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Abstract

This study employed density functional theory (DFT) within Quantum ESPRESSO to
investigate the structural, electronic, phonon, mechanical, optical, and thermodynamic
properties of cubic KSrXs (X =F, Cl, Br) halide perovskites for UV optoelectronic applications.
All compounds were found to be structurally, thermodynamically, mechanically, and
dynamically stable, as confirmed by negative formation energies, appropriate Goldschmidt
tolerance factors, Born stability criteria, and phonon spectra without imaginary frequencies.
KSrFs exhibited a direct band gap of 5.52 eV, while KSrCl; and KSrBrs showed indirect band
gaps of 4.45 and 3.75 eV, respectively, making KSrFs the most promising candidate for deep-
UV applications. The compounds exhibited ductile behavior, characterized by dominant ionic
bonding, low Debye temperatures indicative of low lattice thermal conductivity, and
thermodynamic properties consistent with the third law of thermodynamics and Dulong—Petit’s
law. Optical calculations revealed strong UV absorption and static dielectric constants of 2.02,
2.46, and 2.56 for KSrFs, KSrCls, and KSrBrs, respectively, highlighting their potential for UV
optoelectronic devices.
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friendly renewable energy technologies has led to research in

I. INTRODUCTION various materials suitable for photovoltaic applications.

Halide perovskites have recently emerged as a class of
potential photovoltaic and optoelectronic materials [3-4].

A perovskite is a crystal generally having the formula

ABXj, consisting of A: a large monovalent cation (e.g., K*,

Cs* or organic ions like methylammonium, MA), which

he global challenge of the growing energy crisis, the fast
depletion of fossil fuels, and associated environmental
risks such as global warming affect the growth of every
nation’s economy [1-2]. The quest for environmentally

VOLUME 06, ISSUE 02, 2026 85 ©DOP_KASU Publishing



PHYSICSAccess

Rose et al.

occupies the spaces of a octahedron; B: a smaller divalent
metal cation (e.g., Pb**, Sn?*, Sr?>*) which sits at the centre of
an octahedron formed by X atoms, and X: a monovalent anion,
often oxygen (O*) or a halide (F-, CI', Br, I') [5-6]. Recent
research, such as the incorporation of halide perovskite
materials as light absorbers, has greatly increased the power
conversion efficiency of photovoltaic (PV) solar cells from
around 3.8% in 2009 to about 25% in 2019 [7-8].

Perovskite materials have gained prominent attention in PV
technology because of their phenomenal properties in aspects
of high thermoelectric power, charge ordering, spin-
dependent transport, and vast interactions between structural,
magnetic, electronic, and optical characteristics [9]. The wide
range of these potential applications of halide perovskite in PV
cells, optoelectronics, LEDs, laser device and photodetectors
stems from excellent optoelectronic properties such as
bandgap tunability [10], compositional flexibility, where a
wide range of elemental substitution at the A, B, and X sites
is possible [11], and a relatively cheap production method
[12], as well as an inexpensive computational cost.

Artificial Neural Networks (ANN) have been employed to
predict the properties of several halide perovskites, including
XSrBrs (X = Li, K, Ag) [13]. These compounds exhibit wide
band gaps of 6.31, 6.59, and 4.17 eV, respectively, together
with promising optical properties, making them attractive
candidates for ultraviolet (UV) photodetectors, deep-UV
light-emitting diodes (LEDs), and high-frequency electronic
applications [14]. The A-site cation plays a crucial role in
maintaining the structural stability of the perovskite lattice
[14]. Previous investigations of KSrXs (X = F and Cl) using
the PBE-GGA, LDA, and WC exchange-correlation
functionals have reported the structural, elastic, and optical
properties of these compounds, revealing direct and indirect
band gaps for the fluoride and chloride perovskites,
respectively [15]. However, comprehensive investigations of
the KSrXs (X =F, Cl, Br) family remain limited, particularly
with respect to phonon, thermodynamic, and mechanical

properties. This lack of information hinders a complete
understanding of their stability and potential for UV
optoelectronic applications.

The present study employs first-principles density
functional theory (DFT) calculations, as implemented in
Quantum ESPRESSO, to systematically investigate the
structural, electronic, phonon, mechanical, optical, and
thermodynamic properties of cubic KSrXs (X = F, Cl, Br).
Emphasis is placed on elucidating the influence of halide
substitution on structural stability, thermodynamic behavior,
and UV optoelectronic response, to assess the suitability of
these lead-free perovskites for high-frequency UV
optoelectronic applications.

