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Abstract:

The origin of dielectric properties of strontium titanate ceramics is investigated using
DFT calculations in periodic system. It was determined that the main factors contributing to
the increase in dielectric permittivity are: tetragonal distortion of the normally cubic lattice,
and charge imbalance induced displacement of titanium center from its central position.
Oxygen vacancies were determined to create significantly larger effects than other types of
vacancies, like Ti and SrO. The extent of tetragonal distortion was found to be determined by
oxygen vacancy distribution, rather than total concentration: relatively symmetrical
distribution of oxygen vacancies resulted in smaller tetragonal distortion of the lattice, and,
consequently, smaller increase in dielectric permittivity. Charge imbalance naturally
destabilizes the cubic lattice, forcing the Ti-atom out of its central position, resulting in
tetragonal lattice with increased dielectric permittivity. The process stabilizes the strontium
titanate lattice, while increasing the c/a ratio. Therefore, the dielectric permittivity of
strontium titanate can be increased by changes to the system that increase tetragonal
distortion of the lattice and/or introduce additional negative charge.
Keywords: Strontium titanate; Dielectric properties; Point defects; DFT calculations;
Lattice distortion.

1. Introduction

Strontium titanate (SrTiO3) ceramics represents an important class of technological
materials, both as pure SrTiO; or as a part of a multi-component system [1-7]. This typically
requires high-temperature processing of the powder material, resulting in a material that is
compact and suitable for further fabrication [8-10]. Strontium-titanate-based materials have
been used in a wide range of applications like sensors [11], catalysis [12], UV detectors [13],
solar cell [14], multilayer ceramic capacitors (MLCCs) [15], and NOx photocatalysis [16, 17].
Various technological applications of SrTiOz ceramics are affected greatly by defect diffusion
and defect structure [18-20]. In particular, oxygen deficiency gives rise to electrical
conductivity, while operations of resistive memory devices involving SrTiO; includes point
and cluster defect diffusion over short time scales. Therefore, doping and defect engineering
is of vital importance to performance of low carrier concentration oxide materials like SrTiO;
[21], making this a focus of a number of studies in recent years. Ti defects have stable polar
configurations along [100] and [110] directions and have been proposed as the origin of
ferroelectricity observed in Sr-deficient SrTiOs thin films [22, 23]. On the other hand, SrO
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defects have been predicted to have the lowest energy configuration of any point defect in
SrTiO; [24]. However, the most widely studied defect in SrTiO3 has been oxygen vacancies,
which induce conductivity in SrTiOgat carrier density of 10*°cm > [25].

Wang et al. reported giant permittivity and very low dielectric loss in SrTiO;
ceramics sintered in nitrogen, which can be attributed to fully ionized oxygen vacancies and
giant defect-dipoles [26]. When further sintered in air, the materials exhibit large temperature-
and frequency-dependent dielectric loss, due to the ionization and motion of oxygen
vacancies. Local reversible structural changes caused by the application of the external
electric field were observed in STO single crystals and attributed to oxygen redistribution.
The structural changes involved expansion of the unit cell and a transition from
centrosymmetric to a lower symmetry phase due to tetragonal distortion of around 0.005 A
along c-axis (c/a ratio of 1.0012) [27]. A study of the structural and electronic properties of
the neutral and positively charged oxygen vacancies in the bulk and on the (001) surfaces of
SrTiO3 crystal showed that charged vacancy centers exhibit a stronger local lattice relaxation
and significantly deeper energy levels, both in bulk and on the surfaces, as compared with the
neutral centers [28]. Cai et al. reported a metal-to-semiconductor transition with varying
oxygen content, where metallic state was achieved at oxygen content of 2.63 (x = 2.63 in
SITiOy; or 12.1 % oxygen vacancies) [29]. Strontium titanate also exhibits persistent
photoconductivity, which can be attributed to the excitation of an electron from a titanium
vacancy defect into the conduction band, with a very low recapture rate [30]. Subjecting
SrTiO; single crystals to strong external electric field causes distortion of the cubic structure
and establishes a polar phase due to field-induced redistribution of oxygen vacancies in
SrTiO; and a formation of an inherent dipole moment [31]. This results in a dielectric to
pyroelectric phase transition and lattice distortion is field-dependent [27].

