Yy HAL R (Wuli Huaxue Xuebao)
March Acta Phys. -Chim. Sin., 2010, 26(3):751-757 751

[Article] www.whxb.pku.edu.cn

In.Sc %Xt SrTi0; B FE#HFNEF M RRIR M

RILHR kEF
(TG R2A {5 BRI SRR, V% 710127)

TEE:  CRATETZ oh B0 0 55—k SR B 16 e R G 3 3k, 98 T In. . Sc p BI#B 244} SITiO, BHA
APkt R TES RO G RR AR, TR SRR 8225, StInussTioesOs F1 SrSco s Tiosms0s MR AE 1 [
I, R BN p BRI IF L BARERE, 824005 [ 4% W R T3 40 DX s 14 JLAAT 28548 %2 A= A5 4k, RIS, StlngassTioesOs 1
SrSco s Tios0s 7 R G240 Tl JR 98 0.35.0.30 eV, Ha2E Ml & 2L 1545, 76 1.25-2.00 eV [ BE & X [a] H 2L
B R S, 2 il 5 R 2R Drude B A HH BRI F AU AHIE. BEAD, Srng s Tins0s Fl SrSco s Tiows0, 1 F A AT
RAERA T W R AR, £E 350625 nm PASTE BT 25 T 85%. B4R T PR REGAMIR A L F AR5
PR T BRI ME AR AR M. R AERHE 58 B /NI R AR 2 F0 55 (4 SRR Stlng iosTiorsOs F1 SrSco 25T 05 74 5
BAB SRR,

KR E—PEEIE,  SITiOs p MY W TEEH bR
FEDES: 0641

Effect of In and Sc Doping on the Electronic Structure and Optical
Properties of SrTiO;

YUN Jiang-Ni ZHANG Zhi-Yong"
(School of Information Science and Technology, Northwest University, Xi'an 710127, P. R. China)

Abstract: The effect of In and Sc p-type doping on the structural stability, electronic structure, and optical
properties of SrTiO; was investigated by first-principles calculations of plane wave ultra-soft pseudo-potential based on
density functional theory (DFT). The calculated results revealed that the structural stability of SrTiO; was weakened after
In and Sc doping and that the partial substitution of In for Ti (or Sc for Ti) merely resulted in local structural changes
around the dopant sites. The doped Srlng;»;Tigg505 and SrScy s TipgsO5 systems are p-type degenerate semiconductors.
The optical bandgap was broadened by about 0.35 eV for Srlng;ssTigg::0;3 and 0.30 eV for SrScyyp5Tig50;. In addition, a
noticeable blue-shift of the absorption spectral edge was observed in the two p-type doping systems and a new
absorption appeared at around 1.25 to 2.00 eV because of the Drude-type behavior of the free-carrier excitation. The
optical transmittance of SrlngssTigg::03 and SrScgixsTins:0s improved significantly after doping and the transmittances
were higher than 85% from 350 to 625 nm. The wide bandgap, small transition probability, and weak absorption
because of the low partial density of states of impurities in the Fermi level result in Srlng 5 Tiog505 and SrSc 5 Tig:503
being optically transparent.

Key Words: First-principles calculation;  SrTiOs;; p-type doping; Electronic structure; Optical property

Strontium titanate (SrTiO;), a typical perovskite material, has field of oxide devices"™. Tt can be used as a substrate for the
attracted much attention due to its potential applications in the growth of high temperature superconductor thin films", as grain

Received: August 19, 2009; Revised: December 1, 2009; Published on Web: December 23, 2009.
*Corresponding author. Email: zhangzy @nwu.edu.cn; Tel: +86-29-88308280.
The project was supported by the Natural Science Foundation of Shaanxi Province, China (2009JM8013) and Northwest University Graduate
Innovation and Creativity Funds, China (08YZZ47).
BEPGA B AR R 42 (2000TMB013) FI PG JL KA 7 A= BT 4 (08 YZZ4T) BE T H
© Editorial office of Acta Physico-Chimica Sinica



752 Acta Phys. -Chim. Sin., 2010

Vol.26

boundary barrier layer capacitors'® and oxygen gas sensors™,
and as a high permittivity material with potential application in
dynamic random access memory®. In particular, its conductivity
can be tuned by controlled doping with impurity atoms?, which
has important applications in fabricating devices with multi-
layer structures such as semiconductor/insulator/semiconductor
(S/1/S) and metal/insulator/metal (M/I/M) junctions"’.

