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Abstract : The elect ronic st ructure ,including band st ructure , density of states ( DOS) , and p artial density of states

of Sr Ti1 - xSb x O3 wit h x = 0 , 01125 , 0125 , and 0133 is calculated f rom t he f irst p rinciples of plane wave ult ra2sof t

pseudo2p otential technology based on density f unction t heory. The calculated results reveal t hat due t o t he elect ron

doping , t he Fermi level moves int o t he conduction bands f or Sr Ti1 - x Sb x O3 wit h x = 01125 and t he system shows

metallic behavior . In addition , t he DOS moves t owards low energy and t he op tical band gap is broadened. The wide

band gap and t he low density of t he states in t he conduction band result in t he t ransp arency of t he f ilms.
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1　Introduction

Strontium titanate (Sr TiO3 ) ,a typical perovs2
kite material ,is of great interest for it s f undamen2
tal research and potential applications in ferroelec2
t ricity ,grain2boundary barrier layer capacitors ,ox2
ygen2gas sensors , epitaxial growt h subst rates for
high temperat ure superconductor t hin films , and
optical switches[1～4 ] . It is well known that stoichio2
met ric Sr TiO3 is a good insulator wit h a band gap
of about 312eV at room temperat ure. But it s con2
ductivity can be induced either t hrough the reduc2
tion of oxygen (Sr TiO3 - x ) or t hrough imp urity do2
ping ,which has important applications in oxide de2
vices[5 ] as well as in t he t heoretical and experimen2
tal investigations of Sr TiO3

[6～10 ] .
The behavior of doped Sr TiO3 has been widely

st udied in an attempt to understand t he rich varia2
tions in p hysical p roperties arising f rom carrier do2
ping[8～12 ] . The effect s of Sc and V imp urities and O
vacancies on t he elect ronic p roperties have been
st udied by L uo et al . [11 ] using ab i ni t io p seudo2po2
tential density f unction t heory. Takeshi et al . [ 12 ]

have experimentally found t hat the metal2insulator
t ransition appears in Nb2doped Sr TiO3 when the
doping concent ration is increased. Our group st ud2
ies imp urity doping in Sr TiO3 using Sb as a substi2

t uting element in order to obtain a usef ul material
for oxide superlat tice and junction applications.
Since Sb is a semimetal ,a different behavior for Sb2
doped Sr TiO3 is expected f rom that of other metal2
doped Sr TiO3 . In the case of Sr Ti1 - x Sb x O3 ,howev2
er ,t here has been lit tle t heoretical work on t he e2
lect ronic st ruct ures for different x values. It is nec2
essary for one to use t he first2principles method to
explore the effect of Sb doping on the elect ronic
st ruct ure.

In this paper ,we perform first2principle calcu2
lations of t he elect ronic st ructure of Sr Ti1 - x2Sb x O3

for t he cases of x = 010 ,01125 ,0125 ,and 0133 wit h
t he CASTEP sof tware package[13 ] based on density
f unction t heory ( DF T ) using t he supercell ap2
proach. Since t he supercell app roach is time2consu2
ming ,we const ruct a supercell of eight unit cells
consisting of 40 atoms at most .

2　Theoretical model and calculational
method

2. 1　Theoretical model

Sr TiO3 has an ideal cubic perovskite st ruct ure

at room temperat ure. It belongs to t he space group
Pm3m (Oh1 ) ,with the Sr atom sit ting at t he origin ,
Ti at t he body center , and t hree oxygen atoms at
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t he t hree face centers ,and it s lat tice constant is a =
b = c = 013905nm. In our calculation ,t he t heoretical
model is shown in Fig. 1.

Fig. 1　Model of cubic Sr TiO3

2. 2　Calculational method

All of t he calculations in t his paper were per2
formed using t he CASTEP software package in
Material St udio 312. CASTEP is a quantum me2
chanics p rogram based on density f unctional t heory
(DF T) . It uses t he plane2wave p seudo2potential ap2
proach ; t he particle2field interaction is substit uted
by a p seudo2potential ,elect ronic wavef unctions are
expanded in terms of a discrete plane2wave basis
set ,and t he exchange and correlation potential are
described wit h t he local2density approximation
( LDA ) and generalized gradient approximation
( GGA) ,which are t he most p recise met hods used
for the calculation of elect ronic st ruct ure at p res2
ent [13 ,14 ] .

