
Valence band structure and energetics of intrinsic defects of  In2O3 grown by 

chemical vapour transport: insights from DFT and XPS 

D.A. Zatsepin
1,2

, D.W. Boukhvalov
3,1*

, A.F. Zatsepin
1
, L. Vines

4
,  

A.Yu. Kuznetsov
4
, D. Gogova

4,*
, V.Ya. Shur

5
, A.A. Esin

5
,  

 

1
Institute of Physics and Technology, Ural Federal University, Mira Str. 19, 620002 Yekaterinburg, 

Russia 
2
M.N. Miheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, 18 Kovalevskoj 

Str., 620990 Yekaterinburg, Russia 

3
College of Science, Institute of Materials Physics and Chemistry, Nanjing Forestry University, Nanjing 

210037, P. R. China 
4
University of Oslo, Department of Semiconductor Physics, Oslo, Norway   

5
Institute of Natural Sciences, Ural Federal University, 51 Lenin Ave, 620000 Yekaterinburg, Russia 

 

 

Abstract 

A combination of XPS and DFT is used to study the electronic structure and identity of 

defects in In2O3 crystals grown by a chalcogenides-based Chemical Vapour Transport (CVT) 

approach. The formation energies of the oxygen and indium vacancies as well as of the 

indium self-interstitials were calculated employing pseudopotential first principles 

calculations. Indium self-interstitials were found the most probable point defect in the CVT-

In2O3 crystals as derived only theoretically. At the same time both experiment and theory 

agree on the insignificant (about 0.05 eV) shift of valence bands toward Fermi level caused 

by the presence of the defects. Our experimental results show that the chalcogenides-based 

CVT synthesis leads to slightly higher oxygen defectiveness as compared with catalyst-

assisted vapour-solid grown In2O3 micro-rods from pure In and oxygen precursors.    
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1. Introduction 

Group III-sesquioxides constitutes a new class of relatively wide band gap semiconductors 

exhibiting interesting physical properties. Traditionally, polycrystalline highly tin-doped 

indium oxide (In2O3:Sn) thin films (so-called ITO) were used for transparent electrodes in a 

vast number of applications, such as “smart windows” [1-2], photovoltaics [1], large-area flat 

panel displays [3], etc. Up to date, the ITO is the industry standard for a transparent 

conductor, due to its unique combination of high transparency and electrical conductivity 

regardless of it growing price. Generally speaking, there are many more examples of 

transparent conductive oxides (TCO) even though the compatibility of the high optical 

transparency and high electronical conduction is still challenging. Indeed the optical 

transparency requires relatively wide band gaps, typically making doping difficult or, at least, 

resulting the doping asymmetry. Some of the TCO’s resolve the trade between a satisfactory 

transmission in the visible spectral range and a sufficiently high electrical conductivity quite 

well, e.g. ZnO:Al. As such, up to date, numerous TCO applications relied on polycrystalline 

films with very high donor concentration, in the range of 10
21 

cm
-3

 (degenerate state); more 

recently single-crystalline III-sesquioxides (mainly Ga2O3 and In2O3) with very low defect 

densities and semiconducting behaviour attracted much of attention, e.g. to be used as active 

layers in (opto)electronic devices [4-9]. The emerging applications for such transparent 

semiconducting oxides require highly crystalline epitaxial layers with very well-controlled 

impurity concentrations. There are a number of potential advantages of this new class of 

materials in comparison to the conventionally used III-nitrides, [10-14] for example: (i) high 

carrier density for n-type doping; (ii) relatively low growth temperatures that makes it 

possible to use a large number of substrates from crystalline to flexible (iii) low-cost 

fabrication; (iv) durability; and (v) lower toxicity. In addition, the large oxygen electro-

negativity is expected to produce strong p-d exchange coupling between band carriers and 

localized spins, which is an important advantage in a potential use of oxides in spintronics 

applications as compared to the diluted nitrides. Moreover, diluted ferromagnetic oxides 

recently gained much interest because of high Curie temperatures [15]. Accounting all these 

arguments, the oxide-based technology may become competitive to the nitride-based one, as 

it may extend the application range and promises of a much easier technological 

implementation. 

Nevertheless, the transparent semiconducting oxide electronics is a real scientific and 

technological challenge, primarily because of the insufficient understanding of the 



fundamental properties of the material. The purpose of our work is to explore and document 

several key fundamental physical properties (valence band structure, energetics of intrinsic 

defects, contributions from the surface) of bulk In2O3 exhibiting very low defect 

concentrations. 

2. Experimental and computational details 

Bulk single-crystalline In2O3 has been grown by a Chemical Vapour Transport (CVT) 

approach (will be published additionally) using chalcogenides precursors similar to the 

method developed by Scherer et al. [16] resulting in typical sizes of the crystals ~ 2×3×1 mm. 

The crystals were subsequently annealed in the oxygen-containing atmosphere to increase 

their transparency. 

 

Figure 1. XPS chemical contamination analysis (XPS fast survey scan) of a typical 

CVT-In2O3 crystal. 