The behavior of n-type doped SrTiO; has been widely studied
in an attempt to understand the rich variations in physical prop-
erties arising from carrier doping!" ¥, However, the achievement
of p-type doped SrTiO; is rarely documented. Until now, only
Sc-doped and In-doped SrTiO; are confirmed to be p-type dop-
ing"21. Higuchi et al." reported the electronic structure of a p-
type SrTiO; single crystal in which the acceptor ion Sc** was in-
troduced into the Ti'* site. Dai er al.®™ reported that SrTiO; ex-
hibited p-type conductivity when doped by the substitution of In
for Ti. Guo et al.® further explored the optical properties of p-
type SrIn,Ti,_O; (x=0.1 and 0.2) films prepared by laser molecu-
lar beam epitaxy under different oxygen pressures. In addition,
many of the properties such as the structure stability, transport
properties, and optical absorption spectra for p-type doped SrTiO;
thin films are not known.

In this paper, we perform the first-principles calculation based
on the density functional theory (DFT)® to investigate the effect
of In and Sc p-type doping on the electronic structure and
optical properties of SrTiO;.

1 Theoretical model and computational
method

1.1 Theoretical model

SrTiO; has an ideal cubic perovskite-type structure at room
temperature. It belongs to the space group Pm3m(0,), with the
Sr atom sitting at the origin point, Ti at the body centre, and
three oxygen atoms at the three face centres, and its lattice con-
stant is a=b=c=0.3905 nm. The unit cell contains one formula
unit of SrTiO;. In order to study fractional substitution, it is nec-
essary to consider a cell larger than the basic unit. Thus we con-
struct a supercell of eight unit cells consisting of 40 atoms in the
basis. Replacing any one of the Ti atoms by In (or Sc) atom in
the supercell will correspond to the formula SrlngpsTiyg;O3 (or
SrS¢)12:Ting705).
1.2 Computational method

In our computation, the interaction between nuclei and electr-
ons is approximated with Vanderbilt ultra-soft pseudo-potential ®!
treating 4s, 4p, and 5s electrons of Sr, 3s, 3p, 3d, and 4s elec-
trons of Ti, 25 and 2p electrons of O, 4d, 5s and 5p electrons of
In, and 3s, 3p, 3d, and 4s electrons of Sc as the valence elec-
trons. The Perdew and Wang 91 parametrization® is taken as the
exchange-correlation potential in the generalized-gradient ap-
proximation (GGA). Plane wave basis with kinetic energy cutoff
of 420 eV is used to represent wave functions. Brillouin zone in-
tegration is performed with a 6x6x6 Monkhorst-Pack® k-points
mesh. Full relaxation is performed for the constructed supercells

by using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algo-
rithm™®! to minimize energy respect to atomic position. Each cal-
culation is considered converged when the maximum root-mean-
square convergent tolerance is less than 5.0x107 eV -atom™, that
is, the maximum ionic Hellmann-Feynman force being within
0.1 eV *nm~, the maximum ionic displacement being within
5.0x10™ nm and the maximum stress being within 0.02 GPa.
Then the electronic structure and optical properties are calculat-
ed based on the optimized supercell model.

The scissor approximation is adopted in the optical calcula-
tion to compensate the underestimation of the calculated band

gap.

2 Results and discussion
2.1 Stability and lattice properties

The binding intensity and structural stability of crystal are
related to its binding energy. The bigger the binding energy, the
more stable the crystal structure. In this paper, the binding
energies for SrTiOs SrlngissTiggs0s and SrScyssTigesO; are
calculated by the following formulas®":

E(SrTiO3)=[ E\u(StTiO3)—nEue(ST) N Ei1ue(T1)—

3nEia(O)/n (1
Ey(StM 125 Ti057503)=[ Eta( ST 125 T30 3) 11 E' o1 ST)—
(n=1) Eigue(T1) = Eigorue M)—31Eii10e(O) /12 (2)

where E,(SrTiO;) and E,(StM, 15511y 450;) represent the total
energies of the SrTiO; and SrMy»;Tiys:0, supercells, respec-
tively. Eiuue(X) denotes the total energy of an isolated X atom
and n is the formula number of SrTiO; contained in each super-
cell.

