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This paper investigates the effect of Nb doping on the electronic structure and optical properties of SroTiO4

by the first-principles calculation of plane wave ultra-soft pseudo-potential based on density functional theory (DFT).

The calculated results reveal that due to the electron doping, the Fermi level shifts into conduction bands(CBs) for

SroNbgTij—;O04 with £ = 0.125 and the system shows n-type degenerate semiconductor features. Sr2TiO4 exhibits

optical anisotropy in its main crystal axes, and the c-axis shows the most suitable crystal growth direction for obtaining

a wide transparent region. The optical transmittance is higher than 90% in the visible range for SraNbg.125Ti0.87504.
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1. Introduction

The exploration of materials for transparent con-
ducting oxides (TCOs) has been an urgent task be-
cause of the rapid expansion of industrial uses of TCOs
films in liquid crystal displays, organic light emit-
ting diodes and solar cells.'=3! In particular, this is
compounded by the increasing potential new uses for
TCOs films[*~6! (e.g. the transparent field-effect tran-
sistor) and a resource problem for Sn-doped InyOg
(ITO),!>3! which is a typical TCO and the most widely
used.

Perovskite oxide and its two dimensional per-
ovskite layered structure are attractive candidates for
TCOs films. Recently, by ionic substitution and car-
rier doping, TCOs films with the perovskite struc-
ture have been explored both experimentally and
theoretically,” =16 and a few of them including La, Sb
and In-doped SrTiOs, Nb-doped CaTiOgz, Cd3TeOg,
Sb-doped SrSnOgz, La and Sb-doped BaSnOjs have
been obtained in experiment."~13 Wang et all” have
demonstrated that Sb-doped SrTiOgs thin films epi-
taxially grown on SrTiO5(001) substrates by pulsed
laser deposition show good optical transmittance in

the visible range. Guo H Z et all%)

have reported the
optical properties of p-type SrIn,Ti;_,O3 (z = 0.1

and 0.2) films prepared by laser molecular beam epi-

taxy under different oxygen pressures and the films
are highly transparent in most of the visible region.
Moreover, the effect of Nb doping on the electronic
and optical properties of SrTiOs; has been studied
by Guo X G et all' using ab initio linear muffin-
tin orbital methods in the atomic sphere approxima-
tion. Zhang et all*! have investigated the electronic
structure and optical properties of In-doped SrTiOj
by density functional theory (DFT) calculation. To
our knowledge, however, the investigation of the lay-
ered perovskite structures, which have the potential
to maintain the favourable electronic properties and
exhibit similar electron transport properties of per-
ovskite oxides for TCOs materials, is rare. So it is
necessary to use the first-principles method to explore
the effect of carrier doping on the electronic structure
and optical properties of layered perovskite oxides.
In this paper, we perform the first-principles cal-
culation to investigate the effect of n-type doping Nb
on the perovskite layered structure SryTiO4 by the
CASTEP! software package based on DFT. From
these results, a better understanding of the electronic
structure and optical properties of Nb-doped SraTiO4
with sufficient details can be estimated, and some
helpful instructions can be provided for the growth
of TCOs films with the layered perovskite structure.
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2. Computational details

The layered perovskite-type SrO(SrTiOs),
(n = 1,2,...,00) constitutes the prototype of the
Ruddlesden-Popper phase.['8] If n is infinite (c0), the
compound is cubic perovskite metal oxide SrTiO3. For
n = 1, the crystal structure of SroTiOy is of the tetrag-
onal KoNiFy type with the space group I4/mmm and
its lattice constant is a = b = 0.3885 nm, ¢ = 1.260 nm

[19] Figure 1 shows the schematic

at room temperature.
structure of SroTiO4, which can be regarded as the
alternative stacking of perovskite SrTiO3 layers and
SrO rock-salt-type layers along the c-axis. There are
two different Ti—O bonds in the SryTiO,4 system: the
shorter Ti-O, in the ab plane and the longer Ti-O,
along the c-axis. The unit cell contains two formula
units of SroTiOy4. In order to study fractional substi-
tution, it is necessary to consider a larger cell than the
basic unit. Thus we construct a supercell of four unit
cells consisting of 56 atoms in the basis. Replacing
any one of the Ti atoms by a Nb atom in the supercell
will correspond to the formula SroNbg 125T1ig.87504 or
SroNb,Ti;_,O04 with z = 0.125.

Fig.1. The schematic structure of SraTiOy4.

