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Abstract 

The electronic properties of the indium oxide (In2O3) material make it suitable for various solid-state devices 
such as solar cells, sensors, electrocatalysts and nanoscale transistors. Structural, electronic and thermal properties of 
two different polytypes of bulk In2O3 with low energy are studied and investigated using density functional theory 
(DFT). The main objective of this study is to explore the other possible stable phases of In2O3 and their relative 
stability. From structural optimization based on total energy calculations, lattice and positional parameters have been 
established. The electronic properties were computed by HSE-06 for the polytypes. The thermal properties including 
heat capacity, free energy and entropy were obtained. Observed that both polytypes have very high thermal capacity. 
Evaluated the mechanical stability by computing the single-crystal elastic constants. Calculated the Poisson’s ratio 
and Bulk / Shear modulus which are above the critical value, implying that they are expected to be ductile material.  
Keywords:   Indium Oxide ; Stability study; DFT. 

1. Introduction  

Indium oxide (In2O3) is one of the significant transparent oxide semiconductors[1], combining optical 
transparency in the visible range with high conductivity approaching that of a metal. Pure In2O3 is hardly used in 
technological applications, but it is the progenitor of many transparent conducting oxides (TCO) and transparent 
semiconductor oxide (TOS) systems. Crystalline In2O3 exhibits high electron mobilities, representing its use in 
transparent logic elements. Metal doped In2O3 is drawing attention and has been widely used as transparent electrodes 
for flat-panel displays and solar cells. The current research on TCOs seeks superior properties of low resistivity and 
high mobility. Relating to the control of vacancies, electrical properties are investigated for various applications such 
as transparent transistors, optoelectronic devices, and spin-electronic devices[2]. The crystalline structure for many of 
the In2O3 based TCOs and TOSs is that of the Cubic (bixbyite type) structure of In2O3. In recent years, a notable 
number of papers on cubic -In2O3 have been published. The present work selects and studies the structural, electronic, 
mechanical, vibrational and thermal properties of two new In2O3 polytypes with low energy using density functional 
theory. Selected polytypes belong to a monoclinic (denoted as Mon-In2O3) and an orthorhombic (denoted as Ort-
In2O3) crystal system.   

2. Computational Details: 

Structural, electronic and thermal properties of polytypes of low energy bulk In2O3 are investigated using the 
code of VASP[3] with the projector-augmented wave (PAW) method. To perform pseudo atomic calculations, the 
following electronic orbitals have been used for In and O respectively: In [5s2 5p1], O [2s2 2p4]. Periodic boundary 
conditions are used to determine the total energies of each cell and the trial wave functions are expanded on plane-
wave basis. The k-point sampling within the Brillouin zone for the polytypes was carried out with 4x3x4 (Mon-In2O3) 
and 4x7x1 (Ort-In2O3) as special points in the Monkhorst-pack grid scheme [4]. Plane-wave basis set cut-off energy 
was taken as 550 eV. This ensures the satisfactory level of convergence of the energy during cell volume calculations.   
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From structural optimization based on total energy calculations, lattice and positional parameters have been 
established. Based on this, the energy volume curves were generated. The electronic properties were computed through 
the correlation function HSE-06[5] level. VASP is used for calculating the real space force constants of supercells and 
the PHONOPY[6] is used for calculating the phonon frequencies. Evaluated the mechanical stability by computing 
the single-crystal elastic constants and then by linear fitting of the stress-strain curve using VASPKIT.  The thermal 
properties, including heat capacity, free energy and entropy were obtained from the calculated phonon density of states 
(PhDOS). Optimized crystal structures are visualized by using the tool VESTA[7]. QTGRACE –a two-dimensional 
graphical representation and GNUPLOT- a public domain script-driven engine is used for data visualization and curve 
fitting.   

3. Results and discussion 

3.1. Structural stability 

 Two different polytypes of bulk In2O3 are taken for structural stability studies. Selected polytypes belong to a 
Monoclinic (Mon-In2O3) and an Orthorhombic (Ort-In2O3) crystal system. Both Mon-In2O3 (mp-754531 space group 
P21/c) and Ort-In2O3 (mp-644741 space group Pnma) have 8 indium atoms and 12 oxygen atoms in their unit cells.  
Initially, a series of convergence tests including exchange-correlation potentials, cut-off energy and k-point set were 
conducted to get an optimized crystal structure. The calculated lattice parameters of In2O3 polytypes are given in  
Table 1.  
      

