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Materials having an antiferromagnetic (AFM) semiconducting ground state with a direct energy band gap

(Eg) are attractive for photovoltaic (PV), energy-harvesting, and spintronic applications. In this work,

numerous aspects of Na2Cu2TeO6 (NCTO) are systematically investigated using first-principles

calculations under biaxial ([110]) strain. The compound is found to be thermodynamically and

mechanically stable. The unstrained phase exhibits a robust AFM ground state arising from strong

superexchange coupling with a calculated local spin moment of ∼0.9mB per Cu ion. The system

possesses a direct Eg of 2.10 eV, with 100% accuracy compared to the experimental value. Under applied

strain, the AFM ordering remains intact, while the Eg is tuned from 2.43 eV (−5%) to 1.81 eV (+5%) and

retains its direct nature, leading to a pronounced enhancement of the PV rating. Notably, the

spectroscopic limited maximum efficiency (SLME) increases from 20.47% in the unstrained case to

a maximum value of 26.16% at +5% tensile strain, accompanied by a substantial rise in the short-circuit

current density (Jsc = 19.01 mA cm−2) and a high fill factor (FF z 0.914). Furthermore, the electron

effective mass (m*) decreases from
m*

e

m0
¼ 0:145 to 0:131, while the hole m* is reduced from

m*
h

m0
¼ 0:616 to 0:506 as the strain varies from −5% to +5%, indicating improved carrier mobility under

tensile strain. Concurrently, the static dielectric constant exhibits a moderate increase from 3.76 to 3.89,

leading to a reduction in the exciton binding energy (Eb) from 0.112 to 0.093 eV, which facilitates

efficient charge separation. Additionally, thermoelectric analysis yields a high figure of merit of 0.81 at

a −5% comparison at 1200 K, owing to an enhanced power factor and reduced lattice thermal

conductivity. The Seebeck coefficient remains positive across all strain levels, indicating p-type

conduction, while the electrical conductivity improves significantly under tensile strain. Collectively,

these results demonstrate that biaxial strain is an effective route to simultaneously optimize the various

physical features of the NCTO, establishing it as a promising multifunctional material for next-generation

PV, energy-harvesting, and spin-dependent electronic devices.
1 Introduction

A fundamental challenge in materials research lies in under-
standing the rich physics born from the delicate interplay of
order and disorder. A highly promising group of materials are
the double perovskites (DPOs) with the general formula
A2BB0O6.1,2 The A site is typically an alkaline or a rare-earth
element, while the B and B0 sites are occupied by transition
metals (TMs).3 A key feature is that the B-site cations can
arrange in an ordered or disordered octahedral pattern with
dha, 40100 Sargodha, Pakistan. E-mail:

060

College of Engineering, Taif University,

the Royal Society of Chemistry
oxygen,4,5 and versatility originates from their tunable nature.
The precise selection and combination of different cations at
the distinct lattice sites allow for the direct design of targeted
features like magnetism and electronic conductivity.6 In
particular, an interesting family within this group is the layered
honeycomb oxides,7 characterized by compositions A2M2DO6

and A3M2DO6, where A is an alkali/coinage metal (Li, Na, and
K), M is a TM (Ni, Co, Zn, and Cu), and D is a chalcogen/
pnictogen (Te, Sb, and Bi), which provide an ideal platform
for studying how competing magnetic interactions (J2/J1 and J3/
J1) stabilize new quantum states.8 Ongoing research into
specic compounds within this family highlight their diverse
magnetic aspects. For instance, Na2Co2TeO6 displays complex
antiferromagnetic (AFM) ordering9 and is a promising candi-
date for Kitaev spin-liquid behavior,10,11 while Na3Ni2SbO6
RSC Adv., 2026, 16, 19079–19093 | 19079
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demonstrates the zigzag AFM state,12 offering a further platform
for studying magnetic frustration. Furthermore, in compounds
like Na3LiFeSbO6, Na4FeSbO6, and Li4MnSbO6, the lack of long-
range magnetic ordering is attributed to the effects of disorder
and frustration.13,14 An AFM state at low temperatures has also
been observed in various O3-type honeycomb compounds such
as Na3M2SbO6 (M = Cu, Ni), Na3Ni2BiO6, and Li3Ni2SbO6,
alongside P2-type materials such as Na2M2TeO6 (M = Co,
Ni).15–17 Likewise, Na2Cu2TeO6 (NCTO) possesses a layered
structure, where the Cu2+ ions form a distorted honeycomb
lattice that is arranged in dimerized chains and directly shapes
its magnetic behavior.18