II. COMPUTATIONAL METHOD

First principles calculations of KSrXs3 (X = F, Cl, and Br)
were carried out using the Quantum ESPRESSO software
package [16]. Projected augmented-wave (PAW)
pseudopotentials were used to describe the electron-to-ion
interactions. The exchange-correlation effects included the
GGA-PBE functionals [17]. To minimize errors, a self-
consistent convergence was achieved for all calculations. The
optimized plane wave cutoff was obtained at 40 Ry, while the
Morkhorst-Pack K-point sampling scheme of the Brillouin
zone (BZ) was achieved at a level of 10 x 10 x 10 k-point were
utilized. Optimized crystal structures were analyzed and
viewed using XCrysden and VESTA software. The optimized
crystal parameters were then employed to construct the
Morgan equation of states (EOS) to compute Mechanical and
thermodynamic properties using Thermo pw. All self-
consistent field calculations were performed using an energy
convergence threshold of 10-3 Ry [18]. Optical properties were
calculated by solving the Kramers-Kronig relations [19]. The
plane wave energy cut-off and convergence are shown in Fig.
1(a) and (b).

-210 : - : : : : -233.175 ; : ; : ; ; )
0 10 20 30 40 50 60 0 2 4 6 8 10 12 14
-233.18
-215 -233.185
-233.19 |
-233.195
= -220 =
x x  -2332 |
2 £ .233.205 |
® 225 o
-233.21
-233.215
=] -233.22 |
-233.225
-235 -233.23
ecutwfc (Ry) k_point
(a) (b)

Fig. 1. (a) Wave function (b) K-points optimization for KSrCls.
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III. RESULTS AND DISCUSSION

A.  Structural Properties

Fig. 2 depicts the KSrX3 (X = F, Cl, Br) compounds
crystallize in the ideal cubic perovskite structure with space
group Pm3m (No. 221, point group).

In this arrangement, the K cation occupies the A site at the
corner positions (0, 0, 0), the Sr cation occupies the B-site at
the body-centre (Y%, ', ¥2), while the X atoms occupy the face-
centered positions at (0, 4, '2). The optimized structural
parameters, including the lattice constant a, unit cell volume
Vo, ground state energy Emn, formation energy, Ey,
interatomic bond lengths, Goldschmidt tolerance factor ¢, and
carrier effective masses, are listed in Table I. Tolerance factor
and formation energy help in gaining knowledge on materials'
structural and thermodynamic stability [4], [20].

Fig. 2.. Optimized crystal structure of KSrCls,

Table I. Calculated structural parameters of KSrX; (X = F, Cl, Br): space group, lattice constant @, unit cell volume Vy,
ground state energy Emin, formation energy Ef, interatomic bond lengths, Goldschmidt tolerance factor ¢, and carrier effective

masses m, and my,.

Parameter KSrF; KSrCls KSrBr;
Space group Pm3m (No. 221) Pm3m (No. 221) Pm3m (No. 221)
Lattice constant a (A) 4.7647 5.6837 5.9854
Unit cell volume Vo (A?) 108.17 183.61 214.43
Ground state energy E,,;, (Ry) —275.848 —233.596 -219.141
Formation energy E (eV/atom) —3.430 —2.308 —2.106
dy_x bond length (A) 3.3692 4.0190 4.2323
dg,_x bond length (A) 2.3824 2.8418 2.9928
Tolerance factor t 0.99984 0.99984 0.99984
Electron eff. mass m, () 0.340 0.4294 0.420
Hole eff. mass my, () 0.496 0.023 0.9324

The equilibrium volume V,, bulk modulus B, was obtained
by fitting total energy (E) against calculated volume, V (see
Fig 3), into the Morgan equation of states (EOS) as given in
(1 [21]; ’

EW) = g—z ((%)BD )i + 1] + Constant )

The equilibrium lattice constants, derived from the
optimized unit cell volumes as a = V01/3, are 4.7647 A,
5.6837 A, and 5.9854 A for KSrF3;, KSrCls, and KSrBrs,
respectively (see Fig. 3). The lattice constant values agree with
prior research data [14-15], [22]. These values increase
monotonically with the halide ionic radius, following the
expected trend F~ < ClI” < Br’, since the enlargement of the
anion pushes the A- and B-site cations apart, expanding the
unit cell. The corresponding unit cell volumes are 108.17 A3,
183.61 A3, and 214.43 A3, reflecting the same trend of lattice
expansion from fluoride to bromide.