 
Fig. 1. The optimised structure of (a) Mon-In2O3 and (b) Ort-In2O3 ; (c) Calculated total energy(eV)  as a function of  unit 

cell volume (Å3) 

Mon-In2O3 polytype containing 2 types of In and three types of O atoms occupied at 4e sites. In the first In site, 
In(1) atom is bonded to five oxygen atoms to form InO₅ trigonal bipyramids. In the second In site, In(2) is bonded to 
four oxygen atoms to form distorted InO₄ tetrahedra. In the first and third O site, O(1) and O(3) atoms are bonded to 
three In atoms in a trigonal planar geometry. In the second O site, O(2) atom is bonded in a distorted trigonal non-
coplanar geometry to three In atoms [Fig.1(a)]. Ort-In2O3 contains 2 types of In and three types of O atoms occupied 
at the 4c site [Fig.1(b)]. In the first In site, In(1) is bonded in an 8-coordinate geometry to eight O atoms. In the second 
In site, In(2) is bonded to seven O atoms to form distorted edge-sharing InO₇ pentagonal bipyramids. In the first O 
site, O(1) atom is bonded in a 5-coordinate geometry to five In atoms. In the second and third O sites, O(2) and O(3) 
atoms are bonded in a distorted trigonal bipyramidal geometry to five In atoms correspondingly. 

For each polytype, the energy-volume curve was evaluated by allowing for full relaxation at each volume and 
the data were fitted to the Birch-Murnaghan equation of state [8]. Fitting the energy volume curve allows for 
calculating the equilibrium energy, the equilibrium volume, the equilibrium bulk modulus and its derivative. 

 
 



Table 1  :   Lattice parameters for the investigated  In2O3   polytypes 
 
 
Polytype Name Unit Cell Atom Site Coordinates 
Space Group (Å)     x y z 
Mon- In2O3 a = 6.5574 Å In(1) 4e 0.95077 0.53897 0.72793 
P 21/c   b = 9.2746 Å In(2) 4e 0.52605 0.6603 0.23208 
[mp-754531] c = 6.6691 Å O(1) 4e 0.82614 0.10399 0.40561 

  O(2) 4e 0.76359 0.01671  0.84270 

  O(3) 4e 0.67757 0.70633 0.58861     
Ort- In2O3 a =  5.378 Å In(1) 4c 0.16475 0.25000 0.19468 
Pnma     b =  2.976 Å In(2) 4c 0.23555 0.75000 0.45032 
[mp-644741] c = 12.361 Å O(1) 4c 0.01358 0.25000 0.39309 

  O(2) 4c 0.13047 0.75000 0.06367 
   O(3) 4c 0.13333 0.25000 0.77912 

 
 
It is clear from Fig.1(c), that the Mon-In2O3 and Ort-In2O3 polytypes have minimum energy of  -27.0 eV and       

-26.7 eV respectively,  with an equilibrium volume of 80.7Å3/f.u and 64.9 Å3/f.u.  The equilibrium volume for Ort-
In2O3 is smaller, but the total energy is higher than that for Mon-In2O3, which indicates that Ort-In2O3 is less stable 
than Mon-In2O3. Further, at higher volumes and lower pressures conditions, Ort-In2O3 can be transformed into another 
phase.  

3.2. Electronic structure 

 In-depth electronic calculations are carried out to find the viable polytype for photovoltaic cells. Our band 
structure calculations (HSE-06 level) states that Mon-In2O3 and Ort-In2O3 polytypes have energy gap of 1.89 eV and 
2.40 eV respectively which are presented in Fig.2. The zero level of energy of the band structures is set to be at Fermi 
energy of respective polytypes. Valance bands of both In2O3 polytypes are composed of 2p orbital of oxygen and 
conduction bands are resulting from 5s orbitals of indium. The direct gap at the Gamma point is found for Mon-In2O3 
indicates suitable for optoelectronic devices. Ort-In2O3 polytypes have an indirect bandgap between the symmetry 
points Y and Γ.  The bottommost CB of Mon-In2O3 and Ort-In2O3 is dispersive and is located at the Γ point, while the 
topmost VB is flat, which are the important properties inherent to TCO materials[9].  
          

 
Fig. 2. Electronic band structure of  (a) Mon-In2O3  and  (b) Ort-In2O3 polytype 

3.3. Mechanical stability 

The elastic constants are used to investigate the mechanical stability of crystal systems. They are assessed by 
linear fitting of the stress-strain curve using VASPKIT[10].  Obtained elastic constants are operated to reproduce the 
various elastic parameters including Bulk, Young and Shear’s moduli have been obtained by employing the Voigt-
Ruess-Hill method which is shown in Table 2. Born criteria[11] of mechanical stability are obeyed by all the individual 



elastic constants of both polytypes and concluded as they are mechanically stable. The bulk modulus of polytype Ort-
In2O3 is very much higher than of Mon-In2O3. 

An orthorhombic crystal has nine independent second-order elastic constants. For Ort-In2O3, it is found that 
C33 is smaller than C11 and C22 which implies that the structure is more compressible in the c-direction. This reflects 
the layered feature of the compound. The lowest value of C44 indicates the material’s inability of resisting the shear 
deformation in the (100) plane. The off-diagonal shear components of the elastic constants C12, C13, and C23 are due 
to the resistance to volume-conserving orthorhombic distortion. Monoclinic crystal has thirteen independent second-
order elastic constants. For Ort-In2O3, it is found that C22 is smaller than C11 and C33 which implies that the structure 
is more compressible in the b-direction. 
 

