
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 2
:0

4:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Strain sensitivity
aKey Laboratory of Fluid and Power Mac

Engineering, Xihua University, Chengdu, 61
bState Key Laboratory of Electronic Thin Fi

Electronic Science and Technology of Ch

wangyqyyxf@sina.com

Cite this: RSC Adv., 2019, 9, 14072

Received 20th March 2019
Accepted 11th April 2019

DOI: 10.1039/c9ra02146a

rsc.li/rsc-advances

14072 | RSC Adv., 2019, 9, 14072–1407
of band structure and electron
mobility in perovskite BaSnO3: first-principles
calculation

Yaqin Wang, *ab Runqing Sui,a Mei Bi,a Wu Tangb and Sude Maa

A first-principles electronic structure calculation is utilized to contrastively investigate the crystal structure,

band structure, electron effective mass and mobility of perovskite BaSnO3 under hydrostatic and biaxial

strain. Strain-induced changes in relative properties are remarkable and more sensitive to hydrostatic

strain than biaxial strain. The structure of BaSnO3 remains cubic under hydrostatic strain, while it

becomes tetragonal under biaxial strain. Originating from the strain sensitivity of the Sn 5s orbitals in the

conduction band minimum, the band gaps of BaSnO3 decrease for both types of strain from �3% to 3%.

BaSnO3 under tensile hydrostatic strain exhibits higher electron mobility than it does under tensile biaxial

strain because of the smaller electron effective mass in the corresponding strain. In contrast, the

opposite phenomenon exists in compressive strain. Our results demonstrate that strain could be an

alternative way to modify the band gap and electron mobility of BaSnO3.
1 Introduction

Recently perovskite-type oxide BaSnO3 has become a research
hotspot, due to its high electron mobility and visible light
transmittance at room temperature, as well as thermal
stability.1 The cubic BaSnO3 with a band gap of 3.1 eV is stable
at temperatures up to 1000 �C.2 Its high visible optical trans-
parency makes it is commonly used as a transparent electrode
material or as electronic components for power devices, and it is
regarded as a good substitute material for the traditional
transparent conductive oxides. On the other hand, due to the Sn
5s orbitals on the bottom of the conduction band, BaSnO3 has
a high electronmobility at room temperature, with values of 320
cm2 V�1 s�1 (ref. 3) and 150 cm2 V�1 s�1 (ref. 4) for single crystal
and lm structures, respectively. These properties suggest that
BaSnO3 is an ideal channel material in perovskite hetero-
structures, compared with the traditional SrTiO3 thin lms. In
the past 50 years, the best electron mobility and conductivity of
SrTiO3 thin lm has been 10 cm2 V�1 s�1 and 500 S cm�1 at
room temperature,1 resulting in the related interesting proper-
ties of the LaAlO3/SrTiO3 heterostructure being limited to low
temperatures.5 The appearance of BaSnO3 is expected to make
the quantum effect appear in the perovskite heterostructure at
room temperature, expanding the application ranges of perov-
skite electronic devices.
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To date, previous studies have usedmanymethods to modify
the band gap and electron mobility of BaSnO3 thin lms. The
typical method is “Doping engineering” with La into the Ba site
and Sb into the Sn site. The band gap can be effectively adjusted
from 3.48 eV to 4.23 eV.2,6–8 However, the electron mobility can
only reach 70�150 cm2 V�1 s�1 at room temperature. In the
earliest work, the electron mobility of (Ba, La)SnO3 thin lms on
SrTiO3 (001) substrate obtained by Kim et al.3 was 70 cm2 V�1

s�1 at a doping level of 4 � 1020 cm�3. Kookrin Char et al.9 and
Shiogai et al.10 improved the electron mobility of La–BaSnO3

thin lms to 80 cm2 V�1 s�1 and 78 cm2 V�1 s�1 by depositing
the BaSnO3 and (Ba, Sr)SnO3 buffer layers on SrTiO3 (001)
substrate, respectively. K. H. Kim et al.11 has reported that using
single crystal BaSnO3 (001) as substrate can reduce the
appearance of dislocation in BaSnO3 thin lms, increasing the
electron mobility up to 102 cm2 V�1 s�1. Bharat Jalan et al.,1

