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First-principles optimization of thermoelectric and
optoelectronic performance of KSn;_,Zn,lz (x = 0,
0.25, 0.5, 0.75, 1) perovskites for sustainable energy
harvesting

Usama Ahmed,? Abu Sadat Md. Sayem Rahman, &2 *° Jesia Alam Jui,
Md. Mukter Hossain, 2% Md. Mohi Uddin® and Md. Ashraf Ali(2?

In the pursuit of non-toxic and high-efficiency perovskite solar cell materials, this study investigates the
enhancement of thermoelectric and optoelectronic properties of Zn-doped KSn;_,Zn,ls (x = 0, 0.25, 0.5,
0.75, 1) perovskites. The study uses first-principles density functional theory (DFT) with the Vienna Ab
initio Simulation Package (VASP). Structural analysis confirms a transition from orthorhombic (Pnma) to
monoclinic (Pm) phases. All the compositions exhibit thermodynamic, mechanical, and dynamic stability.
Electronic properties reveal a robust bandgap range of 1.47-1.96 eV (GGA-PBEsol) and 2.34-3.02 eV
(HSEQ®6), positioning these materials as promising candidates for the top cell in a tandem solar cell and
UV-optoelectronics. An indirect-to-direct band structure transition occurs at 50% Zn doping, which
primarily enhances the stiffness, Pugh's ratio (2.39-2.70), and Poisson's (0.316-0.335) ratio of the lattice
for KSni_,Zn,ls. The elastic modulus (E), shear modulus (G), and bulk modulus (B) in KSni_,Zn,l3 also
significantly increased upon addition of Zn in the compound. These behaviors indicate that although
there is better lattice stiffness in the material, there is still very good ductility for making flexible devices.
Near-perfect mechanical isotropy has been achieved in KZnlz with a universal elastic anisotropy factor
(AY) of only 0.15. This low level of anisotropic elastic behavior indicates that KZnlz is unlikely to
experience micro- fracture during or after manufacturing. Thermoelectric analysis shows that KSnlz
maintained a high Seebeck coefficient of 230 uV K™ at low temperature, while KZnls showed a 225 pV
K~ Seebeck coefficient at elevated temperature. A high figure of merit (ZT) is achieved by both pristine
compounds at high temperature, with values of 1.01 for KSnlz and 1.27 for KZnls. Furthermore, for optical
properties, a high absorption coefficient of 7.32 x 10° cm™ is observed by 25% Zn doping at UV-visible
range. These findings make Zn-doped KSnls perovskite material suitable for efficient, non-toxic, low-
cost optoelectronic and thermoelectric devices.

conductivity.> Such a type of combination can be achieved in
semiconducting materials that are engineered with alloying

Environmentalists have long been searching for new renewable
energy sources. The growing demand for sustainable energy has
driven researchers to develop new, eco-friendly novel materials.
Scientists are looking for novel, eco-friendly materials that
could convert sunlight to electricity by the photovoltaic effect.!
In parallel, researchers are also looking for novel materials that
can generate electricity from waste heat by the thermoelectric
effect.” The ideal thermoelectric materials possess a large See-
beck coefficient, high electrical conductivity, and low thermal
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elements. The perovskites are newly emerged semiconducting
materials with the formula ABXj;, having good photovoltaic and
thermoelectric properties."* Desired properties can be easily
tailored by changing the composition of the perovskite material
by alloying with appropriate elements. The perovskite solar cells
(PSCs) introduced in 2009 had an initial power conversion
efficiency (PCE) of 3.8%.° A significant advancement has been
achieved in PCE value, which has increased to 26.7% over the
past few years.® Although this remarkable gain in efficiency has
been achieved within a short period, a question remains
whether it is the most suitable perovskite combination for
environmental and public health due to the toxic nature of lead
(Pb).” To find solutions to this question, many researchers
started to focus on much safer options than lead, such as Sn,
Ge, Ti, Zn-based perovskite solar cells.®*® These Pb-free
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perovskite components have generated a lot of interest because
of their improved optoelectronic behavior than Pb-based
perovskite material. Compared to other non-toxic perovskite
materials, Sn-based perovskites stand out due to their lower
toxicity, ideal band gap, good charge transport properties, and
potential for environmentally friendly energy solutions.”'*
However, the easy oxidation process of Sn>" to Sn** triggers p-
type self-doping and generates Sn-vacancies. This phenom-
enon leads to Sn-based PSCs exhibiting inferior performance
compared to Pb-based PSCs." However, alloying with Ge at the
B-site makes the Sn-based perovskite much more stable with
improved efficiency.”® At the same time, the development of
non-toxic wide band gap perovskite is required for optoelec-
tronic applications in the ultraviolet to the visible spectral
range. The wide band gap perovskites have applications in the
top cell of a tandem solar cell, UV-photodetectors, underwater
photovoltaic devices, and light-emitting diodes (LEDs)."**®

To increase the stability and fine-tune the compositions of
perovskites, various elements are introduced as dopants at the
B-site of perovskite structures. Among the various elements
employed for B-site doping in perovskite structures, transition-
metal ions are particularly common. Typical examples include
manganese (Mn”"), zinc (Zn”"), lead (Pb*"), cadmium (Cd*"),
aluminum (AI*"), tin (Sn**), nickel (Ni**), bismuth (Bi*"), and
Cerium (Ce*").”” Among these different elements, comprehen-
sive studies on zinc (Zn>") doping in perovskite compounds
have established a pronounced effect on the photovoltaic and
thermoelectric properties. The charge carrier collection effi-
ciency and carrier lifetime in MAPbI; perovskite are improved
by Zn doping. Additionally, it also promotes the formation of
larger grains with fewer pinholes. This significantly reduces
non-radiative recombination and suppresses hysteresis.'®** It is
found in literature that the Sn-based perovskites are prone to
intrinsic defects, undergo oxidation of Sn** to Sn**, and expe-
rience local lattice strain. However, Zn doping effectively miti-
gates these intrinsic defects and lattice distortions. At the same
time, it enhances the carrier diffusion length in Sn-based
perovskite films.”® In general, higher oxidation resistance, low
toxicity, and wide availability make zinc an excellent component
for environmentally friendly solutions. Guo et al.** proposed
a method to fabricate a hybrid perovskite material, which is eco-
friendly and operationally reliable. Lead content can be reduced
up to 50% by co-doping CsPbBr; with Zn and Mn without
changing its optoelectronic properties. Kooijman et al.** also
reported that incorporating zinc halide into Pb-based perov-
skites significantly enhances the structural integrity, film
morphology, and crystallinity. In addition, the zinc modified
perovskites solar cell exhibited improved luminescence and
achieved about a 33% increase in solar cell efficiency compared
with their undoped materials. In a similar study, Ou et al.,*
where Zn>" is added in Cs,AgBiBrg instead of Ag, results in
a high PCE value of 45.9% due to enhanced charge transport
and more efficient interfacial charge extraction. Wei et al.**
investigate that zinc doping in halide perovskites weakens
nonadiabatic coupling in the conduction band, which in turn
slows down hot-carrier cooling. This behavior suggests a viable
path for improving the lives of hot carriers in forthcoming solar
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technology. All things considered, these investigations high-
light zinc doping as a successful method for developing stable,
high-performing, and eco-friendly perovskite-based optoelec-
tronic devices.

The thermoelectric potential of K and Sn-based perovskite
compounds has become the focus of recent studies by many
research groups. For example, the double perovskite
compounds K,CuBiBrs and K,AgBiBrs were studied by Ali
et al.”® These perovskite materials exhibit strong thermoelec-
tric performance characterized by high Seebeck coefficients,
good electrical conductivity, and ZT values of 0.84 for K,-
CuBiBrg and 0.78 for K,AgBiBre. Similarly, Abdullah and
Gupta®® reported that the double perovskites A,GeSnF¢ (A =K,
Rb, Cs) are outstanding thermoelectric candidates with ZT
values in the range of 0.94-0.97. The literature report indicates
that Sn-based oxide perovskite materials, such as BaSnOg,
exhibit excellent high temperature thermoelectric perfor-
mance. In a study by Song et al.,”” BaSnO; achieves a high p-
type ZT of 1.52 and n-type ZT of 0.37 at 900 K due to its
favorable electronic and thermal transport properties. The Zn-
based perovskites, such as the inorganic cubic CsZnX; (X = F,
Cl, Br, I) studied by Aqili et al.*>® also exhibit promising ther-
moelectric properties due to their favorable electronic and
thermal transport characteristics. They observed that these
compounds have ZT > 0.7 across a temperature range of 300-
800 K, making them promising for thermoelectric applica-
tions. Similarly, Agouri et al.*® computationally investigated
the thermoelectric properties of cubic (space group Pm3m, no.
221) XZnl; (X = Na, K, Rb, Cs) perovskites. They observed that
these compounds are semiconductors with indirect band gaps
in the range of 0.51-0.62 eV (TB-nmBJ) and ZT values reaching
0.55-0.66 at 1000 K. Specifically, the cubic KZnI; phase
exhibited a ZT value of approximately 0.55 at 1000 K and
a band gap of 0.606 eV, respectively. Numerous beneficial
effects of Zn doping on thermoelectric properties are also re-
ported in the literature. For instance, Zn-doping in GeTe
introduces resonance states and increases the Seebeck coeffi-
cient value by raising the heavy hole valence band on top of the
light hole valence band. Zn-doping also reduces the lattice
thermal conductivity in GeTe and hence improves the overall
ZT value.*® The co-doping of Ge and Zn in SnTe is investigated
by Shenoy et al.>* The Ge doping in SnTe reduces the thermal
conductivity. The Zn doping in SnTe suppresses the bipolar
effect at elevated temperature by widening the band gap,
distorts the density of states (DOS) near the Fermi level by
creating resonance states, which ultimately improves the
power factor by co-doping strategy. When Zn is co-doped with
Bi in SnTe, it drastically reduces the lattice thermal conduc-
tivity and results in a peak ZT value of ~1.6 at elevated
temperature.®*> When Zn is co-doped with Ag in SnTe, it gives
a high ZT value of ~0.97 in the temperature range of 500 K to
840 K.** Therefore, the doping of Zn, significantly improves the
thermoelectric performance. The effect of doping on the
thermoelectric properties can be accurately identified with the
help of density functional theory (DFT) analysis. The DFT is
a reliable scientific tool to accurately predict experimental
results. For instance, DFT predicted the increment in band gap

