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First principles approach and experimental
exploration of a new double perovskite phase

Srx(Ing 33 Shg 33Sbg 33)>06: evaluation of structural,
optical, and dielectric propertiesy

Besma Belgacem, © *2 Nabil Nasri, © @ Mouna Ben Yahia, ©° Abderrazek Oueslati © ©

and Rached Ben Hassen {2

A new double perovskite phase, Srx(Sng 33Sbg 331N0.33)206, Was successfully synthesized via a solid-state

reaction and comprehensively characterized using both experimental and theoretical techniques.

Powder X-ray diffraction was used to determine the crystal structure, while scanning electron

microscopy (SEM) revealed a high degree of densification and uniform grain distribution across the

ceramic. Raman and Fourier-transform infrared (FTIR) absorption spectra of the powder present broad

bands predominantly due to different stretching modes of the various SnOz>~, IOz~

and SbOz%~

octahedra in the region » = 400-800 cm™ . An analysis of the UV-Vis diffuse reflectance spectrum
shows excellent optical transparency and gives an estimation of an optical gap E5 ~ 3.6 eV on bulk

Sr,(Sng 335bg 331N0 33)206, Making this material a promising candidate for optoelectronic devices. Density

Functional Theory calculations further validated the experimental findings, confirming the crystal

structure and providing insight into the electronic and vibrational properties. Impedance spectroscopy

revealed non-Debye dielectric relaxation and confirmed typical negative temperature coefficient of
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resistance (NTCR) behavior, underscoring the material's potential for temperature-sensing applications.

The primary conduction mechanism, modeled as correlated barrier-hopping (CBH), was complemented

DOI: 10.1039/d4ra05308g

rsc.li/rsc-advances temperature ranges.

1. Introduction

Stannate's derivatives with an ABO; perovskite-like structure
continue to attract significant attention due to their exceptional
electronic, optical and magnetic properties.”® They are
increasingly finding practical applications in many areas,
including solar cells, LEDs, sensors and catalysts. With
a bandgap ranging from 3.8 to 4.1 eV,’ the orthorhombic phase
SrSnO; (SSO) meets the criteria for an ideal transparent
conductive oxide (TCO) and could be considered as a serious
contender to match the electro-optical properties of indium tin
oxide (ITO).*” Many attempts have been made over the past
decades to address this challenge by introducing relevant
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by an Arrhenius-type process with activation energies of 0.33 eV and 0.9 eV across two distinct

dopants or substituents at metal sites. SSO doped with metals
like Er, Sb, Nd, Fe, Cr, and Ta, behaves as an n-type semi-
conductor, displaying impressive electrical conductivity and
high optical transmittance, exceeding 90% in the visible
spectrum.®**® Conversely, when transition metals like La, Ni,
and Co are incorporated, it exhibits p-type semiconducting
behavior.™ Notably, recent work has demonstrated that
substituting a metalloid like Al at the B-site is not only feasible
but also results in high-performing p-type TCO materials.*
The exploration of co-doping to create double or triple
perovskite becomes a compelling option. Double perovskites
have been the subject of extensive research due to their poten-
tial in various technological applications, owing to their
intriguing blend of physical and chemical stability, alongside
their noteworthy optical, electrical, and magnetic attributes.”®**
These characteristics are intimately connected with their
structural aspects, encompassing the ionic radii of cations,
their oxidation states, and the degree of organization of cations
within octahedral sites. Another research, which led to the
development of the monoclinic double perovskites Sr,Sngg-
InygsWy.40¢ and Sr,Sn; ¢Ing ,Cug,06_5."° shows mixed elec-
tronic and ionic conduction characters. Theoretical study of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Sr,Sn, gIng Wy 406 suggests that it belongs to the category of
semimetals.'® Notably, double perovskite antimonate such as
co-substituted/doped A,InSbOg (Where A represents Sr or Ba) are
attracting due to their interesting properties and their applica-
tions in the optical field as well as emerging materials in the
realm of renewable energy."* Furthermore, the proposal to use
Sr,SbInOg doped with Eu®*, Mn**, Cr**, and Fe*" as a phosphor
alongside commercially available phosphors for applications in
white LEDs or optical temperature sensors has been made,
focusing on their sensitivity in detection.’””*® Given the indus-
trial importance of developing innovative and more efficient
materials in the field of optoelectronics, we have chosen to act
on the chemical flexibility of SrSnO; and Sr,SbInOg by co-
doping Sn, Sb and In order to synthesize a new phase Sr,(-
Sny.33Sbg.331N0.33)206. We aimed by the way to enhance the
visible light transparency, phosphorus-hosting capacity, and
thermal stability of a high-temperature dielectric and therm-
istor ceramic. Besides analytical and experimental approaches,
ab initio simulations have emerged as an effective tool to search
and analyze a diverse range of new materials, for their general
physical properties.”* An extensive combined experimental
and theoretical study is undertaken to understand the mate-
rial's vibrational and electronic characteristics, using both IR
and Raman spectroscopy and UV-visible diffuse reflectance
along with Density Functional Theory (DFT) calculations.