In the p resent calculation ,t he p seudo2potential
based on the GGA is employed. The cutoff energy
of a plane2wave is set at 340eV ;the maximum root2
mean2square convergent tolerance is less t han 2 ×
10 - 5 eV/ atom ;that is ,t he force imposed on each at2
om is not greater t han 011eV and 011 GPa for
st ress. The Brillouin zone integrations are approxi2
mated using t he special k2point sampling scheme of
Monkhorst2Pack and a 6 ×6 ×4 k2point grid is
used. All energy calculations are performed in re2
cip rocal space.

3　Results and discussion

3. 1　Electronic structure of undoped SrTiO3

In order to show the Sb doping effect on t he e2
lect ronic st ruct ure of Sr TiO3 , t he band st ructure ,

total density of states (DOS) ,and partial density of
states ( PDOS) of stoichiomet ric Sr TiO3 are calcu2
lated first for comparison. The calculational result s
are shown in Figs. 2 and 3.

Fig. 2　Band st ructure of Sr TiO3

　　As shown in Figs. 2 and 3 , t he valence bands
(VBs) of Sr TiO3 can be divided into two main
zones : a lower valence band zone ( - 1716 ～
- 1318eV) and an upper one ( - 510～010eV) . The
upper VB zone wit h nine bands consist s mainly of
O2p states and has a bandwidt h of about 510eV.
These values are consistent with the values of 5～
6eV obtained by XPS[15 ] and t he FP2L A PW method
in Ref . [ 16 ] . Below t he O2p states , Sr4p and O2s
states form t he lower VB zone. The ot her two
VBs ,at - 33 and - 56eV , are not considered be2
cause t heir interaction wit h t he two main men2
tioned VBs is weak. The mo st p rominent unoccu2
pied energy bands among the bottommost conduc2
tion bands ( CBs ) are mainly composed of t he
t hreefold degenerate Ti3d T2g states and twofold
degenerate Ti3d Eg states. Our calculated elect ronic
st ruct ures of Sr TiO3 are consistent wit h t he experi2
mental result s f rom scanning t ransmission elect ron
microscopy , vacuum ult raviolet spect roscopy , and
spect roscopic ellip somet ry[17 ] .

There is an energy gap between t he occupied
O2p states and the unoccupied Ti3d states , which
means t hat t he Sr TiO3 is an insulator wit h a Ti3d0

elect ron configuration. The value of t he band gap is
about 116eV ,which is smaller t han t he experimen2
tal value of about 312eV and t he value of about
118eV wit h t he L M TO2ASA met hod in Ref . [ 18 ] .
The reason for t his disagreement is t he well2known
shortcoming of t he t heoretical f rame of DF T2
LDA [19 ] .
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Fig. 3　DOS and PDOS of Sr TiO3 　Fermi level is set to zero on the energy scale ,the same as below.

3. 2　Effect of Sb doping on the electronic structure

3. 2. 1　Single point energy
In our calculation ,we take t hree Sb concent ra2

tions : Sr Ti0. 875 Sb0. 125 O3 , Sr Ti0. 75 Sb0. 25 O3 , and
Sr Ti0. 67 Sb0. 33 O3 . First of all ,we optimize the atomic
coordinate of doped Sr TiO3 by CASTEP Geome2
t ry. Then t he single point energy is calculated
based on t he optimized supercell model. The result s
are shown in Table 1.

Table 1　Single point energy of Sr Ti1 - x Sb x O3

Doping

concent ration
0 0. 125 0. 25 0. 33

Supercell 2×2×2 2×2×2 2×2×1 3×1×1

Energy/ eV - 3772. 34 - 3787. 23 - 3798. 82 - 3810. 31

The single point energy increases as t he Sb
doping concent ration increases , which indicates
t hat t he Sb2doped Sr TiO3 is less stable. This is be2
cause the radius of Sb5 + (0162nm) is smaller t han
t hat of Ti4 + (0168nm) ,and t he substit ution of Sb5 +

for Ti4 + result s in crystal lat tice aberration. Corre2
spondingly , residual st ress is generated in the
process of crystallization , which causes rep ulsive
interaction among redundant positive charges of

Sb5 + . Therefore t he single point energy increases.
This case has also been discovered in Sn2doped
In2 O3