In our calculation, the interaction between nu-
clei and electrons is approximated with the Vander-

bilt ultra-soft pseudo-potentiall?”! and 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. The Brillouin zone integration are approx-
imated by using the special k-points sampling scheme
of Monkhorst-Pack??l and 6 x 6 x 2 k-points grid is
used. In order to obtain a stable structure, full re-
laxation is performed for doped SryTiO,4 systems by
using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm!?3! to minimize energy with respect to the
atomic position and each calculation is considered to
be converged when the maximum root-mean-square
convergent tolerance is less than 1x107° eV /atom.
Then the electronic structure and optical properties
are calculated based on the optimized supercell model.

3. Results and discussion

3.1. Structure characterization

The fully relaxed structure parameters and single
point energies of the optimized SroNb,Ti;_,04 with
z = 0.0 and x = 0.125 are listed in Table 1. It is
clearly seen that the single point energy of Nb-doped
SroTi0, increases after doping, indicating that Nb-
doped SryTiOy4 is less stable than undoped SraTiOy4.
This is because the radius of Nb5T (0.064 nm) is larger
than that of Ti*T (0.0605 nm), and the substitution
of Nb°* for Ti*t results in crystal lattice aberration.
Correspondingly, residual stress is generated in the
process of crystallization, which causes repulsive in-
teraction among redundant positive charges of Nb°T.
Therefore the single point energy increases. This case

24] How-

has also been discovered in Sn-doped InyOs3.
ever, it should be noticed that the crystal structure of
SroNb,Ti; 04 with z = 0.125 is still the tetragonal
KoNiFy type with the space group I4/mmm. More-
over, after Nb doping, the calculated lattice parameter
a increases, while the lattice parameter c decreases,
which is in good agreement with the experimental

results.[25]

Table 1. The optimized structure parameters and single point energies (E) of SroTiO4 and SraNbg.125Ti0.87504.

a/A c/A c/a E/eV

theory experimental theory experimental theory experimental theory
SraTiO4 3.91 3.892 12.63 12.60* 3.23 3.24* -10110.1459
SraNbg.125Ti0.87504 3.94 3.90P 12.61 12.58P 3.20 3.23P ~10096.3995

2 Ref.[16], PRef.[22].
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Further insight into the effect of Nb doping on
the structure of SroTiO4 system can be obtained from
bond lengths surrounding the doping atom (see Ta-
ble 2).

atom, which are taken from the structural optimized

And the partial geometries around the Nb

Nb-doped 56 atom SroNbg 105Ti0.87504 supercell, are
shown in Fig.2. Because of symmetrical constraints,
atoms behave the same in the a, b directions. For
undoped SryTiOy4, the Ti-O, and Ti-O. bonds are
1.957 A and 1.977 A, respectively. The introduction
of an Nb atom leads to a local lattice expansion and
the four nearest O,, O, and the two second nearest
O, atoms around the Nb atom shift away from Nb by
0.028 A and 0.007 A, respectively. That is, the NbOg
octahedron exhibits significant structure relaxations.
In the case of its first nearest neighbour (NN) Ti60g
and Ti7Og¢ octahedra, they exhibit smaller structure
relaxations. The Ti6-O, and Ti6—-O. bond lengths in
the doped SroNbg 125Tig.87504 system are 0.007 A and
0.004 A smaller than the corresponding ones in the

l

undoped SryTiO4 system, respectively. At the same
time, it is noted that the second NN Ti8Og octahe-
dron undergoes few relaxations after doping. Hence,
replacing a Ti atom by one Nb atom in the supercell
merely results in significant local structural changes
in the dopant sites.

Fig.2. Partial geometry for the Nb-doped 56 atom

SraNbg.125Ti0.87504 supercell.

Table 2. The bond lengths surrounding the doping atom Nb and the corresponding bond lengths

of the undoped SraTiO4 system after structural relaxation. All quantities are in angstroms.

Undoped SraTiO4 SraNbg.125Ti0.875 04
bond bond length bond bond length
Ti-Oq 1.957 Nb-Ogq 1.985(0.028)
Ti-Oy 1.957 Nb-Oy 1.985(0.028)
Ti-O 1.997 Nb-O, 2.004(0.007)
Ti6-Oq 1.957 Ti6-Ogq 1.950(-0.007)
first NN Ti60¢ Ti6-Oy 1.957 Ti6-Oy 1.950(-0.007)
Ti6-O¢ 1.997 Ti6-O 1.993(-0.004)
Ti7-Oq 1.957 Ti7-Ogq 1.950(-0.007)
first NN Ti70¢ Ti7-Oy 1.957 Ti7-Oy 1.950(-0.007)
Ti7-O¢ 1.997 Ti7-O¢ 1.993(-0.004)
Ti8-Ogq 1.957 Ti8Ogq 1.954(-0.003)
second NN Ti80¢ Ti8-Oy 1.957 Ti8-Oy 1.954(-0.003)
Ti8O¢ 1.997 Ti8-O, 2.000(0.003)

The deviations of bond lengths between SroNbg.125Tip.87504 and undoped SraTiO4 are given in parenthesis.

