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The effect of In doping on the electronic structure and optical properties of SrTiO3 is investigated by the first-

principles calculation of plane wave ultra-soft pseudo-potential based on the density function theory (DFT). The calcu-

lated results reveal that due to the hole doping, the Fermi level shifts into valence bands (VBs) for SrTi1−xInxO3 with

x = 0.125 and the system exhibits p-type degenerate semiconductor features. It is suggested according to the density of

states (DOS) of SrTi0.875In0.125O3 that the band structure of p-type SrTiO3 can be described by a rigid band model.

At the same time, the DOS shifts towards high energies and the optical band gap is broadened. The wide band gap,

small transition probability and weak absorption due to the low partial density of states (PDOS) of impurity in the

Fermi level result in the optical transparency of the film. The optical transmittance of In doped SrTiO3 is higher than

85% in a visible region, and the transmittance improves greatly. And the cut-off wavelength shifts into a blue-light

region with the increase of In doping concentration.
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1. Introduction

Strontium titanate (SrTiO3), a typical perovskite

material, has attracted much attention due to the in-

terest in fundamental research and its potential ap-

plications in fields of ferroelectricity, grain-boundary

barrier layer capacitors, oxygen-gas sensors, epitaxial

growth substrates for high temperature superconduc-

tor thin films, optical switches and so on.[1−4] It is well

known that stoichiometric SrTiO3 is a good insulator

with a band gap of about 3.2 eV at room temperature.

But its conductivity can be induced either through

the reduction of oxygen (SrTiO3−x) or through impu-

rity doping, which has important applications in oxide

devices[5] as well as in the theoretical and experimen-

tal investigations of SrTiO3.
[6−10]

The behaviour of doped SrTiO3 has been widely

studied in an attempt to understand the rich vari-

ations in physical properties arising from carrier

doping.[8−13] It has been found that SrTiO3 exhibits

n-type conductivity on substituting Nb5+ (or La3+)

for Ti4+ (or Sr2+) and it becomes a superconduc-

tor at Tc = 0.3K. Also the n-type doped system has

been used in practical applications such as electrodes

and gas sensors. The p-type SrTiO3 will be a very

promising material. First, it can be used as wide-gap

semiconductor diodes in a blue-light region, so it is

highly valued in semiconductor industries. Second, it

is well known that p-type doping in perovskite struc-

ture can accommodate the protonic conductivity.[14,15]

And the protonic conductors are important materi-

als for a wide range of electrochemical applications

such as fuel cells and hydrogen sensors in the renew-

able energy source industries. To our knowledge, how-

ever, the investigation on p-type doped SrTiO3 is little

made both experimentally and theoretically. Higuchi

et al
[14] experimentally have reported the electronic

structure of a p-type SrTiO3 single crystal in which

the acceptor ion Sc3+ is introduced into the Ti4+ site.

And the effect of Sc3+ on the electronic properties has

been studied by Weidong Luo et al
[11] using ab initio

pseudo-potential density function theory. Moreover,

Shouyu Dai et al
[13] have found that SrTiO3 exhibits

p-type conductivity when doped by the substitution

of In for Ti in experiment. There has been no theo-

retical investigation on In doped SrTiO3 so far. So it

is necessary to use the first principles method to ex-

plore the effect of p-type doping In on the electronic
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structure of SrTiO3.

In this paper, we perform the first principles cal-

culation of the electronic structure of SrTi1−xInxO3

for the cases of x = 0.0, 0.125 and 0.25 by the

CASTEP software package[16] based on density func-

tion theory (DFT) in a supercell approach. Since the

supercell approach is time-consuming, we have to con-

struct a supercell of eight unit cells comprising at most

40 atoms.

2. Computational details

SrTiO3 has an ideal cubic perovskite–type struc-

ture at room temperature. It belongs to the space

group Pm3m(Oh1), with the Sr atom sitting at the

origin point, Ti at the body centre and three oxy-

gen atoms at the three face centres, and its lattice

constant is a = b = c = 0.3905nm. The unit cell

contains one formula unit of SrTiO3. In order to

study fractional In substitution, it is necessary to con-

sider a larger cell than the basic unit. In our com-

putation, we take three In concentrations: SrTiO3,

SrTi0.875In0.125O3 and SrTi0.75In0.25O3, and all cal-

culations are performed by using a 2×2×2 supercell.