A Thermo Scientific™ K-Alpha+™ X-ray photoelectron spectrometer was employed 

for wide-scan chemical contamination analysis (survey XPS spectroscopy) and onward core-

level and valence band (VB) structure XPS mapping. The advantage of using this setup for 

our case is dual-beam flood gun, coupling low-energy ion-beam with very-low energy co-

axial electrons (less than 10 eV), which prevents sample charging during analysis (GB Patent 

2411763) and enhances charge referencing procedure not only for insulating samples but for 

semiconducting as well. This XPS system is equipped with 180º double-focusing 

hemispherical energy analyzer and provides an energy resolution ≤ 0.28 eV. The 



measurements were performed using 72 W Kα monochromatized Al X-ray source in an oil-

free vacuum chamber pumped down to 5 × 10
-6

 Pa; the probe was 300 μm in diameter 

analyzed by 200 eV pass-energy window in a fast-scan mode (XPS survey) and 50 eV for 

core-level and VB mapping mode. The results of the XPS survey chemical contamination 

analysis are shown in Fig.1. 

It is seen from Figure 1 that there are no impurities except XPS typical Van der Waals 

contaminant carbon within the 0.05 at. % detection limit of the used spectrometer (as 

declared by Manufacturer) and only XPS core-level signals from the appropriate electronic 

states of In and O elements appear confidently. The calibration and identification 

methodology employed in Fig. 1 can be found elsewhere [17]. The data in Fig.1 confirms that 

the growth resulted in an In2O3 phase without extra contaminations above the XPS limit.  

 

Figure 2. Optimized atomic structure of In2O3 supercell (a) made of 80 atoms with additional 

interstitial In-defect and (b) the slab of (001) surface of In2O3 passivated by 

hydrogen atoms. 

 



The Density Functional Theory (DFT) was employed for evaluation of the defect states 

energetics and its contribution to electronic structure. The calculations of the defect formation 

energies were performed using SIESTA pseudopotential code [18] for different atomic 

configurations, following recent studies of impurities in In2O3 [19]. All calculations were 

made by employing generalized gradient approximation (GGA-PBE) [20] for the exchange 

correlation potential in the spin polarized mode. The interactions between the electrons and 

the core ions were simulated by means of the separable Troullier-Martins norm-conserving 

pseudopotentials [21] with cut off radii 2.21, 1.25 and 1.20 for In, O and H respectively, and 

the wave functions were expanded with localized orbitals and double-ζ basis set for hydrogen 

and a double-ζ plus polarization basis set for other species. Full optimization of the atomic 

positions was performed. Optimization of the force and total energy was performed with an 

accuracy of 0.04 eV/Å and 1 meV, respectively. All calculations were carried out with an 

energy mesh cutoff of 360 Ry. The dipole correction [22] was also taken into account in 

calculations of the slab. For the modeling of the defects in the In2O3 matrix we used an 

In32O48 supercell (Fig. 2a). For the modeling of the surface we used an In2O3 slab with 

oxygen atoms passivated by hydrogen (Fig. 2b). Hydrogenation of the surface is required for 

saturation of the dangling bonds on oxygen atoms. The defect formation energies were 

calculated by standard formula: Eform = [Edef – (E0 + nμ)]/n, where Edef is the total energy of 

the supercell with n defect, E0 is the energy of pristine supercell and μ is chemical potential 

of the atoms considered as defects. 

 

3. Results and Discussion 

The comparison of the XPS In 3d core-level spectra for the In2O3 sample and XPS external 

standards (hi-ordered crystalline In2O3 and In-metal from Thermo Scientific XPS Database 

[23]) is shown in Fig. 3. The spectra exhibit characteristic spin-orbital separation of 

~ 7.58 eV between the In 3d5/2 and In 3d3/2 spectral components. The binding energy (BE) 

positions of these components are nearly identical in hi-ordered crystalline In2O3 reference 

and In2O3 CVT-sample. Notably, the XPS In 3d core-level spectrum of the reference In2O3 

exhibits much broader spectral components as compared to the reference In-metal (see Fig. 3) 

and the energy loss feature occurring in In-metal spectrum. The excellent match between the 

spectral shapes of the hi-ordered crystalline In2O3 XPS reference and the In2O3 CVT-sample 

confirms the fact that the CVT process resulted in In2O3 structure where In having the same 



formal charge-state as in the hi-ordered crystalline In2O3 XPS reference, i.e. In
3+

. No signs of 

In-metal (In
0
 formal charge-state) were found in the CVT-sample. 

 

Figure 3. XPS In 3d core-level spectra of CVT-In2O3 crystal and XPS external standards: hi-

ordered crystalline In2O3 and In-metal. 

 



Figure 4. XPS O 1s core-level spectra of CVT-In2O3 crystal and micro-roded In2O3 [24] used 

as the XPS reference. The difference between the CVT and reference data is 

plotted in order to highlight the CVT-process impact on the O 1s core-level in the 

CVT-In2O3 crystal. 