 
The bulk modulus measures the resistance to a volume change due to isotropic applied pressure and the shear 

modulus characterizes the resistance to plastic deformation. The Pugh's ratio (B/G) reflects the hardness of a material. 
A high (>1.75) value of the Pugh's ratio (B/G) is associated with ductility, whereas a low (< 1.75) value corresponds 
to brittleness. Thus, both In2O3 polytypes are expected to show ductile characteristics. Young's modulus (E) measures 
the stiffness of solid compounds and evaluates the resistance against longitudinal stress. The high value of E indicates 
that both polytypes can withstand large tensile stress. Poisson’s ratio (ν) can also predict the failure mode of solids 
with the critical value of 0.26 [12]. The value of Poisson's ratio is 0.3 and 0.4 for Mon-In2O3 and Ort-In2O3 respectively, 
this implies that a metallic bonding exists in both polytypes.  

3.4. Dynamical and thermal stability 

Phonon calculations are done for all polytypes to understand the dynamical stability calculations. The 
dynamical matrices were calculated from the force constants, and phonon density of states (PhDOS) curves were 
computed on an 8x8x8 Monkhorst-Pack grid. The thermal properties including heat capacity, free energy and entropy, 
were obtained from the calculated PhDOS. Both polytypes display positive modes, which indicates that they are 
dynamically stable. For Ort-In2O3 (Fig.3) the smaller oxygen atom dominates the higher frequencies and the heavier 
indium atom dominates the lower frequencies. But for the Mon-In2O3, the contribution of both atoms spread in all 
frequency ranges.  
     

      
Fig. 3.  Phonon dispersion with Phonon density of states of (a) Mon-In2O3 and of (b) Ort-In2O3  polytypes 

 

Table. 2.  The calculated single-crystal elastic constants Cij (GPa), Bulk modulus B (GPa), Shear modulus G (GPa), Poisson's ratio ν,
Young's modulus E (GPa) and Pugh’s ratio (B/G) 

Polytype 
Name 

C11 C12 C13 C15 C22 C23 C25 C33 C35 C44 C46 C55 C66 B 
(GPa) 

G 
(GPa) 

ν E 
(GPa) 

B/G 

Mon-In2O3 111.2 18.7 43.2 -2.5 27.9 31.9 -3.3 134.4 -8.2 21.2 -8.2 26.9 21.3 38.8 22.2 0.3 56.0 1.8  

Ort-In2O3 464.3 251.0 234.5  -  530.6 204.9   - 314.6    - 66.0    - 130.2 97.7 288.7 95.7 0.4 258.5 3.0 



          The symmetry of polytypes Mon-In2O3 and Ort-In2O3 can be defined by the C2h(2/m) and D2h(mmm)   point 
groups correspondingly. Normal vibrational modes of Mon-In2O3 and Ort-In2O3 are found and they consist of 4 and 
7 active modes of vibration respectively. For both polytypes, the highest active mode was found at a frequency around 
5THz due to total symmetric in-plane stretching or bending movement of indium and oxygen atoms concerning the 
principal axis for both polytypes. 

 
Fig. 4.  Thermal parameters (a) Heat capacity (b) Internal energy (c) Entropy as a function of Temperature (K) for   

Mon-In2O3 and Ort-In2O3 polytypes 
 
However, for Mon-In2O3 indium and oxygen modes appear in all frequency regions as shown in Fig.3(a). A 

phonon band gap between the acoustic and optical modes found in Ort-In2O3 indicates a high scattering-process rate 
and the lattice thermal conductivity is relatively low as in Fig.3(b). When the temperature of the system increases to 
1000 K, Entropy increases to nearly 900 J/K/mol, internal energy reaches about 510 KJ/mol and heat capacity rises 
around 480 J/K/mol for both In2O3 polytypes which are shown in Fig. 4.   

4. Conclusion 

For the first time, two different In2O3 polytypes with space groups P21/c and Pnma are proposed and studied 
using DFT total-energy calculations, electronic, vibrational, thermal studies and elastic constants calculations. Mon-
In2O3 polytype has a direct bandgap of 1.89 eV and Ort-In2O3 polytype has an indirect bandgap of 2.4 eV. Both are 
dynamically as well as mechanically stable. Elastic constants are obtained and the various elastic parameters including 
bulk, Young and shear moduli have been calculated. From the calculated elastic parameters, concluded that both In2O3 
polytypes are expected to be ductile materials.  Ort-In2O3 is a stiffer polytype as its Young’s modulus value is very 
much higher than the other. The bandgap range makes them viable for photovoltaic and photocatalytic applications. 
This theoretical analysis shows that the selected In2O3 polytypes can be readily synthesised and further experimental 
verification is required.  
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