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A B S T R A C T

We present a Hubbard U optimized density functional theory based study of band gap engineered doped SrTiO3
suitable for light sensitive applications. We tune the Hubbard U parameter Uopt to match the experimental
direct band gap of SrTiO3. We benchmarked the DFT+Uopt derived density of states, band structure and
optical properties with that of sophisticated Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional simulations.
The reliability of the DFT+U method is further tested in simulating stability of the cubic SrTiO3 from elastic
tensor and density functional perturbation theory based phonon band structure calculations. Moreover, the
DFT+Uopt simulated SrTiO3 Raman peaks are identified against the experimental observations found in existing
literature. We red shift the energy band gap of SrTiO3 within the DFT+Uopt formalism from ultraviolet to visible
range by incorporating different dopants such as Pt, S and Se which is consistent with recent HSE06 hybrid
functional based simulations found elsewhere. The optical absorption simulations revealed steep absorption
edges of doped SrTiO3 in the visible spectrum. Overall, the DFT+U approach successfully probed the potential
of doped SrTiO3 in solar harvesting applications.
1. Introduction

Efficient absorption in visible range of the electromagnetic spectrum
is one of the key requirements for solar harvesting applications, be
it photovoltaic or photocatalytic [1,2]. The latter also requires the
valence band maximum (VBM) and conduction band minimum (CBm)
to be suitably aligned for driving redox reactions for water splitting [3].
Although the classic perovskite oxide strontium titanate SrTiO3 (STO)
has favourable band alignment, both its indirect (3.25 eV) and direct
(3.75 eV) band gaps are in ultraviolet range which makes it a very
inefficient absorber of visible electromagnetic radiation [4]. Hence
tremendous efforts, both theoretical and experimental, have undergone
to reduce the band gap of STO through doping which has been the holy
grail to enhance its photo response in visible spectrum [5–8,8–12].

The key challenges in the STO band gap engineering through doping
are (i) the introduction of shallow trap states near the band edges,
(ii) controlling hybridization among dopants and host atoms to move
the desired energy bands and (iii) keeping the non-magnetic nature of
STO intact after doping [5–7]. To overcome these challenges, deeper
understating about the behaviour of dopants can be facilitated from
first principles calculations based on the density functional theory
(DFT). The presence of 3𝑑 transition element Ti in STO dictates the

∗ Corresponding author.
E-mail address: imtiaz@du.ac.bd (I. Ahmed).

suitable dopants to have 3𝑑, 4𝑑 or 5𝑑 orbitals in them. The reliable
modelling of these localized orbitals with dilute Coulomb interaction
usually requires sophisticated hybrid functional to produce accurate
electronic and optical properties [1,13,14]. The inclusion of dopants
also requires supercell approach containing considerable number of
atoms to be incorporated in the DFT simulations. The hybrid func-
tionals with STO supercell can put severe computational burden [15].
The Hubbard interaction corrected DFT+U formalism can be used as
a possible alternative and have become popular in materials science
community for its low computational cost [14,16–19]. The material
dependent semi-empirical U parameter requires adhoc or parametric
optimization for producing reliable estimates of different materials
properties [14,19].

Recently, Mott insulating phase is discovered in doped thin film
heterostructure containing STO [20–22]. In the Mott insulating phase,
strong electron interaction requires an additional inter-site interaction
V term in the Hubbard corrected DFT+U+V framework [23,24]. But
here we focus on the bulk band insulating phase of cubic STO at room
temperature. The DFT+U method has been widely used to study the be-
haviour of bulk insulating phase of STO, both pristine and with defects
927-0256/© 2022 Elsevier B.V. All rights reserved.
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Fig. 1. Spin polarized total density of states (TDOS) and its projection onto (a) Sr, Ti and O atoms, (b) different orbitals in Sr, Ti and O for HSE06 functional.
such as vacancies and dopants [24–29]. The computational intense and
reliable Heyd–Scuseria–Ernzerhof (HSE06) based simulations for doped
STO can be found in Refs. [5–7,30]. The Sr atom helps to maintain the
charge neutrality of the STO and have small contributions to electronic
states of CBm and VBM. The co-doped STO involving combined Sr/Ti
or Sr/O sites with multiple dopants have shown to modify the band
gap of STO [31–34]. Since the electronic states near the CBm and VBM
mainly originate from Ti-3𝑑 and O-2𝑝 orbitals, Ti and O sites have the
potential to alter the properties of the STO significantly with mono-
doping techniques. Although several dopants from the transition and
chalcogen elements apparently seem suitable, only few survive the test
of undesirable charge trapping states and complications from dopant
induced magnetic behaviour in STO [5–7]. Unfortunately, mono-doping
can introduce localized acceptor or donor states in the band gap of STO
due to charge mismatch between the host and dopant elements [6].
These trap states act as photo generated electron hole recombina-
tion centre and adversely affect the solar harvesting capabilities of
STO [35,36]. Moreover, these uncompensated charged dopants favours
formation of spontaneous charged vacancies in STO which may alter
its non-magnetic nature. Hence we concentrate on isovalent dopants
which lead to charge neutral defects formation in STO. Here we attempt
to reproduce the sophisticated HSE06 simulation results obtained in
Ref. [5] using computationally cheap DFT+U method. We tune the U
on the Ti-3𝑑 in undoped STO to match the experimentally observed
band gap of 3.75 eV. The density of states (DOS), electronic band
structure and linear optical properties calculated from our DFT+U
are benchmarked against that of HSE06 based simulations. We show
that our tuned DFT+U is capable of producing reliable estimates of
elastic, phonon vibrational spectrum, born charge mapping and Raman
peak positions for undoped STO. Then we study the doped STO with
three different dopants such as transition metal Pt and chalcogen
elements S and Se, and show how they reduce the band gap of STO
to visible spectrum making it an efficient absorber in solar harvesting
applications.