Lebens Higgins et al.,12 and Susanne Stemmer et al.4 have
deposited La–BaSnO3 thin lms with ultra-high crystallinity by
molecular beam epitaxy, improving the electron mobility to 120
cm2 V�1 s�1, 81 cm2 V�1 s�1, and 150 cm2 V�1 s�1, respectively.
All these studies indicate that due to the ionized impurities
scattering caused by the La(Sb) atom doping in the La(Sb)–
BaSnO3 thin lms, the electron mobilities of La(Sb)–BaSnO3 are
limited. So far, the highest electron mobility of BaSnO3 lm
obtained at room temperature is 150 cm2 V�1 s�1. Thus, other
methods to tune the band gap and electron mobility of BaSnO3

are needed.
The method of “Strain engineering” is a widely used method

to obtain desired properties of materials. Many studies have
indicated that external stresses such as hydrostatic pressure
and internal strains from lattice and thermal mismatch can
This journal is © The Royal Society of Chemistry 2019
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alter the structure and electronic properties of semiconductors.
The band type of ultrathin [0001] ZnO nanowire changes from
direct to indirect under uniaxial compressive strain, along with
the structural transition from wurtzite to hexagonal.13 The band
gaps of Sn oxides with SnO6 octahedra decrease (increase) by
0.8–1.0 eV with a hydrostatic strain of 2% (�2%), showing that
they are highly sensitive to hydrostatic strain.14 The tensile
biaxial strain from the substrate destroys the two-dimensional
electron gas (2DEG) at the LaAlO3/SrTiO3 (001) interface, while
the compressive biaxial strain induces the 2DEG and increases
the critical thickness of LaAlO3 thin lms for the insulator-to-
metal transition.15,16 Also, the tensile biaxial strain is experi-
mentally demonstrated to be effective at reducing the mobility
of the 2DEG at the LaAlO3/SrTiO3 (001) interface.16 The epitaxial
strain dependence of the spontaneous polarizations and Curie
temperatures varies considerably for different ferroelectric thin
lm systems, such as BaTiO3, PbTiO3, LiNbO3, and BiFeO3.17–20

To tune the electronic properties of BaSnO3 through epitaxial
in-plane mist strains and external hydrostatic pressure, we
have used rst-principles calculations to demonstrate a detailed
study of strain engineering of BaSnO3. The changes in crystal
structure, electronic structure, electron effective mass and
mobility due to the imposed strain have been investigated.
Some commercially available substrate materials have also been
concluded in our work.

2 Methods and models

In this work, all the density functional theory (DFT) simulations
were performed using the Vienna Ab initio Simulation Package
(VASP).21 The electron-ion interactions were described by the
projector augmented-wave (PAW)22 pseudopotentials method. A
cutoff energy of 440 eV for the plane-wave basis set, and
a Monkhorst–Pack k-point mesh of 6 � 6 � 6 for the unit cell of
BaSnO3 was employed to get well-converged results. The force
tolerance on every atom was smaller than 0.01 eV Å�1. For the
electronic exchange–correlation interactions, the Heyd–Scu-
seria–Ernzerhof (HSE06)23 hybrid functional theory was used,
and 43% contribution of Hartree–Fock (HF) exchange in HSE06
functional theory was set to obtain the accurate band gap of
BaSnO3.

A cubic perovskite BaSnO3 unit cell was used to model the
variations of properties under hydrostatic strain (3xx ¼ 3yy ¼ 3zz)
and biaxial strain (3xx ¼ 3yy s 3zz) from �3% to 3%, at intervals
of 1%. The relaxed lattice constant of 4.129 Å from HSE06
theory was used to calculate the properties of unstrained
BaSnO3. The lattice parameters along the x, y, and z-axes were
adjusted to simulate various applied hydrostatic strains from
�3% to 3%, and allowing the atoms to fully relax. For the case of
biaxial strain, the lattice parameters along the x and y-axes were
changed equally, and the structure was allowed to relax in the z-
axial direction. The electron effective mass was determined by
analyzing the calculated band structures at the energy band
extremum using the standard equation24

1

mi

¼ 1

ħ2
v2

vk2
EcondðkCBMÞ (1)
This journal is © The Royal Society of Chemistry 2019
where i (k,t) represents the direction of the calculated electron
effective mass in Fig. 1.