The thermodynamic stability of the three compounds was
evaluated through the formation energy per atom Ef using (2)
[23].

Ef = % [EKSrX3 — (Ex + Esp + 3EX)] @)
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where E, is the formation energy in €V/atom, Exg,y, the total
energy of the perovskite, Ex, Es,- and Ey are the energy (in eV)
of K, Sr, and X, respectively, and N is the total number of
atoms in the system.

The computed values are —3.430 eV/atom (KSrF3), —2.308
eV/atom (KSrCls), and —2.106 eV/atom (KSrBr3). The values
are close to -1.12 eV/atom [14] and -3.410 eV/atom [22]
obtained in previous research. All three formation energies are
negative,  confirming that the compounds are
thermodynamically stable [20]. The most negative value for
KSrF; indicates that it is the most thermodynamically stable
member of the series.

The structural stability of the perovskite phase was further
assessed using the derived bond length form of the empirical

Goldschmidt tolerance factor, defined as in (3) [24].
t= 0.707(dg-x)

dsr—x 3)
where dg_x is the bond length between K and X, and
dg,_x between Sr and X, respectively. Equation (3) is adopted
over the classical ionic radius expression because radii are
formal constructs that can vary with coordination, oxidation
state, spin state, and degree of covalency, whereas DFT
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relaxed bond lengths provide a direct, structure-specific
measure of the local atomic environment. The computed
tolerance factor is ¢ ~ 0.9998 for all three compounds (see
Table 1), a value remarkably close to unity. According to the
Goldschmidt stability criterion, an ideal cubic perovskite
corresponds to ¢ = 1, and stable perovskite formation is
generally expected for 0.80 < ¢ < 1.05 [25]. The near-unity
values obtained confirm that KSrFs, KSrCls, and KSrBr; all

adopt and maintain the ideal cubic perovskite phase with
negligible structural distortion.

The interatomic bond lengths (See Table I) provide further
insight into the structural chemistry of the series. Both K—X
and Sr—X distances increase progressively with halide size, as
expected from the increase in the lattice constant. The Sr—X
bond is consistently shorter than the K—X bond, which reflects
the higher charge (+2) and smaller coordination number of the
B-site Sr* relative to the twelve-coordinated A-site K ion.
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Fig. 3. Fitted energy-volume curve of compounds (a) KSrF; (b) KSrCl; (¢) KSrBrs

B.  Electronic properties
1) Band Structure

The electronic structures of the KSrX; (X =F, Cl, Br) halide
perovskite series were investigated through their band
structures with the Fermi energy set to zero in all cases, as
shown in Fig. 4 (see next page). KSrF; exhibits a direct band
gap of 5.52 eV at the T" high-symmetry point, where both the
valence band maximum (VBM) and conduction band
minimum (CBM) are located at the same k-point. KSrCls and
KSrBrs, by contrast, display indirect band gaps of 4.45 eV and
3.75 eV, respectively, with the VBM situated at the R (or M)
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point and the CBM at the I" point in both compounds. The
band gap obtained in this study is consistent with the
computation results [3], [15], [22], for the same functionals,
confirming the reliability of our calculation. Comparing the
band gap value from this work for KSrBr3, with a value of
6.19 eV reported by [14], using the TB-mBJ potential further
confirms the well-known tendency of GGA-PBE to
underestimate band gaps.

The progressive reduction in band gap from F to Cl to Br
reflects the decreasing electronegativity and increasing
polarizability of the halide anion, a trend commonly observed
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across halide perovskite families. All three compounds fall
within the wide band gap semiconductor regime (Eg >3 eV),
making them electrically insulating under ambient conditions
and optically transparent across much of the visible spectrum.
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Such wide gaps render them promising candidates for deep-
ultraviolet (DUV) optoelectronics applications, with KSrFs,
owing to its largest gap, being most suitable for DUV or
vacuum-UV devices.
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Fig. 4. The electronic band structure of compounds (a) KSrF3, (b) KSrCls, and (c) KSrBr3,

2) Density of states (DOS)

Analysis of the total and partial DOS in Fig. 5 (see next
page) reveals that the halide p-states overwhelmingly
dominate the valence band region immediately below the
Fermi level in all three compounds. In KSrFs, the F p-orbitals
account for virtually the entire VBM contribution, with
negligible Sr-d and K-p character, indicating a highly ionic
and electronically localized valence band. In KSrCl; and
KSrBrs, the Cl and Br states similarly govern the upper
valence band, respectively, though with slightly broader band
widths consistent with the greater spatial extent of the heavier
halide orbitals.