2. Computational details

We performed the projector augmented wave (PAW) based spin-
polarized simulations using the Vienna 𝐴𝑏 𝐼𝑛𝑖𝑡𝑖𝑜 Simulation Package
(VASP) [40,41]. The STO has 5 atoms (1 Sr, 1 Ti and 3 O) in its unit
cell. We considered a 2 × 2 × 2 supercell consisting of 40 atoms for
all simulations presented in this article. The electronic configuration
of STO is divided into valence and core to facilitate the PAW. We
considered 10 electrons of Sr (4𝑠24𝑝65𝑝2), 10 electrons of Ti (3𝑝63𝑑24𝑠2)
nd 6 electrons of O (2𝑠22𝑝4) as valence electrons (in total 26 valence
lectrons) and the rest were modelled as frozen core. In cases of

9 1 2 4 2 6
2

oped STO, we considered Pt-5𝑑 6𝑠 , S-3𝑠 3𝑝 and Se-4𝑠 4𝑝 as valence
Fig. 2. Electronic band structure along high symmetry k-points 𝛤 , R, X and M in the
cubic STO Brillouin zone for HSE06 functional.

Fig. 3. The direct band gap 𝐸g vs U applied on Ti-3𝑑 orbital.
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Table 1
Crystallographic Parameters, Bond Angles, Bond Lengths and Band gap of STO for DFT+U, HSE06 and Experimental (Exp.) values to be found
in Refs. [4,6,37–39].
Crystallographic Parameters, Bond Angles, Bond Lengths and Band gap

DFT+U Simulation

U Lattice Parameter Bond Lengths Bond Angles Band gap
(eV) a=b=c (Å) V (Å3) 𝛼 = 𝛽 = 𝛾 (◦) Sr-O (Å) Ti-O (Å) Sr-O-Sr (◦) Ti-O-Ti (◦) Sr-O-Ti (◦) (eV)

0 3.941 61.215 90 2.787 1.971 90, 180 180 90 1.78
1.5 3.951 61.679 90 2.794 1.976 90, 180 180 90 1.95
3 3.961 62.153 90 2.800 1.981 90, 180 180 90 2.13
4.5 3.971 62.630 90 2.808 1.986 90, 180 180 90 2.32
6 3.981 63.113 90 2.815 1.990 90, 180 180 90 2.52
7.5 3.992 63.600 90 2.822 2.022 90, 180 180 90 2.72
9.0 4.002 64.095 90 2.829 2.000 90, 180 180 90 2.92
10.5 4.008 64.428 90 2.835 2.004 90, 180 180 90 3.25
12 4.016 64.796 90 2.840 2.008 90, 180 180 90 3.38
13.5 4.022 65.100 90 2.844 2.011 90, 180 180 90 3.60
14.5 4.043 66.129 90 2.859 2.021 90, 180 180 90 3.82

HSE06 3.936 60.976 90 2.762 1.952 90, 180 180 90 3.66

Exp. 3.903 59.456 90 2.573 1.765 90, 180 180 90 3.75
o
i
t
n
g
t
e
U
w
R
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p
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e
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o
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c

electrons. We used 6 × 6 × 6 Monkhorst Pack grid k-points mesh to
ample the Brillouin zone (BZ). The structural relaxation are subjected
o appropriate ionic (Hellmann–Feynman forces reached 0.001 eV/Å)
nd electronic convergences (self-consistent total energy convergence
f 10−8 eV). The plane wave cut off was set to 680 eV in all simulations
nless stated otherwise.