In addition to their fascinating magnetic behavior, DPOs
have gained attention for various optoelectronic (OE) and
energy-conversion devices, attributed to their easily engineered
electronic aspects and composition-dependent versatility.3 For
instance, in the realm of photovoltaics (PVs), lead-free DPOs
like Cs2AgBiBr6 have been extensively investigated for their
potential as stable and non-toxic light absorbers, where spec-
troscopic limited maximum efficiency (SLME) calculations
predicting theoretical values exceeding 10%, showcase their
promise for next-generation solar cells.19 Similarly, DPOs such
as Sr2FeMoO6 and Ba2NiMoO6 have demonstrated excellent
photocatalytic activity, driven by their efficient charge separa-
tion and suitable Eg.20,21 In the eld of PV, the Ti-based halide
double perovskite Cs2TiBr6 has attracted interest because of its
optimal energy bandgap (Eg) of 1.8 eV, showing outstanding
inherent stability, and a predicted SLME above 20%, posi-
tioning it among the most promising Pb-free absorber mate-
rials.22 Furthermore, the TE performance of DPOs is a subject of
growing interest, where a material like Sr2TiCoO6 is theoreti-
cally predicted to show a large Seebeck coefficient (S) owing to
its complex electronic band structure, while its layered
arrangement promotes phonon scattering and thus reduces
lattice thermal conductivity (kL), an ideal combination for
achieving a high gure of merit (ZT).23 The Rb2LiAlTe6 DPO has
emerged as a highly promising material, featuring an excep-
tionally low lattice thermal conductivity (kL < 0.5 W mK−1) at
room temperature and a predicted ZT > 1.5, largely due to its
rattling ions and so phonon modes.24 More recently, halide
DPOs like Cs2AgBiBr6 and Cs2AgBiCl6 have been synthesized
and shown to possess an ultralow kL, a property paramount for
efficient TE conversion, paving the way for their use in waste
heat recovery applications.25

Moreover, the physical behavior of DPOs can bemanipulated
by adjusting their lattice parameters through various growth
conditions, such as changes in temperature, hydrostatic pres-
sure, depositing lms on different substrates, and biaxial (biax.)
strain. For example, Sr2CoNbO6 shows a rise in electrical
resistivity and Eg under tensile (tens.) strain, while both features
decrease, when compressive (comp.) strain is applied.26 The
Sr2CrReO6 structure shows a ferrimagnetic (FiM) to ferromag-
netic (FM) transition when subjected to +2% biax. ([110]) or
hydrostatic ([111]) strain.27 Recently, Faiza-Rubab and Nazir,
reported that the monoclinic LaSr1−xCaxNiReO6 DPO (for x =

0.0 and 0.5) undergoes an insulator–metal transition when
subjected to −3% biax. comp. strain.28 Subsequently, the effects
19080 | RSC Adv., 2026, 16, 19079–19093
of biax. ([110]) strain on Y2NiIrO6 is explored, revealing a half
metal to insulator–metal transition at a critical −6% comp.
strain, while +4%/+5% tens. strain induces FiM to FM/AFM
magnetic transitions.29 Likewise, applying −3% comp. strain
to Sr2CaOsO6, triggers a transformation from semiconducting
(SC) to half metal behavior.30 Rout and Srinivasan, reported that
applying −2.7% comp. strain transforms the C-type AFM insu-
lating Bi2FeReO6 into a FiM half metal.31 In addition, experi-
mental studies indicate that when Re2NiMnO6 (Re = La, Pr, Nd,
Sm, and Y) thin lms are deposited on the LaAlO3 substrates,
a lattice mismatch arises. The resulting strain further distorts
the B(B0)O6 octahedra, improving the magnetic aspects of the
lms and helping to maximize the TC in DPO materials.
Furthermore, strain-engineering is particularly powerful for
optimizing functional aspects like PV efficiency and TE perfor-
mance. For instance, in the eld of PVs, biax. strain has been
shown to directly tune the electronic band structure, a critical
factor for light absorption.

For example, ab initio calculations demonstrate that strain
tuned the Eg of the Janus C2h Al2XY (X/Y = S, Se and Te)
monolayers from 2.25 to 2.57 eV, which enhances their poten-
tial from an OE and PV view point.32 A prime example is the Pb-
free halide Cs2AgBiBr6, where the application of +4% tens.
strain was theoretically demonstrated to reduce indirect Eg from
1.95 to 1.65 eV, enhancing its overlap with the solar spectrum
and potentially boosting its SLME.33 Likewise, the OE features of
Cs2SnI6 can be effectively engineered with strain. Theoretical
predictions show that when applying +5% tens. strain, Eg
increases to 1.48 eV from an unstrained value of 1.30 eV, while
the material retains its efficient direct Eg structure. This precise
control allows its properties to be optimized for the ideal
Shockley–Queisser Limit, showcasing that strain is a powerful
tool for material design.34 As Guo et al. theoretically predicted
that strain enhances the photocatalytic performance of the
Janus Si2PAs(SiXY) monolayers35,36 and Ga2SeTe/AlAs hetero-
structure,37 as well as making them potential candidates for
water splitting and solar cell applications. Similarly, strain
methodology plays a pivotal role in enhancing TE aspects by
decoupling electronic and thermal transport. A computational
study on Ba2ZnMoO6 indicates that biax. strain aligns the
electronic valleys within the conduction band, causing
a substantial rise in the material’s S and overall power factor
(PF).38