Plain-wave ab initio calculations of vacancy defects in strontium titanate at two
oxygen vacancy concentrations identified defect states within the band gap and determined
that the electrons left behind by oxygen removal localized on Sr(Ti)3d orbitals and vacancy
sites [32]. Optical properties of cubic SrTiO; calculated within generalized gradient
approximation (GGA) have shown good agreement with experimental data in a wide energy
range of 0-32 eV [33].

Herein, we report the dependence of optical properties of SrTiO; on type and
concentration of lattice defects calculated using DFT calculations within GGA and GGA+U
methods. In particular, investigation of the dependence of dielectric permittivity on oxygen
vacancy concentration shows strong correlation between the extent of tetragonal distortion of
the cubic lattice of SrTiO; and the calculated values of dielectric permittivity. In addition,
through comparison of GGA calculations with and without Hubbard U, it is shown that these
effects are largely independent on the methodology. It is also shown that excess negative
charge in SrTiO; causes the displacement of Ti-atom from the central position in the lattice,
stabilizing the lattice, while reducing the calculated dielectric permittivity at the same time,
indicating that both the lattice distortion and the dielectric permittivity in SrTiOs structure
with defects are ultimately caused by the existence of excess charge in the system.

2. Computational Details

DFT calculations on a periodic system were conducted on a unit lattice using ABINIT
8.10 software package [34] with GGA functional [35, 36] with and without Hubbard U [37]
and Optimized Norm-Conserving Vanderbilt Pseudopotential ONCVPSP-3.2.3.1
pseudopotential [38]. Energy cutoff was 990 eV and SCF tolerance was 510" eV per atom.
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3. Results and Discussion

In order to examine the effect of different types of point defects on electronic and
dielectric properties of strontium titanate (SrTiO3), a series of calculations on 3x3x3 supercell
were performed, incorporating four types of defects: oxygen-, Sr-, Ti- and SrO-vacancies.
Calculations with oxygen vacancies were performed at different concentrations, due to the
fact that point defects tend to cluster in non-stoichiometric SrTiOs, resulting in creation of
localized TiO, and SrO islands in Sr- and Ti-poor strontium titanate systems, respectively
[39-42]. This clustering effect means that a strontium titanate system can contain high local
concentrations of oxygen vacancies.

Oxygen vacancies

Table | shows the overview of the results of GGA+U calculations for systems with
oxygen vacancies. Geometries were optimized for more than one configuration with the same
concentration of vacancies to see the effects of vacancy distribution on electronic structure
and dielectric properties of the system. The results show that while there is little effect of
vacancy distribution on the width of the band gap, there are significant differences in
calculated values of dielectric permittivity in systems with the same concentration of oxygen
vacancies. The most stable systems were the ones exhibiting the highest degree of tetragonal
distortion and there is a significant increase in the value of the band gap with increase in the
concentration of oxygen vacancies.

Tab. | Overview of results of GGA+U calculations on systems with oxygen vacancies.

Oxygen Eg Tetragonal
System | vacancy | (eV) | a(A) | c(A) cla distortion g g’
conc. (%)

cubic 0% 3.23 | 3.8826 | 3.8826 | 1.0000 0.000 4.0 0.0
cubic 1.2% 3.50 | 3.8278 | 3.8288 | 1.0003 0.028 388.2 | 155.6
cubic 2.4 % 3.89 | 3.8300 | 3.8308 | 1.0002 0.021 330.9 | 131.7
cubic 2.4 % 3.89 | 3.8480 | 3.8530 | 1.0013 0.129 926.0 | 373.2
cubic 2.4 % 3.89 | 3.8481 | 3.8527 | 1.0012 0.118 995.8 | 401.5
cubic 3.7% 4.08 | 3.8521 | 3.8536 | 1.0004 0.039 139.8 | 54.0