2. Experimental and computational
details

2.1. Measurements of material and physical properties

Sr,(Sng 33Sbg 33IN0.33)206 Was synthesized by a solid-state inter-
action method. The precursor materials, including SrCO3, SnO,,
In,03, and Sb,0;, were mixed and pulverized into powder.
Hexane was introduced and mixing was undertaken for one
hour in an agate mortar and pestle. The mixture was calcined at
900 °C for 12 h. The resulting powder was pressed into pellets
and sintered with intermittent grinding at multiple tempera-
tures up to 1300 °C for 18 h, and then cooled to room temper-
ature. The light gray polycrystalline solid product was subjected
to X-ray diffraction (XRD) analysis using an X'Pert3 powder
PANalytical diffractometer with a CuKa radiation source (A =
1.54056 A). The XRD data were first analyzed through profile fits
using the Le Bail method, and the refinement realized in
monoclinic P24/c space group presents satisfactory agreement
factors. Whereas, the structural refinement was done by Riet-
veld method using Sr,SbInOg structure model with the FullProf
program. The XRD data were collected in continuous scan
mode, with 26 ranging from 15° to 110° and a step of 0.01° per
30 seconds. The infrared (IR) spectrum of the perovskite was
recorded using a Bruker FTIR spectrophotometer Tensor 27
with the KBr pellet technique over a range of 4000-400 cm
and a resolution of 4.0 em™". UV-Vis-NIR diffuse reflectance
data was acquired with a Shimadzu UV-3101 PC spectropho-
tometer covering the range from 300 to 2500 nm. Morphological
investigations of the sample were conducted using a Jeol JSM
IT-100 Scanning Electron Microscope. A room temperature

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Raman spectroscopy study was carried out using a Horiba
Labram HR 800 monochromator. A Solartron SI 1260 imped-
ance analyzer was used to perform impedance spectroscopy
measurements covering a frequency range from 100 to 5 MHz,
over a temperature range of 393 K to 673 K. Silver electrodes
were deposited on both sides of a cylindrical pellet with
a diameter of 8 mm and a thickness of 1.2 mm. The latter is
placed in a temperature control system for measurements.

2.2. Computational details

First-principles Density Functional Theory (DFT)**** calcula-
tions were conducted on Sr,(Sng 33Sbg 33IN0.33)206 utilizing the
Generalized Gradient Approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE)* functional for exchange and correla-
tion energies, as implemented in the CRYSTAL23 software.””
The all electron wave-functions were described using
a Gaussian basis set, specifically a 6-31d1G for oxygen, a 97-
63111d631G for antimony and tin, a 97-641d51 for strontium
and a 97-631111d631G for indium.*® A thorough optimization of
all atomic coordinates and lattice parameters was achieved via
conjugate gradient energy minimization, with a force tolerance
threshold of 10™* ev A™* for structural relaxation. To thoroughly
assess the thermodynamic properties of this novel phase, we
constructed several structural models reflecting varied Sn/Sb
and Sn/In configurations. These calculations were executed in
an adequately sized super-cell, designed to capture the statis-
tical distribution of different Sn/Sb and Sn/In metal sites. The
vibrational properties were then performed at 0 K and at the I’
point within the harmonic approximation using the analytic
Coupled Perturbed Kohn-Sham (CPKS) method.>*>*