By analysis of the calculated binding energies of the three
compounds listed in Tablel, we conclude that the optimized
SrTiOs, SrlngesTings0;, and SrScyipsTing;:Os Systems are stable,
because their binding energies are negative. On the other hand,
the doped Srlng»Tigg50; and SrScyp5Tigs:0; have bigger bind-
ing energy values than the undoped SrTiO; itself, which indi-
cates that the structure stability of SrTiO; is weakened after
doping. These structure stability changes for Srlng»;Tiyg;0; and
SrSciosTiggsO; are originated from the electronic structure
changes through doping, and we will discuss this in the Mul-
liken population analysis section. Note that the crystal structures
of SrlngypsTiggs:O5 and SrScy o5 Tiggs0; are still the cubic per-
ovskite-type structure with the space group Pm3m(O,).

In addition, the calculated lattice constants are 0.3951 nm for
SrIng s Tiggrs0;3, larger than that of undoped SrTiO; (0.3924 nm),
which is in good agreement with the experiment results® that the

Table 1 Optimized structure parameters and binding
energies (Eb) for SrTiO;, SrIng»sTis7503, and SrScy125Tios750;

a/nm E/eV
System Space group
calc. expt. calc.
SrTiO; Pm3m 0.3924 0.3905% —42.8037
SrIngi5Tiog50s Pm3m 0.3951 0.3948"" —42.1885
SrScy12Tis705 Pm3m 0.3948 - —42.3147

structure parameter a=b=c, so only a is listed.



No.3 YUN Jiang-Ni et al.: Effect of In and Sc Doping on the Electronic Structure and Optical Properties of SrTiO, 753

lattice constants of Srln,;Ti,O; films increase after doping.
The same lattice expansion tendency is also observed in
SrScoiesTi0s:05. However, because of the absence of experi-
mental result on the lattice parameters of SrScgsTi0s50s, further
experimental work is needed for comparison with our numerical
results.

Further insight into the effect of p-type doping on the
electronic structure of SrTiO; can be obtained from the atomic
relaxation around the impurity atom as listed in Table 2. The
partial geometries around the impurity In atom, which are taken
from the structural optimized Srln;»sTiys0;5 system, are shown
in Fig.1.

The introducing of In impurity leads to a local lattice expan-
sion in the Srlng»;Tios:0s. The closest atoms with respect to the
In impurity are six O" atoms which rearrange their positions im-
mediately after the doping has occurred. That is, the six nearest
O" atoms around In atom shift away from In by 0.0025 nm and
the InO," octahedron exhibits a small structure relaxation. This is
due to the fact that the effective radius of In*(0.094 nm) is larg-
er than the radius of Ti**(0.0745 nm)™, the partial substitution
of In for Ti induces a structure relaxation. The same tendency is
also observed for SrScy25T10s750; after doping. However, the six
nearest O atoms around Sc atom move away from Sc by 0.0083
nm, much larger than that in Srlny;Tigg:0s. Furthermore, in the
case of the first nearest neighbor (NN) Ti‘O, with respect to the
InO;" octahedron in Srlngy;Tiyg;0s, it possesses a slightly dis-
torted Ti’O, octahedron. The bond length of Ti"—O, along the a-
axis is smaller than those in the bc plane. So does the first NN
Ti'O, with respect to the ScO, octahedron in SrSc5;Tiygs0s At
the same time, it is noted that the second NN Ti"O, undergoes
little relaxations after doping and the third NN Ti*O, has almost
no change in both SrlngsTiyg:05 and SrScesTipg0; systems
compared with the corresponding one in the undoped SrTiO;
system. Hence, replacing a Ti atom by one In atom (or Sc atom)
in the SrTiO; parent merely results in local structural changes
around the dopant sites.

