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Electronic and structural properties of the surfaces and
interfaces of indium oxide
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Building, Gower Street, London WC1E 6BT, United Kingdom; Laboratory for Computational Physical Sciences

and Surface Physics Laboratory, Fudan University, Shanghai 200433, China

Abstract. Indium sesquioxide is a transparent conducting oxide material widely used in solar cell and solid-state lighting
devices. Following our recent successes in modeling the electronic and defect properties of In2O3, we report an investigation
of the surface physics of this material. In the ground-state bixbyite phase, the surface energies follow the order (100)> (110)>
(111), with the charge neutral (111) termination being the lowest energy cleavage plane; the same ordering preferences have
been established for materials adopting the parent fluorite (AB2) structure. Our first-principles predictions, based on density
functional theory, are confirmed through collaboration with the group of Russell Egdell at Oxford University, who grew
epitaxial In2O3 single crystals on lattice matched (100),(110) and (111) Y-stabilized zirconia substrates, and observed that
(111) facets spontaneously form on other low index terminations. Furthermore, we have performed work function analysis
of the low index In2O3 surfaces using a hybrid density functional, which is found to be in very good agreement with recent
experiments.
Keywords: Metal Oxides, ITO, Density Functional Theory, Defects, Solar Cells
PACS: 77.84.Bw, 68.47.Gh, 71.15.Dx, 31.15.E-, 81.15.Hi

The combination of optical transparency in the vis-
ible range with low levels of electrical resistivity de-
fine transparent conducting metal oxides (TCOs). Indium
sesquioxide is a leading TCO material, which arises
due to its high electron affinity and low electron effec-
tive mass, making it both intrinsically n-type and highly
susceptible to extrinsic electron doping, e.g. Sn-doped
In2O3 (ITO). While its fundamental electronic band gap
has recently been revised to ca. 2.9 eV[1], transparency
is maintained through a combination of dipole forbid-
den band edge optical transitions, which also manifest
themselves in bulk and amorphous ternary indium ox-
ides, including the solid solution of In2O3 and ZnO
(IZO)[2, 3, 4].
The ground-state crystal structure of In2O3 is bixbyite

(Ia3̄), although a number of denser high pressure phases
exist[5]. Bixbyite can be viewed as a 2×2×2 expansion
of the f cc fluorite structure, with 1

4 of the anion sites
vacant. The resulting cubic lattice constant is 10.117 Å,
and there are 80 atoms in the unit cell.
Here we present a summary of new insights into the

surface physics of In2O3, which will also be relevant
to other sesquioxide materials, as well as the In2O3 in-
terfaces widespread in contemporary optoelectronic de-
vices; the detailed results will be presented elsewhere.
Calculations were performed using density functional

theory[6, 7] as implemented in the VASP code[8], with
the PBE exchange-correlation functional[9]. The sur-
faces were modeled as 2D slabs with a 20 vacuum layer
separating periodic images. For the polar (100) surface,

the dipole was quenched through microfaceting (e.g. see
related work on the (111) surface of MgO[10]). Estima-
tions of the surface potentials and band gaps were ob-
tained using a screened exact-exchange hybrid density
functional (HSE06)[11].
The ideal (100), (110) and (111) terminations of the

fluorite structure are shown in Figure 1, along with the re-
laxed surface energies, ionization potentials and surface
band gaps of bixbyite In2O3, which allow us to make the
following observations:

• The (111) termination is thermodynamically fa-
vored, with the microfaceted (100) surface highest
in energy.

• The calculated surface energies agree with the ob-
served morphologies of single crystal thin films
grown on Y-stabilised ZrO2[12].

• The ionization potentials vary between 7.2 and 7.9
eV, in good agreement with recent measurements
(ca. 7.1 eV for polycrystalline samples)[13].

• While an insulating band gap is maintained, surface
states reduces the band gap by 0.4 − 1.1 eV; the
origins of this reduction will be explored in future
work.

In2O3 is a complex oxide material; however, through
the combination of theory and experiment, we are be-
ginning to have a better grasp of its underlying physico-
chemical properties, which will help both in our under-
standing of its role in technological devices, and the ra-
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FIGURE 1. Schematic of the ideal fluorite surface terminations (upper panel), which are directly related to those of bixbyite
In2O3, along with the calculated surface energies and potentials of In2O3 (lower panel).

tional design of alternative TCO materials.
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