3. Results and discussion

3.1. Structural and morphological properties

The stability of the crystal structure in Sry(Sny 33Sbg.331n0.33)206
was first evaluated by calculating the Goldschmidt tolerance
factor (¢) using the Shanon radius of the different elements (rg,
=0.69 A, e = 0.80 A, and rgps+ = 0.60 A).?> The calculated value
of ¢t = 0.958 suggests a possible reduction in symmetry.*® The
reduced monoclinic symmetry (P2,/c) results from the defor-
mation of the ideal cubic perovskite, following a modification of
the crystal structure by co-doping of Sn, In an Sb in Sr,(Sng 35-
Sby 331N 33)206.** The auto-indexing of the PXRD pattern of the
sample using the DICVOL software from the FullProf suite®*
reveals monoclinic symmetry with the following unit cell
parameters: @ = 5.450 A, b = 5.720 A, ¢ = 9.700 A and § =
123.53° as the best proposal. The search-match analysis using
the ICDD PDF4+ database® indicates that the double perovskite
Sr,SbInOg is the most suitable structural model for our
compound, exhibiting monoclinic P2;/c symmetry and lattice
parameters consistent with those previously suggested by the
DICVOL program, in agreement with the calculated ¢ value of
0.958.**%*¢ During the Rietveld refinement, structural disorder
within the octahedral sites was evidenced due to small varia-
tions in the radii of the cations within those sites (Fig. 1a).
Consequently, a scenario was adopted for the distribution of Sb,
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Fig. 1

(a) Rietveld refinement of XRD pattern of Sr,(Sng 33Sbg 331N0.33)206 double perovskite (the black line corresponds to the experimental

value, the red solid line is the fitted value, and the blue solid line is the difference between the experimental value and the fitted value). (b) The

crystal structure of Sr,(Sng 335bg 331N 33)2,O6 double perovskite.

In, and Sn cations, ie. Sry(IngeeeSNo.334) (Sbo.6665M0.334)O06,
considering a 1:1 pseudo-ordering of the B cations in the
Wyckoff sites 2a and 2d of P2,/c (Fig. 1b). The results of the
refinement in a monoclinic unit cell indicate a good agreement
between calculated and observed patterns and the double
perovskite structure is confirmed with good reliability factors
(Table 1). The analysis of bond lengths in Table 2 shows that
(Sn/Sb)-O distances, ranging from 1.94 to 1.98 A, are more
consistent with Sb>" cation distances reported by Gagné, rather
than Sb*".*” However, our measured Sn/In-O distances are
shorter, leading to BO,>~ octahedra. Co-substitution with Sn, In
and Sb in the B sites results in distorted (Sn/Sb)Og and (Sn/In)Og
octahedra, causing crystal deformation, structural defects and
changes in electronic and conduction properties.

To better understand the electronic structure of this new
phase and confirm its structural properties, we decided to
conduct further investigations using theoretical calculations
with the GGA-PBE functional, along with all-electron Gaussian
wave functions, implemented in the CRYSTAL23 software,” as
specified in the computational details section. To accurately

Table 1 Crystal data, structure refinement details and atomic posi-

tions determined through Rietveld refinement for new phase
Sr2(SNno.335b0.331N0.33)206

Atom Sites  x y z Uiso

Sr 4e 0.24100 0.47400 0.24000 0.1051
0.3345n/0.666Sb 2a 0.0 0.0 0.0 0.0555
0.3345n/0.666In 2d 0.5 0.0 0.5 0.0941
O1 4e 0.17600 0.01060 0.23900 0.4618
02 4e 0.31100 0.20110 0.02800 0.251
03 4e 0.26170 0.73220 0.04000 0.1225

Lattice parameters: a = 5.4502(3) A, b = 5.72056(7) A, ¢ = 9.7006(7) A and
8 = 123.53(1)°, Ry(I) = 4.4886, x> = 2.0868