In the case of the substitution of a single In atom

for Ti atoms (SrTi0.875In0.125O3), there is no differ-

ence between configurations with the In atom at dif-

ferent Ti sites in the supercell. However, the situation

becomes complicated with two In atoms in the su-

percell. There are three different ways of distributing

the two In atoms in the supercell, distinguished be-

tween each other by the relative positions of the two

In atoms. The three distinct configurations (A–C)

are shown in Fig.1 where the In–In separation is de-

scending, and the distance between the two In atoms

corresponding to each configuration is listed in Table

1. Because the distance between the two In atoms in

configuration A is the largest, we only study this con-

figuration to ensure that there is a weak interaction

between the In impurity atoms.

Fig.1. Different configurations arising from the distribution of two In atoms in the supercell (A–C).

Table 1. Distance between the two In atoms in

SrTi0.75In0.25O3.

configuration distance between the two In atoms

A
√

3a

B
√

2a

C a

In our computation, the Perdew and Wang 91

parametrization is taken as the exchange-correlation

potential in the generalized-gradient approximation

(GGA). The cutoff energy of plane-wave is set at

420 eV; the maximum root-mean-square convergent

tolerance is less than 2×10−5eV/atom, that is, the en-

ergy and stress imposed on each atom are not greater

than 0.1 eV and 0.1GPa respectively. The Brillouin

zone integration is approximated by using a special

k-points sampling scheme of Monkhorst-Pack, and a

6 × 6 × 4 k-points grid is used. All calculations are

performed in reciprocal space. In order to obtain a

stable structure, we optimize the atomic coordinate of

doped SrTiO3 by CASTEP geometry first. And then

the electronic structure and optical properties are cal-

culated based on the optimized supercell model.

3. Results and discussion

3.1. Electronic structure of In doped

SrTiO3

3.1.1. Density of states

In order to show the In doping effect on the elec-

tronic structure of SrTiO3, the total (DOS) of stoi-

chiometric SrTiO3 are calculated first for comparison

and the result is shown in Fig.2.
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Fig.2. The DOS of SrTiO3. The Fermi level is set to zero

on the energy scale, which will be adopted below unless

otherwise stated.

There exists an energy gap between the occupied

O2p states and the unoccupied Ti 3 d states, which

means that SrTiO3 is an insulator with a Ti 3 d0 elec-

tron configuration. The value of the band gap is about

1.6 eV, which is smaller than the experimental value

of about 3.2 eV and the value of about 1.8 eV with the

LMTO-ASA method in Ref.[17]. The reason for such a

disagreement stems from the well-known shortcoming

of the theory frame of DFT-LDA.[18]

Figure 3 shows the total DOSs of SrTi1−xInxO3

with x = 0.125 and 0.25. Because the In doping intro-

duces the p-type carriers into the system, the Fermi

level shifts into the valence bands (VBs) for x = 0.125,

which is in good agreement with the experimental

results[13] that the SrIn0.1Ti0.9O3 is a p-type semi-

conductor and the Fermi level shifts due to the sub-

stitution of In3+ for Ti4+. At the same time, for the

cases of x = 0.125 and 0.25, there are two additional

peaks between the upper VBs and the lower VBs. One

peak with a bandwidth of about 1.4 eV is located at

the bottom of the upper VBs, the other with a band-

width of about 1.2 eV lies above the lower VBs. And

the two peaks intensify with the increase of In doping

concentration. We will discuss these additional peaks

later.

Fig.3. DOSs of SrTi1−xInxO3 (a) x = 0.125; (b) x = 0.25.

In addition, the DOS shifts significantly towards

high energies and the optical band gap broadens with

the increase of In doping concentration compared with

the DOS reported in Fig.2. The calculated optical

band gap of SrTi0.875In0.125O3 is about 0.35 eV larger

than that of undoped SrTiO3, which is well consis-

tent with the experimental results that the band gap

of SrIn0.1Ti0.9O3 is 0.4 eV larger than that of pure

SrTiO3 due to In doping.[13] The reasons are as fol-

lows: on one hand, the Burstein–Moss shift due to

the high concentration of carriers makes the optical

absorption edge shift towards high energies, and the

optical band gap is broadened;[19] On the other hand,

interactions among hole charges result in a many-body

effect, which causes the optical band gap to become

narrow.[20] But the effect of Burstein–Moss on the

band gap is more pronounced than the many-body

effect, so the band gap broadens with the increase of

In doping concentration.

