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Abstract: In this paper, the role of structural distortion originates from strain and its influence on the optical properties of 
CTi doped SrTiO3 (STO) was investigated utilizing density functional theory calculations. Real and imaginary parts of 
dielectric constant as well as refractive index have been examined under range of c/a distortion. It has been demonstrated 
that optical properties of CTi doped STO in various orientations are substantially impacted within the sign and degree of 
range of bi-axial strain typical of common substrate materials. Despite the invariable values of in-plane components of 
static dielectric constant with strain, compressive strain substantially lowered the out-plane component, down to 4.88 for 
4%. On the other hand, both components dropped with increasing of tensile strain to be 4.82 and 5.10 for in and out-plane 
components, respectively. An absorption peak at about 2.5eV appears as the bi-axial compressive strain grows within the 
(001) plane. A drop in absorption peak at 3 eV for both inter and intra-plane components were obtained when tensile strain 
increases. The outcomes of this study are anticipated to highlight novel opportunities for the advancement of optoelectronic 
devices. 
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1 Introduction  

The Elevated dielectric constant, non-leaner dielectric 
feature and broad band gap make strontium titanate SrTiO3 
as a promising dielectric substance for wide range of 
electronic applications. These are including resistive 
switching [1], [2], [3] dynamic random-access memory[4], 
[5], and gate dielectric. At room temperature, the non-
strained SrTiO3 is crystalline in cubic structure having anti-
ferroelectric phase. However, the ferroelectric phase will 
appear under relatively low value of strain[6]. The growth 
of SrTiO3 thin film in contact with other substances, for 
instance; metal electrodes, perovskites and semiconductor 
materials, having lattice parameters differ from SrTiO3. The 
lattice mismatch imposes thin film of SrTiO3 to be grown 
under various values and sign of bi-axial strain.     

Growth techniques such as chemical vapor deposition[7], 
pulsed laser deposition[8] and molecular beam epitaxy[9] 
have a substantial impact on the stoichiometry and purity of 
SrTiO3. Notably, a number of these methods utilized 
organic precursors as Sr sources, which, as documented in 
the literature[10], results in undesirable C-contaminated 
SrTiO3. Thermodynamic investigation reveals that C might 
substitute for Ti or O depending upon growth 
conditions[11]. According to previous investigation, carbon 
has substantial influence upon electronic and optical 
properties of zero strain SrTiO3[12]  and other perovskite 
oxides[13], [14], [15].  

In complicated oxide thin films, epitaxial strain technique 

has emerged as an efficient strategy for revealing emerging 
functional characteristics including multiferroicity, 
ferromagnetism, or ferroelectricity. Intensive practical and 
computational investigations have been carried out to 
understand the impact of strain upon migration of 
unavoidable defects[16], [17]. Recent theoretical 
calculations show that the binding of C and native oxygen 
vacancy is effectively tailored via applying bi-axial 
strain[18].  

The optical absorption of zero strain and pristine-SrTiO3 is 
limited to an ultraviolet spectrum due to its wide band gap. 
Experimental measurements on temperature dependence 
optical properties of SrTiO3 reveal an optical absorption 
edge near-infrared absorption at temperatures ranging from 
4 to 1703 K. The study also concludes that the absorption 
edge diminishes from 3.25 eV at 4 K to 1.8 eV at 1703 
K[19]. An enhancement of phase purity 
and crystallinity, the SrTiO3 doped Eu annealed at 1000 °C 
demonstrated by maximum photo-luminescence[20]. The 
photoconductivity of pure SrTiO3 is affected by the anti-
ferro distortive cubic to tetragonal phase transition, which 
alters the absorption band edge structure in the phase 
transition region[21]. Despite the large body of 
investigation regarding optical properties of pristine and 
doped of SrTiO3, the impact of strain in the presence of C 
on the optical characteristics SrTiO3 has not been 
investigated yet.  