32294 | RSC Adv, 2024, 14, 32292-32303

replicate the experimental structure, we created a series of
supercell models based on the most likely experimental model,
the double perovskite P2,/c. We also explored a triple perovskite
model, also with P2,/c symmetry, using the XRD data provided
in Table S1.f Further details on the construction of these
models and the results of structural relaxations can be found in
the ESI (Table S1 and Fig. S1}). Table S1t shows that the double
perovskite (06) models exhibit greater stability compared to the
triple perovskites (09), with a small energy difference of 94 meV.
We also note that the energies of all the considered double
perovskite models are well below the thermal activation energy
threshold of 25 meV. Although the possibility of polymorphism
exists, it appears to be contrary to the potential for stabilization
at high temperatures. The formation free energy calculations as
a function of temperature, based on the double perovskite
model and the reaction: SrSnOj; + Sr,SbInOs — 3/2 Sr,(Sng 33-
Sby 331N 33)206, clearly demonstrate that synthesis becomes
feasible above 500 K (Fig. S2t). This strong correlation rein-
forces the validity of the experimentally proposed structural
model and the statistical distribution of Sn/In and Sn/Sb across
the 2d and 2a sites, emphasizing the significant configurational
entropy at the B-sites. These findings provide solid evidence in

Table 2 Experimental and modeled M—-O distances as well as relative
errorsin %

Distances Exp. (A) Mean calc. (A) Relative error (%)
(Sn/In)-01 2 X 2.1430(3) 2.169 1.2
(Sn/In)-03 2 x 2.0393(1)  2.145 4.1
(Sn/In)-02 2 x 2.0899(1)  2.123 2.9
(Sn/sb)-02 2 x 1.9395(2)  2.046 7.1
(Sn/sb)-O1 2 x 1.9600(2)  2.077 4.4
(Sn/Sb)-03 2 x 1.9800(1)  2.068 4.5

© 2024 The Author(s). Published by the Royal Society of Chemistry
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support of the high-temperature stability of the new double
perovskite phase.

Table S1t offers a comparative analysis of the experimental
and theoretical average lattice parameters, including their
relative errors. The results exhibit excellent congruence for the
b, ¢, and @ cell parameters, with discrepancies below 3.6%.
However, the reproduction of the a parameter shows a larger
deviation of 6%. To investigate this discrepancy, Table 2
contrasts the mean Sn/In-O and Sn/Sb-O bond lengths from the
models with the experimental data. A general overestimation in
the modeled distances compared to experimental predictions,
possibly due to the functional employed is observed. A quite
good alignment is seen for all Sn/In-O bonds, Sn/Sb-0O1, and
Sn/Sb-03, with errors within 4.5%. Yet, the Sn/Sb-02 bond
length is notably overestimated (by 7%) in the calculations. This
may be ascribed to the inherently challenging accurate posi-
tioning of oxygen atoms in Rietveld refinement, as oxygen's
lighter atomic weight compared to elements like Sn, Sb, In, and
Sr impacts the precision of their determined positions espe-
cially when defects or impurities are observed. The latter point
will be further discussed below.

3.2. Crystallite size and microstrain

The Williamson-Hall method was employed to estimate the size
of crystallites and lattice strain in the bulk. This method is
expressed by the equation: §cosf = K x A/D + 4esinf, where
B represents the full width at half maximum (FWHM) in
radians, 6 denotes the diffraction angle, A stands for the X-ray
wavelength, K is a shape constant (0.9), D indicates the crys-
tallite size, and ¢ represents the micro-strain. In calculating the
crystallite size, instrumental broadening was considered. An
empirical linear equation was then applied to the experimental
data. Utilizing the intercept and slope of this linear plot, the
average crystallite size and micro-strain were determined in the
annealed sample. The crystallite size was calculated to be
46 nm, and the lattice strain was measured at 1.15 10 °
(Fig. S31). Interestingly, the micro-strain increased from 1.74

