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ABSTRACT: The significance of strontium oxide (SrO) and strontium ® O
peroxide (SrO,) is currently being investigated as one of the countless . .
potential uses for green energy. However, few studies have examined the - / :
distinctive properties of several phases of SrO and SrO,. In order to fill this ® © ° J
research gap, we have conducted a study on their various properties through @ — @ Bt
“density functional theory (DFT)” under ideal conditions. This includes the
study of electronic, optical, thermodynamic, and thermoelectric properties of o @ .
the above-mentioned materials. For this study, the “Quantum Espresso” tool o O
in DFT using Perdew—Burke—Ernzerhof-generalized-gradient approximation 3
(PBE-GGA) as the exchange—correlation functional and “Optimized Norm- o o K
Conserving Vanderbilt (ONCV)” as the pseudopotential has been used. The @ ¢ R4
face-centered cubic (FCC), body-centered cubic (BCC), hexagonal-1, and Sro, e
hexagonal-2 phases of SrO and the tetragonal and orthorhombic phases of -

SrO, have been selected for the aforesaid study, for which some structural information has already been available. During this study,
the energy band gap as an electronic property; the dielectric constant, refractive index, absorption coefficient, reflectivity, and energy
loss function as optical properties; entropy, heat capacity, Debye temperature, and Debye sound velocity as thermodynamic
properties; and the Seebeck coefficient, thermal conductivity, electrical conductivity, and figure of merit as thermoelectric properties
have been investigated. In addition, phonon dispersion curves and formation energies have been used to confirm the dynamical
stability and thermodynamic stability, respectively, for all of the materials mentioned above. The curve showed that the FCC,
hexagonal-1, and hexagonal-2 phases of “SrO” are dynamically stable. These materials have good optoelectronic properties and can
be used in ultraviolet sensors due to their intermediate band gap and highest material response in the ultraviolet range. In terms of
thermoelectric property, the maximum value of “figure of merit” for the above material has been achieved up to 0.5. Satisfactory
agreement has been found between the current findings and the known theoretical and experimental findings.

SrO

H INTRODUCTION electronic, optical, thermophysical, and thermoelectric proper-
ties of the aforementioned compounds.’

Face-centered cubic (FCC), commonly referred to as the
“NaCl” structure, is the crystal structure of SrO at atmospheric
pressure. Strontium cations (Sr**) and oxide anions (O*”) are
organized in this structure in a cubic lattice, with each cation
being surrounded by six anions and the opposite being true
(Figure 1a).° Up to a pressure of roughly 47 GPa, the FCC
phase of SrO is stable; after that, it changes into a body-
centered cubic (BCC) commonly referred to as the “CsCl”
structure at high pressures.” A cubic lattice with O~ atoms at

Within the crust and subsurface of the earth, several phases of
strontium oxide (SrO) and strontium peroxide (SrO,) exist
under various pressures and temperatures. SrO and SrO, are
emerging as topics of interest for researchers due to their
unique uses and characteristics. Due to the high refractivity
and chemical stability of SrO and SrO,, they are largely utilized
in plasma displays, microelectronics, and television picture
tubes to suppress X-ray radiation. According to a review of the
literature, the majority of studies have focused solely on the
electrical, structural, elastic, and thermoelectric properties of
SrO cubic compounds, but less work has been done on the

other phases of SrO, [x = 1, 2]."~* In this research, we have Received: ~ August 22, 2023
selected four phases of SrO (i.e., face-centered cubic (FCC), Revised:  October 15, 2023
body-centered cubic (BCC), hexagonal-1, hexagonal-2) with Accepted:  October 19, 2023

space group (Fm3m, Pm3m, P6;mc, P6;mmc), respectively, and Published: November 1, 2023

two phases of SrO, (tetragonal, orthorhombic) with space
group (I4mmm, Pnma), respectively. We have computed the
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Figure 1. Atomic arrangements in the primitive cell of SrO phases including (a) face-centered cubic (FCC), (b) body-centered cubic (BCC), (c)
hexagonal-1, and (d) hexagonal-2 and SrO, phases with (e) tetragonal and (f) orthorhombic structures, denoted by green spheres for “St” atoms

and red spheres for “O” atoms, respectively.

the cube’s corners and Sr** in its center defines the BCC
structure (Figure 1b).*” The increased packing density of the
BCC phase makes it more stable under high pressures. At
certain pressures and temperatures, SrO also occurs in
hexagonal phases, with hexagonal-1 and hexagonal-2 being
distinguished by their atomic arrangements. Atom Sr** in
hexagonal-1 (P6;mmc space group) is electronically bonded to
five equivalent O>~ atoms and forms a SrOj trigonal bipyramid
with a range of Sr—O bond lengths between 2.47 and 2.58 A
(Figure 1c)."” SrO (hexagonal-2) similarly crystallizes in the
hexagonal P6;mmc space group, where Sr** is bounded by a
2.57 A bond length to six equivalent O®~ atoms. Here, six
equivalent Sr** atoms and O~ are bound together to create
OSrg octahedra (Figure 1d).'""?