Optical activity of SrTiO3 is believed to be significantly 
influenced by combination of unavoidable C defect and 
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epitaxial strain. In this paper, the interplay between carbon 
defect and bi-axial strain and the impact it has upon optical 
properties of SrTiO3 has been examined. Determining 
whether bi-axial compressive and tensile strain influences 
the optical properties of C doped SrTiO3 is primary 
objective of this study. The results of real and imaginary 
parts of dielectric constant as well as refractive index of C 
doped SrTiO3 under range of strain are presented in this 
paper.  

2 Computational Methodology 

As implemented in Ab-Initio modeling program[22], 
density functional theory with spin polarized local density 
approximation[23] was adopted to study the impact of 
strain on the optical features of C doped SrTiO3. A norm-
conserving Pseudopotential was employed to simulate 
electron-ion interactions[24]. The valence state for each 
element has been described utilizing for Sr, Ti, and O were 
4s2 4p6 5s2 for Sr, 3s2 3p6 3d2 4s2 fot Ti, 2s2 2p4 for O and 2s2 
2p2 for C. Titanium, and oxygen were described using four 
sets of s-, p-, and d-Gaussian functions, resulting in a total 
of 40 functions per atom. These functions were employed 
to represent electronic wave functions using atom-centered 
Gaussian basis functions[25] . Using the Kohn-Sham 
potential and a plane-wave expansion of density, the 
Hamiltonian matrix elements were utilized with a cutoff 
energy set at 300 Ha. All atoms in the structure were 
permitted to relax until the optimization criteria of energy 
and forces were satisfied. The system is considered to be 
optimized in case the force on each atom is below 10-3 a.u. 
and the difference in energy between sequent iterations is 
less than 10-5 Ha.   

The lattice parameter of non-strained SrTiO3 obtained 
utilizing the computational scheme adopted in this paper 
was 3.87A which is accords well with previous 
computational[26] and practical[27] studies. Furthermore, 
the twisting of neighboring oxygen sub-lattices along [001] 
direction at small value of strain was described well using 
the adopted computational approach. The calculated angle 
of twisting was 1.98o which agrees well with other 
theory[28]. The bi-axially strained system of non-defective 
SrTiO3 was modeled by employing super-cell comprising 
eight formula units of SrTiO3 and lattice vectors 2a[100], 
2a[010] and 2a[001]. Two lattice vectors were fixed to each 
value of strain included in this study. These are (±1%, ±2%, 
±3% and ±4%) of lattice constant of zero strained cubic 
SrTiO3. In each case the energy has been minimized by 
tuning the third lattice vector. As a result, the strained 
system is crystalline in tetragonal structure. The strained 
systems containing C defect were simulated utilizing 160-
atoms super cell. The super cell has been generated by 
repeating the non-primitive 20-atoms in three lattice 
vectors. The stability of compounds was proven by 
optimizing all atoms in strained defective systems until the 
optimization criteria were satisfied. The adopted 
computational scheme was successfully utilized to 

investigate mobility of Vo in SrTiO3 under strain 
regime[16], [17].   

The optical properties of medium are theoretically 
described by adopting the complex dielectric function e(w) 
for different photon frequencies (energies). The function 
can be written as[29], [30], [31]: 

𝜀(𝜔) = 𝜀!(𝜔) + 𝑖𝜀"#(𝜔)                                                  (1) 

where; 𝜀!(𝜔) and 𝜀"#(𝜔) represent real and imaginary part 
of dielectric function, respectively. The polarization degree 
as well as dispersion of photon can be accounted from the 
real part component   𝜀!, on the other hand, absorption of 
photon by the medium can be elucidated from imaginary 
part component 𝜀"#	. [32] 

𝜀"#	(𝜔)$% =
4𝑒&𝜋&

𝜔&𝑚&-.〈𝑓|	𝑝$	|𝑖〉	〈𝑖|	𝑝%	|𝑓〉
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Where dipole matrix elements are represented by 
〈𝑖|	𝑝%	|𝑓〉		and   〈𝑓|	𝑝$	|𝑖〉	  where i and f are initial and 
final state between which transition occurs, the Fermi 
distribution at energy 𝐸"				and  𝐸( 	are   𝑊" and 𝑊(. The 
variation of imaginary part 𝜀"#(𝜔) with frequency can be 
accounted to calculate the depepence of real part of 
dielectric function with frequency with assistant of 
Kramers-Kronig equation [31]:  

𝜀!(𝜔) = 1 +
2
𝜋.

