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A B S T R A C T   

SrTiO3 (STO) thin films are widely used as substrates in oxide-based devices, and although STO is one of the most 
studied materials, both experimentally and computationally in its bulk form, the potential for strain engineering 
of STO thin-films is largely ignored. In this work, we perform Density Functional Theory (DFT) calculations to 
investigate the tuning of the structural and electronic properties of STO thin films under uni- and biaxial strain. 
We find that for TiO2-terminated STO slab, the band gap changes due to strain are more significant than that of 
the SrO-terminated surface because the band gap is determined by the TiO2 layers closer to the surface. 
Furthermore, we also find that the formation energy of oxygen vacancies depends on the type of strain applied 
and the position of oxygen vacancies. These findings demonstrate the large and hitherto underexplored per
spectives of using strain engineering to modulate the structural and electronic properties of perovskite film 
materials for a wide variety of energy and electronic applications.   

1. Introduction 

Strontium titanate (SrTiO3, STO), one of the most studied perov
skites, is a material with unique physical properties, such as the pho
tocatalytic ability for water splitting [1,2], strain-induced 
ferroelectricity [3,4], and a two-dimensional electron gas behavior 
[5,6], which make STO widely used in several devices, both as active 
material and substrate. Moreover, the electronic structure properties of 
STO can be adjusted by modifying its crystal structure. Temperature 
effects, synthesis conditions, defects, and external parameters, such as 
strain, directly affect the materials’ properties [7] and make the phase 
space of STO complex and interesting for various applications. 

STO can be fabricated in many forms, from thick substrate to thin 
films [8,9], as well as it can be manipulated by adding strain, e.g., by 
using polymeric support, a three-point bending apparatus [10], or 
induced by epitaxial growth [11]. Despite this, a systematic study of the 
effect that uniaxial and biaxial strain have on the structural and elec
tronic properties of thin-films of STO is currently uncharted territory 
and is the focus of this work. 

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 materials, from electronic to catalytic [12–15]. 

For instance, first-principle study shows that strain drives phase tran
sition in incipient ferroelectric STO [16]. The optical band gap of the 
prototypical semiconducting oxide, SnO2, can be continuously 
controlled by single-axis lattice strain [17]. In the case of STO, a 
comprehensive investigation has been carried out to study the effects of 
strain on the thermoelectric properties of STO [18]. It has been reported 
that the electron mobility of STO films can be enhanced by strain [19]. 
Although these examples consider the materials in their bulk (3D) form, 
the interface is often the key to obtaining new, unique properties [7]. As 
an example, compared to biaxial strain, uniaxial strain significantly 
changes the crystal structure because of a breaking of the symmetry, 
followed by exciting properties such as band splitting in thin films STO 
[20]. Our previous work has demonstrated that strain engineering can 
enhance the performance of the oxygen evolution reaction (OER) on the 
surface of metal oxynitride BaTaO2N materials for water splitting [21]. 
Furthermore, we can imagine situations where strain can be dynami
cally adjusted during electrocatalytic reactions, thus tuning the ener
getics of the reaction intermediates and achieving almost loss-less 
reaction pathways, as shown for InSnO2N [22,23]. Studies also show 
that uniaxial strain can turn the band gap of the 2D monolayer MoSe2 
[24], and induce a giant anisotropic Raman response of encapsulated 
ultrathin black phosphorus [25]. Furthermore, reports have shown that 
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strain can manipulate the formation of oxygen vacancies, which often 
spontaneously occur during the synthesis process and are one of the 
pathways in tailoring the properties of materials, from magnetic and 
electronic to the formation of a two-dimensional electron gases (2DEG) 
[26–31]. 

In this work, we investigate both structural and electronic properties 
of STO under uniaxial and biaxial strains, e.g., elucidating the changes in 
the formation of oxygen vacancies and changes in the band gap, which is 
a common descriptor for solar cells and water splitting devices, photo
detectors, and light-emitting diodes (LEDs) [32]. 