The computational accuracy of DFT simulations is sensitive to the
hoice of the functional used to model the electron interaction [15,42].
o model the electron interaction through the exchange–correlation in
he Kohn–Sham Hamiltonian, we used two different functionals. The
ne is the DFT+U which uses the ‘‘Hubbard-U’’ scheme for Perdew–
urke–Ernzerhof (PBE) semi local generalized gradient approxima-
ion (GGA) [43–46]. The other is the sophisticated Heyd–Scuseria–
rnzerhof (HSE06) hybrid functional scheme where the GGA-PBE ex-
hange interaction term is divided into short and long range parts,
nd the electron correlation part remain unaltered [47–49]. The exact
artree–Fock exchange is used for the 25% of the short range GGA-
BE exchange with screening parameter 𝜇 = 0.2 Å−1 for the long

range Coulomb potential. This empirical screening parameter defines
the interaction range to be 2∕𝜇 = 10 Å which is short ranged over a few
neighbours at proximity [50]. The use of 25% Hartree–Fock exchange
is well established from the perturbation theory [51,52]. Moreover the
success of HSE06 functional in describing the 𝑑 and 𝑓 orbitals in oxides
is ubiquitous in existing literatures [53–56]. For HSE06 electronic band
structure (BS) simulations, we used the WANNIER90 tool to keep the
computational burden manageable [5,14,57].

3. Electronic properties of STO

3.1. The HSE06 simulations

To understand the electronic properties of undoped STO, we simu-
lated the spin-polarized total density of states (TDOS) within a 14 eV
energy window centred at the Fermi level (𝐸F) for HSE06 functional as
displayed in Fig. 1(a, b). The atomic density of states (DOS) confirms
the dominance of O and Ti atoms in contributing to the electronic
states near VBM and CBm respectively as displayed in Fig. 1(a). The
O-2𝑝 states provide dominant contributions near the valence band
maximum (VBM), whereas the conduction band minimum (CBm) is
mainly populated by the Ti-3𝑑 states as shown in Fig. 1(b). The cation
Sr2+ mainly donates electrons and their contributions near VBM and
CBm are quite small [5]. For the electronic band structure (BS), we
considered the high symmetry points 𝛤 , R, X and M in the Brillouin
zone (BZ) of the cubic STO within the energy range from −8 to 8 eV
centred at 𝐸F, see Fig. 2. The HSE06 produced band gaps of both direct
(3.66 eV at 𝛤 ) and indirect (3.25 eV at R) nature which are in excellent
agreement with the experimental observations of direct (indirect) band
3

gap of 3.75 eV (3.25 eV) found in Ref. [4].
3.2. The DFT+U simulations

It is evident that Ti-3𝑑 significantly contributed to the CBm in
STO. The semi-local GGA-PBE exchange–correlation is incapable of
modelling localized Ti-3𝑑 orbitals. The excessive delocalization of Ti-3𝑑
rbital electrons by the semi-local GGA-PBE results in orbital instabil-
ty [14]. This excess charge density delocalization is usually attributed
o uncompensated electron self-interaction and improper modelling for
on-local exchange interaction which leads to the well known band
ap underestimation problem in DFT [53,58]. To overcome this, we
une the Hubbard U parameter in the DFT+U formalism to match the
xperimentally observed direct band gap of STO as shown in Fig. 3. The
opt=14.5 eV in Ti-3𝑑 orbital produced a direct band gap of 3.83 eV
hich is closely matched with the experimentally obtained 3.75 eV in
ef. [4]. The structural relaxations were performed with different val-
es of U and the lattice parameters for the relaxed structure are shown
n Table 1. In case of U=0 eV, the GGA-PBE over-estimated the lattice
arameters a, b, c as expected [59–61]. This overestimation grows with
ncreasing value of U [62]. We observed 3.59% lattice parameter over-
stimation at U = 14.5 eV as compared to the experimentally obtained
alues in Refs. [4,37,38]. We simulated the TDOS and its projections
nto different atoms and orbitals with this optimized value of Uopt as
hown in Fig. 5(a, b). The atomic and orbital DOS contributions of
r, Ti, and O to VBM and CBm are similar to that of aforementioned
SE06. The DFT+U derived BS with Uopt is simulated in Fig. 6. Both
Bm and VBM occur at the 𝛤 point with a direct band gap of 3.83 eV.
he direct nature of the band gap is more attractive for solar harvesting
pplications due to efficient light absorbing capabilities [1,2].

. Optical properties of STO

The optical response characterized by the frequency dependent
omplex dielectric constant 𝜖(𝜔) = 𝜖real(𝜔) + 𝑖𝜖imag(𝜔) ( 𝑖 =