© 2026 The Author(s). Published by the Royal Society of Chemistry
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values due to Zn-doping from 0.079 eV to ~0.2 eV in the
Sny,Zn,Te;s compound. Experimentally, Zn-doped samples
showed no “hump” in lattice thermal conductivity at high
temperatures, unlike undoped SnTe. This confirms that the
increased band gap due to Zn-doping prevented bipolar
diffusion in SnTe.** In the case of Pb-Zn co-doping in SnTe,
the DFT confirmed the increment in the experimental Seebeck
coefficient values. DFT predicted Pb-Zn co-doping introduces
resonance states near the Fermi level and raises the heavy hole
valence band approximately 0.1 eV above the light hole valence
band at room temperature. This DFT prediction is confirmed
by the experimental result,** where because of the Pb-Zn co-
doping in SnTe, significantly enhanced Seebeck coefficient
value to 109 puv K™' at 300 K and 229 uv K™' at 840 K,
respectively. In the case of Zn doping in Pb, ¢Sn, 4Te,*® undo-
ped PbgeSng 4Te has a zero band gap, which causes the See-
beck coefficient to drop after 570 K. DFT predicted that Zn
opens a band gap (0.26 eV) in zero-gap Pb, ¢Sn, 4Te. This is
experimentally confirmed by the suppression of bipolar
diffusion, evidenced by Seebeck values continuously
increasing up to 840 K (221 pv K ). It is also observed from
Boltzmann transport calculations that Zn-doping in SnTe
improves the ZT value. Experimentally, SngosZng ogTe vali-
dated this by achieving a high ZT value of ~0.28 at 300 K and
a peak ZT of ~1.49 at 840 K, respectively.** Therefore, the DFT
prediction has a good match with the experimental observa-
tion of thermoelectric properties.

Among different perovskite compositions, the non-toxic
KSnl; in its orthorhombic (Pnma) phase has been explored
by different research groups for photovoltaic applications.>”*°
The advantage of using potassium (K") is that K" is more cost-
effective than its cesium (Cs") and rubidium (Rb") counter-
parts.® The Zn is also non-toxic and earth abundant element.
However, the use of Zn-doping at the B-site to stabilize the
instability caused by Sn has remained largely unexplored for
KSnI; perovskite. Inspired by the success of Zn-doping at the
B-site of different perovskites, we hypothesize that Zn-doping
at the B-site of KSnI; could synergistically enhance its multi-
functional properties. Therefore, for the first time, this study
employs density functional theory (DFT) to theoretically
investigate the effect of Zn-doping on the structural,
mechanical, electronic, optical, and thermoelectric properties
of orthorhombic KSnI; perovskite. Our goals are to: (i) identify
the effect of Zn-doping on thermoelectric transport coeffi-
cients and ultimately to evaluate ZT, and (ii) elucidate doping-
induced changes in the band structure and optical absorption
for UV-visible light applications. This work investigates the
effect of Zn-doping on the properties of KSnlI; perovskite for
two distinct but equally important applications: (i) optoelec-
tronics and (ii) thermoelectric. The optoelectronic properties
are analyzed to determine the material's suitability to convert
light to electricity. On the other hand, thermoelectric proper-
ties are studied independently to evaluate the potential of Zn-
doped KSnI; perovskites in waste heat recovery. The focus of
this analysis is to produce a nontoxic Zn-doped KSnI; perov-
skite material for advanced thermoelectric and optoelectronic
applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2. Computational methodology

The density functional theory (DFT) calculations for the KSn,-
Zn,_,I; perovskite compositions are carried out by using the
Vienna Ab initio Simulation Package (VASP).** The Perdew-
Burke-Ernzerhof for solids within the Generalized Gradient
Approximation (GGA-PBEsol) functional is used to iteratively
solve the Kohn-Sham equations in order to get the ground-state
electronic structure.*” The electronic band structure, density of
states (DOS), optical properties, and thermoelectric properties
of the material were all studied in detail using the hybrid Heyd-
Scuseria-Ernzerhof (HSE06) functional.** The valence electron
configurations included K (3s> 3p® 4s'), Sn (4d'° 55 5p?), Zn
(3d™ 4s”), and I (4d"° 55 5p°). For structural optimization, the
energy and ionic convergence conditions were established at 1
x 107% eV and —2 x 10™% eV A, respectively. Monkhorst-Pack
k-point meshes of 3 x 7 x 2 are utilized to sample the Brillouin
zone, with a plane-wave kinetic energy cutoff of 450 eV. The Self-
Consistent Field (SCF) iteration is performed until convergence
is achieved by updating the charge density and computing an
effective potential to solve for a new wave function.** The
calculation's post-processing analysis, including density of
states (DOS), band structure, optical, and mechanical proper-
ties, is done wusing VASPKIT.* Thermoelectric transport
parameters are calculated using Boltzmann's theory with the
Boltztrap2 tool,* and the phonon dispersion is measured using
the linear response method of the Cambridge Serial Total
Energy Package (CASTEP) Code.” The crystal structures of the
KSn,Zn, ,I; perovskites are illustrated using the VESTA
package.*®

3. Results and discussion
3.1 Structural analysis

The perovskite structure (ABX;) in which the KSnl; compound
crystallizes, with K occupying the A-site, Sn at the B-site, and I at
the X-site. The structure belongs to space group 62 and features
an orthorhombic phase (Pnma).* The phase changes from an
orthorhombic to a monoclinic phase when Zn replaces Sn with
space group 6 (Pm). Table 1 shows the atomic configuration of
KSn,_,Zn,I; perovskite compositions. Fig. 1 shows the sche-
matic of the crystal structure of KSn, ,Zn,I; perovskites. The
lattice parameter and unit cell volume are optimized using the
GGA-PBESol approximation. Table 2 provides a summary of the
optimal lattice parameters for the orthorhombic and mono-
clinic phases.

The Goldschmidt's tolerance factor (Tg) has been calculated
to verify the stability of KSn;_,Zn,I; perovskite compounds. The

following is the equation for T§:**>**
T RA + RX
U L M
\/ERB + RX

The radii of K, B-site ions (Sn/Zn), and I are denoted as R,,
Rp, and Ry, respectively. These values are taken from the
Shannon ionic radii.** As atomic size increases, the value of the
tolerance factor (7y) decreases. The probability of a stable
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Table1 Optimized Wyckoff positions and fractional atomic coordinates (x, y, z) of K, Sn/Zn, and | atoms in KSn;_,Zn,ls perovskites obtained from

DFT structural relaxation

Compounds K

Sn

Zn

I

KSnlI;
(orthorhombic)

(0.077304, 0.75, 0.672586)

KSng 75Zny 2513
(monoclinic)

(0.077304, 0.75, 0.672586)

KSng 5Zng 513
(monoclinic)

(0.077304, 0.75, 0.672586)

KSng 25Zng, 7513
(monoclinic)

(0.077304, 0.75, 0.672586)

KZnl,
(orthorhombic)

(0.077304, 0.75, 0.672586)

(0.165021, 0.25, 0.941203)

(0.836324, 0.5, 0.952061),
(0.331516, 0.5, 0.556637) and
(0.663123, 0, 0.439629)
(0.328786, 0.75, 0.549802)
and (0.672324, 0.25,
0.452198)

(0.661255, 0, 0.441198)

(0.1746, 0.0000, 0.5537)

(0.220023, 0.25, 0.02946) and
(0.779967, 0.75, 0.97054)

(0.164057, 0, 0.046774),
(0.833688, 0.5, 0.94975) and
(0.324833, 0.5, 0.568874)
(0.165021, 0.25, 0.941203)

(0.34052, 0.75, 0.011544),
(0.017173, 0.25, 0.120918)
and (0.30433, 0.25, 0.787371)
(0.34052, 0.75, 0.011544),
(0.017173, 0.25, 0.120918)
and (0.30433, 0.25, 0.787371)
(0.34052, 0.75, 0.011544),
(0.017173, 0.25, 0.120918)
and (0.30433, 0.25, 0.787371)
(0.34052, 0.75, 0.011544),
(0.017173, 0.25, 0.120918)
and (0.30433, 0.25, 0.787371)
(0.34052, 0.75, 0.011544),
(0.017173, 0.25, 0.120918)
and (0.30433, 0.25, 0.787371)

perovskite structure is indicated by the Tr value, which ranges
from 0.8 to 1.>* Table 2 contains the calculated Ty values for
KSn, _,Zn,I; perovskites.