Fig.1 Partial geometry of the structural optimized

SrIng 1»5Tio5750; system

2.2 Electronic structures

In this part, the electronic structures of SrTiO,, Srlng;psTiyg503,
and SrScy;55Tig0; will be discussed and compared with each
other. Three indicators will be used to reveal the effect of In and
Sc doping on the electronic structure of SrTiO;, which are the
total density of state (DOS), partial density of state (PDOS), and
population analysis. Each of these tools can demonstrate some
aspects of structure features.
221 DOS

The DOS and PDOS of the undoped SrTiO; are calculated
first for comparison and the results are shown in Fig.2(a). For the
sake of clarity, only the relevant Ti 3d, O 2p, and Sr 5p PDOS
are shown and this will be adopted in the subsequent figures. It
is obvious that the structure of SrTiO, has corner-shared TiO,
octahedron where the Ti 3d and O 2p interaction is found, which
dominate the main electronic properties of SrTiOs;. The top of
valance bands (VBs) predominately consists of O 2p states and
the most prominent unoccupied energy bands in the bottom most
of conduction bands (CBs) are mainly composed of the Ti 3d
states. Overlooking from the DOS, it can be observed that there
is strong orbital hybridization between the Ti 3d and O 2p states.
That is to say, Ti—O bond is covalent. Correspondingly no over-

Table 2 Key bond lengths in SrTiO;, SrIng»Tios503, and SrSc25Tios503

Undoped SrTiO; SrIng 125 Ti0g5:0; SrSc 125 Ti07:05
Bond Bond length Bond Bond length A, Bond Bond length A,
Ti—O, 0.1962 In—O0, 0.1987 0.0025 Sc—0," 0.2045 0.0083
Ti—O, 0.1962 In—0y 0.1987 0.0025 Sc—0Oy 0.2045 0.0083
Ti—O, 0.1962 In—0,. 0.1987 0.0025 Sc—0." 0.2045 0.0083
first NN Ti"O, Ti'—O, 0.1962 Ti'—O, 0.1937 -0.0025 Ti'—O, 0.1903 —-0.0059
Ti'—O, 0.1962 Ti'—O, 0.1981 0.0019 Ti'—0O, 0.1985 0.0023
Ti'—O, 0.1962 Ti'—O, 0.1981 0.0019 Ti'—O, 0.1985 0.0023
second NN Ti"O,4 Ti"—O0, 0.1962 Ti"—O0, 0.1968 0.0006 Ti"—O0, 0.1969 0.0007
Ti"—O0, 0.1962 Ti"—O0, 0.1968 0.0006 Ti"—O0, 0.1969 0.0007
Ti"—O, 0.1962 Ti"—O, 0.1968 0.0006 Ti"—O0, 0.1969 0.0007
third NN Ti*O, Ti*—O, 0.1962 Ti*—O, 0.1963 0.0001 Ti*—O, 0.1964 0.0002
Ti*—O0O, 0.1962 Ti*—O, 0.1963 0.0001 Ti*—O0O, 0.1964 0.0002
Ti*—O, 0.1962 Ti*—O, 0.1963 0.0001 Ti*—O, 0.1964 0.0002

The bond lengths surrounding the impurity In atom in Srlny,5;Tiys:0; and the impurity Sc in SrScy25Ti04:;0; are listed. The corresponding bond lengths of undoped SrTiO;

system after structural relaxation are also given for comparison. A, and A, denote the bond length changes before and after doping for SrIng»;Tiy50; and SrScy iz Tiggr0s,

respectively. Ti", Ti", and Ti" are the first, second, and third nearest neighbor Ti atoms to the impurity In atom, respectively; O,, O, and O, are the three different oxygen

atoms bonded with Ti atoms. All quantities are in nm.
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Fig.2 DOS and PDOSs (a) and band structure (b) of undoped SrTiO;

The Fermi level is set to zero on the energy scale, which will be adopted below unless otherwise stated.

lap of PDOS between Sr atoms and O atoms means the high
ionicity of Sr—O bonds.