The conduction band, conversely, is primarily composed of
Sr and K states, with Sr orbital character becoming
increasingly evident toward the CBM, suggesting that
photoexcited electrons would reside predominantly on the Sr
sublattice. The deep valence features observed around —12 to
—15 eV (F), =13 to =15 eV (Cl), and —12 to —13 eV (Br)
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correspond to lower-lying halide states hybridized with cation
contributions.

2) Effective Mass

The carrier effective masses m, and my, calculated using
curve fitting are included in Table I as they reflect the
curvature of the electronic band structure at the VBM and
CBM and govern the charge transport properties of the
material. To the best of our knowledge, no prior study has
reported the effective masses of carriers for KSrF3;, KSrCls,
and KSrBrs; the values presented here therefore constitute the
first theoretical predictions for these compounds. In the
absence of direct literature counterparts, we compare our
effective masses with those of isostructural halide perovskites
sharing the same A-site (K*) cation, particularly KGeCls [26],
which provides a meaningful structural and chemical analogy.

The electron effective mass m, ranges from 0.340my
(KSrF3) to 0.4294mo (KSrCls) and 0.420mo (KSrBrs), which
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are acceptable in comparison to the value obtained for cubic
KGeCl; and RbGeCl; by [1], [26]. These moderate values
affect masses and reflect a reasonably dispersive conduction
band minimum, which is favorable for electron transport. In
contrast, the hole effective mass my, exhibits a strikingly non-
monotonic variation: 0.496m, in KSrF3, dropping sharply to
0.023my in KSrCl3, and rising to 0.932m, in KSrBr;. The
exceptionally small hole effective mass in KSrCl; (0.023my)
is particularly remarkable. Such a light hole mass is
uncommon among halide perovskites and suggests a highly
dispersive valence band maximum (VBM), which may
originate from strong hybridization between the Cl-3p and Sr-

Ker3 | K

DOS (States/eV)
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(a)

4d or K-3p orbitals at the VBM. In contrast, the large m;, of
0.9324mo in KSrBr; indicates a flat, localized VBM with
suppressed hole transport, which may limit its performance in
hole-transport-dependent applications such as solar cells but
could be advantageous in electron-dominated
photoconductors.

From a device perspective, the effective mass values have
important implications. The small m. across all three
compounds suggests that electrons are the dominant mobile
carriers, making the KSrX; series intrinsically n-type in
character, consistent with the wide-bandgap halide perovskite
family.
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Fig. 5. PDOS of compounds (a) KSrF3 (b) KSrCls (¢) KSrBr;

3) Phonon Response

To further assess the stability of KSrX; (X =F, Cl, and Br)
structures, we performed phonon dispersion calculations. The
phonon band structures along the high symmetry k-path (r-X-
M-r-R-X) in the BZ show no imaginary frequencies, as
depicted by Fig. 6(a-c) (see next page). The absence of
negative frequencies in the phonon dispersion curves of
KSrXs suggests dynamical stability, consistent with findings
for XSrBr; (X = Li, K, Ag) [14]. The high-frequency modes
observed in KSrX3 and the nature of their band gap indicate
their potential for UV high-frequency device applications.
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C. Mechanical and Thermal Properties

To investigate the mechanical behavior of KSrX; (X =F,
Cl, Br), the three independent elastic constants Cii, Ci2, and
Ciu4 characteristic of cubic crystal symmetry were computed
via Thermo pw within Quantum ESPRESSO. The
mechanical stability of a cubic crystal is governed by the Born
stability criteria, which require Cy; >, C4q > 0, Ci; — C1p >
0 Cyy +2C, > 0211

The elastic constants and Born stability values are listed in
Table I1. For KSrXs. All Born stability conditions are satisfied
for every compound, confirming their mechanical stability.
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Fig. 6. Phonon dispersion curves for (a) KSrF3, (b) KSrCls and (c) KSrBrs.