By calculating its formation energy (AE¢m), the chemical
endurance of the semiconductor KSn,_,Zn,I; perovskites has
been further evaluated. The formula, as presented in ref. 54, is
summarized here.

E%Zif"'zn"h — (AESK ia T BEgya + CEGLy + DEsIolid)

0

AFEfom =

A+B+C+D

The number of K, Sn, Zn, and I atoms in the KSn,_,Zn,I; unit
cell is represented by the variables 4, B, C, and D in the provided
equation. The total energy of the KSn, ,Zn,I; perovskite
compound is denoted by the expressions Erori*“™" and the
corresponding solid-state energies of K, Sn, Zn, and I atoms are
denoted as; EXjia, Eomia, E“%iq, and Eiong. The unit of the
formation energy is eV per atom. The negative sign of the
formation energy confirmed their stability. The computed

formation energy values are shown in Table 2.

Fig.1 The schematic representation of the unit cell structure of (a) KSnls, (b) KSng 75ZNng 2sl3, (€) KSng sZNng sls, (d) KSng 25Zng 7513, and (e) KZnls

perovskite compounds.
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Table 2 The optimized lattice parameters a, b, and c (A), volume of unit cell V (A%, formation energy (AEom). and tolerance factor (Tg) of

KSn;_,Zn,ls perovskite compounds

Compounds a(A) b(A) c(A) Vv (A%) AE¢orm (€V per atom) Ts Ref.

KSnl, 10.20 4.611 16.79 790.13 -1.333 0.93 This work
10.45 4.71 17.00 — — — 49
KSng 75ZNg 2515 10.16 4.52 16.55 759.33 —-1.324 0.93 This work
KSng sZng 515 10.04 4.50 16.25 734.95 —1.328 0.92 This work
KSng 25Z10 7513 10.04 4.30 16.26 703.74 —1.304 0.92 This work
KZnl, 9.84 4.23 16.03 669.41 —1.304 0.92 This work
-1.300 However, the slight imaginary frequencies observed near the Z-
sl & :jEf o — g 0090 point in the phonon dispersion curve of the KZngsSngsls
N / compound are likely due to minor numerical artifacts or
-1310 | \Q / | - insufficient k-point sampling and do not indicate dynamic
\ / . instability. Such small negative modes are commonly encoun-
: B | \ /I g tered in complex systems and do not significantly affect the
r;f a0 | \\ / 71030 § overall stability of the structure.

/ N S The frequency distribution of phonons extends from 0 to
~1325 X< ‘\L / / R Jo.92% ~6.5 THz in all cases. A denser phonon spectrum is observable
) / ¥ W ” ¥ o in KZn,sSn,sI; (Fig. 3b) in the mid-frequency window (2-4

« £ ¥ | - THz), implying stronger mode mixing and lattice complexities

-1.335 ’ at the intermediate composition. Zn causes small blue shifts in
'&n, : W ' W : W : > some optical modes, mainly because Zn has a lower atomic

£ o° N 8° & mass than Sn, leading to the stiffening of Zn-I bonds. Acoustic

Fig. 2 Effect of Zn doping on formation energy (AE¢,m) and tolerance
factor (1) in KSny_,Zn,ls perovskites.

Fig. 2 illustrates the change of Goldschmidt tolerance factor
(r) and formation energy (AEg,m) with Zn content (x) in
KSn, ,Zn,I; perovskites. For undoped KSnI; and 50% Zn
doping (x = 0.5), formation energy causes the thermodynamic
stability to peak, providing stability to the lattice at these doping
concentrations. This is because the lattice is properly accom-
modated when smaller Zn*>* ions partially replace larger Sn>*
ions, reducing lattice strain and distortion. According to the
ideal perovskite stability criterion, the tolerance factor shows
a minimum at x = 0.5. Beyond this, the little departure from
perfect ionic size matching causes 7 to increase as Zn content
keeps rising, resulting in a subtle asymmetry in the structure.
These trends validate that intermediate Zn doping levels, in
particular 50%, present maximum structural stability and
maximum geometric compatibility in the lattice.

3.1.1 Dynamic stability. The phonon dispersion curves for
KSn; _,Zn,l; are illustrated in Fig. 3(a-d) for the high-symmetry
path G-F-Q-Z-G. The goal is to investigate dynamic stability
and see how Zn substitution influences the lattice vibrations.
The phonon dispersion for the parent compound, KSnl;, has
been assessed in ref. 49. For all Zn-doped compositions, the
phonon spectra do not show any imaginary frequencies, indi-
cating that each structure is dynamically stable. This indicates
that the Zn substitution throughout the range should preserve
the mechanical integrity of the perovskite lattice, suggesting
that alloying is feasible without destabilizing the lattice.

© 2026 The Author(s). Published by the Royal Society of Chemistry

modes show smooth and stable dispersion near the G point
with an upward curvature, thus indicating that structural
instabilities are absent. The Zn substitution creates many more
such optical modes; consequently, coupling and splitting are
more dominant in these crystals, especially for x = 0.5, sug-
gesting enhanced phonon scatterings. At high-symmetry points
Q and Z, phonon modes show flattening, which may affect the
group velocities of vibrational modes and thus impinge upon
thermal transport properties. The increased phonon mode
density and dispersion complexity in KZn,sSn,sI; lead to
a reduction of lattice thermal conductivity through enhanced
phonon-phonon interactions and scatterings. Such behavior
would be beneficial to thermoelectric applications, for which
low thermal conductivity is a virtue. The systematic shift and
redistribution of vibrational modes throughout the series
further suggest a tunability of vibrational entropy, thus poten-
tially affecting phase stability and defect formation energies in
Zn-doped perovskites.

3.2 Electronic properties

The electronic properties of materials play a crucial role in
governing carrier transport mechanisms and in distinguishing
between metals, semiconductors, and insulators. In this study,
the electronic properties have been evaluated using the GGA-
PBEsol*> and HSEO06 (ref. 43) functionals. A Gaussian smearing
technique with a width of 0.05 eV was applied during the
calculations.

3.2.1 Band structure analysis. The band gap energies are
listed in Table 3. The electronic band structures of KSn;_,Zn,I;
(x=0,0.25,0.5,0.75, and 1.0), as reported in Fig. 4, support the

RSC Adv, 2026, 16, 18861-18879 | 18865
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Table 3 Calculated band gap values of KSnls, KSng 75ZNng 25l3, KSng 5-
Zngsls, KSng25Zng7sls, and KZnls perovskite compounds, using the
GGA-PBEsol and hybrid HSEO6 functional

Compound XC-functionals Band gap References
KSnl; GGA-PBEsol 1.8145 (Indirect) This study
GGA-PBEsol 1.84 (Indirect) 38, 49, 55, and 56
HSE06 2.5218 (Indirect) This study
KSny 55Zng»5I;  GGA-PBEsol 1.6850 (Indirect) This study
HSE06 2.4838 (Indirect) This study
KSng sZng 515 GGA-PBEsol 1.8510 (Direct) This study
HSE06 2.6653 (Direct)  This study
KSngy ,5Zng 55I;  GGA-PBEsol 1.4746 (Indirect) This study
HSE06 2.3432 (Indirect) This study
KZnl; GGA-PBEsol 1.9579 (Indirect) This study
HSE06 3.0199 (Indirect) This study

semiconducting nature for all compositions, with bandgap
values varying as Zn content increases. The band gap values
were initially estimated using the semi-local PBEsol exchange-
correlation functional. However, it is well established that such
generalized gradient approximation (GGA) functionals signifi-
cantly underestimate band gaps due to self-interaction errors
and the absence of non-local exchange. Therefore, the hybrid

18866 | RSC Adv, 2026, 16, 18861-18879

(c) KSng.25ZNng 7513, and (d) KZnls perovskite compounds.

HSEO06 functional, which incorporates a fraction of screened
Hartree-Fock exchange, is considered more reliable and is used
here for the primary discussion of electronic properties and
applications. The calculated band gaps span the range 2.34-
3.01 eV, placing all compositions within the wide band gap
semiconductor regime. The perovskite compounds have both
indirect and direct gap characteristics depending on Zn
concentration.

