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SrTiOs (STO) films are widely used as substrate of oxide devices. Although STO is one of the
most studied materials, both experimentally and computationally, the effect of strain at the interface
is almost completely ignored. In this work, we perform Density Functional Theory (DFT) calcula-
tions using the SCAN meta-GGA exchange-correlation functional to study the effect of uniaxial- and
biaxial-strain on structural and electronic properties of STO interfaces. We find that under tensile
uniaxial-strain, the band gap increases significantly, as a consequence of a large tilting in the octahe-
dra. On the other side, under compression, the band gap is almost constant. Similar effects are seen
for tensile biaxial strain, while for compressive strain, the gap first increases and then decreases, due
to the temporary appearance of a polar distortion. In addition, we observe an orbital inversion at
the conduction-band edge under different uni/bi-axial-strain conditions. This work provides a new
perspective of the use of strain to modulate the structural and electronic properties of perovskite

film materials for multiple applications.

I. INTRODUCTION

Strontium titanate (SrTiOs, STO), one of the most
studied perovskites, is a key material with the unique
physical properties, such as photocatalytic ability for
water splitting, strain-induced ferroelectricity, a two-
dimensional electron gas behavior at the (001) surface,
which has been widely applied in several areas and
devices.[1-6] The tunable electronic structures render it
a promising semiconductor in optical related field. Fur-
thermore, as a semiconductor, its electronic structure
properties largely depends on the crystal structure, such
as unit cell parameter, tilting of the octahedra, crystal
symmetry and so on. This can be achieved in different
ways, from defects to applied external strain.

Benefiting from improvements in synthesis techniques,
STO films with specific thickness have been fabricated,
which have pioneered the use of STO for applications in
a broad range of technological fields, such as electron-
ics, catalysis, optics and superconductivity. At the same
time, STO slab has also been extensively investigated by
means of atomic scale simulations to investigate bulk and
surface properties. For example, Padilla et al. showed
that the electronic structures of two possible terminations
of STO (001) surfaces are different, i.e. the band gap for
the TiOs-terminated surface is smaller than the one of
the SrO-terminated STO.[7] Pojani and co-authors dis-
cussed the polarity effects at the (111) and (110) surfaces
in STO.[8] Guo and co-authors found that anion-doping
can influence the surface structure, the electronic struc-
ture and the photocatalytic performance of the STO(001)
surface with different terminations.[9]

In the most controlled form, strain engineering can
be efficiently used to modulate the crystal structure,
as a pathway to control the physical properties of
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materials.[10-12] In the past years, many theoretical
works have been devoted to study the influence that
strain has on the properties of STO. For example, Zhou
et al. have carried out a comprehensive investigation
of the effects of strain on thermoelectric properties of
STO.[13] Janotti and co-authors found that the strain
will influence the electron mobility of STO.[14] Strain-
driven phase transition in incipient ferroelectric STO was
observed by Ni et al..[15] In comparison to biaxial strain,
uniaxial strain changes significantly the crystal struc-
ture because of a breaking of the symmetry, which is
followed by interesting properties such as band splitting
in STO.[16] Many studies of 2D materials under uniaxial
strain have also been reported. A band gap tuning in
monolayer MoSes by uniaxial strain was report by Island
et al..[17] Li and co-author reported giant anisotropic Ra-
man response of encapsulated ultrathin black phosphorus
by uniaixal strain. The Raman shift rates of the A‘(l], Bayg,
and Ag modes are significantly distinct for strain applied
along different directions.[18]

Despite these interesting effects, most of the compu-
tational work on strained materials is performed on the
bulk (3D) structure, neglecting the effects that strain has
on the surface. In this work, we study the effects that
uni- and bi-axial strain has on structural and electronic
properties on a STO slab.

II. COMPUTATIONAL METHODS

All calculations were performed in the framework of
Density Functional Theory (DFT) using the strongly
constrained and appropriately normed (SCAN) meta-
GGA exchange-correlation functional as implemented in
the Vienna ab-initio simulation package (VASP).[19, 20]
SCAN often yields an accuracy comparable to or better
than hybrid GGAs, almost at the cost of a GGA calcula-
tion, and without using a Hubbard U correction.[21-23]
We note that although the electronic occupation is calcu-



lated correctly using SCAN, the values of the band gap
are underestimated. Despite this, trends and correlations
are still valid. As this is the main focus of the paper
and more accurate calculations, such as GW method or
HSEOQ6 functional, are too demanding, we are satisfied
with the results obtained at the SCAN level of accuracy.
The Brillouin zone was sampled with a 8 x 8 x 1 T" -
centered k-point grid for the 1 x 1 x 5.5 slab. A plane
wave cutoff of 870 eV was used. The structure was op-
timized until the force on each atom was less than 0.01
eV/A. The slabs were terminated by TiO,. A vacuum
of 20 Awas applied to avoid the interaction between two
images.