The broadened optical band gap may be ex-

pressed by the following equation:

Eg = Ego + ∆EBM
g − ∆EW

g .

Here Ego is the band gap of undoped SrTiO3, ∆EBM
g is

the Burstein–Moss shift and ∆Ew
g is the change of va-

lence band resulting from the many-body effect among

holes.

It should be noticed that although the Fermi level

shifts downwards into the original VBs, there is no

change in the topmost of the VBs and the bottom of

conduction bands (CBs) in case of SrTi1−xInxO3 with

x = 0.125. This indicates that the rigid band model



2794 Zhang Zhi-Yong et al Vol. 16

is still valid for the SrTiO3 with p-type doping when

the doping concentration is not very high. However,

there is significant change in the bottom of CBs when

x = 0.25. It is due to the fact that Ti charge potential

is greatly disturbed at a high amounts of In doping.

3.1.2. Partial density of states

Figure 4 shows the PDOSs of SrTi1−xInxO3 at

different amounts of In doping. The PDOS of doped

SrTiO3 has significant changes: an additional small

peak appears in the bottom of the upper VBs, to

which both the In5s state and O2p state can make con-

tributions. And another large peak emerges above the

lower VBs at the energy of about –12eV, to which In4d

state makes a great contribution. Also, the PDOS

shifts significantly towards high energies with the in-

crease of In doping concentration, and the disper-

sion of the VBs is aggravated due to the high doping

concentration that makes the impurity atoms become

closer to each other. In this case, the wave functions

which are bounded by the doping ions greatly overlap,

resulting in the enhancement of the communization

movement between the O2p orbit and the impurity

atom orbit, so the VBs are broadened.

For the CBs, they are highly dispersive and show

no localization characteristics with the increase of In

doping. It is known that the effective radius of In3+

(0.094nm) is larger than that of Ti4+ (0.0745nm),

the partial substitution of In for Ti has broken the

Ti–O octahedra, which makes the unsubstituted Ti

and O atoms squeeze into each other. This leads to

a stronger hybridization between the Ti3d and O2p

states, so the CBs become highly dispersive. Also the

dispersion intensifies with the increase of In doping

concentration.

Fig.4. PDOSs of SrTi1−xInxO3. (a) x = 0.0; (b) x = 0.125; (c) x = 0.25.

3.1.3. Electron density difference

Next, we discuss the In doping effect on the elec-

tronic structure of SrTi1−xInxO3 in terms of the elec-

tron density difference. And the electron density dif-

ference of undoped SrTiO3 is first calculated for com-

parison (see Fig.5(a)). It can be found that there

is a strong covalency between Ti–O bonds, and the

electron cloud near the Ti and O atoms indicates the

orientation characteristic of covalency. After doping,
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the electron density difference of SrTi1−xInxO3 with

x = 0.125 and 0.25 demonstrates a considerable elec-

tron charge density redistribution. The overlap of

electron densities between Ti and O atoms is enhanced

and the Ti–O covalency becomes strong with the in-

crease of In doping concentration compared with that

of undoped SrTiO3. As for the In–O bond, it shows

clear ionicity. At the same time, the electron clouds

of Ti and O atoms shift towards high energies and the

symmetry of the crystal reduces, which is consistent

with the above discussed DOS and PDOS.

Fig.5. Electron density difference of SrTi1−xInxO3 (a) x = 0.0; (b) x = 0.125; (c) x = 0.25.

3.2. The optical property of In doped

SrTiO3

Further insight into the effect of In doping on the

electronic structure of SrTiO3 can be obtained from

the calculation of optical properties. The linear re-

sponse of a system due to an external electromagnetic

field with a small wave vector can be described with

a complex dielectric function ε(ω) = ε1(ω) + iε2(ω).