SrO, exists in two phases in nature, one is the tetragonal
phase and the other is the orthorhombic phase. The tetragonal
phase is available at room temperature and is more stable than
the orthorhombic phase and crystallizes in the “I4mmm” space
group (Figure le).”"’ While in the orthorhombic phase, SrO,
crystallizes in the “Pnma” space group Figure 1£." "'

As per the literature review, most of the work has been done
only on FCC and BCC phases of SrO, and no work could be
found in the case of hexagonal-1, hexagonal-2, and SrO,
structures. Manal et al. investigated the structural, elastic,
and electronic properties of strontium chalcogenide and
examined the phase transition between the FCC (NaCl) and
BCC (CsCl) phases of strontium oxide using density
functional theory (DFT) within the generalized-gradient
approximation (GGA)."”> Rajput et al. investigated the
temperature-dependent transport properties of strontium
chalcogenides in their rock salt and hexagonal monolayer
phases using density functional theory. They also calculated
the Seebeck coeflicient, electrical conductivity, thermal
conductivity, and figure of merit of these materials.” Hou et
al. conducted research on electronic, structural, optical, and
thermoelectric properties of strontium oxide at different
pressures and concluded that FCC phase SrO is better
thermoelectric material than BCC phase SrO.” Jacobson et al.
experimentally reported the infrared dielectric response and
lattice vibration of the strontium oxide’s FCC phase.'’
Souadkia et al. studied the change in lattice dynamics and
thermodynamic properties of SrO under various pressures.'’

43009

Wang et al. predicted a new monoclinic structure for strontium
peroxide (SrO,), which is energetically more favorable than the
previously known tetragonal structure at ambient pressure and
low temperature and reported a high-pressure phase of SrO,
with P2,/c symmetries containing two layers of peroxide ions
with different orientations at pressures higher than 36 GPa.'®
Cinthia et al. examined structural, electronic, and mechanical
properties of alkaline earth metal oxides with cubic and
hexagonal-1 phases using the VASP code.” Based on all of
these factors and the currently available literature review, we
have determined that there is room for further investigation
into the different SrO, [x = 1, 2] phases so that others may
benefit from the knowledge gained from this research. In the
future, the least known phases of SrO, [x = 1, 2] may be
synthesized in the lab under specific conditions by other
researchers, and their results may be compared with the results
of this work.

B COMPUTATIONAL DETAILS

Here, using a first-principles approach and the density
functional theory (DFT), a study has been carried out on
SrO (FCC, BCC, hexagonal-1, hexagonal-2) and SrO,
(tetragonal, orthorhombic)."”*° DFT has been used to predict
the aforementioned features for less well-known structures of
SrO and SrO, since it is evident that DFT mimics experimental
work with amazing precision.”’ All computations in the present
study have been carried out using the Quantum Espresso
package and the Thermo pw tool.”” >* In the literature
analysis, it was found that most research works have
incorporated ultrasoft and PAW as pseudopotentials with
GGA functional for electron—electron and electron—ion
interactions, while in this study, the scalar-relativistic optimized
norm-conserving Vanderbilt (ONCV) pseudopotential is used
along with the GGA approach, from SG15 database.”>™** After
several experiments with various materials, it has been proven
that ONCV predicts the electrical and optical properties quite
accurately but fails to calculate the p-DOS, as it only considers
the valence electrons. Convergence tests of the plane-wave
energy cutoff and the k-mesh grid have been carried out for all
of the aforementioned phases of SrO, [x = 1, 2] under the
specific conditions, where the residual force is less than 1073
Ry/Bohr and energy minimization must be under 1074 Ry/

https://doi.org/10.1021/acsomega.3c06221
ACS Omega 2023, 8, 43008—43023


https://pubs.acs.org/doi/10.1021/acsomega.3c06221?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06221?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06221?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06221?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Lattice Parameter(s) and Density of Various Phases of SrO and SrO, Compared with Available Data

present work

previously available data

compound phase lattice parameter (A)
SrO FCC a=2S5.18
BCC a=313

hexagonal-1 a=429, ¢=1518

a=23.57¢=623
a = 3.56, c = 6.82

hexagonal-2
SrO, tetragonal

orthorhombic a=4.50,b =493, c=28.50

density (g/cm®)

lattice parameter (A) density (g/cm®)

493 a=517°5.18 4.99°

5.59 a =3.14>% 313" 5.55°

426 a =430, ¢=516" 422°
a =404 c=518

4.98 a=355c=622" 5.06"

4.59 a =354 c=668 4.73°
a =356, c= 661"

423 a=472b=495 c=2851

atom. After conducting convergence tests, a kinetic energy
cutoff of 80 Ry and a k-mesh spacing of 0.15 A™" were initially
selected for all calculations. However, for phonon calculations
aimed at improving result accuracy, these parameters were
subsequently adjusted to 120 Ry and 0.1 A~ respectively.”
With this configuration, vc-relax was performed on the
aforementioned structures to find the lattice parameters and
density that were appropriate with less than 0.01 Kbar stress, as
given in Table 1. The results agree well with previous
theoretical and experimental research. The CALYPSO (Crystal
structure AnalYsis by Particle Swarm Optimization) tool is
used to validate and improve the structures of hexagonal SrO
and orthorhombic SrO,.*” The constructions with the lowest
energy and maximum stability factors were confirmed by
CALYPSO.