[20 ] . However , it should be noticed t hat t he
crystal st ruct ure of Sr TiO3 is still cubic perovskite.
3. 2. 2　Electronic structure of Sb2doped SrTiO3

3. 2. 2. 1　Density of states
Figure 4 shows the total DOS of Sr Ti1 - x2

Sb x O3 wit h x = 01125 ,0125 ,and 0133. Because t he

Sb doping int roduces n2type carriers into t he sys2
tem[21 ] ,t he Fermi level goes into the CBs for x =
01125 ,0125 and 0133 , which is similar to t hat of
Nb2[6 ] or V2doped[11 ] Sr TiO3 . At t he same time ,for
t he case of x = 01125 , 0125 ,and 0133 , t here is an
additional peak below t he lower VB zone ,and t he
peak broadens wit h increased Sb doping. Below t he
upper VB zone ,a peak wit h a bandwidt h of about
1eV appears when x = 01125. Two small peaks ap2
pear when x = 0125 , and t hese split into many
peaks when x = 0133. We will discuss t hese addi2
tional peaks later .

In addition , t he DOS moves significantly to2
wards lower energy and t he optical band gap
broadens wit h increased Sb doping concent ration
compared wit h t he DOS reported in Fig. 3. The rea2
sons are as follows :on one hand ,the Burstein2Moss
shif t due to t he high concent ration of carriers
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Fig. 4　DOS of Sr Ti1 - x Sb x O3 　(a) x = 01125 ; (b) x =

0125 ; (c) x = 0133

makes t he optical absorption edge move towards
lower energy ,and the optical band gap is broadened
[22 ] ;on t he ot her hand ,interactions among elect ric
charges result in a many2body effect ,which causes
t he optical band gap to become narrow [23 ] . But the
Burstein2Mo ss effect on t he band gap is more pro2
nounced than t hat of t he many2body effect , so the
band gap broadens wit h increased Sb doping con2
cent ration.

It can be exp ressed by the following equation :
Eg = Eg0 +ΔE

BM
g - ΔE

W
g

Here Eg0 is t he band gap of undoped Sr TiO3 ,ΔE
BM
g

is t he B urstei n2Moss s hif t , a ndΔE
W
g is t he c ha nge

of conduction ba nd resulti ng f rom t he ma ny2body

ef f ect a mong elect rons . Howeve r , t he ba nd gap

becomes smalle r in cases of N b2dop ed [ 6 ] or V2
dop ed [ 11 ] Sr TiO3 .

I n orde r t o st udy t he D OS qua ntit a tively , t he

i ntegrals of t he DOS f or Sr TiO3 wit h x = 0 ,01125 ,

0125 , a nd 0133 a re p e rf or med i n t he region wit h

t he e ne rgy - 25eV t o t he Fe rmi level , a nd t he re2
sults a re 320 , 313 , 306 , a nd 113 f or Sr8 Ti8 O24 ,

Sr8 Ti7 SbO24 ,Sr4 Ti3 SbO12 , a nd Sr3 Ti2 SbO9 , resp ec2
t ively. These values rep rese nt t he numbe r of elec2
t ronic sta tes t ha t ca n be occup ied by oute r2shell e2
lect rons i n t he f our syste ms . I n our calculation , t he

vale nce sta tes a re :2s a nd 2p f or O , 2s , 3p , 3d , a nd

4s f or Ti , 4s , 4p , a nd 5s f or Sr a nd 5s a nd 5p f or

Sb , indicati ng t ha t t he num be rs of vale nce elec2
t rons a re 6 ,12 , 10 , a nd 5 f or O , Ti ,Sr , a nd Sb , re2
sp ectively. He nce , i n cases of Sr TiO3 wit h x =
01125 ,0125 , a nd 0133 base d on our sup e rcell mod2
els ,320 ,313 ,306 , a nd 113 vale nce elect rons a re in2
clude d , resp ectively , w hic h is i n good agree me nt

wit h t he i ntegral results . Comp a ri ng t he numbe r

of elect ronic states t ha t ca n be occup ied wit h t ha t

of vale nce elect rons , we ca n conclude t hat t he

VBs of Sr8 Ti8 O24 a re f ully occup ied a nd t he Fer mi

level is just at t he t op of t he VBs . The bot t om most

CBs of t he t h ree dif f e re nt Sb dop i ng syste ms a re

f ully occup ied wit h elect rons a nd t he Fer mi level

moves i nt o CBs . Accordi ng t o t he conductive

mecha nis m of se miconduct ors [ 24 ] , t he conductivit y

of Sb2dop ed Sr TiO3 is grea tly i mp rove d by t he

elect rons p rovide d by t he Sb dop ing.