The progressive decrease in C;; from F to Br reflects lattice
softening as the halide ionic radius increases, while the
consistent dominance of Ci; over C:: indicates stiffer
resistance to unidirectional compression than to lateral strain.

Table II. Calculated elastic constants Cis, Ciz, C« (GPa),
mass density p (g/cm®), VRH bulk modulus B, Young's
modulus E, shear modulus G (GPa), and Poisson's ratio v
for KSrXs (X =F, Cl, Br).

Parameter KSrF; KSrCls KSrBr3;
Ci1 (GPa) 89.250 48.210 40.017
Cy, (GPa) 13.480 6.046 4.661
C,s (GPQ) 10.130 4.562 3.680
Ci1 +2C,, (GPa) 116.210  60.302 49.339
Ci1 — Cy, (GPa) 75.770 42.164 35.356
p(g/cm?) 2.8052 2.0849 2.8382
B(GPa) 38.740 20.103 16.446
G(GPa) 17.780 8.909 7.332
E(GPa) 46.060 23.118 18.999
9 (Possion's ratio) 0.29531  0.29747  0.29554

Using the Voigt—Reuss—Hill (VRH) averaging scheme [27-
28], the bulk modulus B, shear modulus G, and Young's
modulus £ were obtained as presented in Table 1. The bulk
modulus, which measures resistance to volumetric
compression, decreases from B = 38.74 GPa (KSrFs) to 20.103
GPa (KSrCl;) and 16.446 GPa (KSrBrs), reflecting the
increasingly compressible nature of the lattice with heavier

VOLUME 06, ISSUE 02, 2026

91

halide substitution. The Young's modulus £ similarly declines
from 46.06 GPa to 23.118 GPa and 18.999 GPa, confirming
that KSrFs is the stiffest compound and KSrBrs the most
compliant in the series.

The ductile or brittle character of the KSrXs compounds is
assessed through Pugh's ratio B/G and Poisson's ratio v, as
given in Table III. According to Pugh's criterion, a material is
ductile when B/G > 1.75 and brittle otherwise [29]. The
computed values of 2.179, 2.257, and 2.243 for KSrFs,
KSrCls, and KSrBrs, respectively, all exceed this threshold,
establishing ductile behaviour across the entire series. This is
corroborated by the Frantsevich criterion [30], which
classifies a material as ductile when v > 0.26; the computed
Poisson's ratios of 0.295, 0.297, and 0.296 are all consistently
above this limit. The Cauchy pressure C;2 — Cys provides
further insight into bonding character: positive values indicate
dominant ionic bonding and ductility, while negative values
suggest covalent character and brittleness. The values +3.350,
+1.484, and +0.981 GPa for KSrFs, KSrCls, and KSrBr; are
all positive, confirming the ionic nature of the bonding and
corroborating the ductile classification. The gradual decrease
in Cauchy pressure along F — Cl — Br suggests a modest
increase in covalent character as halide polarisability grows.

The elastic anisotropy is quantified by the Zener anisotropy
index 4 = 2Cs/(Cis — C12), where 4 = 1 corresponds to a
perfectly isotropic material [31]. The computed values of
0.267, 0.216, and 0.208 deviate substantially from unity,
confirming that all three compounds are elastically
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anisotropic, with the degree of anisotropy increasing slightly
from KSrFs to KSrBrs. The machinability index pm = B/Cy,
which reflects the ease of plastic deformation during
machining operations, increases progressively from 3.824
(KSrFs) to 4.406 (KSrCls) and 4.469 (KSrBrs), suggesting
improved machinability in the chloride and bromide
compounds.

Table III. Derived mechanical parameters: Pugh's ratio
B/G, Cauchy pressure (GPa), Zener anisotropy index A,
machinability index pm, acoustic wave velocities (m/s),
Debye temperature, 6, (K), and ductility classification for
KSrXs (X =F, Cl, Br).