Here, optical and thermoelectric properties of SrO, [x = 1,
2] have been calculated using estimated frequency-dependent
complex dielectric function and semiclassical Boltzmann
transport approximation, respectively.”” For the calculation of
thermoelectric transport properties for the aforementioned
material, the BoltzTraP2 package has been used.*® Vibrational
energy, vibrational free energy, entropy, and specific heat of the
system as thermodynamic properties have been calculated with
the help of thermo_pw, a Quantum Espresso-assisted tool.'”
Furthermore, phonon dispersion curves have been plotted for
all of the aforementioned structures, providing information
regarding the dynamical stability.

B RESULTS AND DISCUSSION

Electronic Band Structure Profile. The concept of the
electronic band structure is essential in condensed matter
physics, materials science, and electrical engineering. In
materials, electrons have different energy levels that are
grouped into bands. The band structure of a material
determines its electrical and optical properties, making it
important for many technological applications.

The electronic band structures of SrO, [x = 1, 2] have been
visualized using optimized lattice parameters along the high
symmetry points of the first Brillouin zone. The high symmetry
directions in the first Brillouin zone for cubic SrO and
hexagonal StO are (' = X —K—T)and (' - M - K -T),
respectively. For tetragonal and orthorhombic SrO,, the high
symmetry directions are ' =M —S —T)and (T =X —S —
Y — I), respectively. As shown in Figure 2a, the valence band
maximum (VBM) is observed at the high symmetry point “T"””
and the conduction band minimum (CBM) is observed at the
high symmetry point “X” in the face-centered cubic (FCC)
phase of SrO. This indicates that FCC-SrO has an indirect
band gap. Whereas, in the body-centered cubic (BCC) phase
of SrO, the VBM and the CBM are detected at the high

symmetry points ‘M’ and “I"”” respectively, as illustrated in
Figure 2b. This demonstrates the indirect band-gap behavior of
BCC-SrO. The hexagonal-1 and hexagonal-2 phases of SrO
exhibit a direct band gap at the high symmetry point “I'”, as
illustrated in Figure 2c,d. In the tetragonal phase of SrO,, an
indirect band gap can be observed along the high symmetry
points “I'”” and ‘M’, which is shown in Figure 2e. The
orthorhombic phase of SrO, also exhibits an indirect-band-gap
semiconductor along the high symmetry points “X’ and “Y”, as
per Figure 2£>° According to the electronic band structure
profile, only hexagonal-1 and hexagonal-2 phases have a
moderate and direct band gap. This makes them suitable for
use in ultraviolet emission optoelectronic devices or LASER
diodes, while other phases of SrO, [x = 1, 2] from Table 2
show moderate and indirect band gaps, suggesting that they
can be used as ultraviolet sensors or absorbers. It is well known
that semiconductors with medium energy band gaps are a
diverse family of materials with numerous applications. As the
need for more reliable and efficient electrical devices increases,
they are becoming more and more important, and from the
energy band-gap profile, we expect that “SrO” may be one of
them.

From the literature review of previously conducted research,
it can be said that most research on the electronic properties of
SrO, [x = 1, 2] has focused on finding the electronic band gap.
This is shown in Table 2, which also includes the results
obtained in this study. These results suggest that the
computational parameters used here are appropriate, so the
same computational setup is continued for all further
properties.

Optical Properties. The linear response in density
functional theory (DFT) is used to determine the optical
properties of materials. Here, we start with the ground-state
density of the material and then introduce a modest electric
field to perturb it, which represents the crucial quantity; here,
the complex dielectric function (@) depends on the frequency
of light .’

() = g(w) + igy(w) (1)

When defining a material’s optical characteristics, both the
real and imaginary parts of the dielectric function are
significant. The imaginary part &,(®) is related to the
dissipation of electromagnetic waves in the material, whereas
the real part &,(®) is related to the polarization of the material.
&,(w) consists of two different components; the Drude
formula can be used to characterize the first component of
the imaginary dielectric constant of a material, which is caused
by free-carrier absorption, and the second component, which is
caused by interband transitions. The Drude formula describes
how free electrons in a material absorb electromagnetic

https://doi.org/10.1021/acsomega.3c06221
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Figure 2. Electronic band structures of various SrO and SrO, phases: (a) FCC, (b) BCC, (c) hexagonal-1, and (d) hexagonal-2 for SrO phases and
(e) tetragonal and (f) orthorhombic for SrO, phases. The zero-energy line represents the Fermi level, and energy values are provided in Hartree