cubic 3.7% 4.08 | 3.8597 | 3.8597 | 1.0000 0.000 14.4 4.7

tetragonal 0% 3.22 | 54905 | 7.7647 | 1.4142 - 4.0 0.0

Fig. 1 shows calculated electron and spin densities in two systems with same
concentration but different distribution of oxygen vacancies, exhibiting significantly different
values of dielectric permittivity. The system with lower dielectric permittivity is less stable
and exhibits more localized electron density, with about 3 % higher maximum values, and
higher spin density. This indicates that charge delocalization stabilizes the system and can be
correlated with slightly larger lattice and higher degree of tetragonal distortion. The changes
in value of the band gap with increase in concentration of oxygen vacancies are inconsistent
with experimental results [43, 44], where a slight decrease in value was observed. This
deviation from the experimental trend can be attributed to the use of Hubbard U on oxygen
atoms: Table Il shows that the removal of Hubbard U from the calculation results in a
significantly different trend of change in the calculated values of the band gap with increase
in the concentration of oxygen vacancies, resulting in more consistency with experimental
observations. In addition, it can also be observed that systems optimized with Hubbard U
exhibit lower values of lattice parameters and, consequently, lower unit cell volume, even in



288

D. Kosanovi¢ et al.,/Science of Sintering, 53(2021)285-299

the stoichiometric SrTiO; system. As a result, the calculated values of tetragonal distortion
were significantly higher in calculations without Hubbard U.

Fig. 1. Electron density (top, isosurface value = 0.6) and spin density (bottom, isosurface
value = 0.0005) in two systems with 2.4 % oxygen vacancies with different tetragonal
distortions: 0.021 % (left); 0.129 % (right). Green: Sr; Grey: Ti; Red: O.

Tab. Il Overview of results of GGA calculations on systems with oxygen vacancies.

Oxygen Eg Tetragonal
System | vacancy | (eV) | a(A) c(A) cla distortion g g’
conc. % (%)
Cubic 0 2.39 3.9053 | 3.9053 | 1.0000 0.000 5.7 0.0
Cubic 1.2 2.26 3.8985 | 3.9013 | 1.0007 0.072 4.3 0.9
Cubic 2.4 2.22 3.8883 | 3.9107 | 1.0058 0.573 227.3 | 91.9
Cubic 3.7 2.34 3.9097 | 3.9097 | 1.0000 0.000 14.4 4.7
cubic 4.9 2.34 3.9054 | 3.9113 | 1.0015 0.151 6.7 15
cubic 6.2 2.48 3.8612 | 3.8820 | 1.0054 0.539 144.1 | 56.8
cubic* 1.2 2.47 3.8278 | 3.8288 | 1.0003 0.028 13.8 3.1
cubic* 2.4 2.50 3.8300 | 3.8308 | 1.0002 0.021 15.1 3.6
cubic* 2.4 2.50 3.8480 | 3.8530 | 1.0013 0.129 113.3 | 435
cubic* 3.7 2.49 3.8521 | 3.8536 | 1.0004 0.039 26.5 8.1

*GGA+U optimized geometry, same as in Table I.

The effect of Hubbard U on the trend of change in the calculated values of the band
gap was confirmed by calculating systems with geometries optimized using GGA+U in a
single point GGA calculation, as the increase in the value of the band gap with increased
concentration of oxygen vacancies was no longer observed.

Fig. 2 shows that there is no significant difference in calculated electron density for
the same geometry using GGA+U and GGA, respectively, suggesting that the application of
Hubbard U does not affect charge distribution in any significant way. Considering the effect
of Hubbard U on band gap, changes in the electronic structure of non-stoichiometric SrTiO3
with increase in concentration of oxygen vacancies are discussed further only in the context of
GGA calculations.
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Fig. 2. Comparison of electron densities in the system with 2.4 % oxygen vacancies
calculated with GGA+U (left) and GGA (right). Geometry was optimized using GGA+U.
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Fig. 3. Relative lattice volume change with change in oxygen vacancy concentration.

Fig. 3 shows the change in relative lattice volume with increase in oxygen vacancy
concentration for both GGA+U and GGA calculations. In GGA+U calculations, relatively
large changes in lattice volume can be observed even at relatively small oxygen vacancy
concentrations. On the other hand, GGA calculations show that relative lattice volume is
pretty stable at oxygen vacancy concentrations of below 5 %, where it remains within £ 0.4 %
of the volume of stoichiometric SrTiO;. This is in agreement with previous studies: these
report that oxygen vacancy produces highly anisotropic elastic dipole tensor, which may
provide a mechanism for the vacancy to shield local internal strains. This translates into no
observable effects of oxygen vacancy concentration on lattice strain in SrTiOs systems [45].
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Fig. 4. Band structures of: a) stoichiometric SrTiO3z and non-stoichiometric SrTiO; with b) 1.2
%; C) 2.4 %; d) 3.7 %; e) 4.9 %; f) 6.2 % oxygen vacancies.