View Article Online
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102 in SrSn0O; to 2.61 10 following the doping of Sn (+IV) with
5% In (+II1)*® and subsequently decreased to 1.15 10> upon co-
doping with In (+III) and Sb (+V) in Sry(Sng.33Sbg.331N0.33)206-
These variations in strain values arise from differences in the
ionic radii of the elements involved. Furthermore, an analysis of
the scanning electron microscope (SEM) image (Fig. 2a) reveals
the presence of a wide distribution of grains. This is due to
agglomeration, which is the result of high sintering tempera-
tures. The relative particle size histogram of the Sr,(Sngss-
Sby 331N 33),06 sample annealed at 1300 °C is displayed in
Fig. 2a. To obtain statistics on grain sizes, Image J software was
employed,* and measurements were taken for at least 30 grains
with size varying from 50 to 120 nm. The average grain size
within the sample was estimated to be approximately 70 nm,
a value somewhat higher than that determined by XRD analysis
(46 nm). This discrepancy is attributed to the fact that the
former reflects the size of aggregates, while the latter pertains to
the size of coherent domains within the particles.*® By applying
the relationship N = rgpm/Tx.ray, We calculate the number of
coherent diffraction domains within a particle. The results
indicate that, on average, a particle comprises no more than
1.52 coherent diffraction domains. Table S27 presenting the
EDX analysis results, reveals that the chemical composition of
the compound closely aligns with the expected atomic
percentages (Fig. 2b). The presence of carbon during the
experimental analysis is likely due to the propensity of stan-
nates to develop carbonates on their surfaces.*!

3.3. FTIR and Raman spectroscopies

The FT-Infrared spectrum of Sry(Sngs3Sbgs3Ings3),06 Was
recorded at room temperature, covering the wavenumber range
of 400-4000 cm ™', The modeling of the vibrational spectra (IR
and Raman) of the new phase Sr,(Sng 33Sbg 331N 33),06, indi-
cates that all its internal normal modes are located below
800 cm™'. For better clarity and to facilitate an effective

comparison between theory and experiment, we limited the
frequencies range in Fig. 3a. In the 550-750 cm™

! region of

Fig. 2

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) SEM image (b) EDS spectrum of the Sr,(Sng 335bg 331N0 33)2O6 perovskite, In insert particle size histogram (b) EDX spectra.
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Fig. 3 Comparison between experimental and theoretical (a) infrared and (b) Raman spectra of Sr»(Sng 335bg 331N0.33)206. The precise positions
of the calculated frequencies are depicted as sticks for clarity and precision.

experimental spectrum, a broad absorption band is predomi-
nantly assigned to the antisymmetric stretching modes of the
various BO;>~ octahedra (SnO;*7, InO;*~ and SbO;*>7) in
agreement with previously published findings.'***** Moreover,
both spectra exhibit similarities with those reported in the
literature for SrSn0O;.** Experimental peaks at around ~450 and
~400 cm™ ' reasonably correspond to the theoretical calcula-
tions at ~450 and 325 cm ™}, respectively. These normal modes
are related to the bending of the O-B-O bonds. Interestingly,
the calculated wavenumbers show a redshift compared to the
experimentally observed frequencies, diverging from the usual
overestimation typically seen when employing a harmonic
potential. This discrepancy can be initially attributed to the
previously noted overall overestimation of the B-O bond
distances and, secondly, to the fact that the vibrational calcu-
lations were performed only at the Brillouin zone center,
neglecting the dispersion effects near this point, even though
supercell calculations somewhat account for disorder. The
disordered metallic nature of the compound and the nanoscale
crystallite size suggest significant dispersion impacting the
broadness of the peaks. Furthermore, not accounting for the
longitudinal-optical (LO) and transverse-optical (TO) splitting,
which results from long-range coulombic interactions in the
calculations, might contribute to these underestimated
frequencies. Other perovskite variants like BaTiO; and SrTiO;
often exhibit this phenomenon, which could account for the
observed differences in our study.** The experimental IR spec-
trum shows vibrations at 527, 859, 1070, 1468 and 1772 cm ™ *
(Fig. Ss47), are likely due to the formation of carbonate groups
during the calcination of SrCO3;, as previously reported by Hong
et al.*®* The Raman spectral analysis of the Sr,(Sng.33Sbgss-
In, 33),06 compound (excitation wavelength 633 nm), depicted
in Fig. 3b, provides critical insights into the perovskite's local
structure.*” However, accurately assigning all vibrational modes
in bulk samples remains a complex task. The Raman spectrum,
recorded at room temperature alongside the calculated