Pristine KSnl; exhibits an indirect band gap of 2.52 eV.
Although this value is too large for efficient single-junction
photovoltaic absorption, it is well suited for transparent opto-
electronic devices and window layers in photovoltaic devices.
Such wide-band-gap materials are also relevant for tandem solar
cell architectures, where selective absorption of high-energy
photons is required. Beyond the band gap magnitude, the
band-edge characteristics near the Fermi level provide qualita-
tive insight into transport behavior. In particular, it has been
seen that KSnl; has relatively flatter band edges, which correlate
to its larger Seebeck coefficient described in the thermoelectric
section.

KSng ;5Zny 5513 has an indirect band gap of 2.48 eV at lower
concentrations of Zn. This shows that we can achieve a modest
amount of band gap tuning without significantly modifying the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electronic band structure of (a) KSnlz, (b) KSng75Zng2sls, (€) KSngsZngsls, (d) KSngosZng7sls, and (e) KZnls perovskite compounds,

calculated using the hybrid HSEO6 functional.

overall electronic structure of the material. Although it is still
not the best choice for a primary photovoltaic absorber, it would
be a promising candidate for a transparent optoelectronic
device and the top cell in a tandem solar cell. The indirect-to-
direct band gap transition is seen within KSng s50Zng sols,
having a direct 2.67 eV band gap. The direct gap will increase
the amount of radiative recombination and optical absorption,
which is desirable for use in LEDs or high-speed photodetectors
that are used in the visible to near ultraviolet spectral range.

© 2026 The Author(s). Published by the Royal Society of Chemistry

With further Zn incorporation, KSng ,5Zn, ;513 shows an indi-
rect band gap of 2.34 eV, while fully substituted KZnlI; exhibits
the widest indirect band gap of 3.01 eV. These materials clearly
fall within the wide-band-gap regime, supporting their potential
use in UV optoelectronics, transparent electronics, and the top
cell of a tandem solar cell. Moreover, the more dispersive band
edges in KZnlI; are consistent with its enhanced carrier mobility
and electrical conductivity. This is in agreement with the ther-
moelectric transport results discussed in the following section.
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3.2.2 Density of states analysis (DOS). The density of states
(DOS) plots (Fig. 5) for the composition series KZn,Sn; ,I; (0 =
x = 1) remarkably illustrate the evolution of the electronic
structure and the nature of the bandgap as Zn substitution at
the Sn-site increases. For x = 0 (pure KSnl;), the valence band
maxima (VBM) are primarily composed of the I-5p orbitals,
while the Sn-5p orbitals dominate the conduction band
minima. This configuration results in a comparatively wide
indirect bandgap, with the main quantum of energy corre-

sponding to the asymmetric electron density of the Sn** lone

View Article Online

Paper

pair. With a partial substitution of Sn by Zn at x = 0.25, the Zn-
4s and Zn-4p states begin to intrude into the onset of the
conduction band, signaling a transformation in the electronic
structure and narrowing the band gap, although the band gap
remains indirect. At an intermediate composition of Zn (x =
0.5), the conduction band minimum (CBM) is primarily domi-
nated by the Zn-4s orbital rather than being heavily influenced
by the Sn orbitals. This process produces a more symmetrical
electronic environment and helps to convert the band gap from
an indirect to a direct band gap. And, this phenomenon makes
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Fig. 5 The total density of states and partial density of states of (a) KSnls, (b) KSng 75Zng 253, (€) KSngsZng sls, (d) KSng 25ZNng 7513, and (e) KZnls

perovskite compounds, calculated using the hybrid HSEO6 functional.
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the transition of electrons from valence band to the conduction
band much easier upon light absorption, which is beneficial for
photovoltaic applications. With further Zn substitution at x =
0.75 and 1.0, the CBM becomes entirely dominated by Zn
orbitals. However, the VBM continues to be largely character-
ized by I-5p orbitals. In this situation, the hybridization between
VBM and CBM states diminishes. As a result, there is a decrease
in the symmetrical electronic environment, while the bandgap
reverts to indirect. Thus, the DOS analysis has revealed a strong
dependence of the band nature on Zn composition, with
a direct bandgap developing and band gap narrowing with Zn
concentrations.

From the DOS plots, it is clear that Zn-doping in KZn,Sn; _,I3
causes bandgap reduction, especially around x = 0.75, with Zn-
4s and 4p states contribute significantly to the CBM. In pure
KSnI; (x = 0), the CBM mainly consists of Sn-5p orbitals, while
the VBM is dominated by I-5p states, resulting in a relatively
wider bandgap. When Zn replaces Sn, particularly at concen-
trations (x = 0.75), the Zn states hybridize significantly with I-5p
states at the lower-energy CBM, thereby narrowing the bandgap.
Additionally, the absence of a stereochemically active Sn** 55>
lone pair in Zn>*, reduces local lattice distortions and promotes
a better orbital alignment between VBM and CBM, producing
a narrow bandgap. This behavior exemplifies how Zn substitu-
tion modifies the electronic structure and local symmetry,
enabling cation engineering of tunable bandgap properties.

3.3 Optical properties

Light is a naturally abundant and renewable energy source that
has high potential in optoelectronics. Currently, there is much
research focused on the field of optoelectronics to develop new
types of materials capable of converting light energy into elec-
trical energy. This research focuses on parameters associated
with the optical properties, such as light absorption, light
reflection, refraction index, and optical conductivity of the
KZn,Sn, ,I; perovskites. By choosing to alloy with a specific
element, researchers can easily achieve wavelength-specific
tunability of optical properties such as; refraction index (n),
extinction coefficient (k), reflectivity (R), energy loss function (L),
dielectric constant (&), and absorption coefficient (a).

3.3.1 Dielectric function. The dielectric function (¢) is the
optical property that is consists of both the real ¢;(w) and the
imaginary ¢,(w) components of the dielectric function. Dielec-
tric function is the study to understand the optical interactions
with solid materials.”” The objective of this study is to analyze
the dielectric function of KZn,Sn; ,I; perovskite materials
along with their real part ¢ (w), and the imaginary part &,(w),
and the relationship of these two components for the specific
perovskite materials can be obtained from the following
equation,

&(w) = er(w) + iex(w)

The real part of the dielectric function &,(w) describes the
polarization response of materials to an applied electric field
and the propagation of electromagnetic waves within the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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material. And, the imaginary component of the dielectric
function describes how much energy is absorbed by that same
material. In terms of perovskite solar cells, the imaginary part is
particularly significant because it explains the mechanisms by
which these types of solar cells convert electromagnetic wave
energy into electrical energy.””

Fig. 6(a) illustrates how the value of dielectric function & (w)
varies for KZn,Sn, _,I; perovskites in the range of 0-10 eV. The
static dielectric constant ¢;(0), which is the value at 0 eV of the
real part of the dielectric function.*® As shown in Fig. 6(a), KSnI;
(5.86) has the largest real value of the dielectric function at 0 eV
as compared to other Zn-doped compounds and the KZnl;
(4.93) has the least value. Therefore, the addition of Zn in the
KSn,_,Zn,I; material appears to cause a downward trend in the
static dielectric constant and charge storage capacity. The
decline of charge storage capacity is much less substantial than
that of the original KSnI; material, and so the doped materials
are still appropriate for use in optoelectronic devices.

The imaginary component ¢,(w) of the dielectric function of
a material is a measure of its capacity to absorb light. Electronic
transitions between valence and conduction band states deter-
mine the value of ¢,(w). The peaks of the ¢,(w) curve correspond
to these transitions and indicate the energy gaps associated
with them.* As illustrated in Fig. 6(b), an increase in &,(w)
occurs at the point where the energy of the incoming photons
exceeds the material's bandgap. For KZn,Sn,_,I3, the value of
&(w) remains close to zero until the incident energy threshold is
reached. Once this threshold has been crossed, ¢(w) rises
quickly and achieves maximum values of 9.63 KSnl3, 9.62 KZnlI;,
7.97 KSng.75Zng 5513, 6.61 KSngs5Zngsl;, and 7.20 for KSng,s-
Zn, 7513 Perovskite compounds.