Fig. 4 shows band structure of stoichiometric and non-stoichiometric SrTiO; with
different concentrations of oxygen vacancies calculated using 3x3x3 SrTiO;z supercells.
Stoichiometric SrTiOs exhibits a direct band gap of 2.39 eV at the gamma point, compared to
the experimental value of around 3.2 eV. Band structure of non-stoichiometric SrTiO3
suggests that introduction of oxygen vacancies through mechanical activation could result in a
small reduction of the band gap, which is consistent with optical properties of mechanically
activated SrTiO; powder [43]. However, introduction of significantly higher concentrations of
oxygen vacancies (>2.5 %) into SrTiO; structure would probably result in expansion of the
band gap, as oxygen states in the valence band are eliminated by the process of removal of
oxygen atoms from the lattice to create vacancies.
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Fig. 5. The calculated density of states for: a) stoichiometric SrTiOzand non-stoichiometric
SrTiOs: b) 1.2 %; ¢) 2.4 %; d) 3.7 %; €) 4.9 %; f) 6.2 % oxygen vacancies.

Fig. 5 shows the calculated density of states of stoichiometric and non-stoichiometric
SrTiOz 3x3x3 supercells. It can be inferred that the onset of absorption would be fairly sharp,
which is consistent with a sharp absorption edge in the optical measurements of mechanically
activated non-sintered samples [44]. Fermi level shifts significantly with the introduction of
oxygen vacancies, that suggesting non-stoichiometric SrTiO; lattices would behave like a
conductor, rather than a semi-conductor, which is not consistent with experimental results,
where non-stoichiometric SrTiOz; does not exhibit electronic conductivity, and can be
attributed to the limitations of GGA calculations. However, non-stoichiometric SrTiO; is
known to exhibit ionic conductivity through oxygen ions, where ion mobility is facilitated by
oxygen vacancies, allowing oxygen ions to move from one vacant site to another [46, 47].
The introduction of oxygen vacancies also has some effect on the fine structure of the valence
band, which is much better defined in stoichiometric SrTiOs, suggesting that the optical
absorption spectra of non-stoichiometric SrTiO3 should exhibit somewhat broader peaks. This
can be compared to trends observed in the optical measurements of mechanically activated
SrTiOz; powder [43], where an increase in the duration of mechanical activation leads to an

increase in defect concentration, and the onset of the absorption becomes less sharp at longer
activation times.
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Other types of vacancies

Other types of vacancies — Ti and SrO, have been shown to have little effect on
dielectric permittivity (Table I11). This can be correlated with the lack of tetragonal distortion
after the introduction of these vacancies. The band gap values are reduced in both cases from
the 3.23 eV value of stoichiometric SrTiO3. The decrease is significantly more pronounced for
SrO defects, suggesting that the reduction in measured band gap values in experimental
system can be associated with the introduction of SrO defects during mechanical activation in
addition to oxygen vacancies [43].

Tab. 111 Overview of results of GGA+U calculations on systems with different types of
vacancies.

Vacancy Tetragonal
System | type Eg a (A) c(A) cla distortion | € | &7
(eV) (%)
Cubic | 3.7at% 1.09 3.9053 3.9053 1.0000 0.000 4.2 0.0
SrO
Cubic | 3.7 at.% 2.95 3.8751 3.8751 1.0000 0.000 3.5 0.0
Ti

Nature of dielectric permittivity

In order to examine the effect of the concentration of the oxygen vacancies on the
dielectric properties, DFT calculations were used in a periodic system built around a 3x3x3
supercell with different concentrations of oxygen vacancies. These calculations show that the
real part of the dielectric permittivity has maximum value at the concentration of oxygen
vacancies of 2.4 % (Fig. 6). The decrease in dielectric permittivity with increase in frequency
is consistent with dielectric relaxation in the terahertz region of frequencies. Calculated loss
tangent is generally higher in systems with higher values of dielectric permittivity and
exhibits an increase with increase in frequency in the terahertz region (Fig. 7), which is
consistent with dielectric relaxation in this region. These results are generally consistent with
trends observed in experimental measurements of SrTiO3 dielectric materials [48, 49].