	𝜔+	𝜀"#(𝜔)	𝑑𝜔
𝜔+& −𝜔& 																																							(3)

,

-
 

Other optical properties such as refractive index n(w) can 
be determined from the complex dielectric function. The 
refractive index n(w) can also be obtained by adopting 
equation 4  as[33]: 

𝑛(𝜔) = 51 √2⁄ 8 F
G𝜀!&(𝜔) + 𝜀"#& (𝜔) − 𝜀!(𝜔)

2 H
. &⁄

									(4) 

3 Results and Discussions 

3.1 Assessment of dielectric constant. 

As a benchmark for computational scheme adopted in this 
paper, optical properties of pure, zero-strain STO were 
calculated. The static dielectric constant er(0) obtained for 
pure STO was 5.7. The obtained result in excellent 
agreement with 5.8 and 5.3 from both theory[34] and 
experiment[35], respectively. In case of C doped zero-strain 
STO the calculated value of er(0) was 5.4. Table.1 shows 
the in-plane and out-plane of real part of dielectric constant 
for STO for various lattice distortion represented by c/a 
ratio. As can be seen from the Table.1, distortive STO 
structure exhibits an anisotropy in the static dielectric 
constant between in-plane and out-plane values. The 
anisotropy in the dielectric constant is an outcome of 
structural distortion which in turn yields displacement of 
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oxygen anion sub-lattices with respect to the direction of 
bi-axial strain to minimize the energy of distortive system 
under each value of c/a. Clear decreasing in the real part of 
static dielectric constant with increasing c/a ratio of 
distortion over wide range of lattice distortion. The 
decreasing can be attributed to the displacement of anion 
sub-lattices which in turn yields a polarized system within 
[001] direction in addition to dipole created by substituting 
of C with Ti.  

Table 1: The electronic part of real part of static dielectric 
constant er(0) of distorted (due to compressive strain) free 
defect STO and CTi doped STO 
c/a ratio 
of 
distortion 

Strain 
% 

er of free defect 
distorted STO 

er of CTi doped 
distorted STO 

In-
plane 

Out-
plane 

In-
plane  

Out-
plane 

1.019 1% 5.54 5.30 5.35 5.17 
1.036 2% 5.50 5.14 5.30 5.00 
1.061 3% 5.49 5.02 5.33 4.93 
1.092 4% 4.90 5.24 5.32 4.88 

The corresponding values of static dielectric constant of 
distortive free defect and CTi doped of STO are shown in 
Table.2 for tensile strained STO structures. i.e. for c/a ratio 
less than 1.  As it is shown in table.2 the electronic part of 
real dielectric constant was different for in-plane and out-
plane of strain under tensile bi-axial (001) strain. 
Furthermore, the values of er(0) in both directions were 
generally decreased with increasing values of strain. In 
comparison with out-plane values of er(0), the in-plane 
values decreased more sharply with strain. The divergence 
in the trend of decreasing of e between inter and intra plane 
of strain can be attributed to the mechanisms of polarization 
originating from interplay between CTi dopant and strain. 
As previously reported in the literature, bi-axial tensile 
strain in STO within (001) plane of strain induced anion 
sub-lattices to displaced within (001) plane to minimize the 
energy due to strain. This implies the tensile strain imposed 
SrTiO3 to be polarized within [100] and [010] 
directions[16].  