3.3.2 Absorption coefficient. Absorption coefficient (o(w))
provides a measurement of the amount of light (photons) at
a given wavelength that can be absorbed by materials as they
pass through that material. As one of the most important
optical properties of a material, the absorption coefficient
typically determines how effectively photons are absorbed by
the material. The absorption spectrum will typically be used to
determine a material's ability to function in photovoltaic
applications.® The following equation can be used to calculate
the absorption coefficient a(w) of any given material.®

a(w) = |vVe2(w) + &2(w) — e(w)

1/2

Fig. 6(c) shows the optical absorption coefficients of all the
pristine and alloyed perovskite compositions: KSnlz, KSng »s-
Zng 7513, KSngsZngslz, KSng;5Zng,sI;, and KZnl;. All
compounds have strong UV and visible absorbance (200-600
nm) across the entire wavelength, which is an important char-
acteristic for efficient optoelectronic operation.®* Except for the
KSny 75Zny 5513, the overall trend suggests that a slight increase
in Zn content reduces optical absorption compared to pure
KSnl;. The KSng ;5Zng 5513 exhibits relatively high absorption
(8.15 x 10° ecm™ "), particularly at shorter wavelengths (UV-
region), reflecting a strong light-matter interaction (Fig. 6(c)).
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This compound also exhibits a reduced band gap of 2.48 eV
compared to 2.52 eV for pure KSnl;, suggesting promising
potential for UV-photodetectors, blue-light LEDs, top cells in
tandem solar cells, and photocatalytic systems that operate in
the higher-energy spectrum. However, as Sn is gradually
replaced by Zn (from KSng 50Zng 50l5 to KZnl;), there is a clear
decline in absorption intensity. However, the pure KZnlI; shows
the lowest absorption (3.15 x 10> ecm ™) and highest bandgap
(3.01 eV) among all, suggesting that only partial substitution of
Zn (KSny 55Zn, 7513) plays an important role in boosting the light
absorption capacity of these materials and broadens the range
of usable light due to the band gap reduction.*®

3.3.3 Loss function. The loss function (L(w)) represents the
energy lost by high-speed electrons as they pass through
a material, capturing important interactions like interband
transitions, intraband excitations, and plasmon resonances.
This function shows how fast-moving charged particles, in this
case electrons, interact with the materials.®®* As shown in
Fig. 6(d), the doped compositions with Zn, especially KSn, ;5-
Zn »sl3, have the greatest value of electron energy loss function

18870 | RSC Adv, 2026, 16, 18861-18879

(0.23) at 5.75 eV. Thus, they have the highest probability of
interacting with the fast-moving electron. Also, the KSnI; (0.16)
and KSny 55Zn, 7515 (0.12) all demonstrate intermediate levels of
energy loss and thus interact with the fast-moving electrons.
The lowest level of energy loss function occurred with the KZnI;
(0.091) because of the reason of having the largest band gap.

3.3.4 Optical reflectivity. Optical reflectivity (R(w)) refers to
the percentage of the incoming light that is reflected off the
surface of a material. This value is very important in deter-
mining how light interacts with solids and will assist in the
design of materials for use as photovoltaic materials. The
reflective characteristics of any material can be determined
through the given equation.®*

(1 —n)* 4+ k2

RO = e

The best absorbing material for solar cells should have low
reflectance in the visible and near infrared range (300-1100 nm

© 2026 The Author(s). Published by the Royal Society of Chemistry
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or 1-4 eV) in order to ensure maximum photon absorption and
conversion into electricity.** Fig. 6(e) shows how the reflectance
R(w) of various perovskite compounds changes at different
photon energy. The KSnI; has the highest reflectance value of
37%, thus it reflects more sunlight than other types of perov-
skite compositions. In contrast, the KZnl; exhibits a low
reflectance value of 0.21, making it one of the least reflective
perovskites, especially within the visible to near Infrared
portion. Essentially, lowering the reflectance of a perovskite
material by doping with Zn allows for a higher absorbance of
incoming solar energy. Therefore, having lower reflectance in
perovskite materials will save on energy while providing better
quality products from a manufacturing standpoint.

3.3.5 Optical conductivity. A graphical comparison of the
optical conductivity (o(w)) for several different perovskite
materials is plotted with respect to photon energy (eV) in
Fig. 6(f). Optical conductivity gives an indication of how well
each perovskite can conduct electricity when exposed to light.**
The optical conductivity of a material is defined by the following
equation.**

o(w) = —ge(®)

At photon energies below 2 eV, all perovskites exhibit nearly
zero optical conductivity. This occurs because photons with an
energy lower than the bandgap energy do not provide enough
energy to promote potentially conductive electrons from the
valence band into the conduction band. After 2 eV, there is
a sharp increase in conductivity because there is now enough
energy in the incident photons to excite electrons into the
conduction band. It is observed that above 6 eV, there is very
strong optical conductivities, which gives KSn;_,Zn,I; perov-
skites huge potential for applications in UV-sensitive optoelec-
tronics. In this case, KZnl; has the highest conductivity due to
its relatively high bandgap (3.01 eV), which suggests strong
photoconductivity driven by the UV-range photon shining on
the material.

3.3.6 Refractive
refractive index (n(w)) measures how much light bends, or
changes direction, when it passes from one material into
another.” The formulas used to calculate the refractive index
and extinction coefficient are;

index and extinction coefficient. The

1 2 2 :

o) = 5 | a0 +exw) + ()

k() = = [ e (@) +e20)? - er(w)?
w \/Z 1w & W &1 w

As can be seen in Fig. 6(g), with the increase of Zn-doping in
KSn; _,Zn,I; perovskite compounds, the static refractive index
n(0) decreases and continues decreasing as the resulting
amount of Zn-doping increases. The static refractive index of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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KSnl3, KSng 75Zng 5513, KSng 25204 7513, KSng 5Zng 513, and KZnl;
is 2.41, 2.33, 2.29, 2.29, and 2.20, respectively. Thus, Zn doping
will cause perovskites to bend light less effectively, resulting in
slightly reduced photon trapping in thin films. This can be
considered an unfavorable characteristic for the design of
layered tandem solar cells with KSn; ,Zn,I; perovskite
compounds. However, this potential disadvantage can be
minimized where the layered tandem solar cell layout uses
a combination of anti-reflective coatings and light-trapping
structures.

The extinction coefficient (k(w)) of the KSn, ,Zn,;,
compound is displayed in Fig. 6(h) over the energy range up to
10 eV. Initially, the extinction coefficient values remained
almost zero up to 2 eV. Beyond this point, it increased gradually
with increasing energy, corresponding to the onset of strong
interband electronic transitions from the valence band to the
conduction band. Pristine KSnI; exhibits pronounced extinc-
tion features in the visible and near-ultraviolet regions, with
a major peak around 4-5 eV, followed by additional high-energy
peaks extending up to ~8 eV. The fully substituted KZnlI;
compound shows a comparatively weaker extinction coefficient
in the lower-energy region but displays strong extinction in the
higher-energy range (~5-8 eV), reaching the largest peak
intensity among all compositions. This behavior suggests
enhanced optical transitions in the ultraviolet region for Zn-rich
compositions. Fig. 6(h) also indicates that the gradual substi-
tution of Sn with Zn in the perovskite structure leads to
a decrease in extinction coefficients up to 5.44 eV photon
energy, and after that, the trend becomes opposite. The impact
of Zn doping on the evolution of k(w) supports that alloying is
an excellent means of modifying both the optical extinction
coefficient and the spectral properties of KSn, _,Zn,I; perovskite
compounds.

3.4 Thermo-mechanical properties

A complete comprehension of the internal structure of solid
material is associated with elastic constants, which ensure the
structural stability of the material. Elastic properties play
a crucial role in material science, as they allow materials to spring
back to their original shape after facing external forces.* In this
study, independent elastic constants are first evaluated using
strain-stress calculations, which served as the basis for the
investigation of mechanical properties.® To find the mechanical
behavior and structural stability of the KSn; ,Zn,I; perovskite
series, key elastic parameters such as bulk modulus (B), Young's
modulus (Y), shear modulus (G), and Poisson's ratio (v) are
calculated. The mechanical properties of Zn-doped KSn;_,Zn,I3
perovskites with orthorhombic and monoclinic crystal structures
are calculated with the GGA-PBEsol functional. The values of
calculated elastic constants C;; for KSn,_,Zn,I; perovskites are
provided in Table 4. Among different compositions of KSn;_,-
Zn,I3; the KSnl; and KZnl; have an orthorhombic crystal struc-
ture, while the partially Zn-substituted compounds
KSng 75Zng 5515, KSng 5Zn, 515, and KSng ,5Zn, 7513 have a mono-
clinic structure. The conditions for mechanical stability depend
on the type of crystal structure, where orthorhombic and
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Table 4 The computed elastic constants C; (Gpa) for KSn;_,Zn,ls (x = 0, 0.25, 0.50, 0.75, 1) perovskite compositions

Compound Cn Ciz Ci3 Cis Cao Cas Css Cs3 Css Cu4 Cue Css Ces
KSnI; [ref. 49) 26.40 12.46 11.01 — 15.22 13.50 — 24.51 — 5.98 — 7.74 11.67
KSnl; 18.52 16.02 15.39 — 30.12 13.10 — 33.31 — 8.29 — 5.93 14.02
KSnyg 757N 2515 16.87 9.73 10.98 —0.18 21.49 10.30 —1.06 21.27 —0.42 3.66 0.26  3.88 11.90
KSng_s0ZNg 5013 24.38 13.92 16.10 3.16 25.45 14.88 2.55 35.15 —0.33 10.30 3.08 5.37 8.241
KSnyg 25710 7513 30.72 15.56 16.08 4.18 37.69 16.51 3.43 29.45 2.34 10.78 1.57 6.74 10.89
KZnl; 34.05 17.05 18.55 — 36.71 18.99 — 37.07 — 12.80 — 8.67 11.65

monoclinic crystals each have their own specific elastic stability
requirements. The mechanical stability criteria for the ortho-
rhombic crystal structure are;*”

