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Abdtract : The electronic structure ,including band structure,density of states (DOS) ,and partial density of states
of SrTii- xSbxOsz with x=0,0 125,0 25,and 0. 33 is calculated from the first principles of plane wave ultrasoft
pseudo-potential technology based on density function theory. The calculated results reveal that due to the electron
doping,the Fermi level moves into the conduction bands for SrTii. xSbxOs with x = 0. 125 and the system shows
metallic behavior. In addition,the DOS moves towards low energy and the optical band gap is broadened. The wide
band gap and the low density of the states in the conduction band result in the transparency of the films.
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1 Introduction

Strontium titanate (SrTiOs) ,atypical perovs
kite material ,is of great interest for its fundamen-
tal research and potential applicationsin ferroelec
tricity ,grain-boundary barrier layer capacitors,ox-
ygern-gas sensors, epitaxial growth substrates for
high temperature superconductor thin films, and
optical switches™ *. It iswell known that stoichio-
metric SrTiOs is a good insulator with a band gap
of about 3 2eV at room temperature. But its con-
ductivity can be induced either through the reduc-
tion of oxygen (SrTiOs- x) or through impurity do-
ping ,which has important applicationsin oxide de-
vices® as well asin the theoretical and experimen-
tal investigationsof SrTiOs® .

The behavior of doped SrTiOs has been widely
studied in an attempt to understand the rich varia
tionsin physical properties arisng from carrier do-
ping® *'. The effectsof Scand V impuritiesand O
vacancies on the electronic properties have been
studied by Luo et al."™ using abinitio pseudo-po-
tential density function theory. Takeshi et al.!™
have experimentally found that the metal-insulator
transition appears in Nb-doped SrTiOs when the
doping concentration is increased. Our group stud-
iesimpurity dopingin SrTiOs usng Sh as a substi-
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tuting element in order to obtain a useful material
for oxide superlattice and junction applications.
Snce Sbisa semimetal ,a different behavior for Sb-
doped SrTiO:s is expected from that of other metal-
doped SrTiOs. In the case of SrTii- xSbxOs ,howev-
er ,there has been little theoretical work on the e
lectronic structuresfor different x values. It is nec-
essary for one to use the first-principles method to
explore the effect of Sb doping on the €electronic
structure.

In this paper ,we perform first-principle calcu-
lations of the electronic structure of SrTii. x-SbxOs
for the casesof x=0. 0,0 125,0. 25 ,and 0. 33 with
the CA STEP software package'™ based on density
function theory (DFT) using the supercell ap-
proach. Snce the supercell approach is time-consu-
ming ,we construct a supercell of eight unit cells
cons sting of 40 atoms at most.

2 Theoretical model and calculational
met hod

2.1 Theoretical mode

SrTiOs has an ideal cubic perovskite structure
at room temperature. It belongs to the space group
Pm3m(Orn) ,with the Sr atom stting at theorigin,
Ti at the body center ,and three oxygen atoms at
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the threeface centers,and itslattice constant is a=
b=c=0. 3905nm. In our calculation ,the theoretical
model is shownin Fig.1.

Fig.1 Mode of cubic SrTiOs

2.2 Calculational method

All of the calculationsin this paper were per-
formed usng the CASTEP software package in
Material Studio 3 2. CASTEP is a quantum me-
chanics program based on density functional theory
(DFT) . It usesthe plane-wave pseudo-potential ap-
proach;the particle-field interaction is substituted
by a pseudo-potential ,electronic wavef unctions are
expanded in terms of a discrete planewave bass
set ,and the exchange and correlation potential are
described with the local-densty approximation
(LDA) and generalized gradient approximation
(GGA) ,which are the most precise methods used
for the calculation of electronic structure at pres
ent[13,14] .

In the present calculation ,the pseudo-potential
based on the GGA is employed. The cutoff energy
of aplanewaveis set at 340eV ;the maximum root-
mean-square convergent tolerance is less than 2 x
10 °eV/atom;that is,theforce imposed on each at-
om is not greater than O leV and O 1GPa for
stress. The Brillouin zone integrations are approxi-
mated using the special k-point sampling scheme of
Monkhorst-Pack and a 6 x 6 X 4 kpoint grid is
used. All energy calculations are performed in re-
ciprocal space.

3 Resultsand discussion

3.1 Hectronic structure of undoped S TiOs

In order to show the Sb doping &ffect on the e
lectronic structure of SrTiOs ,the band structure,

total dendty of states (DOS) ,and partial density of
states (PDOS) of stoichiometric SrTiOs are calcu-
lated first for comparison. The calculational results
are shownin Figs.2 and 3.