units (1 Ha = 27.21 V).
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Table 2. Energy Band-Gap Value for Various Phases of SrO
and SrO, Compared with Available Data

energy band gap (eV)

compounds phases present Work  previously available data
$t0 FCC 3.30 3.33,"% 3.20,* 3.27°
BCC 227 227, 2.74°
hexagonal-1 2.62 2.68,'% 2.56"°
hexagonal-2 3.05 2,94
S$rO, tetragonal 2.90 2.83,"%2.85
orthorhombic 2.72 2.78°

radiation. Due to free-carrier absorption, the imaginary fraction
of the dielectric constant is inversely proportional to the
frequency of the electromagnetic radiation. When an electron
in an occupied state absorbs a photon with enough energy to
cause it to jump to an unoccupied state in a higher energy
band, this process is known as an interband transition. In
contrast to the imaginary component caused by free-carrier
absorption, the imaginary part of the dielectric constant caused
by interband transitions is often significantly bigger. The

frequency of the electromagnetic radiation and the band
structure of the material depend on how much each of the two
components contributes to the imaginary dielectric constant.
At low frequencies, free-carrier absorption makes up the
majority of the contribution. The contribution from interband
transitions becomes predominant at higher frequencies.*®

47ereZT

m*w(l + w’t?)
=PI MLNCEo N

Here, N, m*, 7, and IP,, (k)| represent the number of free
charges per unit volume, effective mass, relaxation time, and

dipolar moment matrix, respectively.””
Effective mass can be calculated from the band structures of

the materials using second-order quadratic fit,

&(w) =

O°E(k) |

* 2
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The imaginary dielectric constant &,(®) is an indicator of a
material’s dielectric losses. The dielectric losses increase with
increasing imaginary dielectric constant. Dielectric losses can
cause electromagnetic radiation to heat up, absorb, and scatter.

Using the aforementioned relationships, the real portion of
€(w) could be approximated as follows using the Kramer—
Kroing relation’®

2 o w'e (w
g(w) =1+ =P L
! n w? -

do’

4)
The real part of the dielectric function &,(w) explains the
polarizing behavior of the material. The static dielectric
constant, €(0), can be observed in Figure 3a,b at @ = 0 and
is also listed in Table 3 for the aforementioned materials. The

0

Table 3. Comparison of Static Dielectric Constants £,(0)
with Previously Reported Data

static dielectric constant

compound phase present work  previously available data
SrO FCC 3.75 3.77,% 3.46,'¢ 3.78*%°
BCC 4.40 4.65"7
hexagonal-1 3.51 3.47*
hexagonal-2 3.88
SrO, tetragonal 3.11
orthorhombic 2.95

first observable peaks of the real part of dielectric constant
€,(w) for all SrO phases are located in the ultraviolet region
between 3 and S eV, while the peak values for the tetragonal
and orthorhombic phases of SrO, are between 6.5 and 7.5 eV.
These peaks form due to the direct transition of electrons from
VB to CB, which gradually declines after the sudden increase.
Negative values of the dielectric constant at a particular range
of energy cause poor optical losses, reflectance, and trans-
mission.

The imaginary part of the dielectric constant &,(0) is zero in
Figure 3c,d, which indicates that SrO, [x = 1, 2] are pure
semiconductor materials with no energy dissipation. The first
peak in the spectrum occurs between 2.5 and 3.5 eV, as shown
in Figure 3c¢,d, which is consistent with the energy band-gap

values of the aforesaid materials. Here, the first peaks of the
spectra for said materials are located in the ultraviolet region.
The maximum values of &,(w) occur at 7.50, 6.81, 5.22, 5.73,
7.09, and 8.23 eV for FCC, BCC, hexagonal-1, hexagonal-2,
tetragonal, and orthorhombic SrO, [x = 1, 2], respectively.
Following that, it is possible to see a drop in the spectra of
SrO, [x = 1, 2] as the energy level increases. Numerous other
optical parameters, including the dielectric loss Lo(w),
refractive index #7(w), extinction coefficient k(w), reflectivity
R(w), and absorption coefficient a(4), can be determined
using the dielectric functions.

The energy loss function is a key concept in the study of
optical properties because it helps us understand how materials
behave and react to light. The imaginary portion of the inverse
dielectric function &(w) is used to calculate the energy loss
function. It describes the relationship between incident photon
energy and the energy a substance absorbs or loses.

= Im| -1
Ly(w) =1 [ e(w))

The electron energy-loss spectroscopy (EELS) and the
inelastic scattering of electrons in a material are both intimately
related to the energy loss function. It offers important
knowledge on the collective electronic excitations, or
plasmons, as well as other electronic transitions that take
place within the substance.”> The first peak in the energy loss
spectrum has been observed in the far-ultraviolet region, and a
significant loss was found between 25 and 30 eV for all phases
of SrO, [« = 1, 2] (Figure 4).