Ci1 >0, Cay >0, Cs5> 0, Ces > 0, (Cyy x Cp2) > C17,
and

(Ci1 x Cya x C33) + 2(C1p x Ci3 x Cp3) — (Cyy X C232)
—(Cx x C13%) — (C33 x C12°) >0

The mechanical stability criteria for the monoclinic crystal
system are;®’

Ci1>0,Cn>0,C33>0,C4 >0, Cs5>0, Cgg >0,
[Cii + Con+ C3+2(Cip + Ci3 + C3)] > 0,

[(Cs33 x Css) — Cs5° > 0, (Cag X Co6) — Cas” >0,
(Cp + C33 — 2C3)] > 0,

[Coa(C33 x Css — Cssz) + 2(Cy3 X Cy5 X C3s)
— (C23? x Css5) — (Cas” x C33)] > 0,

and

2[Cy5 X Cos(C33 x Cpp = Ci3 X Caz) + Cp5 X C35(Cap X Ci3
— Cia X Ca3) + Co5 X C35(Cryp xCp3 — Cpp xC13)]
—[Ci5 X C15(Cya X C33 — C232) + Cos x Cos(Crpy x Ca3 — C132)
+ Cy5 X C35(Cpy x Cpp — C12)] + Css x g >0

It is observed that conditions mentioned in the above
equations are satisfied for all KSn,_,Zn,I; perovskite composi-
tions. Therefore, all the perovskite compositions are mechan-
ically stable perovskite compounds.

By using the elastic constants provided in Table 4, the bulk
and shear modulus are calculated with the Ruess (Bg, Gg) and
Voigt approximation.®®® The Hill approximation's bulk
modulus (By) and shear modulus (Gy) are determined by taking
the arithmetic mean of the values obtained from the Ruess and
Voigt approximations.” This approach provides a more accu-
rate estimation of the overall mechanical properties by aver-
aging the extremes of elastic responses. The values of the bulk
and shear modulus of all the KSn,_,Zn,I; perovskite composi-
tions are provided in Table 5. Table 5 and Fig. 7 indicate that the

18872 | RSC Adv, 2026, 16, 18861-18879

gradual substitution of Sn with Zn in the perovskite structure
leads to a change in mechanical properties. While an initial
reduction in bulk, shear, and Young's moduli is observed at low
Zn content (x = 0.25), further increase is observed in these
properties with increasing Zn concentration in the perovskite
structure, which indicates enhanced mechanical stability and
stiffness. The smaller ionic radius and stronger bonding char-
acteristics of the Zn-ions compared to the Sn-ions contribute to
a more compact and rigid crystal lattice.

The Pugh's ratio (B/G) measures whether a material will
break easily (brittle) or deform before breaking, by comparing
its stiffness to its resistance to shear.” According to the B/G
ratio criterion, materials with a B/G value greater than 1.75 are
considered ductile, while those with a value less than 1.75 are
classified as brittle. Similarly, another important elastic
behavior, which also helps distinguish between brittle and
ductile behavior, is Poisson's ratio (v). According to Frantse-
vich's rule, materials with a Poisson's ratio greater than 0.26 (v >
0.26) are considered ductile, while those with values below this
threshold are classified as brittle.® As evident from Table 5, all
the investigated compounds of KSn;_,Zn,I; exhibit Poisson's
ratio values ranging from 0.316 to 0.335 and B/G ratio ranging
from 2.39 to 2.70 (Fig. 7(b), and Table 5). This indicates that all
the studied compounds, KSnl;, KSng ;5Zng 513, KSng sZng 51,
KSng »5Zn, 5513, and KZnl;, are ductile and excellent for fabri-
cating thin films on flexible substrates.

The universal anisotropy factor (A”) and its variation with
different Zn-doping concentrations in KSn;_,Zn,I; perovskite
compositions are presented in Table 5 and illustrated in
Fig. 7(b). The completely elastic isotropic material has an A”
value equal to zero. On the contrary, the AY value of an aniso-
tropic material deviates from zero.*® All the compositions of Zn-
doped KSn, _,Zn,I; perovskites exhibit an anisotropic nature, as
the AY value differs from zero (Fig. 7(b), and Table 5). However,
with increasing Zn concentration, the AY values progressively
approach zero, indicating a gradual transition toward elastic
isotropy induced by Zn incorporation. In particular, the perov-
skite compositions KSny,sZng 7513 and KZnl; have AY values
very close to zero, which indicates the nearly isotropic nature of
these compositions. Therefore, the Zn-doped compositions are
less prone to micro-crack formation after fabrication compared
to pristine KSnl; perovskite.

Table 6 summarizes the calculated density (p), longitudinal
(»), transverse (v,), and average sound velocities (vy,), Debye
temperature (@p), and melting temperature (T;,) of KSny ,Zn,I;
(x = 0, 0.25, 0.50, 0.75, and 1) perovskite compounds. These

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculated elastic properties of KSn;_,Zn,ls compounds, including the bulk modulus B (GPa), Young's modulus Y (GPa), shear modulus
G (GPa), Poisson's ratio (v), Pugh's ratio (B/G), and universal elastic anisotropy factor (AY)

Compound By Gy Br Gr By Gu E v B/G AY
KSnl; (ref. 49) 15.57 7.02 14.54 5.21 15.05 6.11 16.16 0.321 2.46 —
KSnl, 19.00 8.14 17.69 6.15 18.35 7.15 18.98 0.328 2.57 1.69
KSng 75ZNg 2513 13.52 5.80 13.26 4.72 13.39 5.26 13.95 0.326 2.55 1.16
KSng 50ZNg 5013 19.42 7.46 17.65 6.29 18.53 6.87 18.35 0.335 2.70 1.03
KSng 557N 7515 21.57 8.99 19.72 8.28 20.64 8.64 22.74 0.316 2.39 0.53
KZnl; 24.11 10.17 24.03 9.89 24.07 10.03 26.43 0.317 2.40 0.15
25 B Lok 270 * - %= B/G
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Fig. 7 Mechanical properties variation of KSn;_,Zn,ls (x =0, 0.25, 0.50, 0.75, and 1) perovskites due to Zn doping; (a) elastic modulus (E), shear
modulus (G), and bulk modulus (B), and (b) Pugh's ratio (B/G), and universal elastic anisotropy factor (AY).

parameters play a crucial role in determining the lattice thermal
conductivity and thermal stability, which are key factors for
thermoelectric performance. The progressive substitution of Sn
by Zn leads to a monotonic increase in density, indicating
enhanced lattice rigidity and improved thermal stability with
increasing Zn concentration. The formulas for the melting
temperature of orthorhombic and monoclinic crystals are
expressed as;**

T =412+ 82[Ciy + C1n']

Cii+Cp+Cy

T =412+82 3

+ C121.25

The increase in melting point with the addition of Zn from
835 K (KSnl;) to 980 K (KZnl;) suggests enhanced interatomic
bonding from the incorporation of Zn. Thus, the Zn-doped

compounds are suitable for high-temperature thermoelectric
applications because of increased thermal stability. With Zn
content, the average sound velocity and the Debye temperature
vary non-monotonically. The KSny ;5Zn, 513 exhibits the lowest
average sound velocity of 1257 m s~ ' and the lowest Debye
temperature of 108 K. This behavior suggests that the lattice
thermal conductivity will be reduced due to the direct relation
between lattice thermal conductivity, phonon group velocity,
and Debye temperature. Low lattice thermal conductivities
greatly improve the thermoelectric figure of merit, and this
behavior makes them favorable to use in thermoelectric appli-
cations. As the concentration of Zn increases, both the value of
vm and Oy, rise to their maximum values for KZnI; composition.
This is due to stronger bonding between the atoms and higher
velocities of phonons within the structure, leading to improved
overall thermal stability of the material. However, while
compositions with Zn provide greater thermal stability, inter-
mediate alloyed compositions should yield the best balance

Table 6 Calculated thermal properties of KSn;_,Zn,ls compounds, including density (p), longitudinal (»), transverse (»), and average sound
velocities (v,), Debye temperature (®p), and melting temperature (T,,)

Compound p (kg m~?) v (ms™) v (ms™h v (ms™) Op (K) Tm (K)
KSnlI; 4280 2482 1257 1409 123 835
KSng.55ZNg 2515 4590 2210 1122 1257 108 845
KSng sZno sl 4620 2447 1219 1367 123 915
KSng.»5ZNg 7515 4705 2614 1355 1516 138 950
KZnI; 4814 2790 1444 1617 149 980

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between reducing the thermal conductivity of the lattice and
maintaining structural integrity.