Moreover, as shown in Fig.2(b), the undoped SrTiO; is an in-
direct gap insulator with the top of valence band at R point and
the bottom of conduction band at I” point. The calculated value
of the indirect band gap at R—1"is 1.7 eV, which is smaller than
the experimental value of about 3.2 eV™. This is typically under-
estimated by the density functional theory®-*". Thus, a scissor ap-
proximation value of 1.5 eV is adopted in the optical calculation
to compensate the underestimation of the calculated band gap.

Fig.3 shows the total DOSs of SrIngsTigg:;:03 and SrScags Tig:0s
Because the In doping introduces the p-type carriers into the
Srlng s Tiygs03 system, the Fermi level shifts into the valence
bands (VBs), which is in agreement well with the experimental
results® that In* acts as acceptor ions in the Indoped SrTiO; films
and the Srln,,;Tiy,O; is a p-type semiconductor. Particularly, the
DOS of Srlng,e5Tigg750; shifts significantly towards high energies
and the optical band gap is broadened by about 0.35 eV due to
In doping compared with the DOS reported in Fig.2. This is well
consistent with the experimental results'™ that the band gap of
Srlng, TipyO; is 0.4 eV larger than that of undoped SrTiO;. More-
over, one additional peak with a bandwidth of about 1.20 eV ap-
pears in the bottom of VBs for Srln 25 Tig:50s.

In the case of Sc-doped SrScy25T10550;, the Fermi level shifts
downwards into the VBs and SrScy,»Ti,g;;03 exhibits p-type de-
generate semiconductor feature, which agree well the experi-
mental results® that Sc* acts as acceptor ions in SrTi,_Sc,0; and
the Fermi level shifts to the VBs side with increasing Sc** ions.
Meanwhile, an optical band gap widening of 0.30 eV associated
with Sc doping has been observed for SrScyesTigs:03 This fact
is consistent with the experimental results that the band gap of
SrTi,_Sc,0; increases with increasing Sc doping concentration .
The broadened optical band gap originates from two aspects. On
the one hand, the Burstein-Moss shift due to the high concentra-
tion of carriers makes the optical absorption edge shifts towards
high energies and the optical transparency window is broad-
ened™. On the other hand, interactions among hole charges result
in a many-body effect, which causes the optical band gap to be-
come narrow™. However, the effect of Burstein-Moss on the band
gap is more pronounced than that of the many-body effect, so

(b) 8

E/eV

X R M r R

the band gap broadens after doping.
222 PDOS

In subsequent discussions on the effect of p-type doping on
the SrTiO; system, we restrict ourselves to the PDOS of the
doped systems.

Firstly, the orbital decomposed PDOSs of impurity In atom in
Srlng s Tigg:03 and Sc atom in SrScy»Tig505 are presented in
Fig.4(a). It is clear that the PDOSs of In and Sc do not contribute
to the bottom most of CBs but contribute only to the top of VBs.
The value of PDOS for In near the Fermi level (marked by the
arrow in Fig.4(a)) in the energy rang of —0.50 to 0.00 eV is sig-
nificantly larger than that of Sc atom in SrScgis5Tios:05. This
indicates that In is probably better than Sc for p-type doping in
SrTiOs.

Secondly, the orbital decomposed PDOSs of atoms near the In
and Sc impurities are plotted in Fig.4 (b) and (c), respectively. In
the case of SrlngpsTig;s0s, it is found that there is strong inter-
action between impurity In and its first NN Ti‘O,. The PDOS of
Ti" 3d states at the bottom of CBs is highly dispersive and shows
no localization characteristics. With increasing distance between
In and its neighboring TiO,, the PDOS of Ti™ 3d states is less
dispersive than that of Ti". The PDOS of Ti* atom is almost the
same as that in undoped StTiO;. Besides, the In impurity charge
potential has great effect on the six O" atoms in the InO,. The
PDOS of O 2p states at the bottom of CBs is different from that
of other O atoms, which are not in the InO,. The same results are
observed in SrSc,;,;Tigg503 These conclusions for Srlng 5 Tiyg5054

DOS (states-eV™')

EleV

Fig.3 DOSs of SrIng»5Ti0s50; (2) and SrScy15Tioss03 (b)
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Fig.4 PDOSs of impurity In atom in SrIn»sTiys50; and Sc atom in SrScy1Tios503 (a), surrounding atoms of In (b) and

neighboring atoms of Sc (c)

and SrScy»;Tigg505 are in good agreement with the structure re-
laxation analysis in section 2.1 that the partial substitution of In
for Ti (or Sc for Ti) in the SrTiO, parent merely results in local
structural changes around the dopant sites. Moreover, by analy-
sis the PDOS in Fig.4(a,b), it is evident that an additional peak
appears in the bottom of VBs for Srlng;s;Tiyg50;, to which the In
5s and O 2p states make contribution.