The refractive index #(®) contains details about how light
behaves in the substance. It is known that the speed of light in
a substance is inversely proportional to the refractive index of
that substance. The refractive index also determines the
bending or dispersion of light in the substance. According to
Figure 5a,b, the refractive index has a high value in the near-
ultraviolet region but then declines significantly in the high-
energy region, ultimately dropping below the free space
refractive index value in that region. As per the following
equation, the refractive index #(®) is obtained using the real
and imaginary parts of the dielectric function.

(5)
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(w).

Table 4. Static Refractive Index and Refractivity for All Phases of SrO and SrO,

static refractive index

reflectivity

compound phase present work previously available data present work previously available data
SrO FCC 1.93 1.92,* 1.94%° 0.110 0.090*°
BCC 2.10 - 0.137 -
hexagonal-1 1.87 - 0.100 -
hexagonal-2 1.97 - 0.115 -
SrO, tetragonal 1.76 - 0.08 -
orthorhombic 1.72 - 0.08 -
2~ 2, 1/2 The extinction coefficient k(w) is the imaginary part of the
n(w) = & (@) + & (@) +&(w) complex refractive index function, N(w) = n(®) + ik(w), and
2 it is derived by the Kramer—Kroing relation.”®

(6)

For w = 0, the value of the refractive index 7(®) is known as
the static refractive index 7(0) for the substance. We have
derived the values of the static refractive index from Figure
Sa,b and listed them in Table 4. The static refractive index
7(0) can also be calculated using the Penn’s relation.*

n(0) = {&(0) @

43014

1/2
&' (w) + &(w) — &(w)

k(w) = 2

(8)

The extinction coefficient k(w), also known as the
attenuation coeflicient, is related to the absorption of light in
a material at a given photon energy . The value of k(w) is
zero at @ = 0, and it thresholds at a certain photon energy
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Figure 6. Graph depicting the absorption coefficient () as a function of the wavelength for (a) SrO and (b) SrO, and reflectivity in relation to

photon energy (@) for (c) SrO and (d) SrO,.

whose value is related to the optical energy gap of the
material.”> The threshold value for all SrO phases lies between
2.55 and 3.05 eV, while for the phases of SrO,, it is between
1.95 and 3.05 eV (Figure S). For the SrO, [x = 1, 2] phases, all
of the observable peaks lie in the near-ultraviolet region and
gradually decline in the far-ultraviolet region.

The amount of light absorbed by a substance is determined
by its absorption coefficient. The absorption coefficient is
significant in photovoltaic cells because it affects how much of
the solar spectrum is converted into electrical energy. Electrons
can be excited from the valence band (VB) to the conduction
band (CB) when light is absorbed by a substance. This
operation requires a certain amount of energy corresponding
to the band-gap energy of the material. The probability of this
process occurring is measured by the absorption coeflicient

a(l).

47k
ad) = == ©)

The first significant absorption peak lies at ~50 nm (UV—
C) for all SrO, [x = 1, 2] phases (Figure 6a,b), indicating that
they have good electromagnetic radiation absorption capacity.

43015

The percentage of incident light that is reflected back from a
material’s surface is known as reflectivity. It can be stated as
follows in terms of the refractive index and the extinction
coefficient.

n—17%+k

R@) = T e

(10)

As shown in Figure 6¢,d, the value of static reflectivity at @ =
0 can be easily obtained; the reflectivity is noted to be
significantly lower in the visible and near-ultraviolet region,
while its value appears to be greater than 50% for high-
frequency photons. As shown in Figure 6¢,d, most values for
static reflectivity are reported to be around 10% of the incident
light (Table 4), indicating that SrO could be used as good
photovoltaic devices. According to Table 4, the FCC phase of
SrO has a good agreement with the already available data,
while for the other phases, this is the first trial to investigate the
optical properties, and, therefore, their data are not available so
far.

Thermodynamic Properties. A set of physical parameters
known as the thermodynamic properties of a material define
the energy, entropy, and other thermal properties of the
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Figure 7. Temperature-dependent profiles of Debye vibrational energy for different phases of (a) SrO and (b) SrO, and free energy for different

phases of (c) SrO and (d) SrO,.

material. Knowledge of these properties is essential to
understanding the behavior of materials under various
conditions such as temperature, pressure, and composition.
In DFT, the thermodynamic properties can be evaluated from
the quasi-harmonic Debye model, in which the Iattice
vibrations are used to calculate the modes of the harmonic
oscillator.***” The thermodynamic properties have been
calculated using “Quantum Espresso” and “Thermo_pw”
tool.”