32296 | RSC Adv, 2024, 14, 32292-32303

spectrum, reveals significant findings. In the high wavenumber
region (>500 cm™ '), two broad experimental bands at approxi-
mately 653 and 752 cm ™" correspond to theoretical modes at
717, 708, 703, 690, and 677 cm ™. This region is correlated with
the breathing modes of the BOg octahedra. The higher wave-
number modes (>700 cm™") are primarily associated with the
stretching of B-O bonds within the BOg octahedra, particularly
a main mix of Sn—O and In-O bonds. Modes in the range of 700-
650 cm ™' are assigned to the stretching of Sb-O and Sn-O
bonds. These modes are illustrated in Fig. S5.1 The sequence of
symmetric stretching modes appears to be more influenced by
differences in effective mass than by bond length. Nevertheless,
the comparison of this Raman spectrum with that of SrSnO3, as
reported in the literature, which exhibits weak intensities in this
region, suggests that the strong polarizability variations
observed for this new phase are due to In-O and Sb-O bonds
rather than Sn-O bonds.*** The mid-range frequencies (500-
400 cm™") combine stretching and bending motions, aligning
with findings in related research.*® In the lower wavenumber
region (<300 cm™ '), the Raman spectrum displays long-range
structural modes, with two prominent peaks at 217 and
85 cm ', which are absent in the calculated spectrum. These
low-frequency modes, as pronounced as the higher-frequency
ones, bear resemblance to those seen in double rock salt
perovskites.*»*® According to M. G. Masud et al.,”* these bands
are indicative of the characteristic band patterns of the partially
disordered monoclinic double perovskite structure. The exper-
imental observation of these intense soft modes contrasts with
their relatively muted presence in theoretical predictions. This
discrepancy can be explained by the high polarizability calcu-
lated for Sb-O and In-O bonds, amplifying the intensity of
harder modes and overshadowing the softer ones. The attri-
bution of these modes to the presence of disorder is consistent
with the fact that the Raman spectrum of a perfectly ordered
model (model 8, Fig. S51) also lacks these modes. It should also
be noted that this model only exhibits just two intense hard

© 2024 The Author(s). Published by the Royal Society of Chemistry
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modes, further confirming the synthesis of a disordered O6
model. Additionally, the nanometric particle size (40-70 nm),
differing from the perfect crystal model in calculations, might
introduce unaccounted surface effects, suggesting the need for
a larger computational model for accurate depiction a task that
is currently prohibitively expensive and challenging. Finally, the
nanoscale particle size, in tandem with the presence of defects
and metallic disorder, restricts phonon propagation, leading to
broader Raman spectral bands. This is evidenced by an
increased FWHM of these bands, similar to the phenomena
observed in IR investigations. This analysis highlights the
complex interplay between particle size, structural disorder and
defect and their impact on the interpretations of the vibrational
properties.

3.4. UV-visible diffuse reflectance spectroscopy

The Kubelka-Munk function, denoted as F(R) and calculated
from the diffuse reflectance data, is expressed as F(R) = (1 — R)*/
2R = KIS, where R represents the diffuse reflectance, and S and
K stand for the scattering and absorption coefficients, respec-
tively. The determination of the optical band gap (E,) of Sr,(-
Sny.33Sbg.331N0.33)206 Was carried out using the Tauc model:
(F(R) x hv)’ = A(hv — Eg), with E, representing the band gap
energy, A being a constant, and the exponent p specifying the

(a)
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type of transition, which is 2 for a direct transition and 1/2 for
an indirect transition. The band structure, as delineated in PBE
(Fig. 4a), reveals a direct energy gap of 1.8 eV, consistent with
the semiconductor characteristics of this phase. Additionally,
according to the band structure, an indirect gap transitioning
from X — I and occurs at 2.0 eV, approximately 200 meV
higher. The density of state projection curves indicate electronic
transitions predominantly from O® (2p) to the unoccupied
states of metals In, Sn, and Sb (Fig. 4b). These metals contribute
comparably at the bottom of the conduction band. It is also
observed that the M-O bonds exhibit a degree of covalence,
evidenced by the presence of metal states in the valence band,
along with a significant influence of indium states mingling
with the oxygen band (Fig. 4b).