1000 - 240 r 1
: . Oxygen vacancy |
Oxygen vacancy 2104 \ concentration
800 4 concentration
\ 1804\ 0%
\ 0% ——1.2%
600 \ — ; ,33, 1504\ —2.4%
- —24% NN 3.7%
w 4 — —
AN — = 21N\ 4%
o 0
400 37 90 \\ N e
_— ~ ey
6. - .
2004 —
30 T
04 0= =
0 20 40 60 80 100

Frequency (THz) Frequency (THz)

Fig. 6. Dielectric permittivity as a function of frequency for GGA+U (left) and GGA (right)
calculations.
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DFT calculations have shown that oxygen vacancies represent a major factor in the increase
of dielectric permittivity in non-stoichiometric SrTiO3. Other types of vacancies like Sr-, SrO-
and Ti-vacancies do not produce the same degree of response, and calculated values of
dielectric permittivity in these systems are similar to those of stoichiometric cubic SrTiOz.
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Fig. 8. Correlation of dielectric permittivity (¢’) with tetragonal distortion of the lattice in
GGA+U (left) and GGA (right) calculations. GGA calculations include two sets of geometries
—GGA optimized geometries and GGA+U optimized geometries.

Fig. 8 shows the correlation of dielectric permittivity with the degree of tetragonal distortion
in systems with oxygen vacancies for two sets of calculations: one using GGA+U and the
other using GGA. GGA calculations were conducted using two sets of geometries: one that
was optimized using GGA and the other optimized using GGA+U (which are identical to the
geometries used in GGA+U calculations). The comparison of calculations with geometries
optimized using GGA+U and calculated using GGA+U and GGA shows that the addition of
Hubbard U to the calculation significantly increases the calculated values of dielectric
permittivity, and that this increase can be attributed solely to the application of the Hubbard U
in the calculation and not to differences in the optimized geometries. Overall, both sets of
calculations show that there is a very strong correlation between the value of dielectric
permittivity and the degree of tetragonal distortion: the value of R-squared for linear fit is 0.9
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for both GGA+U and GGA calculations. This suggests that the degree of tetragonal distortion
is a good indicator of the dielectric properties of oxygen-deficient SrTiOs.
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In order to investigate the changes in the lattice caused by excess positive and
negative charge and the dielectric response of the system in those cases, a series of model
systems was constructed incorporating different degrees of tetragonal distortion and different
degrees of deviation from normal atomic positions of Sr, Ti and O in the stoichiometric cubic
SrTiO; lattice (Fig. 9). The calculations show that the charge of -1e produces the highest
calculated value of dielectric permittivity, while a charge of +1e has a relatively minor effect.
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Fig. 10. Change of calculated dielectric permittivity and energy of the system with relative
position of Ti-atom along c-axis in cubic lattice geometry with a total charge of -1e (left);
Change of calculated dielectric permittivity and energy of the system with c/a with total
charge -1e, for Ti-atom relative position of 0.05 (right).

In order to investigate the process of lattice relaxation upon introduction of excess charge and
the dependence of dielectric permittivity on structural features of the system, a series of
calculations on fixed geometry systems was performed with excess negative charge in the
system. Two processes—repositioning of Ti-atom away from the central position and
tetragonal deformation of the lattice through elongation along c-axis, were considered
separately in order to separate the effect of each of these on the dielectric properties and



D. Kosanovié et al.,/Science of Sintering, 53(2021)285-299 295

stability of SrTiO3 system. Fig. 10a shows results of calculations in a fixed cubic lattice with
charge of -1e, where Ti was gradually moved along c-axis further away from the central
position, showing gradual stabilization of the system as Ti was moved further away from its
normal site in the cubic lattice. Fig. 10b shows the results of the calculation where the lattice
was expanded along c-axis, with Ti-atom in a relative position (0, 0, 0.05), indicating that the
lattice stabilizes with the introduction of tetragonal distortion. In addition, while the shift of
Ti-atom in a charged system reduces the calculated value of the dielectric constant, the
tetragonal distortion along c-axis leads to an increase.

All these results suggest that when excess negative charge is introduced into SrTiOs,
like with creation of oxygen vacancies, the system would most likely respond by breaking the
cubic symmetry through a shift in position of Ti-atom and concurrent tetragonal distortion
along the c-axis. The calculated dielectric permittivity of the system decreases during this
stabilization as the system becomes more stable due to increased delocalization of the excess
charge, suggesting that delocalization of the excess charge is the main driving force behind
structural changes: when excess charge is introduced, the system adapts its structure to
delocalize it, minimizing the differences in Coulombic forces in the system.