The vibrational energy of the lattice at absolute zero
temperature is known as the Debye vibrational energy, also
known as the energy of the highest-frequency vibration in the
material, from which we can determine the strength of the
intermolecular bonds in the material. It is said that the higher
the Debye vibration energy, the stronger the interactions
between the molecules of the solid and the harder the solid.
The melting point of a material depends on its Debye
vibrational energy such that the higher the Debye vibrational
energy, the higher the melting point. According to CIF, N,
which stands for the number of formula units per cell in Figure

7, has a value of 1 for cubic phases, 2 for hexagonal and
tetragonal phases, and 4 for orthorhombic phases. Thus, we
may obtain the right picture by dividing all of the values in
Figure 7 by N. According to the description above, it is clear
that in Figure 7ab, the cubic phases of SrO exhibit more
interatomic interactions than the hexagonal phases of SrO, and
the tetragonal phase of SrO, exhibits more interatomic forces
than the orthorhombic phase. This makes it obvious that the
cubic and tetragonal phases of SrO,, [x = 1, 2] can have melting
points that are greater than the hexagonal and orthorhombic
phases, respectively.

The thermal energy produced by the vibrating atoms in the
crystal is known as the Debye free vibrational energy, which is
related to the stability of the material. It is important because
we can use it to calculate the specific heat of a crystal as well as
other thermodynamic characteristics such as thermal expansion
and thermal conductivity. From Figure 7¢,d and the factors
discussed above, it is clear that the SrO FCC and SrO,
tetragonal phases are more stable than the other phases up
to the normal temperature range.
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Table S. Entropy (S) and Heat Capacity (C,) Values at Room Temperature, along with Debye Temperature (6p,) for Different
Phases of SrO and SrO,

entropy (J Nmol/K) C, (J Nmol/K) Oy (K)
compound phase present work other work present work other work present work other work
S0 FCC 51.40 50.19% 44.98 44.95% 428 430*
55.80* 46.70* 438%
52.70* 45.01% 446>
BCC 136.82 49.82 74
hexagonal-1 123.13 92.23 344
hexagonal-2 115.35 93.36 374
SrO, tetragonal 78.49 67.76 420
orthorhombic 333.58 274.64 391

The Debye model suggests that a solid’s lattice vibrations This is due to the fact that as temperature increases, atoms gain

can be considered a group of independent harmonic energy and have more ability to vibrate beyond their

o§c1llators. However, in Apract%ce, .there is some systemic equilibrium positions. The entropy of the FCC phase of
disturbance, and the lattice vibrations are not completely ) ) ‘ ‘
. . . strontium and the tetragonal phase of strontium is shown in
independent. The entropy term in the Debye model explains

this disorder. As the vibrations get more disordered with Figure 8a,b to be relatively low, which further supports the

temperature, the entropy term in the Debye model increases. excellent stability of the materials.
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C, is the heat capacity at constant volume in the Debye
model. It represents the amount of energy needed to increase a
solid’s temperature while maintaining a constant volume. The
Debye model implies that a solid’s lattice vibrations can be
viewed as a group of separate harmonic oscillators. This
indicates that each oscillator’s energy is quantized and can only
have discrete values. The heat capacity in the Debye model is
proportional to T° at low temperatures. This is such that only
the low-frequency lattice vibrations are excited when the
temperature is low. The heat capacity increases as the
temperature increases as more and more lattice vibrations
become stimulated. The Debye model’s heat capacity
approaches a constant value at high temperatures. This is
due to the fact that at high temperatures, all lattice vibrations
are stimulated, and the heat capacity is constrained by the
solid’s degree of freedom. Heat capacity at room temperature
and Debye temperature values are depicted in Figure 8c,d and
listed in Table 5.

A solid’s lattice vibrations’ stiffness is measured by the
Debye temperature. The lattice vibrations get stiffer and have a
greater heat capacity at constant volume as the Debye
temperature increases.

43018

According to Table 5, the FCC phase of SrO has a good
agreement with the already available data, while for the other
phases, this is the first trial to investigate the thermodynamic
properties, and therefore their data are not available so far.

Thermoelectric Properties. Nowadays, the world is trying
to reduce its dependence on conventional sources of energy
and find more efficient as well as sustainable ways to use
energy, thus increasing the demand for thermoelectric
materials. In this effort, thermoelectric materials have the
potential to be very important, so work is ongoing to develop
new and better materials. Thermoelectric materials have the
ability to generate electricity from waste heat, are used to make
Peltier coolers for electronic devices, are used in spacecraft
applications to generate electricity and regulate temperature, or
are used in medical devices to generate heat or cold for
therapeutic purposes.51

For all SrO, [x = 1, 2] phases, the thermoelectric properties
have been evaluated using the semiclassical Boltzmann
transport theory and the rigid band method, as implemented
in the BoltzTraP algorithm.33 According to theory, the
maximum possible efficiency of a thermoelectric material
depends on the hot-end temperature T}, the cold-end
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temperature T,, and ZT, of the material, which is expressed by
the following equation.”

LT, NT+2T -1

Mnax =
” T, JI+ZT + =
1, (11)
(T,+T) . . . .
Here, T = ——= and ZT, is a dimensionless quantity, also

referred to as the figure of merit of the material,>® where ZT
depends on thermoelectric power (Seebeck’s coefficient) S,
and electrical conductivity o and total thermal conductivity k =
K. + ki (k.= electronic thermal conductivity and x; = lattice
thermal conductivity, for low carrier concentration, k; > K, so
k ~ ki and vice versa), are also expressed by the following
equation,

K (12)

For the maximum value of the figure of merit,

2
71 =597
Ke (13)

43019

In BoltzTrap, the transport distribution function is denoted by
the following equation, where, v, Vg and 7, are group
velocities and relaxation time (average value of 7 is taken as
107* 5) of the charge carrier.”