The band gap energy (Eg) of Sr,(Sng 335bo.33In0.33),06 is ob-
tained through the extrapolation of the linear section of the
[F(R) x hv} plot. This analysis yields an optical band gap of 3.65
for indirect transition (Fig. 4c) and 3.8 eV for direct transition,
which aligns with the E,, value that calculated using the
absorption edge's wavelength (Fig. 4d).*> The discrepancy
between modeled and measured band gap is primarily due to
the PBE-GGA functional, which is known to underestimate the
measured optical gaps due to its poor treatment of exchange
and correlation interactions.**** Nevertheless, regardless of the
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absolute value of the gap, and as noted earlier, the direct and
indirect gaps in DFT are relatively close, with a difference of
only ~200 meV. This proximity may explain why UV measure-
ments can be fitted to both direct and indirect gaps, with an
observed difference of approximately 300 meV. Although DFT
may underestimate the absolute value of the band gap, it
accurately describes the relationship between the two types of
gaps, offering valuable insights into the material's electronic
structure. In light of these results, one can conclude that this
property makes it a promising candidate for technological
applications, given its classification as a wide-gap non-magnetic
insulator.

3.5. Complex impedance analysis

Fig. 5a and (b) report the frequency dependence of real Z' and
imaginary Z” impedance plots at various temperatures. It is
observed in Fig. 5a that Z' diminishes with enhancing temper-
ature at lower frequencies, indicating an increase in the alter-
nating current (AC) conductivity and the NTCR behavior.** At
higher frequencies (f> 10* kHz), the values of Z' merge for all
temperatures. Z' is temperature-independent, which signifies
the release of space charges in the material.*® The dependence
of the imaginary impedance (Z") as the function of frequency for
different temperatures well illustrates the charge transport
mechanism and the relaxation mode in Sr,(Sng 33Sbg.33IN¢ 33)5-
Os at different temperatures (Fig. 5b). The relaxation process
appears to be influenced by immobile charge carriers at low
temperatures and defects/vacancies at high temperatures. As
the temperature increases, a shift of the relaxation peak occurs
towards higher frequencies indicating a thermally dependent
relaxation mechanism. Furthermore, the magnitude of this
peak decreases consequently, suggesting a decrease in grain
resistance with temperature. The width of the relaxation peak in
Z" indicates the possibility of a distribution of relaxation times
(Fig. 6).*¢
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Fig. 7 displays the Cole-Cole plots (Z’ vs. Z') at various
temperatures. A semicircular arc with a center below the Z' axis
is displayed in every plot. The temperature-dependent poly-
dispersive character of dielectric relaxation in non-Debye
behavior in Sry(Sng.33Sbg 331N .33),06 is confirmed by the tilt
parameter « in the Cole-Cole diagram, which quantifies the
distribution of relaxation durations, being non-zero. The
majority of relaxors are complex perovskite structures with two
or more ions in the A- and B-sub-lattices having complete or
partial abnormalities.®” The material contribution coming from
a parallel combination of grain capacitance (Cg), constant phase
element (CPE1), and resistance (R) to grain can be responsible
for high-frequency semicircular arcs. Values (R, Cq, Q, and «)
obtained from an experimental fit of the data are displayed in
Table S3.1 Fig. 7 depicts the corresponding electrical circuit.
The insert's graphical depiction demonstrates how resistance R
drops as temperature rises, this behavior is characteristic with
negative temperature coefficient of resistance (NTCR)
compounds widely used as thermistors, ie. temperature
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sensors in industrial and medical domains because of their
high-temperature sensitivity, durability, and cheap.?**°

3.6. AC conductivity study

Fig. 8 shows temperature and frequency variations of the
sample's conductivity. AC conductivity corresponds to the
frequency dispersion zone, which is shifts to higher frequencies
and at higher temperature, corresponds to the DC conduc-
tivity.>® As the temperature increases, the DC conductivity value
increases, indicating that the sample exhibits semiconductive
behavior (Fig. 8).

