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The Green’s function method, implemented in the first order of the perturbation theory (GW), was ap-
plied for an accurate description of the electronic structure of cubic BaSnO3 and SrSnOs perovskites. First,
the band structure of these materials was calculated within the generalized gradient approximation
(GGA). Then, in order to obtain the accurate band gaps, the quasiparticle corrections to the eigenenergies
were evaluated. The calculated electronic structure by means of the GW approximation was compared to
the structure obtained within the GGA. The application of quasiparticle corrections to the eigenenergies
led to a significant widening of the band gaps and provided a much better agreement with the experi-
mental data. The GW corrections to the band energies, found for both crystals at the points of the first Bril-
louin zone, are quite different. Consequently, the use of a scissor operator can lead to errors in a calcula-

tion of the optical constants.
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1. INTRODUCTION

(Ba,Sr)SnO3 perovskites have been under intensive
investigation due to their attractive properties such as
high electron mobility at room temperature and optical
transparency in visible region. Wide-band gap
(Ba,Sr)SnO3 compounds can be used in solar photovolta-
ics, displays and transparent conductor applications
[1, 2]. These perovskites were also investigated for tech-
nological applications in lithium-ion batteries [3]. Re-
cently, BaSnOs has been proposed to be a gas sensor
material due to its good sensitivity to SOz [4]. In addi-
tion (Ba,Sr)SnOs perovskites are potential photocata-
lysts for water splitting [5, 6].

In the bulk La-doped BaSnOs single crystals the
electron mobility of 320 cm?/V-s was achieved [7]. While
the carrier mobility in La-doped SrSnOs was reported to
be 40 cm?/V-s [8]. For example, in popular SrTiOs much
lower values of the electron mobility (5-11 cm2/V+s)
have been observed [9]. The possibility to increase the
carrier mobility in BaSnOs has been investigated sys-
tematically by controlling defects and using heterostruc-
ture engineering [10-12]. In order to understand the
reasons for the high electron mobility, it is important to
know the electronic structure of (Ba,Sr)SnOs.

BaSnOs is the cubic perovskite with indirect band
gap of 3.1-3.4 eV [13, 14]. In general, SrSnOs exists in
the cubic and orthorhombic types of structure and has
more wide indirect gap ranging between 4.1 and 4.27 eV
[13, 15]. Electronic structure calculations of (Ba,Sr)SnOs
crystals have been performed within different approxi-
mations for the exchange-correlation functional [16-
19, 35, 37]. But existing calculations obtained in the
general gradient approximation (GGA) significantly un-
derestimate band gaps [16, 17, 35]. Applying hybrid
functional or TB-mBdJ potential could improve accuracy
of the calculations and the higher energy band gaps have
been obtained in (Ba, Sr)SnOs [16, 18, 19, 37]. But prop-
er description of their electronic structure is still an area
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of research.

Recently, the DFT-ACBNO [38] method was success-
fully applied to the band structure calculations
of BaSnO3 and obtained gap value is in a good agree-
ment with the experimental results [20]. An alternative
approach is so-called GW approximation [21] based on
the many-body perturbation theory and it is an accurate
way to predict the fundamental gaps and band structure
of solids. The main focus is on taking screening into ac-
count in combination with the Green’s function theory.
The band gap dependence of BaSnOs on a strain has
already been studied within the GW approach [22]. But
GW calculations of the electronic structure of
(Ba,Sr)SnOs perovskites are still absent.

In this work, as a first step the electron energy
spectrum and the wave functions of (Ba,Sr)SnOs have
been calculated by means of the GGA. Then quasiparti-
cle corrections to the eigenenergies were obtained tak-
ing into account the Coulomb exchange interaction and
the Green's functions calculated in terms of the GGA
results. Consequently, the GW method was used. The
quasiparticle-like electronic structures of (Ba,Sr)SnOs
perovskites are obtained for the first time.