The imaginary part of the dielectric function ε2(ω) is

calculated from the momentum matrix elements be-

tween the occupied and unoccupied wave functions[21]

as follows:

ε2(ω) =
V e2

2π~m2ω2

∫

d3k
∑

n,n′

〈kn|p|kn′〉|2f(kn)(1 − f(kn′))δ(Ekn − Ekn′ − ~ω), (1)

where ~ω is the energy of the incident photon, V is

the unit cell volume, p is the momentum operator,

|kn〉 is a crystal wavefunction and f(kn) is the Fermi

distribution function. The real part of the dielectric

function ε1(ω) is evaluated from the imaginary part

ε2(ω) by the Kramers–Kronig relationship sa follows:

ε1(ω) = 1 +
2

π
M

∫ ∞

0

ε2(ω
′)ω′

ω′2 − ω2
dω, (2)

where M is the principal value of the integral. The

other optical parameters like refractive index n(ω),

extinction coefficient k(ω), reflectivity R(ω) and ab-



2796 Zhang Zhi-Yong et al Vol. 16

sorption coefficient I(ω) now immediately can be cal-

culated in terms of the components of the complex

dielectric function as follows:

n(ω) =
1√
2

[

√

ε1(ω)2 + ε2(ω)2 + ε1(ω)
]1/2

, (3)

k(ω) =
1√
2

[

√

ε1(ω)2 + ε2(ω)2 − ε1(ω)
]1/2

, (4)

R =
(n − 1)2 + k2

(n + 1)2 + k2
, (5)

I =
2Kω

c
. (6)

Correspondingly the transmittance T (ω) can be

obtained by the following equation:

T (ω) = 1 − R(ω) − I(ω). (7)

Figure 6 shows the transmittances of

SrTi1−xInxO3 with x = 0.0, 0.125 and 0.25. The

transmittance of In doped SrTiO3 has a significant

improvement with the increase of In doping concen-

tration, and the transmittance is higher than 85% in

a wavelength range from 300 to 625 nm.

Fig.6. Optical transmittances of SrTi1−xInxO3 (a) x =

0.0; (b) x = 0.125; (c) x = 0.25.

The increasing of high transparency originates

from two factors. Obviously one is the wide optical

band gap which broadens with the increase of In dop-

ing amounts. The other is the low PDOS of impurity

In atom in the Fermi level (see Table 2). The PDOS

of In atom is much lower than that of Ti atom, which

leads to a small transition probability and weak ab-

sorption.

Table 2. The values of PDOS in the Fermi level with dif-

ferent In doping concentrations.

doping concentration 0.125 0.25

Ti(EF) 0.103 0.242

In(EF) 0.040 0.120

Moreover, the cut-off wavelength shifts into a

blue-light region with In doping increasing. Accord-

ing to the Drude theory,[22] the relationship between

the maximal plasma wavelength absorbed by free elec-

trons and the carrier concentration can be described

as
∂λ

∂N
∠0,

where λ is the maximal plasma wavelength and N

is the carrier concentration. As for transparent con-

ducting films, they are highly reflective to electromag-

netic waves with a long wavelength λp(λp > λ) but

highly transparent to those with a short wavelength

λp(λp < λ). That is to say, the cut-off wavelength

in a visible region is determined by maximal plasma

wavelength λp. Therefore the carrier concentration in-

creases with In doping concentration increasing, and

the cut-off wavelength shifts towards a blue region.

4. Conclusions

We have investigated the electronic structures

including DOSs and PDOSs of SrTi1−xInxO3 with

x = 0.0, 0.125 and 0.25 by using the first-principles

calculation of plane wave ultra-soft pseudo-potential

based on the density function theory (DFT). Owing

to the hole doping, the Fermi level shifts into valence

bands (VBs) for SrTi1−xInxO3 with x = 0.125 and the

system displays the p-type degenerate semiconductor

features. At the same time, the DOS shifts towards

high energies and the optical band gap is broadened.

The wide band gap, small transition probability and

weak absorption due to the low PDOS of impurity in

the Fermi level result in the optical transparency of the

film. The optical transmittance of In doped SrTiO3 is

higher than 85% in a visible region, the transmittance

improves greatly and the cut-off wavelength shifts into

a blue-light region with the increase of In doping con-

centration. Owing to a lack of experimental results of

the In-doped SrTiO3 with different doping concentra-

tions, further experimental investigation is required

so that our theoretical results may be checked by the

experimental results.
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