2.2.3  Mulliken population analysis

More investigation of the effect of In and Sc doping on the
electronic structure of SrTiO, can be obtained from Mulliken
population analysis listed in Table 3. For undoped SrTiOs, the
net charge of Sr (1.87¢) is close to its +2e formal charges, whereas
O atom is with —0.80¢ negative charges and Ti atom carries 0.53¢
positive charges, which are much smaller than their —2e and +4e
formal charges, respectively. This indicates that there is a high
degree of covalency in the Ti—O bond while ionicity in the Sr—
O bond, which agrees well with the DOS analysis for StTiO; in
section 2.2.1.

After doping, there are considerable electron charge density re-
distributions near the impurity atom. In the case of Srlngs5Ti0g:503,
the electron density of the O" atoms near the impurity In atom
increases obviously and the electronegativity of O atoms is
strengthened. While the net charges of Ti" and Ti"™ decrease to
the values of 0.50e and 0.52e, respectively. This is due to the
fact that the net charge of In atom (1.26¢) is much larger than
that of the replaced Ti atom (0.53¢), and In atom transfers more
electrons to O" atoms. Correspondingly, Ti" and Ti™ provide less
electrons to O" atoms. Hence there is a high degree of ionicity in
the In—O bond and the covalency of Ti—O bond is weakened
after doping, which result in the structure stability change of
StIng 25 Tigszs0s. For SrScqsTis0;, the impurity Sc atom loses
only partial valence electrons with 0.46e positive charges, small-
er than the replaced Ti atom (0.53¢), implying that the covalent
Sc—O bond is weaker than that of Ti—O bond. Correspondingly,
Ti" and Ti"
net charges of Ti" and Ti™

atoms transfer more electrons to O atoms and the
increase to the values of 0.56¢ and
0.54e, respectively.
2.3 Optical properties

Next we discuss the effect of In and Sc doping on the optical
properties of SrTiO;. The linear response of a system due to an
external electromagnetic field with a small wave vector can be
described with the complex dielectric function & (w)=¢,(w)+

igy(w). The imaginary part of the dielectric function &,(w) is cal-
culated from the momentum matrix elements between the occu-
pied and unoccupied wave functions® as follows:

%Zﬁ J &'k X 1 knlplkn’ YPfkn)(1-

nn'

&yw)=

Stkn")S(Ejy—Ej—tiw) 3
where fiw is the energy of the incident photon, V is the unit cell
volume, p is the momentum operator, lkn> is a crystal wave-
function, and f{kn) is the Fermi distribution function. The real part
of the dielectric function &,(w) is evaluated from the imaginary
part £:(w) by the Kramers-Kronig relationship.

3

o ®

s@)=1+2M
v ()

0
where M is the principal value of the integral. The other optical
constants like refractive index n(w), extinction coefficient k(w),
reflectivity R(w), and absorption coefficient /(w) now immedi-
ately are calculated in terms of the components of the complex
dielectric function as follows:

n((u):(li [ 8l(w)2+82(w)2 +<91((l))] 12 (5)
V2
1 . .
k(@)=(——[V &) +ew)* —&1(w)]™ ©)
\/7
(n+1 Yk @)
j=2Ko_ ®
c

Accordingly the transmittance 7(w) can be obtained by the fol-
lowing equation:
T(w)=1-R(w)-I(w) )
Fig.5 shows the absorption spectra for SrTiOs, StIng2Tiyg:0s,
and SrScyixsTings0s. After doping, a noticeable blue-shift of ab-

Table 3 Mulliken population analysis for SrTiOs,
SrIng 15Ty 550:, and SrSco125Tios,05