To better qualify the distortion in the octahedra, we
calculate the polar distortion of each TiOs layer, 9;, de-
fined as follows:

i = /02462, with 6,y =0,y(Ti) —0,(0), (1)

where §; is the layer-averaged atomic displacement in
TiOs layer relative to ideal cubic lattice.

Although, in this work, we consider a slab composed
of 1x1 x 5.5 unit cells, similar structural distortions and
electronic properties are observed for a larger 2 x 2 x 5.5
slab.

III. RESULTS AND DISCUSSION
A. Uniaxial Strain

Figure 1 shows the crystal structure of TiOs-
terminated 1 x 1 x 5.5 STO slab. As a starting point,
we consider the cubic structure, with the space group
Pm3m, as this phase is a typical representative of bulk
STO at room temperature. The optimized lattice con-
stant of bulk STO is a = 3.906 A, which agrees well
with experimental results (a = 3.906 A).[24] Cleaving
bulk STO in [001] direction, a 1 x 1 x 5.5 STO slab with
two TiOy terminations is built. The lattice constant for
optimized STO slab is a=b=3.886 A, which is slightly
smaller compared to bulk value. This is however in good
agreement with previous literature.[25] Uniaxial strain is
applied in the [100] direction. The uniaxial strain is de-
fined as e,=(a-a¢)/agx100%, whereay is the lattice con-
stant of fully optimized STO slab (without strain) and a
is the lattice constant of the structure with strain. The
lattice constants in the [010] and [001] directions and the
atomic positions are allowed to fully relax, keeping the
[001] direction fixed under a certain strain value.

Figure 2(a) shows the band gap of STO as a func-
tion of the applied strain: the band gap is almost not
influenced by a compressive strain, which is almost con-
stant at a value of about 0.9 eV. The band gap is again
almost constant for a tensile strain up to 1 %, but af-
terwards, between 1 and 2 % increases of 0.3 eV. Even
further, the band gap of STO continues to increase lin-
early with the increase of the strain after 2 %. A phase

(b) Top view

(a) Side view

FIG. 1. (a) side view and (b) top view of the STO slab used
here.

transition has been observed between 1 and 2 %, which
is directly responsible for the abrupt change in the gap.
This phase changes mostly involve a distortion in the
octahedra. Without any applied strain, the angle for
O-Ti-O, averaged among the six TiO, layers, is 90.0°,
as expected by the cubic symmetry. However, under
2% tensile strain, the average angle reduces to 86.6°, as
schematized in the insets of Figure 2(a). The uniaxial
strain, compressive and tensile, has thus different effects
on the band structures because of a change of the crys-
tallographic symmetry.

This can be further seen by investigating the posi-
tions of band edges as a function of the strain (Figure
2(b)). Under compressive strain, both conduction band
and valence band drift simultaneously, with their differ-
ence almost unchanged, i.e. the gap does not vary. Under
tensile strain and after the phase transition, the conduc-
tion band edge shift-up linearly and significantly more
than the valence band. This has the effect of increasing
the band gap. Figure 2(c) shows the Projected Density
of States (PDOS) for 2% compressive, 0 and 2% tensile
strain: the O p orbitals mainly contribute to the valence
band maximum (VBM), and the conduction band min-
imum (CBM) is mainly consist of Ti d orbitals. At the
electronic level, the Ti orbitals are thus the main respon-
sible for the increase of the gap as a function of the strain.

The change of the order of the Ti 3d orbitals at the
CBM are presented in Figure 2(d): the Ti 3d,, or-
bitals are the main component of the valence band edge
for unstrained STO. On the surface, in fact, the cu-
bic symmetry is broken in the z-direction, which also
breaks the degeneracy of ty, orbitals and thus the 3d.,
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FIG. 2. (a) The band gap of STO slab as a function of strain. The insert figures represent the top view of STO slab structure
under 0 and 2 % uniaxial tensile strain, respectively. (b) Band edge positions and the changes of band gap (AE = Eg — Ego,
Ego is the band gap of unstrained STO slab, E, is the band gap of STO slab at a certain strain) for STO slab as a function
of uniaxial strain. The relative positions of the band edges of the strianed STO with reference to vacuum level of unstrained
STO. And the work function for unstrained STO slab is 5.36 eV. The green dash lines represent the positions of fermi level
at different states. (c) Total and projected density of states for STO slab with 2% uniaxial compressive strain, 0 uniaxial
strain and 2 % uniaxial tensile strain, respectively. The fermi level for unstrained STO is set as 0 eV. (d) Ti 3day, 3ds. and
3dy. orbitals positions for STO slab under different unaxial strain. Three regions from left to right can be identified as 3d,.
dominated area, 3d;, orbitals dominated area and 3d,. orbitals dominated area, respectively.

orbitals have the lowest energy. The energy of Ti 3d,,
and 3d,, orbitals increase/decrease significantly, under
tensile/compressive strain and now the Ti 3d,. orbitals
are the main component of the CBM.