Motivated by these prior results, we employed density func-
tional theory (DFT) to systematically investigate the effect of
biax. ([110]) strain on the numerous aspects of the newly
synthesized NCTO DPO. A primary goal was to determine
whether the AFM SC state remains stable under strain, which is
a key question for both fundamental understanding and prac-
tical application. To thoroughly assess the material’s potential,
we extended our study to several traits, which are critical for
real-world implementation. Also, we aimed to explore its OE
performance by calculating optical features and estimating
solar cell efficiency using the SLME method.39 Finally, to eval-
uate its utility in thermal energy conversion, we planned
a detailed computation of the TE transport coefficient, with
particular focus on the ZT under varying strain conditions.40
© 2026 The Author(s). Published by the Royal Society of Chemistry
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This comprehensive approach was designed to establish
whether NCTO is not only a compelling quantum magnetic
material but also a viable candidate for next-generation energy-
harvesting technologies.

2 Computational and structural
details

Present calculations employed the full-potential linearized
augmented plane-wave method as implemented in the WIEN2K
code41 within the framework of spin-polarized (SP) DFT.42 For
the exchange–correlation functional,43 the Perdew–Burke–Ern-
zerchof44 formulation of the generalized gradient approxima-
tion (GGA) is utilized.45 Along with this, the correlation effects
on the Cu 3d orbitals are taken into account with on-site
coulomb interactions Hubbard parameter (U),46 which varies
from 4.0 to 7.0 eV to predict the correct electronic structure of
the material. For the wave function expansion inside the atomic
spheres, we set lmax = 12, while the plane-wave cutoff is set to
Rmt × Kmax = 6 with Gmax = 24. A k-mesh of 7× 8× 4 having 300
points inside the irreducible wedge of the Brillouin zone is
found to be well converged. Geometry optimization is per-
formed until the atomic forces are less than 5 mRy per a.u. and
total energy (Et) convergence of less than 10−4 Ry is set for self-
consistency.

NCTO crystallizes in a monoclinic structure having space
group C2/m (no. 12). The Na, Cu, Te, O1, and O2 ions occupy the
Wyckoff positions of 4h, 4g, 2a, 8j, and 4i having experimentally
observed atomic sites of (0, 0.1923, 0.5), (0, 0.6647, 0), (0, 0, 0),
(0.1934, 0.1638, 0.1245), and (0.7562, 0, 0.1594), respectively.
The experimental lattice parameters a = 5.7024 Å, b = 8.6567 Å,
and c = 5.9389 Å with b = 113.740° are used for the present
study.47 In its primitive unit cell, there are 4, 4, 2, and 12 atoms
of Na, Cu, Te, and O, respectively. The crystal structure of the
NCTO, presented in Fig. 1, reveals a framework that is built
from one-dimensional chains of CuO6 octahedra. These chains
Fig. 1 Schematic representation of the Na2Cu2TeO6 structure.

© 2026 The Author(s). Published by the Royal Society of Chemistry
are linked by Te atoms in a distorted tetrahedral symmetry. The
structure is stabilized by Na ions residing in the interstitial
sites, which ensure charge balance, while the characteristic
inclination of the unit cell axis clearly reects its monoclinic
symmetry.
3 Results and discussion
3.1 Unstrained system

First, we began by evaluating the structural stability of the
unstrained NCTO material using formation enthalpy (DHf)
calculations:27

DHf ¼ 1

22

�
ENa4Cu4Te2O12

t � 4ENa
t � 4ECu

t � 2ETe
t � 12EO

t

�
(1)

where 22 is the total number of atoms and ENa4Cu4Te2O12
t repre-

sent the Et of the primitive cell of the NCTO motif. Similarly,
ENat , ECut , ETet , and EOt are the per-atom Et in the most stable low-
temperature phases of the Na, Cu, Te, and O atoms, corre-
spondingly. The estimated DHf is plotted against various U
values in Fig. 2(a), which are negative and range from −0.9693
to −0.7831 eV per atom across the entire U levels. The consis-
tently negative DHf indicates that the formation process is
exothermic, which means that the energy is released when the
constituent elements combine to form a compound. This
thermodynamic favorability suggests that the material is
inherently stable.