Jonscher's universal power law explained by g,.(w) = ogc +
Aw?® is a useful model for describing the conduction process in
dielectric materials, especially in terms of their alternating
current conductivity. A is a constant influenced by temperature,
w represents angular frequency, “s” signifies the level of inter-
action among mobile charge carriers and their environment,
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Fig. 8 Variation of AC conductivity as a function of frequency at
several temperatures.
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and g4, refers to direct current conductivity. Fig. 9 portrays the
connection between the temperature and the frequency expo-
nent “s”. Within the temperature range of 400 to 473 K, the
exponent remains consistently around 0.9. This pattern is
indicative of conduction through tunneling without the need of
thermal activation. The value of “s” remains stable during this
period and then gradually decreases before experiencing a more
pronounced decline. This reduction occurs in two phases:
a subtle one between 473 and 593 K, followed by a more
substantial drop between 593 and 673 °C. This suggests that in
this material, the grain conduction phenomenon aligns with
the correlated barrier hopping (CBH) behavior.®

The DC conductivity of the sample was related to tempera-
ture by the transformed equation: Lnog. = Lng, + [—E,/(1000/
T)]. Fig. 10 indicates an Arrhenius-type conduction in the
temperature range 393-673 K. As shown in the Sr,(Sngss-
Sby 331N 33)206, the temperature dependency indicates two
conduction mechanisms that are active in the sample. The
activation energy is 0.33 eV at low temperature and 0.9 eV at
high temperature. As above mentioned in the electrical study
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section, the dielectric loss factor reaches its maximum at this
same critical temperature when the transition from one section
to the next is noticed. Such a low activation energy value results
from the connection between the polarons breaking and
migrating freely as the temperature rises more. A shift in the
charge carrier from a single to a double polaron, or from a small
to a large one can account for the change in the slope at 573 K.

3.7. Modulus analysis

Fig. 11, displays how the angular frequency affects the real part
of the electrical modulus (M) and the imaginary part (M") at
various temperatures. At lower temperatures, M'(w) follows
a less dispersed pattern, almost appearing linear.®* However, as
the temperature increases, M'(w) starts to display a dispersive
behavior, where the value of M increases and reaches
a maximum saturation point at different temperatures (Fig. 11a
and b). When looking at lower frequencies, the low values of M’
indicate the absence of electrode and/or ionic polarization
effects and suggest the migration of polarons over longer
distances due to the slow reversal of the electrical field. From
593 K onwards, the behavior of M" displays a broad peak. The
shape of the M"(w) curves implies a relaxation process with
a shift towards higher frequencies with increasing temperature,
indicating the thermally activated nature of the relaxation time.

4. Conclusion

A transparent semiconductor perovskite oxide, Sr,(Sng 33Sbg 33-
Ing 33)>06, Was synthesized via solid-state reaction and sub-
jected to comprehensive experimental and theoretical analyses
to assess its structural, microstructural, optical, vibrational,
electronic, and dielectric properties. XRD and EDX results
confirmed the excellent crystalline quality and accurate
elemental composition of the prepared sample. DFT-PBE
calculations, through extensive structural, thermodynamic, and
vibrational studies, validated the synthesis and structural
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refinement of this new phase, classifying it as a double perov-
skite crystallizing in the P2,/c space group. Experimental UV-
visible measurements demonstrated high optical transparency
across a broad spectral range, with an indirect bandgap of
3.65 eV, supported by theoretical calculations.

According to DOS curves, electronic transitions predomi-
nantly occur from O®~ (2p) to the unoccupied states of In, Sn,
and Sb, indicating the material's potential for optoelectronic
applications. Further insight into the conduction mechanism
was gained by analysing the frequency-dependent behaviour of
0, for grain response, using Jonscher's universal power law at
different temperatures. This analysis revealed that correlated
barrier hopping is the predominant conduction mechanism.
The temperature dependence of DC conductivity indicated two
distinct conduction mechanisms, with activation energies of
0.33 eV and 0.9 eV below and above T = 573 K, respectively.
Finally, electric modulus analysis confirmed the presence of
dielectric relaxation. The observed decrease in resistance with
increasing temperature aligns with the overall findings, sug-
gesting that this material could be a promising candidate for
high-temperature thermistor applications, relying on the NTCR
(Negative Temperature Coefficient of Resistance) effect.
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