:‘i,k = Z VaV/ka

ik (14)

The electrical conductivity (c), thermal conductivity (),
and the Seebeck coefficient (S) can be expressed as a function
of temperature (T), electron contribution (&), and also the
chemical potential (u),as given by the following equations
(value of & varies between y — kyT and p + kgT).>

OF(T, &, p)

c=2¢ fEik de
’ o€ (15)
k=ﬁf5ik e—p)l ORI &My,
o "\ kT oe (16)
I OR(T, ¢, u)
- )8)
S:kﬁT/Ei'k[g ”] SR SR ]de
kyT de (17)
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Table 6. Thermoelectric Properties of SrO and SrO, at a 300 K Temperature: The Seebeck Coefficient, Electrical Conductivity
(6/7), Thermal Conductivity (x/7), and Maximum Figure of Merit for +10' cm™3 Charge Carrier Concentrations

S (uV/K) (o/7) X 10" (Q ms)™'  (x/7) x 10" W(m Ks)~! ZT,
compound phase P N P n p n P n
SrO FCC 11183 940.8 1.89 5.05 128 1.88 022 0.24
BCC 11183 1047.8 1.94 127 1.25 038 025 0.25
hexagonal-1 1064.5 860.1 143 5.17 0.65 1.41 027 0.28
hexagonal-2 1014.4 972.9 1.09 461 039 1.17 031 0.41
Sr0, tetragonal 11221 1051.4 1.01 243 0.53 1.60 028 0.19
orthorhombic 1200.9 964.0 0.40 1.96 0.13 1.34 0.50 0.14
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Figure 11. Phonon dispersion curves of SrO and SrO, in different structural phases: (a) FCC phase SrO, (b) BCC phase SrO, (c) hexagonal-1
phase SrO, (d) hexagonal-2 phase SrO, (e) tetragonal phase SrO,, and (f) orthorhombic phase SrO,.

The final value of the figure of merit for a suitable
thermoelectric material should be at least 1 or higher. The
thermal conductivity should be low enough, and the electrical
conductivity should be high enough to meet this requirement.
Temperature and charge carrier concentration also affect the
value of the figure of merit (ZT), so we should carefully select
the temperature and carrier concentration values for the
optimum ZT value.’' It is important to remember that the
chemical potential controls the compound’s carrier concen-
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tration in the rigid band shift model. When n-type doping
occurs, the Fermi level changes upward, which is consistent
with a positive E;, but when p-type doping occurs, the Fermi
level shifts downward, which is consistent with a negative E.¢
The Seebeck coefficient and electrical conductivity have an
opposite tendency with the carrier concentration, thus it is not
as straightforward as we imagine that increasing the carrier
concentration will likewise increase the value of ZT. It is always
true that an ideal value of ZT for a specific material is
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established under ideal circumstances because as the carrier
concentration increases, the electrical conductivity increases,
while the Seebeck coefficient declines.>

In the current study, SrO, [x = 1, 2] with the
aforementioned phases was investigated at temperatures
between 300 and 1200 K with charge carrier concentrations
of +£10%, +£10" and +10* cm™. According to Figure 9a,b,
electrical conductivity values for all phases of SrO increase up
to 500 K temperature before decreasing as temperature
increases after that. For n-type hexagonal-1 phase SrO, higher
electrical conductivity is discovered at a temperature of 500 K.
In the case of SrO,, the tetragonal material comparatively
performs well in the n-type region and exhibits a significant
electrical conductivity at room temperature, which also
decreases with increasing temperature. Here, Figure 9a,b
shows that the relationship between conductivity and temper-
ature is not a straight line because as temperature increases,
more electrons are excited from the valence band to the
conduction band, and the conductivity of intrinsic semi-
conductors initially increases with temperature. After a certain
threshold, however, the conductivity of the material begins to
decrease, increasing the effects of charge carrier scattering due
to high mobility and oscillations of atoms. It is said that a
semiconductor’s thermal conductivity typically increases as the
temperature does. This is due to the fact that the phonons are
able to move more freely and efficiently transmit heat, thanks
to the stronger vibrations. In SrO,, [x = 1, 2], a tendency for
thermal conductivity to fluctuate with temperature has been
noted, as discussed above. Comparatively high values of
thermal conductivity can be observed in n-type hexagonal-1
SrO and n-type tetragonal SrO, (Figure 9¢c,d).