3.2. Electronic structures
3.2.1. Electronic structure of undoped Sr,;TiO,4

In order to show the Nb doping effect on the
electronic structure of SroTiO4, the total density of
states (DOS) and partial DOS (PDOS) of stoichio-
metric SroTiO4 are calculated first for comparison and
the results are shown in Fig.3. For the sake of clarity,
only the relevant Ti 3d, O, 2p, O, 2p and Sr 5s PDOS
are shown and this will be adopted in the subsequent

Fig.5(c).

It is obvious that the structure of SryTiO4 has
corner-shared TiOg octahedra where the Ti 3d and
O 2p interaction is found, which dominate the main
electronic properties of SroTiO4. The top of valance
bands (VBs) consists of predominately O 2p states
and the most prominent unoccupied energy bands in
the bottommost of conduction bands (CBs) are mainly
composed of the Ti 3d states. Overlooking from the
DOS, we can observe that there is strong orbital hy-
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bridization between the Ti 3d and O 2p states. That
is to say, the Ti—O bond is covalent. Moreover, it is of
particular interest that there are two different oxygen
atoms in the structure of SroTiO4 and they have dif-
ferent PDOS. The PDOS of O, atoms which locate on
the edge of the perovskite layer hybridize a little with
that of the Ti atoms, and this indicates that the co-
valent interaction of Ti—O, bonds on the edge of the
perovskite layer is weaker than that of other Ti-O,
bonds. Correspondingly no overlap of PDOS between
Sr atoms and O atoms means ionicity of Sr—O bonds.

Sr 5s
T T T g

O¢ 2p
T T
O 2p

DOS/(states/eV)

Energy/eV

Fig.3. The DOS and PDOS of SroTiO4, The Fermi level
is set to zero on the energy scale, which will be adopted
below unless otherwise stated.

In addition, the calculated band gap of SraTiO4
is about 1.7eV, which is smaller than the experimental
values of about 3.8 eV.['%] This is typically underesti-
mated by the DFT26 and also caused by the strong
self-interaction of the Ti 3d states.!?7]

3.2.2. Effect of Nb doping on the electronic
structure

3.2.2.1. DOS

Figure 4 shows the total DOS of SroNb,Ti;_,O4
with x = 0.125. Because the Nb doping introduces the
n-type carriers into the system, the Fermi level shifts
into the CBs, which is in good agreement with the
experimental results!?®! that the SroaNbg 1Tig.9Oy4 sys-
tem is an n-type semiconductor. At the same time,
the DOS shifts significantly towards low energy and
the optical band gap broadens. The calculated opti-
cal band gap of SroNbg.125Tig.87504 is about 0.6 eV
larger than that of undoped SryTiO4 due to Nb dop-
ing. This can be explained as follows: on the one
hand, the Burstein—Moss shift due to the high concen-
tration of carriers makes the optical absorption edge

shift towards low energy, and the optical band gap is
broadened;[?®! On the other hand, interactions among
electric charges result in a many-body effect, which
causes the optical band gap to become narrow.?! But
the effect of Burstein—Moss(?8! on the band gap is more
pronounced than the many-body effect, so the band
gap broadens after Nb doping.

80 7
60 4
40 3

DOS/(states/eV)

Energy/eV

Fig.4. The DOS of SraNbg.125Ti0.87504.

The broadened optical band gap may be ex-
pressed by the following equation:

Ey = Eg + AESM - AEgV .

Here Eg, is the band gap of undoped SroTiOy,
AE?M is the Burstein—Moss shift and AE;V is the
CB change resulting from the many-body effect among
electrons. Moreover, an additional small peak appears
in the bottom of the VBs. We will discuss it later.

3.2.2.2. PDOS

Figure 5 shows the PDOSs of SroNb,Ti;_,O4
with = 0.0 and 0.125, the orbital decomposed
PDOSs of the Nb atom and its nearest atoms (O,
O, Sr, Ti6 and Ti8 (see Fig.2)).