SrTiO; SrIng o5 Tios05 SrSco125T1057:0;

Ton Net charge (e) Ton Net charge (e) Ton Net charge (e)
Sr 1.87 Sr 1.87 Sr 1.87
Ti 0.53 Ti 0.53 Ti 0.53
(@) —-0.80 (@) —-0.80 (@) —-0.80
In 1.26 Sc 0.46
- - Ti' 0.50 Ti' 0.56
- - Ti™ 0.52 Ti" 0.54
(e} —-0.90 o -0.81
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1 3 Conclusions
P g:/(';)' In conclusion, we have investigated the structure stability,
2 ot electronic structure, and optical properties of In and Sc p-type
% r doped SrTiO; by the first-principles calculation of plane wave
= g e ultra-soft pseudo-potential based on the DFT. Our calculation
2F @ results are in good agreement with the experimental data. From
r these calculations, we have obtained the results as follows.
0
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Fig.5 Absorption spectra of SrTiO; (a), SrIng»sTis50; (b),

and SrSc12sTiess0s (€)

sorption spectra edge is observed for SrlngsTipg;:Os; and
SrSco195Ti0g:03, Which is in good agreement with the above cal-
culated optical band gap widening for them. In addition, because
of the Drude-type behavior of the free-carrier excitation"?, a new
weak absorption appears in the energy region of 1.25 to 2.00 eV
for the two p-type doping systems.

At the same time, as shown in Fig.6, the optical transmittance
of Srlng;Tios50; has a significant improvement after In doping
and the transmittance is higher than 85% in a wavelength range
from 350 to 625 nm, which agree well with the experimental
results®! that SrIny, TiyOs thin films are highly transparent with the
transmittance higher than 80% in most of the visible spectrum.
For SrScy,»5Tiyg;503, its optical transmittance is similar to that of
SrIng 15T 5505

The increasing of the high transparency of the two p-type
doping compounds originates from two factors. On one hand, to
being optically transparent, it is desirable to have a wider band
gap than the photon energy of the visible lights. Owing to the p-
type doping, there is an optical band gap widening of 0.35 and
0.30 eV for SrlngisTipg;:Os; and SrScysTiggs0s, respectively.
Therefore, the electron transition occurring above 3.55 eV in
Srlng 5 Tigg05 (3.50 €V in SrScy05Tiy5:05) should be more benefi-
cial than the band gap of 3.20 eV in SrTiOs. On the other hand,
the PDOS of impurity atom is low in the Fermi level (see Fig.4
(a)), which leads to the small transition probability and weak ab-

100
80 N ,...-"..---"""M".-'—
9
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g oFF b
R—
£
Z 40
;’:}
&
20
0 1 1 1 1 1 1 1

200 300 400 500 600 700 800 900 1000
A/nm

Fig.6 Optical transmittances of SrTiO; (a), SrIng»sTioss03
(b), and SrSco.125Ties70: (€)

(1) The structures of Srlng»;Tig4:05 and SrSc 05115505 are
still stable after doping, but their stabilities are lower than that of
undoped SrTiO,.The partial substitution of In for Ti (or Sc for Ti)
in the SrTiO; parent merely results in local structural changes
around the dopant sites.

(2) Owing to the p-type doping, the Fermi level shifts into
VBs for both SrlngpsTing03 and SrScesTigs05 systems and the
two systems display p-type degenerate semiconductor features.
At the same time, the optical band gap of SrlngysTiggs0; is
broadened by about 0.35 eV due to In doping and an optical
band gap widening of 0.30 eV associated with Sc doping has
been observed for SrSc 2515705

(3) A noticeable blue-shift of absorption spectra edge is
observed for Srlng,»Tipgs0; and SrScyisTipss0; and a new
absorption appears in the energy region of 1.25 to 2.00 eV for
the two p-type doping systems. Furthermore, the optical
transmittances of Srlng;»sTiy5:0; and SrScy5Tiyg:05 have a
significant improvement after doping, and the transmittances are
higher than 85% in the wavelength range from 350 to 625 nm.
The wide band gap, small transition probability, and weak
absorption due to the PDOS of impurity in the Fermi level result
in the significant optical transparency.
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