3 Discussion and results

Strain-free BaSnO3 has a cubic perovskite structure and belongs
to the Pm�3m space group. It is composed of a corner-sharing
SnO6 octahedron, with a Ba2+ lling in the structure. For the
case of hydrostatic strain (3xx ¼ 3yy ¼ 3zz), BaSnO3 remains cubic
[Fig. 1(a)] and is the same as strain-free BaSnO3. However, when
biaxial strain (3xx ¼ 3yy s 3zz) is imposed, the symmetry is
changed and the crystal structure becomes tetragonal [Fig. 1(f)].
Along with the different structure changes between biaxial and
hydrostatic strain, BaSnO3 also presents discrepant electronic
properties. Fig. 1(c), (d) and (e) show typical band structures of
BaSnO3 under�3% hydrostatic strain, 0 strain and�3% biaxial
strain, respectively. The results show that BaSnO3 displays
indirect band gaps in both strain and strain-free structures. The
conduction band minimum (CBM) under biaxial and hydro-
static strain both occurs at the G point. However, originating
from the different structural symmetry of BaSnO3 under biaxial
and hydrostatic strain, the valence band maximum (VBM)
appears at the R point under biaxial strain and at the A point
under hydrostatic strain. The electron effective mass is deter-
mined by analyzing the calculated band structure near G along
the z-axial direction in reciprocal space (mk) and along the x-
axial or y-axial directions (mt, perpendicular to the z-axial
direction), as indicated in Fig. 1(b) and (g). According to the
symmetry, it can be obtained that the electron effective masses
in the x, y, and z-axials are equal under hydrostatic strain (mk ¼
mt), while they are shown to be different under biaxial strain
(mk s mt). The accurate values are presented in the following
content.

In order to clearly present structural changes of BaSnO3

under different strains, the lattice constants, bond lengths and
volumes of BaSnO3 under different biaxial and hydrostatic
strain are shown in Fig. 2. The lattice parameter of strain-free
cubic BaSnO3 is 4.129 Å from HSE calculation, in agreement
with the experimental value of 4.115 Å.25 The in-plane lattice
constant a and bond length da (¼a/2) increase with increasing
biaxial strain from compressive strain to tensile strain. The out-
of-plane lattice constant c and bond length dc (¼c/2) decrease
with the biaxial strain, resulting from the Poisson effect. For the
case of hydrostatic strain, BaSnO3 remains cubic, and the
change of lattice constants (a ¼ c) and bond lengths (da ¼ dc) is
the same as the shi of a and da under biaxial strain, that is, an
increase with hydrostatic strain from compressive strain to
tensile strain. As a result, the volumes of BaSnO3 under
hydrostatic strain shi signicantly toward higher values than
that under biaxial strain. The volume of BaSnO3 is 80.13 Å3

under 3% hydrostatic strain, which is about 4 Å3 larger than
that of BaSnO3 with the same biaxial strain.

Next, we carried out comparison studies for the electronic
properties of BaSnO3 under different strain. Table 1 lists the
lattice and electronic parameters of strain-free BaSnO3. The
band gap is obviously underestimated to be around 0.325 eV
from the GGA calculation. The value from HSE calculation is
RSC Adv., 2019, 9, 14072–14077 | 14073
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Fig. 1 (a and f) are the BaSnO3 unit cell under �3% hydrostatic strain (cubic structure) and �3% biaxial strain (tetragonal structure). The green,
gray and red circles represent Ba, Sn and O atoms, respectively. a and c are the lattice constants of the BaSnO3 unit cell. da and dc are the
distances between Sn and O atoms in horizontal and vertical planes, respectively. (c, d and e) are the calculated band structures of BaSnO3 under
�3% hydrostatic strain, 0 strain and�3% biaxial strain, respectively. (b and g) are the Brillouin zones of the cubic structure and tetragonal structure
indicating high-symmetry directions. Red arrows show the direction along which the electron effective masses are calculated.
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3.091 eV, consistent with the experimental values of 3.1 eV.28

Fig. 3 shows the relationships between the calculated band gap
from HSE calculation and biaxial strain or hydrostatic strain.
The band gap of BaSnO3 decreases with increasing strain from
compressive strain to tensile strain for both biaxial and hydro-
static strain. With an increase in biaxial and hydrostatic strain
from �3% to 3%, the values drop from 3.70 eV to 2.51 eV, and
4.46 eV to 1.89 eV, respectively. The linear relationships under
biaxial strain and hydrostatic strain, respectively, can be
expressed as follows:

Eg,bi ¼ 3.096 � 19.693xx (2)
Fig. 2 Lattice constants, bond lengths and volumes of the BaSnO3 unit
cell as a function of (a) biaxial strain, and (b) hydrostatic strain. The
corresponding lattices and bonds are marked in Fig. 1(a).