Next, the magnetic ground state (MGS) of the unstrained
structure was identied by comparing the Et of the FM and AFM
Fig. 2 GGA+U calculated: (a) formation enthalpy (DHf), (b) energy
differences between antiferromagnetic (AFM) and ferromagnetic (FM)
states (DE = EAFM − EFM), (c) energy band gap (Eg), and (d) local spin
magnetic moments (ms) on the Cu atoms as a function of the Hubburd
(U) parameter, which varies from 4.0 to 7.0 eV on the Cu 3d state in the
Na2Cu2TeO6 structure.

RSC Adv., 2026, 16, 19079–19093 | 19081
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spin-ordering (SO). In the FM SO, spins of both Cu ions are
aligned parallel ([[) having a large net moment. On the other
hand, the spin on one Cu atom is oriented opposite to each
other ([Y), leading to the perfect AFM state with a zero net
moment. Thus, we evaluated the MGS of the system by
computing the energy difference (DE = EAFM − EFM) from its
AFM and FM phases across the various U values as shown in
Fig. 2(b). The negative sign of DE at each U level indicates that
AFM SO is more stable than that of the FM one, which aligns
well with the experimental results.47 This implies that the anti-
parallel alignment between Cu ions (both in-plane and out-of-
plane orientations) is favorable. Subsequently, the electronic
structure of the system in its stable AFM state was analyzed by
computing Eg against numerous U values on the Cu 3d state as
depicted in Fig. 2(c). The Eg increases from 1.54 to 2.14 eV as U
is raised from 4.5 eV to 7.0 eV and at a critical U level of 6.5 eV,
the computed Eg of 2.10 eV is in excellent agreement with the
experimentally observed value of 2.10 eV (ref. 47) having 100%
accuracy. For a qualitative analysis of the electronic structure of
the NCTO material, the computed SP total density of states
(TDOS) for various U levels on the Cu 3d state is presented in
Fig. 1S of the SI. The conduction band edge shis substantially
away from the Fermi level (EF), increasing the Eg magnitude (see
Fig. 1S(a–c) of the SI). For U = 6.5 eV on the Cu 3d state, Eg of
2.10 eV is obtained, converging closely with the experimental
value of 2.10 eV (see Fig. 1S(d) of the SI). Therefore, for further
investigations, we xed the U of 6.5 eV on the Cu 3d state.

A deeper understanding of the electronic contributions near
the EF is achieved through SP partial density of states (PDOS) of
the Te 2p, Cu 3d, and O 2p states that are plotted in Fig. 3(a).
The PDOS reveals the distinct roles of various orbitals in
shaping the electronic structure of the NCTO. The valence band
region, extending from approximately −5 eV up to EF, is
predominantly constituted by Cu 3d and O 2p states with
Fig. 3 GGA+U (U = 6.5 eV on the Cu 3d state) calculated spin
polarized: (a) partial density of state (PDOS) on the Te 2p/Cu 3d/O 2p
orbitals and (b) band structure (only for one spin channel) for the
Na2Cu2TeO6 material in the stable antiferromagnetic state.

19082 | RSC Adv., 2026, 16, 19079–19093
a signicant degree of hybridization between them. This strong
Cu 3d and O 2p orbitals mixing indicates covalent bonding
character within the CuO6 octahedra, which is crucial for the
structural stability and electronic features of the material.
Specically, the states closest to the valence band maximum
(VBM) are primarily composed of Cu 3d character. In contrast,
the conduction band is mainly formed by the Cu 3d state. In
addition, the calculated SP band structure for the stable AFM SO
in Fig. 3(b) further corroborates the semiconducting behavior of
the material. A well-dened direct Eg of 2.10 eV exists between
the VBM and CBM that lies on the same G symmetry point (see
Fig. 3(b)), which is crucial for OE applications where a direct
and tunable Eg is desirable.