√

−1, 𝜔 =
angular frequency of the optical excitation) encodes the electronic
properties of materials [63,64]. We estimated the dipole transition
matrix elements from band structure simulations of both DFT+Uopt and
HSE06 functionals to calculate 𝜖imag using the Fermi’s golden rule [65–
67]. The 𝜖real was derived from 𝜖imag using the standard Kramer–Kronig
relations. The quantities like absorption coefficient 𝛼, reflectance 𝑅,
energy loss function 𝐿, refractive index 𝜂, extinction coefficient 𝐾, and
optical conductivity 𝜎 are obtained from the aforementioned 𝜖 which
define the linear optical response [64]. Due to the cubic symmetry of
the STO, the three orthogonal polarization along x, 𝑦 and z directions
denoted as 𝐸x, 𝐸y and 𝐸z are equivalent with each others. We have not
observed any optical anisotropy in the cubic STO as expected, hence
all the optical parameters are averaged over the three polarizations
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Fig. 4. Optical properties (a) real part of dielectric constant 𝜖real, (b) Imaginary part of the dielectric constant 𝜖imag, (c) Absorption coefficient 𝛼, (d) Reflectance 𝑅, (e) Loss
function, 𝐿 (f) Refractive index 𝜂, (g) Extinction coefficient 𝐾, (h) Optical conductivity 𝜎 as a function photon energy 𝐸 averaged over three different polarization 𝐸x, 𝐸y and 𝐸z
calculated from DFT+Uopt and HSE06 functionals.
𝐸x, 𝐸y and 𝐸z in Fig. 4. The value of the 𝜖real in the static limit
𝜔 → 0 are 3.24 and 4.63 as displayed in Fig. 4(a) for DFT+Uopt and
HSE06 functionals respectively. The first distinct summit peaks in 𝜖real
4

for the two different functionals are quite close in energies (5.0 and
4.5 eV for DFT+Uopt and HSE06 respectively). The energy cut-off 𝐸cut
(4.1 and 3.4 eV for DFT+Uopt and HSE06 respectively) up to which
the 𝜖imag stays zero matches with the estimated band gap for both

functionals (3.83 eV for DFT+Uopt and 3.66 eV in case of HSE06) as
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Fig. 5. Spin polarized total density of states (TDOS) and its projection onto (a) Sr, Ti and O atoms, (b) different orbitals in Sr, Ti and O for DFT+U with Uopt = 14.5 eV.
Table 2
Elastic constants (𝐶𝑖𝑗 ), bulk modulus (𝐵𝑉 , 𝐵𝑅 and 𝐵𝐻 ), shear modulus (𝐺𝑉 , 𝐺𝑅, 𝐺𝐻 ), Young’s modulus (𝐸𝑉 , 𝐸𝑅, 𝐸𝐻 ), Poisson
ratio (𝜈𝑉 , 𝜈𝑅 and 𝜈𝐻 ) in Voigt–Reuss–Hill framework and Pugh ratio 𝑝r for cubic STO using DFT, DFT+U and Experimental
(Exp.) values to be found in Refs. [68,69].

Spin-Polarized

DFT+U (eV)
Elastic Properties DFT U=3 U=6 U=9 U=11 U=14.5 Exp.

𝐶11 (GPa) 309.180 313.136 312.874 312.248 311.446 312.902 317.600
𝐶12(GPa) 94.084 93.373 89.981 87.019 85.281 85.254 102.500
𝐶44(GPa) 97.047 107.57 105.443 103.147 101.523 100.418 123.500
𝐵𝑉 (GPa) 165.783 166.235 164.282 162.103 160.674 161.137 174.200
𝐵𝑅(GPa) 165.783 166.623 164.279 162.096 160.669 161.137 174.200
𝐵𝐻 (GPa) 165.783 166.627 164.279 162.096 160.669 161.137 174.200
𝐺𝑉 (GPa) 101.248 108.503 107.843 106.933 106.154 105.780 117.120
𝐺𝑅 (GPa) 100.991 108.487 107.765 106.736 105.851 105.383 116.584
𝐺𝐻 (GPa) 101.119 108.493 107.805 106.835 105.999 105.582 116.892
𝐸𝑉 (GPa) 252.367 267.454 265.453 262.97 260.974 260.367 287.033
𝐸𝑅 (GPa) 251.836 267.424 265.287 262.575 260.374 259.564 285.959
𝐸𝐻 (GPa) 252.102 267.436 265.367 262.775 260.673 259.966 286.536
𝜈𝑉 0.246 0.231 0.231 0.231 0.231 0.231 0.225
𝜈𝑅 0.247 0.233 0.233 0.233 0.233 0.231 0.266
𝜈𝐻 0.247 0.233 0.2331 0.230 0.231 0.231 0.226
𝑝r 0.610 0.649 0.658 0.658 0.661 0.655 0.672
Fig. 6. Electronic band structure along high symmetry k-points 𝛤 , R, X and M in the
cubic STO Brillouin zone for DFT+U functional with Uopt = 14.5 eV.

hown in Fig. 4(b). The peaks in 𝜖imag defines the electronic transitions
etween different energy levels in STO and are in accord with the
xperimental observation in Ref. [81]. The DFT+U derived peak
5

opt
Fig. 7. Phonon band structure, total density of states TDOS and partial density of
states PDOS for Sr, Ti and O atoms (in right column) using the DFPT of DFT+Uopt
functionals. The phonon dispersion curves in the band structure are plotted along the
high symmetry k-points 𝛤 , X, R, M in the STO BZ.

positions in energy, e.g. 5.3- and 6.0 eV, are in excellent match with
that of 4.9- and 5.9 eV estimated from HSE06. The 𝜖imag defines the
optical absorption 𝛼 as depicted in Fig. 4(c). The 𝛼 vanishes below
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Fig. 8. Spin polarized total density of states (TDOS) and its projection onto (a) Sr, Ti, O and Pt atoms, (b) different orbitals in Sr, Ti, O and Pt for DFT+Uopt functional.
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Table 3
Calculated Born effective charge tensor of STO using DFT (GGA-PBE) and DFT+Uopt.