14074 | RSC Adv., 2019, 9, 14072–14077
Eg,hyd ¼ 3.129 � 42.723xx (3)

To evaluate the change of band gap with strain, we further
calculated the deformation potentials, which can determine the
quality of device modeling33 and are difficult to obtain from
experiment.34 The sum deformation potential under in-plane
strain can be calculated by the following equation:33

DEg
X ¼ Dt

X(3xx + 3yy) (4)

where X represents G � R and G � G for BaSnO3 under biaxial
strain, and G � A and G � G for hydrostatic strain. Table 2 lists
the calculated deformation potentials, which are important for
BaSnO3 to predict the band positions under realistic strain.

To further explain the change of band gap versus strain, we
plotted the energy of the CBM and VBM as a function of strain
in Fig. 3. The variation tendency of the CBM is more remarkable
than that of the VBM under both biaxial and hydrostatic strain.
The CBM of BaSnO3 is mainly comprised of Sn 5s orbitals, while
the VBM consists of O 2p orbitals. The results thus indicate that
the Sn 5s orbitals play a major role in the strain sensitivity of the
band gap in BaSnO3.

In addition to the band structure, we also calculated the
electron effective mass for the conduction band minimum at
the G point along the x, y and z-axial directions in reciprocal
space. The calculated longitudinal and transverse effective
masses at the G point in strained BaSnO3 are shown in Fig. 4.
The electron effective mass of BaSnO3 changes remarkably with
the strain from �3% to 3%. For the case of biaxial strain, the
transverse and longitudinal electron effective masses both
This journal is © The Royal Society of Chemistry 2019
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Table 1 The lattice parameters a, indirect band gap Eindg , and electron effective mass m*
e for strain-free BaSnO3 calculated by GGA and HSE06

methods, compared to the available data

GGA HSE06 Exp. GGA-Ref. HSE06-Ref.

a (Å) 4.186 4.129 4.115 (ref. 25) 4.142 (ref. 26) 4.13 (ref. 27)
Eindg (eV) 0.325 3.091 3.1 (ref. 28) 0.74 (ref. 26) 3.22 (ref. 29)
m*

e=m0 0.196 0.212 0.20–0.43 (ref. 30) 0.03–0.08 (ref. 26) 0.22,29 0.2,31 0.21 (ref. 32)
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decrease monotonically with increasing biaxial strain. The
difference between transverse and longitudinal electron effec-
tive mass is very small under tensile strain and can be ignored
under compressive strain. Since BaSnO3 is always cubic under
hydrostatic strain, the transverse and longitudinal electron
effective masses are equal and decrease linearly from
compressive hydrostatic strain to tensile hydrostatic strain. The
variations of effective mass with volume for BaSnO3, dened as
dInm/dV, is�2.39 for bothmk andmt, which is larger than that
for GaN and AlN reported by Dreyer et al.35

To estimate the electron mobility of BaSnO3, we calculated
the average electron effective mass for conductivity using the
following equation:36

1

m*
e

¼ 1

3

�
1

mk
þ 2

mt

�
(5)

where mk and mt are the longitudinal electron effective mass
along the z-axial direction and transverse electron effective
Table 2 The deformation potentials of perovskite BaSnO3 under small
in-plane biaxial and hydrostatic strain, as defined in eqn (4)

X Dt
X (eV)

Biaxial strain G � R �9.99
Biaxial strain G � G �9.81
Hydrostatic strain G � A �21.36
Hydrostatic strain G � G �21.45

Fig. 3 The position of the conduction band minimum (CBM) and
valence bandmaximum (VBM), and calculated band gap of the BaSnO3

unit cell as a function of (a) biaxial strain, and (b) hydrostatic strain.

This journal is © The Royal Society of Chemistry 2019
mass along the x-axial or y-axial directions, respectively. m0

represents the effective mass for a free electron. The average
electron effective mass of strain-free BaSnO3 using HSE func-
tional theory is 0.212m0, which is comparable with the experi-
mental values of 0.20–0.43m0,30 and the calculated values from
other researchers of 0.22m0,29 0.2m0,31 and 0.21m0.32 The average
electron effective mass decreases linearly under both biaxial
and hydrostatic strain. With the increase in strain from �3% to
3%, the electron effective mass decreases from 0.25m0 to 0.18m0

under hydrostatic strain, while it shis from 0.23m0 to 0.20m0

under biaxial strain. Thus it is more sensitive to hydrostatic
strain than biaxial strain.