Overall, the decrease in Debye temperature and sound
velocities observed in the partially substituted zinc composi-
tions provides evidence that the phonon transport is impeded
due to alloy scattering arising from Sn/Zn disorder. Together,
the softening mechanism of phonons and the sufficient range
of melting temperatures indicate that KZnl; is a potential
candidate for future thermoelectric device applications.
However, further investigation into the electrical transport
properties will be necessary before establishing conclusively
whether or not KZnl; is suitable for use in thermoelectric
devices.
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Together, the computed melting temperatures, negative
formation energies, and phonon stability show that KSn; ,Zn,I;
compounds are suitable for high-temperature thermoelectric
applications because they have good intrinsic structural robust-
ness. Nevertheless, the current calculations do not specifically
account for finite-temperature effects like thermal expansion or
temperature-driven phase transitions because they are based on
the optimized ground-state structures. At high temperatures,
these effects could affect electronic transport, lattice thermal
conductivity, and phonon scattering. Future research should
focus on a more thorough evaluation of high-temperature
structural evolution using ab initio molecular dynamics or
quasi-harmonic calculations.
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Fig. 8 Temperature-dependent thermoelectric properties of KSn;_,Zn,ls compounds (x = 0, 0.25, 0.5, 0.75, and 1): (a) Seebeck coefficient (S),
(b) electrical conductivity (a), (c) electronic conductivity (Ke), (d) lattice thermal conductivity (K\), (e) power factor (PF), and (f) figure of merit (ZT).
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3.5 Thermoelectric properties

The graphs in Fig. 8 illustrate how the temperature affects each
of the following variables: (a) Seebeck coefficient (S), (b) elec-
trical conductivity (), (c) electronic conductivity (K.), (d) lattice
thermal conductivity (Ky), (¢) power factor (S°¢), and (f) ther-
moelectric figure of merit (Z7). The thermoelectric effect allows
the direct conversion of a temperature difference into an elec-
trical voltage and vice versa. The efficiency of a thermoelectric
material is quantified by the dimensionless figure of merit, ZT,”>
given by:

_ S%o

ZT
K

Here, S is the Seebeck coefficient, ¢ is the electrical conductivity,
K is the total thermal conductivity (the sum of electronic (K.)
and lattice (Ky) contributions), and T is the absolute tempera-
ture. An optimal thermoelectric material requires a high-power
factor (PF = S”¢) coupled with a low thermal conductivity (K).
In this study, key transport coefficients, including the See-
beck coefficient (S), electrical conductivity (¢), and electronic
thermal conductivity (K.) are calculated using the semi-classical
Boltzmann transport theory within the constant relaxation time
approximation (CRTA). Carrier concentration within the CRTA
framework was utilized to compare intrinsic-temperature and
composition-dependent trends across the KSn; ,Zn,I; series.
This approximation assumes the electron relaxation time (t) is
energy-independent. This is a standard approach when precise
7 calculations from first principles are computationally
prohibitive. A constant t value on the order of 10~** s and
a typical carrier concentration of 1 x 10°° em™ for semi-
conducting thermoelectric materials are employed. The
assumption that is being made is consistent from current
literature of DFT on similar materials. Calculations are
completed using the BoltzTraP2 software,*® and lattice thermal
conductivity (Ky) is calculated using Slack's model.”

M, 05>
K= manr
3(1+0)
Y= 5 2o
2(2-39)
4.85628 x 10’
A(y) =

0.514 0.228
2(1 -—t— )
Y Y
Here, the symbol vy denotes the Griineisen parameter,
a measure of the anharmonicity of a phonon. A reduction in
phonon thermal conductivity at high vy values indicates the
presence of significant anharmonic contributions to heat
conduction. The A(y) is a dimensionless function of the Gru-
neisen constant, M,, refers to the mean mass per molecule, 0, is
the Debye temperature, ¢ is the average distance between
atoms, 7 is the number of atoms within one primitive unit cell,
and T is the absolute temperature (in K). The impact of
anharmonic phonon scattering and phonon group velocity on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lattice heat transport is captured by the model. Thus, it is
anticipated that compositions with lower average sound velocity
and 6p, will have lower lattice thermal conductivity, which is in
line with the trends found in this work. The dependence of the
thermoelectric coefficient upon temperature is shown in Fig. 8.
A complete evaluation of the thermoelectric power factor (S>g),
total thermal conductivity (K), and resulting figure of merit (Z7)
will provide insight into the thermoelectric potential of
KSn; ,Zn,d; (x = 0,0.25,0.50,0.75, and 1) perovskite
compounds.

3.5.1 Seebeck coefficient (S). The Seebeck coefficient vs.
temperature variations for all compositions are shown in
Fig. 8(a). Electrical conductivity as well as the Seebeck coeffi-
cient are influenced by how dispersed the band structure is near
the Fermi level.” Also, the Seebeck coefficient has strong
composition dependence and is a clear method of di-
stinguishing the two pure compounds KSnI; and KZnl; from
any intermediate alloys.

The Seebeck coefficient for KSnl; is at its maximum value of
220-230 uV K' at low temperature region (100 < T'< 300 K). The
reason that KSnI; has such a high Seebeck coefficient is that it
has a steep band curvature and the effective mass at the Fermi
level is relatively large. As the temperature increases, KSnl;
shows a monotonic decrease in S value due to significant
bipolar excitation typical for semiconductors. Conversely, KZnI;
shows a monotonic increase in S value as the temperature
increases and surpasses all the other compositions at around
650 K with S value of 225 pV K'. The Seebeck coefficient of KZnl;
is maximized at the high temperature region with increased
thermal excitation of the carriers, providing a more suitable
band gap for thermoelectric operation at elevated temperatures.
This makes KZnI; a superior high-temperature thermoelectric
material compared to compositions like KSnI;.

For a clearer assessment of performance, these results can be
compared with the Seebeck coefficient (S) of well-known ther-
moelectric compounds found in the literature. For instance,
polycrystalline tin selenide (SnSe) reaches the maximum See-
beck coefficient (S) value of 668 v K ' at 380 K.”® For the
silicon-alloyed Bi, 4Sb1.6Te; compounds, the Seebeck coeffi-
cient (S) value peaks at approximately 400 K, reaching values
near 230 uV K .7 The n-type doped CsSnl; and CsGel; perov-
skites exhibit Seebeck coefficient values of —300 and —280 puVvV
K™, respectively, at 700 K.”7 In contrast, CsPbl; perovskite
exhibits a low value of the Seebeck coefficient of 150 pv K™ * at
the same temperature.”® Among organic-inorganic mixed
halide perovskites, the MAPDI; single crystal displays a very
high Seebeck coefficient of almost 1693 uv K ' at 351 K.”
However, the low electrical conductivity of MAPbI; makes the
ZT value very small, approximately ~0.1-0.9.%° Compared to
these well-known thermoelectric compounds, the Seebeck
coefficients of KSnl; and KZnlI; fall within a competitive range
along with the earth abundance of K compared to Se, Te, and
Cs. This highlights their potential for further thermoelectric
development.

The mixed alloys (x = 0.25, 0.5, 0.75) display noticeably lower
Seebeck coefficients across all temperatures. This reduction
occurs because alloying introduces structural changes,

RSC Adv, 2026, 16, 18861-18879 | 18875
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chemical disorder, and lattice scattering, which alter carrier
concentration and reduce carrier mobility. These effects weaken
the Seebeck coefficient compared to the well-ordered pure end
compounds. Thus, KSnI; dominates at low temperatures, while
KZnl; has the superior high-temperature Seebeck coefficient,
making the two end-members the most promising thermo-
electric compounds.

3.5.2 Electrical conductivity (o). Fig. 8(b) presents the
electrical conductivity () as a function of temperature (K) for
five different compositions in the KSn; ,Zn,I; system. The two
pure end-members, KZnl; and KSnl;, exhibit the highest elec-
trical conductivity across the entire temperature range. The
electrical conductivity reaches approximately 0.87 x 10'® and
0.61 x 10 Q' m~' s7" at higher temperatures for KZnlI; and
KSnl;, respectively. The KZnl; demonstrates the highest
conductivity overall. The mixed compositions (KSng 75Zng 2513,
KSngysZngsl;, and KSng,5Zng;sl;) show lower electrical
conductivity compared to the pure end-members. This reduc-
tion in conductivity is typically attributed to the introduction of
alloy scattering disorder by mixing Sn and Zn atoms, which
impedes the transport of charge carriers. The electrical
conductivity for all compositions increases with temperature,
indicating a semiconducting or thermally-activated transport
mechanism.

3.5.3 Electronic conductivity (K.). The total thermal
conductivity (K) of a material is consists of the lattice thermal
conductivity (k;), which is caused by vibrations in the lattice
structure, and the electronic conductivity (k.), which is caused
by the motion of charge carriers.®* Fig. 8(c) shows the
temperature-dependent electronic conductivity for the KSn;_,-
Zn,l; compounds. In all compositions, K. increases steadily
with temperature, reflecting thermally activated semi-
conducting transport. The two pure phases, KSnl; and KZnlI;
exhibit the highest K. values across the entire temperature
range. At 950 K, KZnlI; reaches ~1.08 x 10" (m™" k™' s™"), and
KSnl; reaches ~0.51 x 10" (m™" k™" s7") at 800 K, confirming
their superior carrier mobility and reduced scattering in the
structurally ordered lattice.