Finally, the system magnetism was probed by plotting the
partial spin magnetic moment (ms) on both Cu ions in the
stable AFM state of the unstrained NCTO against U in Fig. 2(d).
The calculated ms of 0.9mB, conrms the oxidation state of +2 of
the Cu ion, which almost remains constant as U increases.
Moreover, ms on the Cu1 and Cu2 ions show “+” and “−” sign,
affirming the AFM SO as well. For further insight into the origin
of system magnetism, the 3D spin-density isosurfaces owing to
an iso-value of 0.05 e Å−3 for the stable AFM SO of the NCTO
material is plotted in Fig. 4. The highly localized spin densities
around Cu sites conrm their role as the sole magnetic carriers.
As the Cu2+ (3d9) ion is in an octahedral crystal eld, it results in
t32g[ t32gY e2g[ e1gY electron distribution leaving a single unpaired
electron in its eg orbitals. This is visualized as a distinct eg
orbital lobe geometry in the isosurface. Crucially, the spin-
densities on the two Cu sites (Cu1 and Cu2) are of identical
magnitude but display opposite colors (pink and blue), con-
rming the AFM coupling between them as well (see Fig. 4).
Alongside, the robust anti-parallel alignment in the NCTO
Fig. 4 Computed 3D spin-magnetization density isosurfaces for the
Na2Cu2TeO6 material in the stable antiferromagnetic spin state. For
clarity, Na, Te, and O ions are omitted.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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material is visualized by a superexchange interaction between
the adjacent Cu1 and Cu2 ions as presented in Fig. 5. The AFM
coupling is operated by virtual electron hopping via oxygen
(O2−). The nearly 180° Cu–O–Cu bond angle in the NCTO,
provides an ideal geometry for this strong and direct super-
exchange pathway, maximizing the overlap between the Cu
dx2−y2 (eg) and O 2p orbitals. The mechanism is governed by the
electronic conguration of the Cu2+ (3d9) ions, which possess
a single unpaired electron in the eg orbitals. The unpaired eg
electron from one Cu ion in the spin up ([) state can virtually
hop onto the oxygen, because the oxygen 2p orbital hosts a spin-
down (Y) electron, which validates the Pauli-exclusion prin-
ciple. This electron can in turn hop virtually onto the neigh-
boring Cu ion, which possesses a spin-down eg state partially
empty to receive it. This two-step virtual process results in a net
lowering of the system’s energy, when the spins on the two Cu
ions are anti-parallel, thereby stabilizing the AFM ground state.
Hence, the specic path and strength of this interaction as
C11 . 0; C22 . 0; C33 . 0; C44 . 0; C55 . 0; C66 . 0
C33C55 � C35

2 . 0; C44C66 � C46
2 . 0; C22 þ C33 � 2C23 . 0

C22

�
C33C55 � C35

2
�þ 2C23C25C35 � C23

2C55 � C25
2C33 . 0

2ðC15C25ÞðC33C12 � C13C23Þ þ C15C35ðC22C13 � C12C23Þ þ C25C35ðC11C23 � C12C13Þ � hþ C55g. 0
depicted schematically in Fig. 5, are crucial to understanding
the magnetic aspects of the materials.
3.2 Strained system

Now, to evaluate the strain-dependent behavior of the NCTO
DPO, we performed a comprehensive analysis under biax. strain
along the ab-plane ([110]), varying the experimental lattice
constants from −5% to +5%. Here, “−” and “+” signs represent
the comp. and tens. levels, correspondingly. Here, it should be
noted that the atoms are allowed to relax in all directions, which
Fig. 5 Superexchange mechanism between Cu1 and Cu2 3d orbitals
via oxygen 2p state by mediating feasible Cu2+–O2−–Cu2+ (e1g[–2p

2–
e1gY) coupling in the Na2Cu2TeO6 material.

© 2026 The Author(s). Published by the Royal Society of Chemistry
means atomic position optimization is taken into account for
all strained structures. Initially, the thermodynamic stability of
the system under strain is quantied by computing DHf as
depicted in Fig. 2S of the SI. The determined DHf values remain
negative across the entire strain range, conrming that all the
strained congurations are thermally stable and can be
synthesized under normal conditions. However, the stability is
enhanced under tens. strain as evidenced by the more negative
DHf values, while comp. strain results in comparatively less
negative DHf, indicating reduced structural stability than that of
the unstrained one. Furthermore, the material’s mechanical
stability was evaluated by calculating the elastic stiffness
tensors (Cij) under three strain conditions (−5%, 0%, and +5%),
which is done through the application of six nite deformations
and analysis of standard stress–strain relations.48,49 Therefore,
13 individual Cij are estimated for the monoclinic phase of the
NCTO material across the three measured strain levels, which
are listed in Table 1. The majority of Cij values are positive and
meet the necessary and sufficient Born stability criteria as:50