Table 2: The electronic part of real part of static dielectric 
constant er(0)  of distorted (due to tensile strain) free defect 
STO and CTi doped STO 
c/a ratio 
of 
distortion 

Strain 
% 

er(0) of free 
distorted STO 

er(0) of CTi doped 
distorted STO 

In-
plane 

Out-
plane 

In-
plane  

Out-
plane 

0.984 1% 5.34 5.52 5.19 5.33 
0.970 2% 5.18 5.45 5.06 5.28 
0.953 3% 5.02 5.35 4.92 5.20 
0.939 4% 4.81 5.24 4.82 5.10 

3.2. Imaginary part of dielectric constant  

Fig. 1 shows the imaginary part of dielectric function for C 
doped STO in case of compressive strain within (001) plane 
of strain. As can be seen from the figure, the behavior of 

imaginary part of dielectric function has various trends with 
respect to direction of strain. This implies that the in-plane 
component of eim (a) varies in different behavior in 
comparison with out-plane component (b). It is clear that 
the in-plane component has two peaks of absorption at an 
energy range 2 and 4 eV. These two peaks were 
dramatically affected by increasing strain. Increasing bi-
axial compressive strain within (001) planes leads to 
appearance of absorption peak at around 2.5 eV, while the 
peak below 4 eV was nearly disappeared with higher value 
of compressive strain. Furthermore, increasing strain yields 
a general and small shift for other peaks toward higher 
energy after 4 eV.  The out-pane component of  eim is 
shown in Fig.1(b). It is obvious that increasing bi-axial 
compressive strain will suppress the absorption in this 
direction. In specific, an absorption peak at around 3.5 eV 
was removed by increasing strain up to 4%. Additionally, 
there is clear shift of other absorption peaks growing of 
strain. An enhancement in absorption peaks at around 6.3 
and 11.2 eV were approved with strain.      

 
Fig. 1: The imaginary part of dielectric function of C doped 
compressive strained STO for (a) out-plane of strain and (b) 
in-plane of strain. 

In case of bi-axial (001) tensile strained C doped STO, the 
imaginary part eim is plotted in Fig.2(a,b). As the case for 
bi-axial compressive stain, tensile strain yields an 
anisotropy in imaginary part of dielectric function in the 
presence of CTi in strained STO. The graphs (a) and (b) 
show multi-noticeable peaks were visible in the plot at 
different values of energy. These peaks represent the 
transition from the valence to the conduction band. In 
general, the interplay between C doping in Ti site and bi-
axial strain produces shift of absorption spectrum in both 

(a) 
 

(b) 
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in-plane and out-plane away from visible region. Fig.2(a) 
shows diminishing in the absorption peak at 3 eV with 
increasing tensile strain. The corresponding peak in the out-
plane component of  eim was also depressed with strain as 
shown in Fig.2(b).  On the other hand, an increase in the 
intensity of strong peaks at 4.3 eV was obtained with 
increasing strain for both components and being more for 
out-plane components. The peaks at around 6 eV show a 
divergent trend between in-plane and out-plane graph. It 
was enhanced for in-plane components and diminished for 
out-plane cases. The opposing trend of eim in some 
absorption peaks my attributed to mechanism of 
polarization originated from the presence of CTi and its 
interplay with polarization originates from strain.        

 

 
Fig. 2: The imaginary part of dielectric function of C doped 
tensile strained STO for (a) in-plane of strain and (b) out-
plane of strain. 

3.3. Refractive index   

In advance to impact of C doping and bi-axial strain, the 
refractive index of pure unstrained STO was calculated to 
be 2.4. The obtained result was in accordance with 
previously reported value of 2.37[34], [35]. The real part of 
complex refractive index of CTi doped compressive strained 
STO as function of energies and for values of compressive 
strain covered in this study is shown in Fig.3(a,b). In case 
of in-plane component, it was found that static refractive 
index is invariable with applied compressive strain. By 
contrast, as shown in Fig.3(b) the corresponding out-plane 
component was found to decreased with increasing 
compressive strain from 2.28 for 1% down to 2.18 for 4%. 
In case of CTi doped STO under tensile strain, the refractive 
index the real part of dielectric constant for in-plane and 

out-plane were plotted in Fig.4(a,b) for CTI doped STO. As 
shown in Fig.4(a) the static refractive index (at zero 
energy), were dropped with increasing tensile strain.   

