*”!'® The
calculated d-site preference in the first shell and b preference in
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the second shell to an interstitial, in conjunction with the fact
that second shell sites are more numerous, yields a consistent
resolution to this conundrum.

IV. Summary

Rietveld analysis of X-ray and neutron diffraction data of ITO
reveals that interstitial oxygen is significantly displaced from the
ideal fourfold position.” First-principles density functional cal-
culations carried out in this work show that these displacements
are plausible only when Sn dopants are located at the d site
nearest to the interstitial. This means that the experimentally
observed displacements are direct structural evidence for the
clustering of interstitial oxygen with Sn dopants, as postulated
by the Frank and Késtlin model.?
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