As discussed, the Seebeck coefficient decreases with
increasing charge carrier concentration as electrons fill all
available positions and the Fermi level increases to the
conduction band. As per Figure 10a—c, we have observed that
the Seebeck coeflicient of the material generally increases with
increasing temperature at lower temperatures. This is due to
the fact that the material’s charge carriers are not excited
enough to generate a sufficient amount of electrical potential at
low temperatures, resulting in a low Seebeck coefficient. As the
temperature increases, charge carriers gain more thermal
energy, their mobility increases, and the Seebeck coeflicient
increases. As per Figure 10a—c, we also observe that at a high
temperature, the Seebeck coefficient saturates; the reason
behind this is that at a high temperature, the concentration of
charge carriers becomes saturated, which means there are no
more charge carriers left, so the value of the Seebeck coeflicient
does not increase. According to Figure 10, FCC phase SrO has
a higher Seebeck coefficient than BCC phase SrO for n-type
and p-type carrier concentrations, while in other cases, the
Seebeck coeflicient values have different behaviors for n-type
and p-type. According to the ZT plot, all SrO phases with n-
type concentration perform better than p-type; however, p-
type concentration is crucial for orthorhombic SrO, to
function well as a thermoelectric material due to the availability
of more density of states in the valence region than the
conduction region for orthorhombic SrO, (Table 6).

Dynamical Stability. The phonon dispersion curve is a
useful tool for determining a crystalline material’s stability.
According to the harmonic approximation, a stable crystal
should have positive phonon frequencies across the Brillouin
zone. Any part of the dispersion curve with negative
frequencies indicates that the crystal is dynamically unstable

in that direction. This is due to the fact that a negative
frequency represents a nonrestorative restoring force, which
moves the atoms further from their equilibrium position.
Consequently, if it has a negative phonon frequency, the crystal
will spontaneously deform in the direction of the phonon
mode. A phase transition or even a collapse of the crystal
structure can also be caused by this distortion.”” Here, the
dynamical stability at 0 GPa has been examined using phonon
dis)p%rsion curves for the materials indicated above (Figure
11).°

In contrast to the BCC phase of SrO and all phases of SrO,,
which show negative frequencies in the figure, SrO with
FCC(a), hexagonal-1(c), and hexagonal-2(d) display phonon
curves only for positive frequencies, showing that these
materials are dynamically stable at 0 GPa. We can readily
confirm that the SrO-BCC, SrO,-tetragonal, and SrO,-
orthorhombic phonon dispersion curves have negative
frequencies from the preceding figure. Because they are high-
pressure and -temperature phases, first-principles calculations
typically cannot account for pressure and temperature since
they only function at 0 GPa. So, these are not always
dynamically unstable at all pressures just because they have
such negative frequencies at 0 GPa.”” Therefore, we decided to
check the stability in terms of formation energy and we found
that all of the phases show negative formation energy, which

leads to a stable state of the material in terms of energy (Figure
12).°
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Figure 12. Formation energies (eV/atom) of various phases of SrO

and SrO,.

B CONCLUSIONS

We conclude that the density of SrO,, [x = 1, 2] varies between
42 and 5.6 g/ cm? because the oxygen ions are attracted toward
each other through ionic bonding of the oxide, so with the
increase in the number of “O”, the density of “SrO” is observed
to decrease. As far as the band gap is concerned, there is a net
reduction in the energy band gap when the amount of oxygen
in “SrO” increases. This decrease is the result of an increase in
the number of energy levels in the “conduction band,” which is
brought on by oxygen atom electrons participating in the
conduction region to a larger extent. With more oxygen
present in “SrO”, the energy band gap decreases from 3.30 to
2.27 eV. According to our findings, only the hexagonal phases
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of SrO exhibit direct wide energy band gaps, whereas other
phases of SrO, [x = 1, 2] only exhibit indirect wide energy
band gaps. This indicates that optoelectronic applications like
ultraviolet (UV) emission devices or LASER diodes are better
suited for the hexagonal phases of SrO. The modest and
indirect band gaps of the other SrO, [x = 1, 2] imply that they
can be utilized as UV sensors or absorbers. All SrO, [x = 1, 2]
materials have refractive indices that cross 2 in the ultraviolet
range, making them effective ultraviolet light absorbers. All
SrO, [x = 1, 2] phases have a first substantial absorption peak
at about 50 nm (in the UV—C region), which is a wavelength
that is difficult for other materials to absorb. SrO, [x = 1, 2]
materials are, therefore, advantageous possibilities for UV
sensors or absorbers. The FCC phases of SrO and the
tetragonal phase of SrO, have good heat capacity and high
Debye temperatures and have superior thermodynamic
stability exhibiting strong bonding, high melting temperatures,
high thermal conductivity, and high hardness. However, the
said materials are unsuitable for thermoelectric devices with a
10" cm™ carrier concentration. This indicates that more
investigation is required to optimize these materials’ thermo-
electric capabilities for certain applications. According to our
overall findings, SrO and SrO, appear to be promising
materials for a range of optoelectronic and thermoelectric
applications. To completely comprehend these materials’
characteristics and create novel devices based on them, more
study is required. In addition to the above, note that that the
study’s findings are important since they offer fresh
perspectives on the characteristics of SrO and SrO,.
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