Born Charge Analysis

𝑍∗
Sr 𝑍∗

Ti 𝑍∗
O∥

𝑍∗
O⟂

GGA-PBE +2.54 +6.32 −5.86 −2.02
DFT+Uopt +2.57 +4.47 −4.10 −1.87

Table 4
DFT+Uopt simulated Raman peak positions in comparison with
experimental observations to be found in Refs. [70–80].

Raman Peak Analysis

Peak Theory Experiment
Assgn. (cm−1) (cm−1)

TO1 130 127
LO1 173 176
TO2 178 178
TO2 194 197
2TA 220 205
TA+TO1 230 214
2TO1 240 223
LA+TA 260 277
TO1+LA 270 282
2LA 300 296
TO1+TO2 310 305
TO1+TO2 315 320
TO2+LA 340 336
LO1+TO2 460 458
LO3 473 480
TO4 499 492
TO4 518 508
TO4 544 563
TO3+LO1 600 604
LO2+TO3 620 622
TA+TO4 630 630
TO1+TO4 640 651
LO4 815 855
2LO2 946 903
2TO4 1038 950

the 3.5 eV for both functionals and rises beyond which are consistent
with both theoretical and experimental observations in Refs. [5,81].
The DFT+Uopt and HSE06 yield very similar optical reflectance R of
8% and 13% respectively in the static limit as shown in Fig. 4(d).
The optical loss function 𝐿 that defines the carrier mediated losses
as a function of energy is plotted in Fig. 4(e). For both DFT+Uopt
and HSE06, the optical losses are vanishingly small below 3.5 eV
which indicates the absence of optical carrier excitation. The simulated
refractive index 𝜂 is displayed in Fig. 4(f). In the 𝜔 → 0, both functionals
provide good estimates for the 𝜂 (1.8 and 2.16) which are in excellent
6

𝐶

Fig. 9. Electronic band structure along high symmetry k-points 𝛤 , R, X and M in the
Pt doped STO Brillouin zone for DFT+Uopt functional.

accord with the experimental observations in Ref. [81]. The extinction
coefficient 𝐾 in Fig. 4(g) vanishes below 3.5 eV as expected and shoots
up beyond for both functionals. The optical conductivity 𝜎 = 𝜔𝜖imag
s shown in Fig. 4(h) shares similar features like the 𝜖imag displayed
n Fig. 4(b). Overall, the DFT+Uopt provides reliable estimates of
ptical properties which are consistent with HSE06 and experimental
bservations available in the literature.

. Reliability of DFT+U

.1. Elastic properties of STO

Now we test the applicability DFT+U in simulating the elastic prop-
rties of undoped STO. The structural stability was probed from elastic
ensor 𝐶𝑖𝑗 calculations. The required finite lattice perturbations for
he 𝐶𝑖𝑗 tensor estimation from standard strain–stress relationship were
acilitated by applying appropriate forces along different directions [82,
3]. The 720 eV plane wave energy cutoff ensured the convergence of
he stress tensor. The cubic STO embodies three independent non-zero
lastic constants 𝐶11, 𝐶12 and 𝐶44. Based on these 𝐶𝑖𝑗s, the necessary
nd sufficient Born criteria for mechanical stability for a cubic system

11 > 0, 𝐶44 > 0, 𝐶2
11 − 𝐶2

12 > 0 (1)
11 − 𝐶12 > 0, 𝐶11 + 2𝐶12 > 0, (2)
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Fig. 10. Spin polarized total density of states (TDOS) and its projection onto (a) Sr, Ti, O and S atoms, (b) different orbitals in Sr, Ti, O and S for DFT+Uopt functional.
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Fig. 11. Electronic band structure along high symmetry k-points 𝛤 , R, X and M in the
S doped cubic STO BZ for DFT+Uopt functional.