In contrast, the mixed alloys typically display lower elec-
tronic conductivity. For example, the electronic conductivity of
KSn, 5Zn, sl reduces to 0.39 x 10™ (m " k™' s7') at elevated
temperatures due to alloy-induced disorder. This introduces
potential variation and increases electron-phonon and point-
defect scattering. The same trend is seen at 300 K as both
KZnl; and KSnI; have conductivity greater than that of the
respective alloy compositions, indicating that the K, follows the
same hierarchy as the ¢ in Fig. 8(b). This phenomenon
demonstrates that structural ordering in the pure compounds
results in significantly higher electronic conductivity than does
disorder in the mixed alloys.

3.5.4 Lattice thermal conductivity (K;). Fig. 8(d) shows the
variation of lattice thermal conductivity (K) with temperature.
For all compositions, K;, decreases continuously as temperature
increases. This is a characteristic signature of phonon-phonon
scattering, which becomes more effective at high temperature.
Among the perovskite compounds, KZnl; shows the highest K,
maintaining values near 2.0 Wm™ ' K " at low temperatures. Its

18876 | RSC Adv, 2026, 16, 1886118879
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relatively strong lattice stiffness permits more efficient phonon
propagation. Elements that are smaller in size usually have
higher lattice thermal conductivity due to lower phonon-
phonon scattering. Conversely, the reverse effect occurs for
atoms with a larger size.®* For this reason, the compositions
with a high percentage of Zn, KZnl;, and KSng,5Zn, ;513 have
higher lattice thermal conductivity.

The mixed alloys exhibit reduced Kj, values, with KSng ;5-
Zny »51; showing the lowest thermal conductivity among all
compositions. This reduction originates from enhanced alloy
scattering, where mass-fluctuation and strain-field disorder
significantly shorten phonon mean free paths. Although lower
K, is beneficial for increasing Z7, the alloys do not show
improved thermoelectric performance because their PF values
are drastically reduced. Thus, the thermal conductivity reduc-
tion alone is insufficient to compensate for the degradation in
electronic transport.

3.5.5 Power factor (PF = 5°¢). The calculated temperature
dependence of the power factor (PF) is shown in Fig. 8(e). A high
PF is essential for achieving a high ZT, as it couples the Seebeck
coefficient with electrical conductivity. The KZnlI; exhibits the
highest power factor, increasing continuously with temperature
and approaching ~4.22 x 10" Wm ™' K2 s' at 950 K
temperature. This remarkable function can be explained by the
simultaneous presence of good electrical conductivity and
a moderately high Seebeck coefficient. The combination of
these two qualities is rarely combined, but would provide an
outstanding combination for a thermoelectric application. The
KSnlI; has the second highest PF value of 2.33 x 10" Wm ™" K2
s~ " at elevated temperatures. The large Seebeck value is a major
contributor in this behavior, but its electrical conductivity
remains lower than that of KZnI;.

For the intermediate alloys studied (x = 0.25, 0.5, 0.75), the
measurements show a significantly reduced PF within the
temperature range of 100 K to 1000 K. Disorder in the alloy
structure leads to decreased mobility of carriers through alloy
scattering and therefore leads to reduced S. Thus, the value of
S%¢ is significantly less than that of the pure compounds
demonstrating the need for structural and electronic coherence
across the pure compounds in order to achieve high perfor-
mance transport. Finally, KZnl; and KSnl;, as pure end
compounds, retain superior pathways for carrier transport
compared to disordered mixed alloys.

3.5.6 Figure of merit (ZT). Fig. 8(f) shows the temperature
dependency of the figure of merit, which synthesizes all the key
thermoelectric properties (S, o, K., K1) and thereby measures the
efficiency of a thermoelectric material. All compositions showed
a monotonic increase in ZT as the temperature increased,
meaning higher thermoelectric performance at high tempera-
tures. The two highest ZT values are exhibited by the pristine
KSnI; and KZnlI; at high-temperatures, ZT is 1.01 at 800 K, and
ZT is 1.27 at 950 K, respectively. The thermoelectric perfor-
mance of KZnl; is largely dependent upon its crystallography.
Prior studies report a ZT of approximately 0.55 at 1000 K for the
cubic phase (Pm3m, no. 221).* In comparison, our work on the
orthorhombic phase (Pnma, no. 62) reveals a substantially
enhanced ZT of about 1.27 at 950 K. This exceptional value

© 2026 The Author(s). Published by the Royal Society of Chemistry
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results from its high-power factor combined with favorable
thermal transport characteristics, including relatively low
lattice thermal conductivity with a strong Seebeck coefficient at
elevated temperatures.

To better evaluate the significance of this performance,
a comparison with the well-established thermoelectric mate-
rials is essential. For example, tin selenide (SnSe) is one of the
well-known thermoelectric compounds. The single crystal SnSe
has one of the highest ZT values in the range of 2.2-2.6 at 913 K,
and polycrystalline hole-doped SnSe provides ZT ~ 3.1 at 783 K
temperature.®® Another renowned thermoelectric material is
Big 4Sby ¢Tes, used for low temperature thermoelectric applica-
tions, which has ZT ~1.25 at about 100 °C temperature.®
However, selenium (Se) and tellurium (Te) are rare trace
elements compared to K, Zn, and Sn present in KSn, ,Zn,I3
perovskites. In case of inorganic perovskite materials, the peak
value of ZT in CsSnl; and CsGel; with the help of n-type doping
can be reached to 0.95 and 1.05, respectively, at 700 K temper-
ature.”” However, the ZT value of CsPblj; is very low; ZT of 0.45
can be achieved with p-type doping at 700 K temperature.””
However, the K present in KSn, ,Zn,I; is much more earth-
abundant compared to Cs, making these materials more
promising from a sustainability perspective.

In the mixed alloys, ZT remains significantly lower
throughout the temperature range, mainly due to structural
shift. The pronounced disorder reduces carrier mobility and
increases phonon scattering, thereby lowering PF and deterio-
rating Z7. Although increased phonon scattering can reduce K,
it is beneficial. The simultaneous suppression of ¢ and S%
outweighs this advantage. As a result, alloying compromises the
delicate balance required for high efficiency. Overall, the best
thermoelectric performance is achieved in the pure
compounds. The KSnl; and KZnlI; are more promising for high-
temperature thermoelectric applications. Whereas interme-
diate zinc concentrations reduce the overall thermoelectric
efficiency. The tunability of thermoelectric behavior through
Sn/Zn substitution highlights the potential of KSn;_ ,Zn,I3
halide perovskites as next-generation, non-toxic, low-cost ther-
moelectric materials.

4. Conclusion

This study establishes KSn; ,Zn,I; (x = 0, 0.25, 0.5, 0.75, 1)
perovskites as versatile, non-toxic, low-cost materials for ther-
moelectric energy harvesting and optoelectronic applications.
The thermodynamic stability of all compositions is confirmed
by their negative formation energies and phonon stability. It is
successfully demonstrated that substituting Sn with Zn not only
improves mechanical robustness (E, G, B) but also reduces
elastic anisotropy (4Y), which reduces micro-crack formation.
These findings imply that there is potential to form thin films
on a flexible substrate. The study of thermoelectric behavior
indicates that the alloying of Zn to Sn results in the reduction of
lattice thermal conductivity due to the scattering. This behavior
results in a concurrent degradation of the electronic transport
properties and a decrease in both the overall power factor and
the overall figure of merit values. The thermoelectric

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

performance is the greatest for two pure materials KSnI; and
KZnl;. The KSnI; has the greatest performance at lower
temperatures with a very high Seebeck coefficient of 220-230 uv
K', and the ZT value is 1.01. Meanwhile, KZnI, archives opti-
mized power factor ~4.22 x 10" W m~' K2 and ZT value of
1.27. The HSE06 functional is used to analyze the electronic
characteristics Zn-doped Ksnl; materials. This analysis indi-
cates that Zn can effectively engineer bandgaps of the perovskite
compounds between 3.01 eV (KZnl;) and 2.34 eV (KSng,s-
Zn, 7513). As both compounds have wide bandgap, they can be
used as suitable candidates for UV-visible optoelectronic
devices or as the upper layer of tandem solar cells. Doping the
perovskites with Zn allows for a systematic change to three
important optical constants, such as optical absorption,
reflectivity, and extinction coefficient, allowing for tailored
light-matter interaction. In summary, Zn-doped KSnl; perov-
skites represent a versatile, non-toxic platform. They are
particularly promising for specialized optoelectronic applica-
tions in the UV-visible range and for high-temperature ther-
moelectric waste-heat recovery.
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