By analysing the PDOSs in Figs.5(b) and 5(c),
we find that the VBs of the SroNbg 125Ti9.87504 sys-
tem are mainly composed of O2p states, and the CBs
is formed by Ti3d and Nb4d states, which is in good
agreement with the experimental results that the elec-
tronic transport properties of the SroNbg 1 Tig.9O4 sys-
tem are dominated by the TiOg octahedra.l?® The
calculated PDOSs of Nb, Ti6 and Ti8 in the Fermi
level are 0.63, 0.74, 0.65 states/eV, respectively, which
confirms that the SryTiO,4 system undergoes insula-
tor to metal transition due to Nb doping and the
Nb doping has a great effect on the conductivity of
SraNbg.125Ti0.87504.
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Fig.5. The (a) PDOS of Sr2TiOy4; (b) the PDOS of SraNbg.125Ti0.87504; (c) the orbital de-
composed PDOSs of Nb atom and its nearest atoms in SraNbg, 125Tig.87504.

In addition, the PDOS of SraNbg 125Tig.87504 has some changes in comparison with that of SroTiO4. One
additional small peak appears in the bottom of the VBs, to which the O 2p, Ti6 3d, Ti8 3d and Nb 4d states
make contributions. Also the PDOS of SroNbg 105Tig.87504 shifts significantly towards low energy after Nb
doping, and the dispersion of the VBs are aggravated due to the high doping concentration that makes the
impurity atoms become closer to each other. In this case, the wavefunctions which are bounded by the doping
ions greatly overlap, resulting in enhancement of the communization movement between the O2p orbit and the
impurity atom orbit, so the VBs are broadened.

The CBs are highly dispersive and show no localization characteristics after Nb doping. It is known that
the effective radius of Nb°* is larger than that of Ti*t, the partial substitution of Nb for Ti has broken the
Ti—O octahedron, which makes the unsubstituted Ti and O atoms squeeze into each other. This leads to a

stronger hybridization between the Ti 3d and O 2p states, so the CBs become highly dispersive.

3.2.2.3. Electron density difference

Next, we discuss the Nb doping effect on the electronic structure of SroNbg 125Tig 87504 in terms of the
electron density difference. And the electron density difference of undoped SroTiO4 in the (001) plane is first
calculated for comparison (see Fig.6(a)). It can be found that there is a strong covalency between Ti—O bonds in
the SroTiO, system, and the electron cloud near the Ti and O atoms indicates the orientation characteristic of
covalency. Moreover, the covalent interaction of Ti—O, bond is weaker than that of Ti—O, bond, which further
confirms the electronic structure analysis of SroTiO4 in Section 3.2.1.

After doping, the electron density difference of SraNbg 125Tip.87504 in the (001) plane demonstrates a
considerable electron charge density redistribution. The overlap of electron density between the Nb and O
atoms shows a prominent stronger covalent bonding effect than that between the Ti and O atoms. Also the
covalent interaction between Ti and O atoms in SroNbg.195Tig.87504 along the c-axis is enhanced, but that along
the a-axis has little change in comparison with that of undoped SryTiO4. Furthermore, the electron cloud of
Ti and O atoms shifts towards low energy and the symmetry of the crystal reduces, which is consistent with
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the above discussed DOS and PDOS of SroNbg.125Tig.87504 system.

Fig.6. Electron density difference of SroNb,Tii_;O4 in the (001) plane (a) z = 0.0; (b) z = 0.125.

3.3. The optical properties

Further insight into the effect of Nb doping on the
electronic structure of SroTiO4 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
the complex dielectric function e(w) = &1 (w) +iea(w).
The imaginary part of the dielectric function es(w) is
calculated from the momentum matrix elements be-
tween the occupied and unoccupied wave function, 3%

Ve 5 -
= Snhm?a? / Ak Y (knlplkn') | f (kn)

n,n’

X (1= f(kn')0(Epn — B — hw), (1)

SQ(UJ)

where fw 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 e;(w) is evaluated from the imaginary part

£2(w) by the Kramers-Kronig relationship. 3!
2, [ 22w
eo(ww
61(LU) =1 + ;M/ mdw, (2)
0

where M is the principal value of the integral. The
other optical constants like refractive index n(w), ex-
tinction coefficient k(w), reflectivity R(w) and absorp-
tion coefficient I(w) now are immediately calculated
in terms of the components of the complex dielectric
function as follows:

n(w) = (% [Va@P T ewp +aw)] )

Vol. 18
-3.651x107!
- 2.120x 1071
- 5.888x1072
--9.422x1072
- —2.473%x1071
1 1/2
E(w) = (E [ e1(w)? + e2(w)? — 61(w)} , (4
R o)
[ QIC(w' (6)

Accordingly the transmittance T'(w) can be obtained
by the following equation

T(w) =1- R(w) — I(w). (7)