where

g = C11C22C33 − C11C23
2 + 2C23C25C35 − C23

2C55 − C25
2C33 > 0

h = C15
2(C22C33 − C23

2) + C25
2(C11C33 − C13

2) + C35
2(C11C22 −

C12
2) > 0

Moreover, a systematic comparison of the derived elastic
moduli Young’s modulus (Y), shear modulus (G), and bulk
modulus (B) was conducted for each strain level as illustrated in
Fig. 6. The B is a measure of a material’s resistance to uniform
volumetric compression and exhibits exceptional stability
across the strain conditions. The calculated values revealed
a clear decreasing trend in the B amplitude with applied strain,
falling from 151.75 GPa at−5% to 82.75 GPa at +5% strain. This
consistent decline indicates a progressive loss of resistance to
volumetric compression and a signicant soening of the
material’s structure. Similarly, Y is also known as the elastic
modulus and is a measure of a material’s stiffness. A high value
implies that the material strongly resists deformation under
stress, while a low value characterizes a more exible and easily
shaped substance. It decreases from 191.57 GPa at −5% strain
to 157.27 GPa at 0% and nally to 126.1 GPa at +5%. Along with
this, G which is the ratio of shear stress to strain and indicates
a material’s resistance to shape deformation, fell from
74.28 GPa (−5%) to 61.13 GPa (0%) and further to 50.61 GPa
(+5%).
RSC Adv., 2026, 16, 19079–19093 | 19083
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Table 1 Computed 13 independent elastic constants (Cij) of the Na2Cu2TeO6 material under −5%, 0%, and +5% biaxial ([110]) strains

Strain C11 C12 C13 C15 C22 C23 C25 C33 C35 C44 C46 C55 C66

−5% 219.42 87.09 81.11 0.19 213.69 147.01 0.36 349.94 0.06 75.86 0.12 85.11 67.44
0% 174.08 48.48 48.04 −1.08 167.51 95.92 −0.87 282.55 −1.08 57.49 0.14 67.42 47.01
+5% 136.97 33.91 34.25 −0.04 135.09 64.31 0.15 239.36 −0.05 45.57 0.06 56.78 36.69

Fig. 6 Computed bulk modulus (B), Young’s modulus (Y), and shear
modulus (G) of the Na2Cu2TeO6 material under −5%/0%/+5% strain.

Fig. 7 Three-dimensional directionally dependent: (a) Young’s
modulus, (b) Poisson’s ratio, (c) linear compressibility, (d) shear
modulus of the Na2Cu2TeO6 material under −5% (left column)/0%
(middle column)/+5% (right column) strain.
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Additionally, to determine the ductile, brittle, and bonding

nature of the compounds, we computed the Pugh’s ratio
�
B
G

�
,

Poisson’s ratio (n),
G
B
, and Cauchy’s pressure (Cp) as displayed in

Fig. 3S of the SI. The materials are classied as brittle if their
B
G

ratio is <1.75 and ductile if it is >1.75. Hence, our computed

values of
B
G

are 2.04/1.76/1.64 under −5%/0%/+5% strain (see

Fig. 3S(a) of the SI), which indicate a ductile-to-brittle transition
with the material being ductile at−5% and 0% strain but brittle
at +5% strain. Next, the bonding character can be determined

using the
G
B
ratio and n, where approximately 0.65/0.25 points to

ionic bonding and near 1.1/0.1 signies covalent bonding.

Consequently, the computed values of the
G
B
ratio/n are 0.489/

0.289, 0.566/0.262, and 0.612/0.246 at strains of −5%, 0%,
and +5%, respectively, consistent with a material exhibiting
ionic bonding (see Fig. 3S(b) and (c) of the SI). Moreover, Cp

indicates the nature of bonding and ductility in a material. A
positive Cp suggests metallic/ductile bonding, while a negative
Cp points to covalent/brittle bonding. Thus, under +5% strain,
Cp is negative, conrming covalent/brittle character. In
contrast, at strain and under −5% strain, it shows positive
values, which align with metallic/ductile bonding. Here, it is
worth mentioning that the material reveals a ductile-to-brittle
transition at approximately +5% tens. strain, as indicated by
the Pugh’s ratio analysis. For practical application in exible PV,
this transition is not a limiting factor but a valuable design
parameter. The operational strain in most exible PV devices,
involving bending on conformal surfaces, typically remains
below 2–3%, well within the ductile regime identied here. The
clear transition point at +5% strain provides a predictable and
well-dened upper limit for mechanical failure, which is crucial
19084 | RSC Adv., 2026, 16, 19079–19093
for ensuring long-term device reliability and establishing safety
factors in engineering designs. Furthermore, this strain toler-
ance represents a signicant advancement over conventional
brittle PV materials, underscoring the potential of this
compound for use in next-generation, durable exible
electronics.