are satisfied in both DFT (GGA-PBE) and DFT+U [84,85] for all values
of U up to Uopt=14.5 eV, see Table 2. The other important elastic
properties like bulk-modulus (𝐵), shear modulus (𝐺), Young’s modulus
𝐸), Poisson’s ratio (𝜈) are calculated using three different theories such
s Reuss (𝐵𝑅, 𝐺𝑅, 𝐸𝑅 and 𝜈𝑅), Voigt (𝐵𝑉 , 𝐺𝑉 , 𝐸𝑉 and 𝜈𝑉 ) and Hill
𝐵𝐻 , 𝐺𝐻 , 𝐸𝐻 and 𝜈𝐻 ) [86–88]. The cubic symmetry of the STO unit
ell resulted in same Voigt–Reuss–Hill bulk moduli as expected. The
FT functional gave smaller shear modulus (𝐺𝐻 = 101.119 GPa) and
oung’s modulus (𝐸𝐻 = 252.102 GPa) as compared to that of DFT+Uopt.
he DFT functional under binds the atoms in the unit cell and the Uopt
orrects the binding energies to modify the 𝐺𝐻 and 𝐸𝐻 to 105.582 and
59.966 respectively. This implies enhancement of resistance to plastic
eformation and stiffness in case of DFT+U functionals. Moreover, the
stimated Poisson’s ratio (𝜈𝑉 , 𝜈𝑅 and 𝜈𝐻 ) within the Voigt–Reuss–Hill
ramework, being smaller than the value of 0.33, corroborates the
rittle nature of the STO. The STO brittleness was further confirmed
s the estimated Pugh ratio (0.610 for DFT and 0.655 in case of DFT+

opt) stayed well below the critical value of 1.75. Overall, the DFT+Uopt
erived elastic properties are in good agreement with the experimental
bservations to be found in Refs. [68,69].
7

a

.2. Phonon band structure of STO

The phonon dispersion defines vibrational and dynamical proper-
ies of materials [89]. Here we calculated the phonon dispersion and
ensity of states (DOS) using density functional perturbation theory
DFPT) [90,91] along with the DFT+Uopt functional. The full BZ was
ampled with 6 × 6 × 6 Monkhorst Pack grid k-points mesh without
onsidering any symmetry restriction. The complete phonon vibrational
pectrum consists of 𝑑 × 𝑛 = 15 vibrational modes with 𝑛 = 5 atoms (1
r, 1 Ti and 3 O) in the 𝑑 = 3 dimensional cubic 𝑃𝑚−3𝑚 STO unit cell.
he low energy 𝑑 = 3 acoustic modes in Fig. 7 are degenerate at the
-point [75–77]. The dynamical stability of the cubic STO is evident

rom the absence of any imaginary phonon frequencies in the entire
Z [80]. The (𝑑 × 𝑛) − 3=12 optical modes (originated from irreducible
epresentations of the 𝑃𝑚−3𝑚 (𝑂1

ℎ) space group) are also present at the
-point. Atoms with heavy (Sr), moderate (Ti) and light (O) masses are
xpected to dominate over lower, moderate and higher wave number
anges. This is evident as dominant contributions from Sr, Ti and O
re in 50–150 cm−1, 150–300 cm−1 and 250–550 cm−1 wave number
anges respectively, as displayed in the right column of Fig. 7.

.3. Born charge of STO

The Born effective charge (BEC) bear the signature of screened
oulomb interaction among the nuclei which play an important role

n controlling the lattice dynamics and phonon dispersion [92,93]. The
EC encodes the charge dynamics in response to perturbation in atomic
ositions [94–96]. We calculated the BEC tensor for both DFT (GGA-
BE) and DFT+Uopt, and displayed the values in Table 3. The Sr and Ti
toms have isotropic charge tensors due to the spherical symmetry at
heir atomic sites, whereas the O atom having local tetragonal symme-
ry needs two independent elements O⟂ (displacement perpendicular
o Ti-O bond) and O∥ (displacement parallel to Ti-O bond). Hence for
he cubic STO, 4 independent numbers 𝑍∗

Sr, 𝑍∗
Ti, 𝑍∗

O∥
and 𝑍∗

O⟂
are

ufficient. The nominal charges of Sr, Ti and O are defined by their
2, +4 and −2 valence states in a closed shell ionic picture where Sr
nd Ti are electron donors and O acts as electron acceptor. The GGA-
BE and DFT+Uopt resulted 𝑍∗

Sr of +2.54 and +2.57 respectively, which
re close to the nominal static +2 charge of Sr atom. For the 𝑍∗

O⟂
,

he GGA-PBE produced (−2.02) excellent match with static −2 charge
f the O ion. The U interaction term shifted the 𝑍∗

O⟂
(−1.87) slightly

way from −2 but pushes the 𝑍∗
Ti (+4.47) quite close to the nominal

tatic +4 charge state. The Uopt also reduces the anomaly in 𝑍∗
O∥

from
5.86 to −4.10. The presence of these Born charge anomalies can result

rom the hybridization of Ti-3𝑑 and O-2𝑝 [96,96,97]. The hybridization

llows charge delocalization (aids covalency and weakens the ionic
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Fig. 12. Spin polarized total density of states (TDOS) and its projection onto (a) Sr, Ti, O and Se atoms, (b) different orbitals in Sr, Ti, O and Se for DFT+Uopt functional.
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Fig. 13. Electronic band structure along high symmetry k-points 𝛤 , R, X and M in the
Se doped cubic STO BZ for DFT+Uopt functional.

nature of Ti-O) resulting in dynamic contribution superimposed on the
nominal charges [98]. The Uopt term added to Ti-3𝑑 orbital affects the
degree of hybridization which in turn controls the dynamic nature of
the BEC [93].