In the present work, we only show our calculated
dielectric function and optical transmittance for the
SryTi0, crystal due to the fact that the two optical
constants are of significant importance for transparent
conducting films. The calculated polarized imaginary
part of the dielectric function e9(w) for SroTiO4 with

121

Energy/eV

Fig.7. The calculated polarized imaginary part of the
dielectric function e2(w) for SraTiO4.

electric field E parallel (E || ¢) and perpendicular
(ELc) to the c-axis is shown in Fig.7. Obviously, the
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calculated optical properties of the SroTiO4 system
are anisotropic, which result from the two dimensional
layered structure and are consistent with the experi-
mental results.'6 For the calculated E_Lc¢ spectrum,
the small peak emerging in the energy region of 2.0 eV
to 2.5 eV and the peak around 3.0 eV are both con-
tributed by transitions from the O, 2p states to the
Ti 3d tog states. While the high peak appearing in the
energy range of 3.4 eV to 4.2 eV corresponds to the
transition from O, 2p states to the Ti 3d ey states.
In the case of E | ¢, the shoulder locating at
3.2 eV corresponds to the transition from O, 2p states
to the Ti 3d to, states. And the high peak in the en-
ergy range of 3.3 eV to 4.4 €V is due to the transition
from O, 2p states to Ti 3d e, states. In particular,
this peak is quite broad, which is due to the O, 2p
band near the Fermi level being wider than that of
the O, (see Fig.3). In addition, it should be noticed
that the optical absorption edge in the case of F || ¢
appears at a higher energy region than that in the
FE1c spectrum. This implies that the c-axis is the
most suitable crystal growth direction for obtaining

the SroTiO4 material with a wide transparent region.

100

80

Transmittance/%

L IR AL AL BELANLAEL L BELEEL AL LA
400 500 600 700 800 900
Wavelength /nm

Fig.8. Optical transmittances of SroNb;Ti;_,O4 with
x = 0.0 and 0.125.

Furthermore, we calculated the optical transmit-
tance of SroNb,Ti;_,O4 with £ = 0.0 and 0.125 in
the case of E || ¢ and the results are shown in Fig.8.
Obviously the transmittance of Nb doped SryTiO4 has
a significant improvement after doping and the trans-
mittance is higher than 90% in the visible range. The
increase of high transparency originates from two fac-
tors. There is no doubt that one is the wide optical

band gap which broadens after doping, and the other

is the low DOS in the CBs, which leads to the small
transition probability and weak absorption.
So far, there is no experimental data about Nb-

doped SryTiO,4 transparent conducting films. How-

(191 have successfully synthesized

ever, Matsuno et al
a SroTi0O4 single-crystalline thin film by pulsed laser
deposition method and the target of SroTiO4 is pre-
Lee et
all?® have prepared a Nb-doped Sr,TiO, ceramic

And
13]

pared by conventional solid state reaction.

sample by the standard solid state reaction.
the Sb-doped SrSnOs transparent conducting film!
has been grown on SrTiO3(100) substrate by the
pulsed laser deposition method, the ceramic target
of SrSbg.g55n9.9503 is prepared by the standard solid
state reaction by using SrCQOgz, SnOs, and SboO3 pow-
ders.

Thus, by optimally controlling the Nb and Ti sto-
ichiometry, we can expect to grow Nb-doped SroTiO4
transparent conducting films on SrTiOj (100) sub-
strate by pulsed laser deposition using a KrF excimer
laser (A = 248 nm). The target of SroNbg 125Ti0.87504
can be prepared by standard solid state reactions us-
ing high purity SrCOs, TiOg2, and NboOs powders.

4. Conclusions

We have investigated the electronic band struc-
tures including the DOS, PDOS and electron density
difference of SraNb,Ti;_,04 with z = 0.0 and 0.125
by using the first-principles calculation of plane wave
ultra-soft pseudo-potential based on the DFT. Due to
the electron doping, the Fermi level shifts into CBs for
SroNb,Ti; 04 with x = 0.125 and the system dis-
plays n-type degenerate semiconductor features. At
the same time, the DOS shifts towards low energy
and the optical band gap is broadened. Our calcu-
lations of the optical properties of SryTiO4 show a
large anisotropy between E || ¢ and E Le. The opti-
cal absorption edge in the case of E || ¢ is occurring
at a higher energy region, indicating that the c-axis
is the most suitable direction of crystal growth for
a wide transparent region. In addition, the optical
transmittance SroTiO4 has a significant improvement
after doping, the transmittance is higher than 90%
in the visible range. These results indicate that Nb-
doped SryTiO4 can be attractive as a new TCO with

the perovskite structure.
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