Along with this, to analyze the strain-dependent elastic
behavior of the NTCO material, we calculated its elastic
anisotropy using ElATools, specically assessing the three-
dimensional anisotropic features under −5%, 0%, and +5%
strain. The changes in the 3D anisotropic features Y, n, linear
compressibility (b), and G are shown in Fig. 7(a)–(d), respec-
tively. Table 2 lists their extreme values and associated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Computed numerous elastic features of the Na2Cu2TeO6 material under −5%, 0%, and +5% biaxial ([110]) strain

Strain

Young’s modulus Linear compressibility Shear modulus Poisson’s ratio

Ymin Ymax A bmin bmax A Gmin Gmax A nmin nmax A

−5% 133.98 267.27 1.995 0.991 3.108 3.138 55.817 96.122 1.722 0.082 0.658 8.567
0% 119.27 225.89 1.894 1.495 4.28 2.863 46.376 84.322 1.818 0.065 0.557 8.567
+5% 93.181 206.55 2.217 2.018 5.569 2.759 34.031 72.173 2.121 0.021 0.513 24.368
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anisotropic factors. As illustrated in Fig. 7(a), Y exhibits signif-
icant directional hardening under both tens. and comp. levels.
Notably, it expands substantially under the −5% condition,
indicating enhanced stiffness along specic crystallographic
axes. In contrast, n as shown in Fig. 7(b), demonstrates a rela-
tively stable directionally sensitive response, with its values
varying distinctly from the reference state under −5% strain.
Furthermore, the behavior of b, depicted in Fig. 7(c), undergoes
a notable transition. While it retains an approximately
isotropic, spherical character under −5% strain, it evolves into
a highly anisotropic shape with elongated lobes along particular
directions under 0% and +5% strain. This suggests a strain-
induced loss of isotropic symmetry. Finally, G, presented in
Fig. 7(d), displays pronounced anisotropy with directional
variations up to ±5% from the unstrained reference, an effect
that is most critical under the −5% comp. strain. Collectively,
these results underscore the profound inuence of external
strain on the anisotropic elastic response of NCTO.

To determine the effect of strain on the MGS, we computed
DE= EAFM− EFM against strain, which is plotted in Fig. 8(a). The
persistent negative values of DE across both comp. and tens.
strain levels, conrms that the AFM remains the MGS of the
NCTO material as determined in the unstrained situation. This
robustness highlights the system’s strong preference for AFM
SO, which remains undisturbed by lattice deformations for the
considered feasible strain range. Next, the inuence of strain on
the electronic aspects of the NCTO was examined in its AFM
MGS. To do this, rst we plotted the determined Eg against
Fig. 8 GGA+U calculated: (a) energy differences between antiferro-
magnetic (AFM) and ferromagnetic (FM) states (DE = EAFM − EFM) and
(b) energy band gap (Eg) in the Na2Cu2TeO6 material against ±5%
biaxial ([110]) strain.

© 2026 The Author(s). Published by the Royal Society of Chemistry
strain in Fig. 8(b), which increases from 2.17 to 2.43 eV under
the comp. strain of −1% to −5% and decreases from 1.88 to
1.81 eV for tens. strain of +1% to +5%. This continuous
tunability of the Eg, highlights the effectiveness of strain as
a control parameter for modulating the electronic features of
the system.

For a qualitative study, we present the SP TDOS of the NCTO
DPO under comp. (le column) and tens. (right column) strain
ranging from 1% to 5% in Fig. 4S(a)–(e) and Fig. 4S(a0)–(e0) of
the SI, respectively. Under comp. strain of −1% to −5%, the
TDOS reveals a progressive widening of the energy separation
between the VBM and CBM. Specically, the leading edge of the
valence band shis to lower energies (further le), while the
conduction band edge shis to higher energies (further right).
This symmetric pulling apart of the band edges, driven by
increased orbital overlap and bandwidth, directly corresponds
to the rising Eg from 2.17 eV to 2.43 eV. Conversely, under tens.
strain from +1% to +5%, the VB and CB come closer, narrowing
the Eg from 2.02 to 1.81 eV. Further, to validate the TDOS
results, the band structures of the NCTO under various comp.
and tens. strains are plotted in Fig. 9. Direct inspection of the
band structure validates the TDOS ndings, offering a detailed
picture of how the VBM and CBM evolve at high symmetry
points under strain. Critically, the fundamental nature of the Eg
remains direct across the entire range of applied comp. of −1%
to −5% (see Fig. 9(a)–(c)) and tens. strain of +1% to +5% (see
Fig. 9(a0)–(c0)). The strain only modulates the magnitude of the
Eg without inducing a direct-to-indirect transition. This further
enhances its potential for PV/OE applications due to its stable
direct nature.

Next, the carrier transport behavior of NCTO was examined
through a systematic evaluation of electron and hole effective
mass (m*) under biax. ([110]) strain ranging from −5% to +5%.
The m*, a critical descriptor of carrier mobility, was extracted
from the curvature of the CB and VB edges at the Brillouin zone
center. To quantify this curvature, the near-G energy dispersion
was locally approximated using a quadratic polynomial,
enabling direct determination of m* via the second-order
energy-momentum relationship as:

m* ¼ ħ2
�
d2E

dk2

��1
(2)

here, ħ, E, and k represent the reduced Planck’s constant,
energy, and wave vector, respectively. All values are reported
relative to the free-electron mass for consistency. As illustrated

in Fig. 10(a), the electron
m*

m0
remains comparatively low and
RSC Adv., 2026, 16, 19079–19093 | 19085

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00090h


Fig. 9 GGA+U calculated band structures under biaxial ([110]) compressive/tensile (−/+) strain for the: (a and a0) 1%, (b and b0) 3%, and (c and c0)
5% levels of the Na2Cu2TeO6 material.