These results suggest that the effects of point defects on the structure of SrTiO;
ceramics should have longer range effects than their immediate locality: introduction of
sufficient concentration of oxygen vacancies should be observable in the disruption of long-
range symmetry of the cubic lattice, resulting in tetragonal distortion of SrTiO; lattice, which
should be observable using methods like X-ray diffraction.

4. Conclusion

The investigation of several factors contributing to the dielectric permittivity in
strontium titanate ceramics shows that the increase in dielectric permittivity from low values
in stoichiometric SrTiO;z is primarily caused by defects in the crystal structure. Of these
defects, oxygen vacancies show the greatest effect. However, it was identified that the
tetragonal distortion of the cubic lattice of SrTiO; can be directly correlated with the
calculated values of dielectric permittivity. Therefore, any type of defect that results in
tetragonal distortion of the lattice should cause an increase in dielectric permittivity of SrTiO;
ceramics. In addition, it was observed that systems with charge imbalance exhibit exceedingly
high values of dielectric permittivity in a cubic geometry. However, this geometry is unstable,
and the system relaxes by breaking the cubic symmetry through a shift in position of Ti-atom
and concurrent tetragonal distortion along the c-axis. This relaxation process also results in a
decrease of dielectric permittivity. Therefore, two main factors have been identified that can
potentially contribute to an increase in dielectric permittivity of SrTiO; ceramics compared to
the stoichiometric system: tetragonal distortion of the cubic lattice caused by defects, and the
introduction of charge imbalance in the crystal. This can offer some guidance to the design of
SrTiO3z-based ceramic materials to achieve higher values of dielectric permittivity.
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Casncemax:. Ilopexno OuenekmpuuHux cojcmasa Kepamuke CMPOHYUJYM —MUMAHAmM
ucnumano je nomohy JI®T npopauyna y nepuoduunom cucmemy. Ymepheno je da cy enasnu
Gaxkmopu Koju Odonpunoce nOpacmy OuereKmpuyHe NePMUMUBHOCHIU MeMPAcOHATHA
oucmop3uja KyOuuHe peulemre U NOMeparbe MUMAHUJYMOB02 amMoMe U3 YEHMPATHOS
noaodicaja  ycied HeOAlAHCUpPaHoe HAENeKmpUcard. YcmaHo8meHo je 0a KUCEOHUUHe
saxanyuje uzasueajy eehe egexme 00 Opyeux epcma eaxanyuja, xao wmo cy Ti u SrO.
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Benuuuna mempazonanne oucmop3suje je oopehena oucmpubyyujom KuceoHUyHUX 8aKanyujd,
a He camo rUX080M KOHYEHMPAYUjOM: CUMEMPUYHA OUCMPUOYYUja KUCCOHUYHUX BAKAHYUJA
Jje 0osena 00 mare mempazoHaiHe OUCMOop3uje peuemKe, U, NOCIeOUUHO, Maree nogehiarba
Oouenekmpuune nepmumusHocmu. Jlooamno Haenekmpucarbe Oecmaduiusyje KyoOuumy
PpeuemKy U u3azuéa noMeparbe amoma mumanujyma u3 YyeHmpainoz noioxcaja, npouszsooehu
Mmempazonanty pewemky ca nogelianom ouerexmpuunom nepmumusnowhy. Ilpoyec
oucmop3uje peuiemke CcmabuIuzyje KPUCMATHY DPeulemKy CMpOHYUjyM MUmaHama y3
nogehare a/c. Cmoea, Oueirekmpuuna NepMUmMuHOCI CMPOHYUJYM MUMAHAMA ce MOodice
nosehamu npomenama koje 00600e 00 MEMPA2OHAIHe OUCMOpP3Uje KPUCMATHE peulemKe
u/unu y8ooe 000amHo He2amueHO HaeleKmpucarse.

Kuyune peuu: cmponyujym mumanam; OUeIeKMpPUuHA C8OjCMEA; KPUCATHU Oeqhexmu;
J@T npopauynu, oucmopsuja peuiemxe.
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