5.4. Raman peaks of STO

Raman spectra probes the symmetry and structure of the underlying
crystal. We simulated the Raman peak positions for the DFT+Uopt
functional and benchmarked them in Table 4 against the available
experimental observations in Refs. [70–80]. Depending on the temper-
ature, STO exists in two different phases i.e., cubic 𝑃𝑚 − 3𝑚 (∼ 300 K)
and tetragonal (∼ 97 K). In the high temperature para-electric phase,
among the triply degenerate 15 3𝐹1u + 𝐹2u modes, both 𝐹1u and 𝐹2u
are Raman inactive (cubic symmetry forbids the first order Raman
scattering) [75–80]. The second order two photon processes dominate
the Raman scattering. In the low temperature tetragonal 𝑃 4 mm phase,
the mode splitting occurs where 𝐹1u generates 𝐸 (doubly degenerate)
and 𝐴1 (non-degenerate), and 𝐹2u splits into 𝐸 and 𝐵1 modes. All 𝐴1,
𝐸 and 𝐵1 are Raman active which characterize the Raman modes as
𝛤Raman = 3(𝐴1 + 𝐸) + 𝐸 + 𝐵1. The presence of long-range electrostatic
interaction provide further splitting of 𝐴1 and 𝐸 modes into TO and LO

aman modes. We observed a number of forbidden first-order Raman
8

i

modes denoted by TOm and LOm at 130, 170, 180, 190, 473, 520,
544, 815 cm−1 which are in good agreement with the experimental
bservations. The simulated two photon processes denoted by LA+TA,
A+TO𝑚, LA+TO𝑛, LO𝑚+TO𝑛, 2LO𝑚 and 2TO𝑚, which describe the
econd order Raman scattering, are also closely matched with the
xperiments [70–80].

. Electronic band gap engineering of STO for solar harvesting

We have considered three different dopants such as Pt, S and
e which have the potential to suitably tune the band gap as per
he Ref. [5]. We performed DFT+Uopt simulations to probe the elec-
ronic and optical absorption properties desired in solar harvesting
pplications.

.1. Pt doped STO

We replaced the 3𝑑-TM Ti with 5𝑑-TM Pt in case of the Pt-doped
TO. The Pt atom donated 4 electrons and attained non-magnetic Pt4+
onfiguration. The 6 electrons in the 5𝑑 orbitals of Pt4+ occupied
he low lying three fold degenerate 𝑡2g states leaving the two-fold
egenerate 𝑡g levels empty. The atomic DOS confirms the contribution
f the Pt atom in VBM as per Fig. 8(a). Significant amount of mixing
ccurs between O-2𝑝 and Pt-5𝑑 at the VB; whereas near the bottom CB
ybridization occurs among O-2𝑝, Pt-5𝑑 and Ti-3𝑑 as shown in Fig. 8(b).
his is consistent with the HSE06 DOS simulations in case of Pt-doped
TO to be found in Ref. [5]. The electronic BS simulations revealed a
ignificant band gap reduction as displayed in Fig. 9. The global VBM
nd CBm occurred at M and 𝛤 points respectively giving rise to 1.77
V indirect band gap. This indirect nature is consistent with the HSE06
imulations present in the Supplementary Information of Ref. [5]. The
B dispersion is not significant and at the 𝛤 -point the direct band gap

s turned out to be 1.89 eV.

.2. S doped STO

The chalcogen S replaces the O atom in STO due to comparable
onic radii and isovalence considerations. The S atom originates DOS
n the VBM as depicted from the atomic DOS projection in Fig. 10(a).
imilar S atomic DOS can be found in Ref. [5] derived from HSE06
imulations. The hybridization occurs among O-2𝑝 and S-3𝑝 near the
op of the VBM as can be seen from the DFT+Uopt DOS simulation in
ig. 10(b) and reduces the energy band gap around 𝐸F. From the BS
imulation in Fig. 11, it is evident that the global CBm and VBM are
n 𝛤 → R and 𝛤 respectively, which defines an indirect band gap of
.41 eV. In contrast, the HSE06 simulation results in a CBm at the Z
oint [5]. At the 𝛤 point the direct band gap is found to be 2.63 eV
hich is an overestimation of the HSE06 derived band gap of 2.4 eV

n Ref. [5].
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Fig. 14. Optical properties. (a) Real part of dielectric constant 𝜖real, (b) Absorption coefficient 𝛼 as a function photon energy 𝐸 for undoped, Pt, S, and Se doped STO averaged
over three different polarization 𝐸x, 𝐸y and 𝐸z calculated from DFT+Uopt.
8

h
n
b
a
D
b
c
m
F
w
(
e
S
e

9

m
t
r
d
t
u
d
d
a
t
n
t
p

C

H
F
H
s
t
P
t

Table 5
Effective mass of electron (m∗

e) and hole (m∗
h) in the units of free electron mass m0

along 𝛤 → M and 𝛤 → R for undoped, Pt-, S- and Se-doped STO using DFT+Uopt.