Parameter KSrFs KSrCls KSrBrs3
Cauchy pressure Ci2  3.350 1.484 0.981

— Caa (GPa)

Zener anisotropy A 0.267 0.216 0.208
Machinability index 3.824 4.406 4.469

Mm =B/Cyq

V,(m/s) 4705.566 3895.127 3039.919
Vg(m/s) 3706.207 3088.183  2407.440
Ve(m/s) 2510.933  2055.810 1607.494
0, (K) 299.004 205.056 152.175
Pugh'’s ratio B/G 2.179 2.257 2.243
Ductile/Brittle Ductile Ductile Ductile

The longitudinal (Vp), bulk (Vz), and shear (V) acoustic

wave velocities all decrease monotonically across the series
(Table III), consistent with the reduction in elastic moduli. The
Debye temperature 8, which correlates with the dominant
phonon frequency and thermal conductivity, follows the same
trend: 299.004 K (KSrFs) > 205.056 K (KSrCls) > 152.175 K
(KSrBrs). The highest 8, for KSrFs reflects its stiffer
interatomic bonding, while the lowest value for KSrBr; is
consistent with its softer and more compliant lattice. The
relatively low Debye temperatures across the series suggest
low lattice thermal conductivity, which may be advantageous
for thermoelectric applications.

D. Optical Properties

The optical response of a crystalline solid depends on the
material's interaction with electromagnetic radiation and
thereby determines its efficiency in applications like photonic,
optoelectronic, and energy-harvesting technologies. For the
KSrX; (X = F, Cl, Br) family of halide perovskites, the
frequency-dependent complex dielectric function g(®) = €i1(®)
+ iexy(w) was computed within the independent-particle
approximation. All other linear optical quantities, such as
refractive index n(w), extinction coefficient K(w), and
absorption coefficient a(w), are derived through the standard
Kramers—Kronig consistent relations [19]. These parameters
are paramount in assessing the efficiency of nano-electronics
and optoelectronic devices [32]. The optical properties are
depicted in Fig. 7.
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Fig. 7. Optical properties (a) Real and (b) Imaginary parts of complex dielectric function; (c) Absorption coefficient; (d)
Refractive index, and (e) Extinction coefficient.
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The real part of the dielectric function, €i(®), as shown by
Fig 7(a), reflects the polarization response of the lattice to an
applied electric field. The static (zero-frequency) values €(0)
extracted from the calculated spectra follow the sequence
KSrBr;3 (= 2.54) > KSrCls (= 2.46) > KSrF; (= 2.02), consistent
with Mousa et al., [15]. This ordering is entirely consistent
with the Penn model, which predicts an inverse dependence of
€1(0) on the optical band gap: as the halide anion is varied from
F to Cl to Br, the gap narrows and the static dielectric constant
increases accordingly. This can be due to the relatively low
degree of bonding interaction found in the K and X ions in the
larger halogen compounds. The decrease in peak height occurs
because electronic transitions become less probable as the
halogen ion gets larger.

Fig. 7(b) depicts the complex dielectric function of the
KSrF3; compounds €,(w) to the photon energy. The onset
energies are in close agreement with the corrected gaps quoted
above, confirming the internal consistency of the calculation.

KSrBr; exhibits the lowest-energy onset near 3.75 eV and
builds rapidly to a dominant first peak at approximately 4.8
eV with a peak height =~ 4.75. This peak reflects strong optical
coupling between Br valence states and the conduction band
minimum, which carries appreciable Sr d character. KSrCls
follows with its onset near 4.45 eV; its main peak at
approximately 5.5-6.0 eV reaches a height close to 4.1, again
arising predominantly from Cl — Sr transitions. KSrF3, which
has the widest gap at 5.52 eV, shows a more gradual onset and
a first peak near 8-9 eV of moderate intensity of = 2.5. The
significantly reduced oscillator strength in KSrF3 at these
energies reflects the deeper binding and smaller spatial extent
of the F states compared with Cl and Br.

A secondary group of transitions centred near 20-22 eV is
clearly resolved in all three spectra, appearing with
comparable intensity across the series. Based on the partial
density of states analysis, these features are assigned to optical
excitations from the K and Sr semi-core levels, whose binding
energies place them in precisely this energy window. The
near-coincidence of this secondary structure across KSrFs,
KSrCls, and KSrBr; underscores its origin in the A-site and B-
site cations rather than in the halide sublattice.

The refractive index n(®) = Re[Ve(w)] governs the phase
velocity of light within the medium and determines the
reflectance at normal incidence through the Fresnel
coefficient. The static refractive indices n(0) are
approximately 1.42, 1.57, and 1.59 for KSrF3;, KSrCl;, and
KSrBr3;, respectively. These are physically consistent with the
€1(0) values via the relation n(0) = Ve1(0) and follow the same
trend with halide electronegativity: the more polarizable
bromide anion yields the highest static index.