2. CALCULATION

We will seek the quasiparticle energies as the poles
of the Green's function. The basic functions, necessary
for constructing the latter, are obtained from the Kohn-
Sham equation [24]:

(=A% + Vex(r) + Vu(r) + Vi) onr(r) = ene@nr(r), (1)

where —VZis the kinetic energy operator, and Vgy; de-

notes the ionic pseudopotential, and V,, , Vy. are the

Hartree and exchange-correlation potential, respective-
ly. The wave vector in the Brillouin zone is represented
by k and n is the band index. The quasiparticle ener-
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gies and eigenfunctions are determined from the qua-
siparticle equation [25, 26]:

V4V, (@) + V() (r)

| o ; 2

I, r E, )y, ()dr' = E, v, (r)
where X is the non-local self-energy operator. The wave
functions are searched on basis of the single-particle
states obtained from Eq. (1):

Vur)=2a,e ). ©)

From Egs. (1) — (3) the perturbative quasiparticle
Hamiltonian is obtained in the form

H,(E)=¢,8,+<p |XE)-V,lp > @

where the second term in Eq. (4) represents a perturba-
tion.

All calculations were performed using the ABINIT
software package [27]. Integration over the Brillouin
zone was carried out on 8 x 8 x 8 Monkhorst-Pack [28]
grid in the reciprocal space. The projector augmented
wave datasets were used for Ba, Sr, Sn and O atoms
[29]. The valence basis states were 5s25p¢6s25d° for Ba,
4524p85s24d0 for Sr, 4d195s2 5p? for Sn, 2s22p* for O with
the radii of the augmentation spheres of 2.31, 2.21, 2.38,
1.41 a.u., respectively. The energy cutoff of 870 eV was
used for the wave function expansion. The contour de-
formation method proposed by S. Faleev et al. was cho-
sen for GW electronic structure calculations [30].

The Broyden—Fletcher—Goldfarb—Shanno [31] mini-
mization of the total energy was used for the structural
relaxation of (Ba,Sr)SnOs after which stresses below
0.003 GPa were obtained. In BaSnOs the lattice con-
stant of 4.180 A was found after the relaxation which is
higher by 1.7% then the experimental data of 4.108 A
[32]. In work [33] almost the same lattice constant of
BaSnOs was obtained after the geometry optimization.
In SrSnOs crystal the calculated lattice constant of
4.103 A is in a_good agreement with the experimental
value of 4.025 A [32]. The symmetry of the cubic perov-
skites (Ba,Sr)SnOs is described by Pm-3m space group,
and the Brave lattices are primitive cubic.

3. RESULTS AND DISCUSSION

The band structure of BaSnOs crystal, calculated
within the GGA and GW approximations are present in
Fig. 1 and Fig. 2, respectively. The valence band maxi-
mum is chosen for a zero of energy. In both figures the
bottom of the conduction band is at I' point and the top of
the valence band occurs at R point. The indirect band
gap of 0.4 eV is found by means of the GGA in BaSnOs,
whereas the GW method yields the energy band gap of
3.29 eV (the experimental values are in a range 3.1—
3.4 eV). The conduction band of BaSnOs3 crystal is char-
acterized by a large dispersion of the curves and that can
affect on the carrier mobility. In Fig. 2 the top of the va-
lence band at M point is lower by 0.09 eV then the va-
lence band maximum at R point. After detailed compari-
son of Fig. 1 and Fig. 2 we can see clearly the differences
in localization of the valence band energy levels obtained
by different approximations. The energy levels located
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nearly at — 20 eV (Fig. 1) are formed mainly from hybrid-
ized Ba d and Sn d states as shown in Fig. 3. Figure 3
represent the total and partial densities of states of
BaSnOs calculated within the GGA method. Also at T
point the energy levels of BaSnOs localized at — 10.29 eV
(Fig. 1) occur lower by 0.75 eV in Fig. 2. These levels are
formed by Ba s, p, d states and O s orbitals. The top of
the valence band consists of hybridized Ba p and O p
states as well as Sn p states. The bottom of the conduc-
tion band is formed by Ba p, Sn s, p and O s, p orbitals.
E(k), eV