The XPS O 1s core-level spectra for the CVT-sample and literature data for the micro-

roded In2O3 [24] are shown in Fig. 4. The data for the CVT-sample reveal main line located 

at 530.3 eV and a relatively broad low-intensity 532 eV sub-band. This double-band structure 

of XPS O 1s indicates the presence of defects in the oxygen sublattice of In2O3 CVT-sample. 

Recently, this 532 eV XPS sub-band was observed in other oxides having oxygen defects 

(see, e.g. Ref. [25]) thus the transformations of the band intensity and shape as a function of 

the defects type and concentration are exclusively related to oxygen defects [26]. The 

difference between the literature [24] and the CVT data is plotted in Fig. 4. too, in order to 

emphasize a slightly higher oxygen defectiveness of our In2O3 CVT-sample. Augently, the 

higher oxygen defectiveness is a consequence of CVT synthesis in contrast to the Au-

catalyzed CVD method employed by H. Ouacha et. al. in their microroded In2O3 [24]. It is 

likely that the oxygen sublattice defectiveness will affect the material properties, e.g. the 

luminescence transitions [27].  

 

Figure 5. XPS Valence Band mapping of CVT-In2O3 crystal. 

 

The valence band (VB) mapping of the CVT-In2O3 sample is shown in Fig.5. The dominating 

spectral feature is formed by the In 4d states which are hybridized in the range ~ 15–22 eV 



with relatively weak O 2s band with a maximum located at ~ 21.5 eV. Referring the 

photoionization cross-section relations [28] as σ(In 4d) : σ(O 2s) = 0.31 : 0.019 one can 

conclude that In 4d states are really dominating in this region and suppress the O 2s semi-

core states contribution to the VB. Unfortunately, the suppressed character of the O 2s states 

in the present case did not allow us to detect the defect O 2s states as previously reported 

[29]. The valence base band (VBB) region is mainly determined by the O 2p – In 5p 

hybridized states in a relation σ(In 5p) : σ(O 2p) = 0.00024 : 0.00027, revealing nearly equal 

contribution of the O 2p and the In 5p electronic states (see Fig. 6).  

 

Figure 6. XPS Valence Base-Band mapping of the In2O3 CVT-sample. 

 

Calculations of various defects formation energies demonstrate that the appearance of 

single oxygen vacancy requires ~ 3.19 eV. The formation of a pair of oxygen vacancies in the 

supercell is not much distance dependent, e.g. for the most distant oxygen vacancies the value 

is 3.47 eV per defect and for a nearest neighbors it is 3.51 eV. Thus the clustering of oxygen 

vacancies is less energetically favorable than the formation of single defects separated by 

more than 1 nm. Formation of In-vacancy requires a rather large energy (8.85 eV). Therefore, 

this type of vacancies is excluded from the consideration. The most probable type of defects 

in In2O3 are interstitial indium atoms (illustrated in Fig. 2a) with a formation energy of 1.50 

eV. Based on these results, we can propose that the absence of additional features in the In 3d 



spectrum (Fig. 3) can be discussed as a negligible amount of oxygen vacancies in the studied 

sample.  

 

Figure 7. Total densities of states of the bulk In2O3 with and without defects and surface. The 

top of valence band is shown in the inset. Fermi energy was set as zero.  

 

The calculated electronic structure (Fig. 7) is in agreement with experimentally measured VB 

spectra (Figs. 5 and 6) and almost does not depend on the defects. Only in the case of a 

surface a broadening occur for the valence band, splitting the O 2s peak. This change in 

electronic structure is caused by a division of atoms in the slab (Fig. 2b) on surface and bulk-

like. The most interesting for the electronic and optic application is the effect of the surface 

and defects on the top of valence bands. Less probable defects (oxygen and indium 

vacancies) provide negligible changes in the top of valence bands. The most probable 

interstitial In-defects and the contribution of the surface lead to the shift of valence band at 

about 0.05 eV toward Fermi level (see inset on Fig. 7). This tiny shift of valence bands can 

correspond with the smearing of VB spectre in the area of 1 eV (Fig. 6). 

 

 

 

 

 

 



Conclusions 

We have studied some of the fundamental physical properties (core-levels, valence band 

structure, energetics of intrinsic defects and surface contribution) of bulk CVT-In2O3 crystal 

with very low oxygen defects concentration employing XPS and DFT techniques. Theoretical 

calculations demonstrate rather high energy cost of the formation of oxygen vacancies and 

lack of the tendency to clusterization of the oxygen defects. Interstitial indium impurities 

have been found as the most probable defects for In2O3 synthesized at low temperature. Both 

theoretical calculations and XPS measurements of valence bands spectra demonstrate 

insignificant (about 0.05 eV) shift of valence band toward Fermi level. Аn unusual roughly 

equal contribution of In 5p and O 2p hybridised states to the valence base-band of CVT-In2O3 

was found which is not typical for most common d- and f-metal oxides where O 2p states are 

always dominating. 
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