In the transparent region below the absorption edge, n(®)
increases slowly before rising steeply as the first absorption
band is approached; a behavior characteristic of anomalous
dispersion. The peak values of n(w) are reached near the first
prominent &(®) maximum, attaining approximately 2.28 for
KSrBr; near 5.5 eV, 2.19 for KSrCl; near 6.5 eV, and about
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1.79 for KSrF; near 8.5 eV. Beyond the peak, n(w) falls
rapidly through a broad minimum and remains depressed
throughout the core absorption region (8—18 eV), recovering
toward unity only at higher photon energies. A secondary peak
near 2022 eV mirrors the corresponding feature in €x(®) and
is again attributed to cation semi-core excitations.

The extinction coefficient K() = Im[Ve(®)] quantifies the
attenuation of the wave amplitude per unit optical path and is

directly related to the absorption coefficient via ¢ = 20K / C-

In the sub-gap region, K(w) is identically zero for all three
materials, confirming transparency below the respective band
edges. The extinction spectrum rises sharply at threshold and
develops two clearly resolved absorption bands separated by
a plateau region of comparatively low extinction.

The first band, spanning roughly 4-14 eV depending on the
compound, is dominated by halide p — metal d transitions.
KSrBr; peaks earliest ~5 eV and most strongly = 1.35 within
this band, followed by KSrCl; K = 1.28 near 6.5 eV. KSrF3,
with its wider gap, exhibits a lower and broader first-band
envelope. The second band near 20-22 eV is associated with
cation semi-core transitions and shows comparable peak
heights ~ 0.9—1.3 across the series, with KSrF3 displaying the
largest extinction in this region, reaching approximately 1.33
near 22 eV. This inversion relative to the first band reflects the
increasing oscillator strength of the F-associated cation
environment at high excitation energies.

The absorption coefficient a in Fig 7(c) provides the most
direct measure of how effective each compound attenuates
light as a function of photon energy. The computed spectra
show that absorption is negligible for photon energies below
the respective corrected band gaps, consistent with the wide-
gap semiconductor character of the KSrX3 series. Absorption
rises steeply at threshold, and each compound exhibits two
principal absorption bands whose origins mirror those
identified in &x(w) and K(o).

The first absorption band, which peaks in the 5-14 eV
window, attains maximum values for KSrBrs;, KSrCl;, and
KSrF3 of roughly 75, 80, and 85, respectively. Although the
onset of this band shifts to lower energies with increasing
halide polarisability (F — Cl — Br), the absolute peak
absorption at these near-ultraviolet to vacuum-ultraviolet
energies is comparable across the series, indicating that the
joint density of optical states is similarly large in all three
compounds once the gap is bridged.

A substantially more intense second absorption band
emerges near 20-22 eV, reaching peak values of
approximately 185 (KSrCls3), 190 (KSrBr3), and 235 (KSrF3).
The existence of strong absorption in the extreme ultraviolet
region indicates that these halide perovskites are potential
candidates for UV-related applications.

E.  Thermodynamic properties

The thermodynamic stability and thermal response of a
crystalline solid are among the most practically significant
quantities accessible from first-principles simulations.
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Knowledge of the temperature dependence of enthalpy, Gibbs
free energy, entropy, and heat capacity is necessary for
determining the phase stability under operating conditions and
for relating a material against standard structural analogues
[33-34]. In the present work, the quasi-harmonic Debye

approximation, as implemented within the GIBBS2 formalism
[33], was employed to evaluate these thermodynamic
functions over the temperature range 0-800 K at zero pressure
for the three compounds KSrF3, KSrCls, and KSrBrs.
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The temperature dependences of the vibrational
contributions to enthalpy (H), Gibbs free energy (G), and
entropy term (TS) in Fig. 8(b) are fully consistent with the
expectations of lattice dynamics for wide-gap ionic solids
[35]. At 0 K, all three quantities are ~ zero, conforming to the
third law of thermodynamics, and they increase monotonically
with temperature thereafter. This behavior is usually observed
in perovskite-type compounds [36].