2. Method 

All calculations were performed in the framework of DFT using the 
strongly constrained and appropriately normed (SCAN) meta-GGA ex
change correlation functional [33] as implemented in the Vienna ab- 
initio simulation package (VASP) [34]. SCAN functionals can, in many 
cases, yield an accuracy comparable to hybrid GGAs, almost at the cost 
of a GGA calculation and without a Hubbard U correction [34–36]. We 
note that although the electronic occupation is calculated correctly 
using SCAN, the band gap values are still underestimated. Despite this, 
our conclusions are solid and will not change by using more accurate, 
although computationally prohibitive for our model calculations. The 
Brillouin zone was sampled with a 4x4x1 Γ–centered k-point grid for the 
studied configurations. A plane wave cutoff of 700 eV was used for the 
optimization of the structure with oxygen vacancies. For the bulk 
structure, the energy cutoff was set as 875 eV. The structures were 
optimized until the force on each atom was less than 0.03 eV/Å. Our 
model systems were obtained by repeating the cubic structure of STO 
2x2x5.5 times, corresponding to a STO structure oriented in the [001] 
direction with both TiO2/SrO-terminations. To find the relaxed config
uration of the unstrained slab, we have optimized the value of a and b 
lattice parameters while constraining c, which is the direction 

orthogonal to the slab surface. All atomic positions are fully relaxed. 
This slab model is the starting point for the strained cases, where strain 
has been added to the a and/or b lattice parameters. After full relaxation, 
the cubic symmetry of the slab could be broken. All the structures and 
outputs of the calculations are stored and freely available in the DTU 
DATA repository (https://doi.org/10.11583/DTU.20036264) [37]. 

The O vacancy formation energy is defined as 

EO = Eremoved − Eslab + μO  

where Eremoved is the energy of the slab with defects and Eslab is the energy 
of the slab. μO is the chemical potential of the O that is removed. The 
chemical potential of the O is referenced to O2 gas from H2O and H2 gas. 

3. Result and discussion 

As a starting point, we consider the cubic structure, with the space 
group Pm 3 m, as this phase is a typical representative of bulk STO at 
room temperature. The optimized lattice constant of bulk STO (Fig. 1 a) 
is a = 3.906 Å, which agrees well with experimental results (a = 3.906 
Å) [38]. Cleaving bulk STO in [001] direction, 2 × 2 × 5.5 STO slabs 
with two TiO2 or SrO terminations are built, as shown in Fig. 1 b and c, 
respectively. The lattice constant for the optimized STO slab is a = b =
3.886 Å, which is slightly smaller than the bulk value. This is, however, 
in good agreement with previous literature [39]. 

The effect of epitaxial strain on the band gap of the STO slab is 
investigated. From Fig. 2, we can see that the band gap of the TiO2- 
terminated STO slab changes under uni/bi-axial strain. Under tensile 
strain, the band gap of the TiO2-terminated STO slab increases mono
tonically for both uniaxial and biaxial strains. And under tensile biaxial 
strain, the band gap changes more significantly than under tensile uni
axial strain. However, the responses to the compressive strain are 
different. Applying the compressive uniaxial strain slightly increases the 

Fig. 1. Structures of (a) bulk STO, (b) TiO2-terminated, and (c) SrO-terminated STO slab.  
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band gap of the TiO2-terminated STO slab. When the compressive 
biaxial strain is applied, the band gap of the TiO2-terminated STO slab 
decreases. For the SrO-terminated slab, the band gap changes similarly 
under both uniaxial and biaxial strain. Under compressive stain, the 
band gap almost keeps the same. At 3 % tensile strain, the band gap has 
an apparent increase. 

The band gap change for the TiO2-terminated STO slab is more sig
nificant, which can be explained by the layer-resolved PDOS figure in 
Fig. 3b and f. The band gap is determined by the TiO2 surface layers for 
the TiO2-terminated STO slab, while the TiO2 layer influences the band 
gap in the second layer for the SrO-terminated STO slab. When the strain 
is applied, the structure of the surface layers changes more significantly 
than the inner layer, resulting in a more significant change of band gap 
for the STO slab with TiO2 terminations. 