The change of electron effective mass with strain can be
utilized to estimate the inuence of strain on the electronmobility
by the equation:37 m ¼ ehsi=m*

e, with the assumption that <s> is
a constant. e, m*

e, and <s> are the charge, electron effective mass,
and average scattering time, respectively. The normalized electron
mobility (m/m0) for BaSnO3 under different biaxial and hydrostatic
strain with respect to the strain-free BaSnO3 are presented in
Fig. 5. m0 refers to the electron mobility of strain-free BaSnO3. Our
results show that the electron mobility is more sensitive to
hydrostatic strain than biaxial strain. With the strain change from
�3% to 3%, the normalized electron mobility monotonously
increases from 0.86 to 1.16 under biaxial strain, while increasing
from 0.74 to 1.39 under hydrostatic strain. Both tensile hydro-
static and biaxial strain can enhance the electron mobility, while
the compressive strain reduces the electron mobility.
Fig. 4 The dependence of electron effective mass for BaSnO3 under
different biaxial and hydrostatic strain. The average electron effective
mass for conductivity ðm*

eÞ, longitudinal electron effective mass (mk)
and transverse electron effective mass (mt) shown in Fig. 1 are pre-
sented. m0 is the effective mass for a free electron.

RSC Adv., 2019, 9, 14072–14077 | 14075
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Fig. 5 The normalized electron mobility (m/m0) for BaSnO3 under
different biaxial and hydrostatic strain with respect to the strain-free
BaSnO3.
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The variations of band gap and electron mobility compared
with the strain-free BaSnO3 as a function of biaxial strain are
shown in Fig. 6. The results show that the biaxial strain has
opposite effects on the band gap and electron mobility.
Compressive strain enhances the band gap and decreases the
electron mobility, while tensile strain decreases the band gap
and improves the electron mobility. For a change in compres-
sive strain from 0 to 3%, the band gap increases by 19.6%, and
the electron mobility drops 13.9%. On the other hand, for
tensile strain, DEg/Eg is negative, and drops linearly with the
strain from 0 to 3%. The tensile strain results in a signicant
improvement of electron mobility, for example, Dm/m0 is equal
to 15.6% under 3% tensile strain.

Further, we expect that the biaxial strains in ultrathin
epitaxial BaSnO3 lms on suitable substrates can modify the
electron mobility and band gap. A number of materials are
investigated and some commercially available substrate mate-
rials are marked on Fig. 6. It should be pointed out that the
Fig. 6 The variations of band gap and electron mobility of strained
BaSnO3 in comparison to the strain-free BaSnO3 as a function of
biaxial strain. Some commercially available substrate materials are
marked on the figure.

14076 | RSC Adv., 2019, 9, 14072–14077
substrates marked on the gure only rely on the lattice
parameters. However, the strain is not only from the lattice
mismatch, but also from the thermal expansion parameters
between the lm and substrate. In fact, it also depends on the
preparation conditions, lm thickness, mist dislocations at
the lm-substrate interface, and external conditions. The lattice
constants of SrZrO3 and LaInO3 are similar to that of BaSnO3,
which seems suitable for epitaxial growth to avoid possible
mist dislocations at the lm-substrate interface.
4 Conclusions

In summary, we have studied the structure, electronic proper-
ties, electron effective mass and mobility of perovskite BaSnO3

over a wide range of hydrostatic and biaxial strain using rst-
principles density functional theory calculations. Compared to
the biaxial strain, the properties of perovskite BaSnO3 are more
sensitive to hydrostatic strain. The structure of BaSnO3 remains
cubic for the case of hydrostatic strain, while it changes to
tetragonal under biaxial strain. With the change in biaxial and
hydrostatic strain from �3% to 3%, the band gaps linearly drop
from 3.70 eV to 2.51 eV, and 4.46 eV to 1.89 eV, respectively. The
Sn 5s orbitals of the conduction band minimum play a major
role in this strain sensitivity of the band gap. Due to the change
of electron effective mass of BaSnO3 under strain, BaSnO3 under
tensile strain exhibits higher normalized electron mobility than
strain-free BaSnO3, with a value of 1.16 under biaxial strain and
1.39 under hydrostatic strain. On the other hand the compres-
sive strain reduces the normalized electron mobility of BaSnO3

to 0.86 and 0.74 under biaxial and hydrostatic strain, respec-
tively. Hence, the results are a guidance to experimental study,
and are also useful to design electronic devices using strained
perovskite BaSnO3.
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