20
N —
12 L
i ——

]
NQ:L

RN

=

4
0

4

-8 4\‘ 4
12 ]
16 ] =
-20
24 ] 4

M R r )I( M r

Fig. 1 — The electronic structure of BaSnOs obtained within the
GGA
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Fig. 2 — The electronic structure of BaSnOs obtained within
the GW approximation

The energy levels in the upper part of the valence
band, obtained within the GGA and GW approaches, are
located in the energy intervals from -8.0 to 0.0 eV, re-
spectively. In contrast, the energy of the electrons in the
conduction band, obtained in these two approaches, are
very different. The band gaps of BaSnOs at the high
symmetry points calculated in both approximations
(Eew and Ecca) are presented in Table 1. As can be
seen, the differences between the values of band gaps,
obtained within the GW and GGA (Ec¢w-Ecca), are very
significant.

The calculated band structure of cubic SrSnOs with-
in the GGA and GW approaches are shown in Fig. 5
and Fig. 6, respectively. The indirect I'-R gap, obtained
in the GGA, equals 1.04 eV and is well compared with
other theoretical findings [17, 35].
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Table 1 — The calculated direct and indirect band gaps of
(Ba,Sr)Sn0Os crystals

BaSnOs
Ecca | Ecw Eew- Ecca
I''R | 0.396 | 3.289 | 2.893
I'-T 0.920 | 3.756 | 2.836
X-X | 5.403 | 8.654 | 3.251
M-M | 6.374 | 9.355 | 2.981
R-R | 5.031 | 6.958 | 1.928
SrSnOs
Ecca | Eew Eew— Ecca

I''R | 1.041 | 4.279 | 3.238
- 1.862 | 5.112 | 3.250
X-X | 6.186 | 9.809 | 3.623
M-M | 6.844 | 9.967 | 3.123
R-R | 5.421 | 7.796 | 2.375
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Fig. 3 — The partial and total densities of states of BaSnO3
obtained within the GGA
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Fig. 4 — The partial and total densities of states of SrSnOs
obtained within the GGA
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Fig. 5 — The electronic structure of SrSnOs obtained within
the GGA
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Fig. 6 — The electronic structure of SrSnOs obtained within
the GW approximation

The GW band gap of crystal SrSnOs equals 4.28 eV
and is well compared to the measured results (the ex-
perimental values are in a range 4.1-4.27 eV). The up-
per part of the valence band in a crystal SrSnOs is
formed by Sn p and O p states, and the bottom of the
conduction band mainly consists of Sr s, d, Sn s, p and
O p states. The GW direct band gaps of SrSnOs at high
symmetry points are higher more than 3 eV (except R-
R gap) in comparison to those values calculated in the
GGA approach (Table 1).

The chemical compositions of BaSnOs and SrSnOs
are similar. Therefore, p orbital character prevails in
formation of the top of the valence band for those crys-
tals. The Ba p states significantly contribute to the top
of the valence band and form the bottom of the conduc-
tion band in BaSnOs. Whereas the Sr s, p, d states cre-
ate the lower part of the conduction band in SrSnOs
crystal.

Recently, the band structure of (Ba,Sr)SnOs have
been calculated using mBdJ potential [18]. The obtained
band gaps I''M are 2.49 eV and 3.12 eV in BaSnOs and
SrSnOs, respectively. While in other theoretical inves-
tigations the indirect gaps I'-R have been found for
(Ba,Sr)SnOs crystals [17, 35-37]. However, as can be
seen, the indirect band gaps in (Ba,Sr)SnOs, found with-
in the GW method, are better compared with measured
values than those obtained by other approaches.