Energy/eV

X R M G R

Fig.2 Band structure of SrTiOs

As shown in Figs. 2 and 3,the valence bands
(VBs) of SrTiOs can be divided into two main
zones: a lower valence band zone ( - 17.6
- 13 8eV) andan upperone (- 50 0 0eV). The
upper VB zone with nine bands condgsts mainly of
0O2p states and has a bandwidth of about 5 OeV.
These values are consstent with the values of 5
6eV obtained by XPS™ and the FP-L A PW method
in Ref. [16]. Below the O2p states, Sr4p and O2s
states form the lower VB zone. The other two
VBs,at - 33 and - 56eV ,are not considered be-
cause their interaction with the two main men-
tioned VBs is weak. The most prominent unoccu-
pied energy bands among the bottommost conduc-
tion bands (CBs) are mainly composed of the
threefold degenerate Ti3d Tz states and twofold
degenerate Ti3d E; states. Our calculated electronic
structures of SrTiOs are cond stent with the experi-
mental resultsfrom scanning transmisson electron
microscopy , vacuum ultraviolet spectroscopy , and
spectroscopic ellipsometry!™’’ .

Thereis an energy gap between the occupied
0O2p states and the unoccupied Ti3d states,which
means that the SrTiOs is aninsulator with a Ti3d’
electron configuration. The value of the band gap is
about 1 6eV ,which is smaller than the experimen-
tal value of about 3 2eV and the value of about
1 8eV withthe LM TO-ASA method in Ref.[18].
The reason for this disagreement is the well-known
shortcoming of the theoretical frame of DFT-
LDAM,
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Fig.3 DOSand PDOSof STiOs

3.2 Hfect of Sb doping on the electronic structure

3.2.1 Single point energy

In our calculation ,we take three Sb concentra
tions: SrTioss Sbo.1s Os, SrTiors Sbozs Oz, and
Sr Tio.e7 Sho.33Os. First of all ,we optimize the atomic
coordinate of doped SrTiOs by CASTEP Geome
try. Then the dngle point energy is calculated
based on the optimized supercell model. The results
are shownin Table 1.

Table 1 Sngle point energy of SrTii- xShxOs

Doping
) 0 0.125 0.25 0.33
concentration
Supercell 2x2%x2 | 2%x2%x2 | 2x2x1 | 3x1x1
Energy/ eV - 3772.34| - 3787.23| - 3798.82| - 3810.31

The single point energy increases as the Sb
doping concentration increases, which indicates
that the Sb-doped SrTiO: isless stable. Thisis be
cause the radius of Sb°* (0. 62nm) is smaller than
that of Ti** (0. 68nm) ,and the substitution of Sh®"
for Ti** resultsin crystal lattice aberration. Corre-
spondingly , resdual stress is generated in the
process of crystallization, which causes repulsve
interaction among redundant positive charges of

Fermi level is set to zero on the energy scale ,the same as below.

Sb®* . Therefore the single point energy increases.
This case has also been discovered in Sn-doped
In0s'™'. However ,it should be noticed that the
crystal structureof SrTiOsis still cubic perovskite.
3.2.2 Hectronic structure of Sb-doped S TiOs
3.2.2.1 Density of gtates

Figure 4 shows the total DOS of SrTii-
SbxOs with x =0. 125,0. 25 ,and 0. 33. Because the
Sb doping introduces nrtype carriers into the sys
tem®™ the Fermi level goesinto the CBsfor x =
0. 125,0. 25 and 0. 33,which is smilar to that of
Nb-' or V-doped™ SrTiOs. At the same time ,for
the case of x =0 125,0 25,and Q. 33 ,there is an
additional peak below the lower VB zone,and the
peak broadens with increased Sb doping.Below the
upper VB zone,a peak with a bandwidth of about
leV appears when x =0 125. Two small peaks ap-
pear when x = 0. 25, and these slit into many
peaks when x = 0. 33. We will discuss these addi-
tional peaks later.

In addition,the DOS moves sgnificantly to-
wards lower energy and the optical band gap
broadens with increased Sb doping concentration
compared with the DOS reportedin Fig. 3. The rea
wns are asfollows:on one hand ,the Bursteinr-Moss
shift due to the high concentration of carriers
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Fig.4 DOSof SrTii- xSbhxOs
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makes the optical absorption edge move towards
lower energy ,and the optical band gap is broadened
121 -0n the other hand ,interactions among electric
charges result in a many-body effect ,which causes
the optical band gap to become narrow'™ . But the
BursteinrMoss effect on the band gap is more pro-
nounced than that of the many-body effect ,s0 the
band gap broadens with increased Sb doping con-
centration.