The polar distortions in six atom layers are calculated
to define the octahedral tilt, as shown in Figure 3. Un-
der compressive strain, there is no polar distortion, while
under tensile strain, a significantly increase of the aver-
age value of polar distortion from 0 Ato 0.12 Afor 2 %
tensile strain is observed and it continues to increase for
larger applied strain.

B. Biaxial Strain

The biaxial strain is applied in the zy-plane, perpen-
dicular to the [001] interface. The magnitude of the strain
is now defined as ep=(a-ag)/ag x 100 %, where a is the
lattice constant in both [100] and [010] directions. The
atomic positions are allowed to relax, keeping the unit
cell fixed. As shown in Figure 4(a), under tensile strain
above 1 %, the band gap increases significantly, which
is very similar to what happens under tensile uniaxial-
strain. This is again connected with a change of the
symmetry. Differently from the case of uniaxial-strain,
for biaxial-strain, the polar distortion directions in six
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FIG. 3. The polar distortion value in six TiO2 atom layers
as a function of uniaxial strain. The insert is the top view of
STO slab. (The polar distortion direction is marked by the
red arrow.)

atom layers of STO slab change, as shown in Figure 4(b).
The polar distortion appears at a tensile strain above 2
%. For each layer, the energy difference for the polar dis-
tortions in the [1 10] or [110] (marked with a red arrow
in figure) is below the accuracy achievable with DFT.
Under compressive strain, the band gap firstly increases
(between 0 and 1 %) and then decreases linearly with
the increase of the strain. This tendency is very differ-
ent from compressive uniaxial-strain, where the gap is
almost constant. The reason for the increase of the gap
between 0 and 1 % compressive strain could be related
with the small polar distortions that is observed at small
compressive strain. Once that the strain increases, the
polar distortion disappear as a consequence of the in-
creased internal pressure. Figure 4 (c) shows the change
of the band gap and positions of the band edges as a
function of the strain. Compared to the uniaxial-strain,
where the VBM edge and the CBM edge decrease simi-
larly, in the compressive biaxial-strain case, decrease of
the CBM edge is larger than the decrease of the VBM
edge, resulting in a decrease of band gap.

As shown in Figure 4 (d), the contribution to CBM
changes from Ti 3d,, orbitals to 3d,, orbitals when ap-
plying compressive/tensile biaxial strain larger than 2%.
Under compressive strain, the energy of 3d,. and 3d,.
are similar, i.e. the degeneracy is not broken. While,
under tensile strain, the energy of 3d,, and 3d,,, orbitals
are different due to a broken symmetry.

C. Implication for functional materials

Strain on thin films can pave the way to function-
alize materials for multiple applications. Compared to
strain applied to bulk materials, for which the band gap

increase gradually under both compressive and tensile
biaxial strain, our results show that the band gap and
other electronic properties can be tuned in many differ-
ent ways.[26] To achieve this, it is necessary to investigate
the properties of slab surfaces, beyond the bulk models.

The effect of strain on the electronic properties can
boost the potential applications of this-films for elec-
tronic devices. Experimentally, uniaxial strain can be
induced, for example, by bending a STO slab on a poly-
meric support. Uniaxial strain has been applied to La
doped STO film in a three-point bending apparatus. And
they observed an large enhancements of electron mobil-
ities under uniaxial stress.[27] Biaxial strain can also be
induced by epitaxial growth, as it has been performed by
Haeni and co-authors.[28] The challenge for the computa-
tional community is thus to select the optimal matching
to achieve the target strain in the thin-film material.[29]

More in general, it has been recently discussed that
strain and nano-confinement can be two possible path-
ways to stabilize metastable materials and interfaces.[30]
Calculations similar to the ones performed in this work
are required, to achieve this goal and to design optimal
pathways to guide experiments.

To ensure reproducibility of the results, all input and
output from the calculations and the scripts used to run
the simulations are available on the open-source database
Computational Materials Repository (CMR) at the date
of publication.[31]

IV. CONCLUSION

In summary, we have used DFT calculations to investi-
gate the structural and electronic properties of STO slab
under uni- and bi-axial strain. We found that STO slab
shows a different response for the structural-electronic
properties under different strain conditions. The band
gap increases significantly above 2% uni- and bi-axial
tensile strain, which is due to a lager octahedral tilt. Un-
der compressive strain, the gap is constant for uniaxial
strain, while it increases firstly and then decreases for
biaxial strain. An orbital inversion is observed: the con-
tribution to the CBM changes from Ti d,, orbitals to Ti
dy. orbitals. Our results demonstrate that the uni- and
biaxial-strain on STO slab is different from that of STO
bulk. Therefore, the methodology discussed in this work
can be a reference to investigate uni- and bi-axial strain
on other thin-film materials.
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