3. 2. 2. 2　Partial density of states
Figure 5 shows the PDOS of Sr Ti1 - x Sb x O3

with different Sb doping amount s. There are many
superfluous elect rons in t he bot tom of t he CBs and
t he Fermi level goes into the CBs ,which indicates
t hat t he Sr Ti1 - x Sb x O3 shows t he characteristics of
a degenerate semiconductor . Also ,t he PDOS moves
significantly towards lower energy wit h increased
Sb doping concent ration ,and the dispersion of t he
CBs is aggravated due to the high doping concen2
t ration t hat makes t he imp urity atoms become clos2
er to each ot her . In this case , t he wave f unctions
which are bounded by t he doping ions greatly over2
lap ,resulting in enhancement of t he communization
movement between the O2p orbit and the imp urity
atom orbit ,so t he valence band is broadened. In ad2
dition , t he PDOS of doped Sr TiO3 has significant
changes :One small peak emerges below t he lower
VB zone , to which t he Sb5s state and O2s state
cont ribute ,and another peak appears near t he bot2
tommost of t he upper VB zone ,to which the Sb5s
state and O2p state cont ribute. In particular , t he
two peaks broaden wit h increased doping concen2
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t ration.

Fig. 5　PDOS of Sr Ti1 - x Sb x O3 　(a) x = 01125 ; (b) x

= 0125 ; (c) x = 0133

In t urn to t he CBs ,it is highly dispersive and
shows no localization characteristics wit h increased
Sb doping. In our calculation ,t he PDOS in the Fer2
mi level for Sr and Sb in t he t hree different Sb do2
ping systems are calculated. See Table 2. The Sb
plays a more important role t han the Sr in terms of
cont ribution to the CBs. Therefore t he Sb doping
has a greater effect on t he conductivity of Sr TiO3 .

Table 2　Values of PDOS in the Fermi level with dif2
ferent Sb doping concentrations

Doping concent ration 0. 125 0. 25 0. 33

Sr ( EF) 0. 035 0. 179 0. 106

Sb ( EF) 0. 0083 0. 201 0. 233

4　Conclusion

In conclusion , we performed elect ronic st ruc2

t ure calculations , including band st ruct ure , DOS ,
and PDOS , on Sr Ti1 - x Sb x O3 wit h x = 0 , 01125 ,
0125 ,and 0133 wit h first2principle calculations u2
sing plane wave ult ra2sof t p seudo2potential tech2
nology based on density f unction theory ( DF T) .
Due to the elect ron doping , t he Fermi level moves
into the CBs for Sr Ti1 - x Sb x O3 wit h x = 0 ,01125 ,
0125 ,and 0133 , and t hese systems show metallic
behavior . In addition ,t he DOS moves towards low2
er energy ,and t he optical band gap is broadened.
The wide band gap and t he low density of states in
t he conduction band result in t he t ransparency of
t he films. Because of t he absence of experimental
result s on t he Sb2doped Sr TiO3 wit h different do2
ping concent ration , f urt her experimental work is
needed for comparison wit h our numerical result s.
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Sb掺杂 SrTiO3 电子结构的第一性原理计算

贠江妮1 ,­　张志勇1 　邓周虎1 　张富春1 ,2

(1 西北大学信息科学与技术学院 , 西安　710069)

(2 延安大学物理与电子信息学院 , 延安　71600)

摘要 : 计算了 Sb掺杂 Sr Ti1 - x Sb x O3 ( x = 0 ,01125 ,0125 ,0133)体系电子结构 ,分析了掺杂对 Sr TiO3 晶体的结构、
能带、态密度、分波态密度的影响.所有计算都是基于密度泛函理论框架下的第一性原理平面波超软赝势方法.计
算结果表明 :体系的导电性与掺杂浓度有关 ,Sb掺杂在母体化合物 Sr TiO3 中引入了大量的传导电子 ,费米能级进
入导带.当 Sb掺杂浓度 x = 01125时 ,体系显示金属型导电性.同时 ,光学带隙展宽 ,且向低能方向漂移 ,可作为优
良的透明导电薄膜材料.
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