Besides strain, oxygen vacancies also influence electronic properties. 
The poor oxygen condition or reduction environment can drive the 
formation of oxygen vacancies [40]. In addition, the strain has been 
reported to further influence the formation of oxygen vacancies [30,31]. 
As shown in Fig. 3, for TiO2-terminated slabs, the vacancy states tend to 
be delocalized when the oxygen vacancies are on the surface (Fig. 3b). 
The formation energy of oxygen vacancies on the surface is more 
negative than the formation energy of oxygen vacancies on the sub
surface, so the oxygen vacancies prefer to be located on the surface 
instead of the subsurface. We can observe that vacancy states are 
localized at the surface and subsurface of the slab when the oxygen 
vacancies are in the subsurface (Fig. 3d). For the SrO-terminated slab, it 
is also energetically more favorable to have oxygen vacancies on the 
surface. When oxygen vacancies are on the surface, the localization of 

vacancies states exists on the surface, which can result in a 2DEG on the 
surface. When the oxygen vacancies are on the subsurface of the SrO- 
terminated slab, the vacancy states tend to be delocalized (Fig. 3f). 
Therefore, the vacancy states are localized for both TiO2 and SrO 
terminated slabs when the oxygen vacancies are in the SrO layer. 

To further control the electronic properties of the STO slab, we 
investigate the strain engineering effects on the formation of oxygen 
vacancies. When the oxygen vacancies are on the surface of the TiO2- 
terminated slab (Fig. 4a), their formation energy increases with the 
compressive uniaxial strain while decreasing with the tensile strain. 
However, when biaxial strain is applied, the formation energy of surface 
oxygen vacancies changes differently. Under compressive strain, the 
formation energy decreases, increases slightly, and decreases again. 
While under tensile strain, the formation energy decreases slightly and 
increases with strain. For the oxygen vacancies in the sublayer, the 
formation energy of oxygen vacancies increases slowly under compres
sive uniaxial strain. Still, it increases gradually under tensile uniaxial 
strain, as shown in Fig. 4b. Under biaxial strain, when the slab is com
pressed, the formation energy of these oxygen vacancies decreases. At 
the same time, it increases when 1 % tensile strain is applied and then 
keeps almost the same when the strain is increased for the SrO- 
terminated slab; when the oxygen vacancies on the surface (Fig. 4c), 
with compressive uniaxial strain, the formation energy is same under 1 
% compressive strain and decreases when the strain increases. When we 
stretch the slab, the formation energy of oxygen vacancies on the surface 
decreases at first and increases after a 2 % tensile strain is applied. When 
applying biaxial strain, the formation energy increases under compres
sive strain and decreases under tensile strain. For the oxygen vacancies 

Fig. 2. The band gap of (a) TiO2-terminated and (d) SrO-terminated STO slab as a function of strain.Schematic of TiO2-terminated STO slab under (b) uniaxial and (c) 
biaxial strain. Schematic of SrO-terminated STO slab under (e) uniaxial and (f) biaxial strain. 
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Fig. 3. (a) Side view of TiO2-terminated STO slab. Layer-resolved partial density of states (PDOS) of TiO2-terminated STO slab (b) without oxygen vacancies, with (c) 
oxygen vacancies on the surface and (d) in the sublayer. (e) Side view of SrO-terminated STO slab. Layer-resolved PDOS of SrO-terminated STO slab (f) without 
oxygen vacancies, with (g) oxygen vacancies on the surface and (h) in the sublayer. 

Fig. 4. The formation energy of oxygen vacancies under strain for TiO2-terminated STO slab with (a) oxygen vacancies on the surface and (b) in the sublayer, 
respectively. The formation energy of oxygen vacancies under strain for SrO-terminated STO slab with (c) oxygen vacancies on the surface and (d) in the sublayer, 
respectively. 
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in the sublayer (Fig. 4d), under uniaxial strain, the changing trend of 
formation energy of oxygen vacancies is the same as the oxygen va
cancies on the surface. When applying compressive strain under biaxial 
strain, oxygen vacancies’ formation energy in the sublayer decreases, 
then increases a little and decreases again; using tensile strain, it in
creases first and then decreases. The strain influence on the formation 
energy of oxygen vacancies thus depends on the type of strain applied 
and the position of oxygen vacancies. 

4. Conclusion 

DFT calculations have been performed to study the electronic 
properties of the STO slab. We have shown the effect of strain and ox
ygen vacancies on electronic properties. Biaxial strain will significantly 
change the TiO2-terminated STO slab’s band gap. When oxygen va
cancies on the surface for both TiO2-terminated and SrO-terminated 
slab, there exist local states. Additionally, we have found that strain 
effects on oxygen vacancy formation are related to the vacancy position 
and type of strain. These results could serve as guiding principles in the 
application of STO slabs in strained systems. 
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