The band gap value of 3.05eV was obtained for
crystal BaSnOs by means of the GW method with the
plasmon pole model dielectric function [22]. This result
is well compared with our GW calculation of the elec-
tronic structure of BaSnO3 based on the contour defor-
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mation method [27]. In previous works [23, 34] we have
carried out the band structure calculations of cubic
perovskites RbMFs (M = Be, Mg, Ca, Sr, Ba) as well as
alkali metal chalcogenides using the contour defor-
mation technique. All the obtained band gaps have re-
vealed a good agreement with the experimental data.

4. CONCLUSIONS

First, we evaluated the electronic band energies of
cubic perovskites (Ba,Sr)SnOs within the GGA ap-
proach. The corresponding band gaps were underesti-
mated by more than 70 percent compared to experi-
mental data. We looked for more accurate values of the
electron energy using the Green's function, built on the
basis of eigenstates, which were already calculated in

J. NANO- ELECTRON. PHYS. 10, 05036 (2018)

the GGA approach. The indirect gaps of (Ba,Sr)SnOs,
obtained in the first order of perturbation theory (the
GW approach) are close to the experimental values. The
GW corrections led to a proper widening of indirect and
direct band gaps, so the contour deformation method is
suitable for cubic (Ba,Sr)SnOs. The energy corrections
obtained from the GW approximation for the valence
band states are small. The differences between band
gaps A= Egw — Ecca show a significant dispersion in the
momentum space, and therefore the scissor operator,
needed for calculation of optical constants, should be
selected from the interval between minimal and maxi-
mal values of A. The GW method based on GGA eigen-
states is applicable for the description of alkaline earth
metal stannates like BaSnO3 and SrSnO:s.

CTpyKTypa eJIEKTPOHHUX €HEePreTUIHUX 30H nepoeckutie BaSn0s ta SrSn0s, o6uncnena 3a
meromamu GGA ta GW

C.B. Cupotox, 1.€. Jlomatuncsrmiz, B.M. Illsen,

Hauionanvruil ynisepcumem “Jlvgiscora nonimexnika”, ayn. C. Banoepu, 12, 79013 Jlveis, Yrpaina

Meron dyuriii ['pina, peasizoBanuii y mepuomMy mopsaky teopii 3oypenus (GW), GyB 3acTocoBaHwmit
JIJIsI TOYHOTO OIHUCY E€JIEKTPOHHOI CTPYKTYPH MepoBcKiTiB KyOiunmx (Ba, Sr) SnOs. CrmouaTky esekTpoHHA
crpykrypa (Ba,Sr)SnOs 6ysia pospaxoBana B paMrax ysaraJibHeHoro rpajientHoro HabiwmskeHHs (GGA).
Jlaui 11st oTpUMaHHS TOYHIMIMX MIK30HHUX LIIJIMH OyJIM PO3paxoBaH]l KBa3l4aCTHHKOBI IIOIPABKY [0 BJIAC-
HUX eHepriil. EiexkTpoHHI crpykTypH, orpumani 3a jgoromoroin Habumkenb GGA ta GW, neranbHo mopis-
HIOIOTBHCS MisK c00010. 3aCTOCYBAHHS KBA3I1YaCTUHKOBUX IIOIPABOK [0 BJACHUX €HEePTiil IPUBEJIO J0 3HAYHOIO
POSLIUPEHHS MIK30HHMX II[IJIMH 1 TapHOTO 3iCTaBJIEHHS 3 €KCIePUMEHTAJIbHUMU JaHuMu. [lompaBru 10
30HHHUX eHepriil, orpuMani 3a metogom GW miis 060X KpuCTAIIB y TOYKax Iepiroi 3ouu Bpimoena, 10cuTh
pisHi. OToke, BUKOPHUCTAHHS HOMKUITH (SCiSsor operator) Moske IMIPUBOINUTH J0 ITOXUOOK B PO3PAXYHKAX OIITHY-

HHUX KOHCTAHT.

Knrouosi ciosa: [leposckuru, Enexrporna crpyrrypa, Oyuxkiis ['pina, Merox GW, Keasivactunkm.
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