 

 
Fig. 3: The real part of refractive index of C doped 
compressive strained STO for (a) in-plane of strain and (b) 
out-plane of strain. 

 

 
Fig. 4: The real part of refractive index of CTi doped tensile 
strained STO for (a) in-plane of strain and (b) out-plane of 
strain. 

(a) 
 

(a) 
 

(a) 
 

(a) 
 

(b) 
 

(b) 
 

(b) 
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Significant outcomes regarding the attenuation of 
electromagnetic waves traveling through a solid are known 
to be obtained from the imaginary part of refractive index. 
The in-plane and out-plane components as a function of 
photon energy for CTi doped STO under compressive bi-
axal (001) strain were plotted in Fig.5(a,b). It is obvious 
that the interplay of CTi and (001) compressive strain 
produces a shift in the attenuation toward ultraviolet region 
for both inter and intra-plane of strain. The shifting is more 
obvious in the out-plane component. Furthermore, Fig.5(a) 
demonstrates clear increase of attenuation in prominent 
peak at energy around 4.4 eV for in-plane orientation. 
Divergent trend of attenuation for corresponding peak in 
out-plane orientation, in which the attenuation was found to 
decrease with strain as shown in Fig.5(b). Apart from this 
peak, strain was found to decrease attenuation for the 
remaining peaks in in-plane orientation. By contrast, 
growth of attenuation was observed for remnant out-plane 
peaks.   

 

 
Fig. 5: The imaginary part of refractive index of C doped 
compressive strained STO for (a) in-plane of strain and (b) 
out-plane of strain. 

The variation of imaginary refractive index with photon 
energies under tensile strain influence in both orientations 
were plotted in Fig.6(a,b). The intra-plane component in 
Fig.6(a) demonstrates suppression of attenuation peak in 
the visible region with increasing tensile strain. 
Furthermore, the dominant peak of 4.6 eV was less 
sensitive to the growth of strain. Strain was found to 
effectively enhance the attenuation for peak at around 6.3 

eV in addition to shifting of peak at 8 eV toward lower 
photon energy. The inter-plane component of imaginary 
refractive index shows significant suppression of first peak 
within visible region and clear enhancement in the intensity 
of prominent peak at 4.6 eV.   

 

 
Fig. 6: The imaginary part of refractive index of C doped 
tensile strained STO for (a) in-plane of strain and (b) out-
plane of strain. 

In comparison with the influence of bi-axial compressive 
strain influence, the impact of tensile strain on the behavior 
of inter-plane components was divergent. The distinction in 
the impact of different signs of strain on the trend of 
refractive index is greatly affected by mechanism and 
direction of polarization of CTi doped STO system.        

4 Conclusions  

The impact of bi-axial compressive and tensile strain on the 
optical properties of CTi doped STO were investigated 
utilizing density functional theory calculation. An obvious 
anisotropy in the behavior between inter and intra plane 
components of dielectric constant were obtained under all 
range of strain included in this study. Apart from in-plane 
er(0) under compressive strain, all other values of er(0)  
were found to decrease with increasing strain in both 
orientations.  Furthermore, divergent influence of strain 
upon real and imaginary refractive index was obtained. It is 
interesting to propose that doping of carbon in STO and the 
application of compressive and tensile bi-axial strain from 
matching substrate may be employed in conjunction to 

(a) 
 

(a) 
 

(b) 
 

(b) 
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considerably tune the optical features of STO for various 
applications. The tuning of optical properties of STO 
through strain and carbon doping can be adopted as route to 
better device application such as solar cell and 
photocatalytic.  
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