Carrier Effective Mass

Material k-path m∗
e m∗

h

STO 𝛤 → M 1.081 −0.918
𝛤 → R 0.884 −0.859

Pt-doped STO 𝛤 → M 0.895 −2.847
𝛤 → R 0.453 −2.238

S-doped STO 𝛤 → M 1.322 −4.185
𝛤 → R 3.751 −0.888

Se-doped STO 𝛤 → M 0.539 −0.936
𝛤 → R 1.432 −2.359

6.3. Se doped STO

In case of Se-doped STO, the Se atom formed atomic DOS near
the VBM as shown in Fig. 12(a), which is consistent with the HSE06
simulations in Ref. [5]. The Se dopants, as it replace O atoms in the
STO unit cell, provide orbital mixing between O-2𝑝 and Se-4𝑝 at the
op of the VB as depicted in Fig. 12(b) and shrinks the energy band
ap to the visible range. The simulated BS in Fig. 13 revealed the CBm
nd VBM to occur at the 𝛤 point with a direct band gap of 2.36 eV
hich is an over estimation of 2.16 eV direct band gap obtained from
SE06 in Ref. [5]. The presence of a second local VBM at point R gives
n indirect band gap of 2.32 eV. A similar local VBM can be seen at Z
oint with an indirect band gap of ∼2.16 eV for HSE06 simulations in
ef. [5].

. Optical absorption

Now we calculate linear optical properties in cases of Pt-, S- and
e-doped STO and compared them with that of the undoped STO in
ig. 14. In the static 𝜔 → 0 limit, the 𝜖real is increased with the
ncorporation of dopants S (5.5), Se (5.8) and Pt (6.7) as compared
o undoped STO (3.28) as displayed in Fig. 14(a). The peak of the
ndoped STO is shifted toward low energies due to the presence of
opants. The optical absorption spectrum of Pt-, S- and Se-doped STO
re superimposed on that of undoped STO in Fig. 14(b). The optical
bsorption 𝛼 rises from zero at threshold energies of 1.91-, 2.47- and
.29 eV for Pt-, S- and Se-doped STO respectively which are much lower
han that of undoped STO (3.81 eV). The steep absorption edges shifted
o visible spectrum in all three doped STO cases as compared to the one
9

n UV range for the undoped STO.
. Effective mass

The effective mass of the charge carriers like electrons (m∗
e) and

oles (m∗
h) inside a material are derived from the band curvature

ear the CBm and VBM respectively [99,100]. The band curvature can
e obtained by parabolic fitting of the CBm and VBM [1]. The m∗

e
nd m∗

h for undoped, Pt-, S- an Se-doped STO are calculated using
FT+Uopt and displayed in Table 5. The relevant k-paths are chosen to
e 𝛤 → M and 𝛤 → R from the cubic symmetries of the band structure
alculations. In case of undoped STO, the m∗

e= 1.08m0, 0.884m0 and
∗
h=-0.918m0, −0.859m0 are in good agreement with that of Ref. [101].

or Pt-doped STO, the m∗
e = 0.453m0 is below the 0.5m0 along 𝛤 → R

hich is desired in solar harvesting applications [1]. The m∗
e = 3.751m0

𝛤 → R) and m∗
h = −4.185m0 (𝛤 → M) in case of S-doped STO resemble

ffective mass enhancement due to doping [102]. In case of Se-doped
TO, the m∗

e = 0.539m0, being close to 0.5m0 along 𝛤 → M can favour
fficient photo generated carrier separation.

. Conclusion

We tuned the Hubbard U parameter in DFT+U formalism and
atched the electronic and optical properties of undoped STO to

hose derived from the HSE06 functional. The optimum Uopt produced
eliable estimates for (i) structural stability from the stress tensor, (ii)
ynamic stability from DFPT based phonon structure, (iii) born charge
ensor and (iv) Raman peak positions in case of undoped STO. We
sed the DFT+U approach for studying the doped STO with three
ifferent dopants such as Pt, S and Se; and have shown to red shift the
irect band gaps to 1.89-, 2.63- and 2.36 eV respectively, all of which
re in the visible range of the electromagnetic spectrum. Notably,
hese dopants kept the non-magnetic nature of the STO intact and
o impurity states or charge trapping centres were introduced within
he band gap. Overall, the computationally cheap DFT+U successfully
robed the applicability of doped STO in solar harvesting applications.
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