Enthalpy increases linearly with temperatures beyond
roughly 200 K, indicative of the classical equipartition regime
in which most phonon branches are thermally active. At 800
K, the computed enthalpies reach approximately 1.0 eV
(KSrF3), 0.95 eV (KSrCl3), and 0.93 eV (KSrBr3).

The Gibbs free energy, which combines enthalpy with the
entropic contribution through the relation G = H — T8,
becomes increasingly negative with rising temperature. At
800 K, the free energies are approximately —1.3 eV (KSrF3),
—1.5 eV (KSrCls), and —2.0 eV (KSrBr3). The greater negative
deviation observed for KSrBrs is consistent with its softer
lattice and higher vibrational entropy: the lower-frequency
phonon spectrum of the bromide compound leads to a larger
entropic driving force at elevated temperatures [37]. Similar
trends have been reported for the isostructural series RbSrXs
(X = F, Cl, Br, I) studied by Fatima et al., [36], where
progressively heavier halides were found to exhibit larger
entropic contributions to the free energy.

The entropy term TS, shown with a broken curve in Fig.
8(b), increases steeply and near-linearly above approximately
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150 K, reaching values close to 2.2 eV (KSrFs), 2.6 eV
(KSrCl3), and 3.3 eV (KSrBr3) at 800 K. The ordering
TS(KSrBr;) > TS(KSrCls) > TS(KSrF3) reflects that
compounds with larger, more polarizable anions have lower
Debye temperatures and therefore a denser distribution of
thermally accessible phonon states at any given temperature
[33, 38].

The heat capacity at constant volume, C\(T), calculated
using the second temperature derivative of the Helmholtz free
energy, is shown in Fig. 8(a). At very low temperatures (T =0
K), C, follows the T3 power law predicted by the Debye model
for acoustic phonon contributions in three dimensions [38-39].
According to the curve, all three compounds exhibit a near-
cubic rise from zero at 0 K, transitioning to a more gradual
increase above approximately 80—150 K.

A notable distinction across the series is the temperature at
which C, begins its rapid rise. KSrBr; reaches appreciable
values at the lowest temperatures, with a steep onset
commencing near 20-30 K, followed by KSrCls (onset near
40-50 K) and then KSrF3 (onset near 60—80 K). This ordering
directly reflects the Debye temperature sequence: KSrF3; has
the stiffest lattice and the highest Debye temperature, meaning
more thermal energy is required to activate its phonon modes
relative to the chloride and bromide compounds. References
[35] and [37] documented the same trend in analogous K-
based chloride perovskites, and in the Sn-based halide
perovskites ASnCl; (A = Na, K), respectively.
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At intermediate temperatures (200-500 K), the C, curves
for all three compounds converge toward a common
asymptote. Beyond approximately 500 K, the heat capacities
saturate and approach the classical Dulong—Petit limit of C, ~
3nNaks, where # is the number of atoms per formula unit and
Naks =R. For a five-atom unit cell this limitis 5 x 3R = 124.7
J K mol™, which is in excellent agreement with the
computed saturation value of approximately 124-125 J K™!
mol™' observed for all three compounds [40-41]. The
attainment of the Dulong—Petit limit confirms the
completeness of the phonon mode spectrum included in the
quasi-harmonic Debye calculation and serves as an important
internal validation of the thermodynamic model.

IV. CONCLUSION

DFT calculations using Quantum ESPRESSO were
systematically employed to analyze the structural, electronic,
phonon, mechanical, optical, and thermodynamic properties
of Sr-based halide perovskites KSrXs (X = F, Cl, and Br).
Structural optimization and tolerance factors confirm that all
three compounds possess a stable cubic perovskite structure
and are thermodynamically feasible, as evidenced by negative
formation energies. The electronic structure computed using
GGA-PBE reveals the insulating behavior, with an indirect
band gap of 3.75 and 4.45 eV for KSrBr; and KSrCls,
respectively, and a direct band gap of 5.52 eV for KSrFs. The
systematic decrease in band gap from F — Cl — Br
demonstrates halide-dependent band gap tunability,
suggesting that external stimuli such as pressure or epitaxial
strain could be employed to further engineer electronic
structure for target applications. Elastic properties for the three
materials indicate mechanical stability. It was found that all
the compounds are elastically anisotropic and ductile in
nature. High absorption in the UV range, suggesting KSrX3
compounds are promising candidates for UV optoelectronic
devices. Experimental synthesis and high-temperature
characterization are needed to verify these predictions.
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