It can be expressed by the following equation:

E, = Ex +A E" - A E

Here Ey isthe band gap of undoped SrTiOs A E;"
is the Burstein-Moss shift ,andA E; is the change
of conduction band resulting from the many-body
effect among electrons. However, the band gap
becomes smaller in cases of Nb-doped® or V-
doped™ SrTiOs.

In order to study the DOS quantitatively,the
integrals of the DOSfor SrTiOs with x=0,0. 125,

0. 25,and Q 33 are performed in the region with
the energy - 25eV to the Fermi level ,and the re-
sults are 320, 313, 306, and 113 for SrsTisOz ,
Srg Ti7SbO24 ,Sra4 TizSbO12 ,and Srs Ti2SbOy , respec-
tively. These values represent the number of elec-
tronic states that can be occupied by outer-shell e-
lectrons in the f our systems. I n our calculation,the
valence states are:2s and 2p for O,2s,3p,3d,and
4s for Ti,4s,4p,and 5s for Sr and 5s and 5p for
Sb,indicating that the numbers of valence elec-
trons are 6,12,10,and 5 for O, Ti,Sr,and Sb,re-
spectively. Hence, in cases of SrTiOs with x =
0. 125,0. 25,and 0. 33 based on our supercell mod-
els,320,313,306 ,and 113 valence electrons are in-
cluded, respectively, which is in good agreement
with the integral results. Comparing the number
of electronic states that can be occupied with that
of valence electrons, we can conclude that the
VBs of SrsTisOz are fully occupied and the Fermi
level isjust at the top of the VBs. The bottommost
CBs of the three different Sb doping systems are
fully occupied with electrons and the Fermi level
moves into CBs. According to the conductive
mechanism of semiconductors'®’  the conductivity
of Sb-doped SrTiOs is greatly improved by the
electrons provided by the Sb doping.
3.2.2.2 Partial density of states

Figure 5 shows the PDOS of SrTii- x SbxOs
with different Sb doping amounts. There are many
superfluous electronsin the bottom of the CBs and
the Fermi level goesinto the CBs,which indicates
that the SrTii- xSbxOs shows the characteristics of
a degenerate semiconductor. Also ,the PDOS moves
sgnificantly towards lower energy with increased
Sh doping concentration ,and the disgperson of the
CBsis aggravated due to the high doping concen-
tration that makes the impurity atoms become clos
er to each other. In this case,the wave functions
which are bounded by the dopingions greatly over-
lap ,resulting in enhancement of the communization
movement between the O2p orbit and the impurity
atom orbit ,s0 the valence band is broadened. In ad-
dition ,the PDOS of doped SrTiOs has dgnificant
changes:One small peak emerges below the lower
VB zone,to which the Sh5s state and O2s state
contribute ,and another peak appears near the bot-
tommost of the upper VB zone,to which the Sb5s
state and O2p state contribute. In particular , the
two peaks broaden with increased doping concen-
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In turn to the CBs,it is highly dispersive and
shows no localization characteristics with increased
Sb doping. In our calculation ,the PDOSin the Fer-
mi level for Sr and Sbin the three different Sb do-
ping systems are calculated. See Table 2. The Sh
plays a more important role than the Sr in terms of
contribution to the CBs. Therefore the Sb doping
has a greater effect on the conductivity of SrTiOs.

Table 2 Vauesof PDOSin the Fermi level with dif-
ferent Sb doping concentrations

Doping concentration 0.125 0.25 0.33
S (Er) 0.035 0.179 0.106
Sb(Er) 0.0083 0.201 0.233

4 Conclusion

In concluson ,we performed electronic struc-

ture calculations,including band structure,DOS,
and PDOS,on SrTii-x ShxOs with x = 0,0 125,
0. 25 ,and 0. 33 with first-principle calculations u-
sng plane wave ultrarsoft pseudo-potential tech-
nology based on density function theory (DFT).
Due to the electron doping ,the Fermi level moves
into the CBs for SrTii. « SbxOs with x =0,0. 125,
0. 25,and 0. 33 ,and these systems show metallic
behavior. In addition ,the DOS moves towards low-
er energy ,and the optical band gap is broadened.
The wide band gap and the low density of statesin
the conduction band result in the trangparency of
the films. Because of the absence of experimental
results on the Sh-doped SrTiOsz with different do-
ping concentration,further experimental work is
needed for comparison with our numerical results.
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