Fig. 10 (a) Calculated (a) effective mass (m*) ratio of

holes

�
m*

h

m0

�
=electrons

�
m*

e

m0

�
in red/blue color and (b) variation of the

exciton binding energy (Eb) in the Na2Cu2TeO6 structure against −5%
to +5% biaxial ([110]) strain.
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exhibits a mild decreasing trend with increasing tens. strain,
reducing from 0.145 at −5% to 0.131 at +5%. In contrast, holes�
mh

m0

�
are signicantly heavier, though their m* gradually

decreases from 0.616 to 0.506 across the same strain interval.
This pronounced asymmetry between electron and hole masses
suggest electron-dominated transport in strained NCTO, which
19086 | RSC Adv., 2026, 16, 19079–19093
is advantageous for OE applications. In parallel, the excitonic
response was analyzed by estimating the exciton Eb, which
reects the coulombic attraction within electron–hole pairs and
is modeled using the relation:51

Eb ¼ 13:56
mm

m0

1

312ð0Þ (3)

where 31(0) denotes the static constant and m0 is the reduced
m*. As shown in Fig. 10(b), Eb displays a clear strain-dependent
modulation, attaining its maximum value of 0.112 eV under
−5% comp. strain and progressively declining to 0.093 eV
at +5% tens. strain. This reduction in Eb under tens. deforma-
tion implies weaker electron–hole binding, which can facilitate
exciton dissociation and improve free-carrier generation effi-
ciency. Moreover, the reduction of the exciton Eb from 0.112 to
0.093 eV under tens. strain signicantly enhances charge-
separation efficiency, positioning the material among the best
perovskite absorbers. This value approaches that of optimized
lead-halide perovskites such as FAPbI3 (0.01–0.02 eV),52 which is
lower than inorganic CsPbI3 (0.02–0.05 eV).53 It is also dramat-
ically smaller than lead-free double perovskites such as Cs2-
AgBiBr6 (0.4–0.5 eV) 54 and layered PEA2PbI4 (0.2–0.3 eV),53

highlighting its strong potential for PV applications. Collec-
tively, the coexistence of low electron m* and moderate, strain-
tunable exciton Eb underscores the promise of NCTO as
a mechanically adaptable material for PV and OE devices. In
addition, to assess the strain dependence of magnetic aspects,
the Cu ms variations in the NCTO system against strain are di-
scussed in Fig. 5S of the SI. The ms values remain almost
constant to ± 0.8mB across the entire strain range from −5%
to +5%. This remarkable consistency conrms the preservation
of the Cu2+ oxidation state under lattice deformation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the maintained opposite signs of ms on the Cu1
([) and Cu2 (Y) sublattices, affirm that the AFM SO remains
dominant under both comp. and tens. strain conditions,
demonstrating the robustness of the systemmagnetism against
structural modications.

The investigation of DPOs specically that contain direct Eg,
which interestingly lies in the visible spectrum region, has
emerged as a prominent candidate in the eld of solar cells, OE,
PVs, light-emitting diodes (LEDs), and radiation detectors.3,55,56

Therefore, the ability to engineer their electronic structure
through chemical substitution and external stimuli like strain,
makes them a fascinating class of materials for advanced
optical devices. Key optical parameters, such as the dielectric
function (3(u)) and the absorption coefficient (a(u)), provide
deep insight into a material’s light–matter interactions and
electronic transition behavior. The complex 3(u) is expressed as
3(u) = 31(u) + i32(u),57 where 31(u) and 32(u) represent the real
and imaginary components, respectively. The 31(u) relates to the
material’s refractive characteristics, while the 32(u) accounts for
absorption due to interband electronic transitions. Other
optical features such as reectivity, refractive index, and energy
loss can be derived from 3(u). Therefore, in this study we only
focus on the plots of 31(u), 32(u), and a(u) for the unstrained
and under tens. strain as shown in Fig. 11(a)–(c). Here, 31(u)
obtained via the Kramers–Krong58 relation, reveals the elec-
tronic polarizability. At zero photon energy, the static 3(3(0)) is
a key parameter inuencing charge carrier recombination rates
and device efficiency. A higher 3(0), generally reduces carrier
recombination thereby enhancing device performance. The
energy-dependent 31(u) for 0%/1%/3%/5% tens. strain is
graphically presented in Fig. 11(a). The calculated 31(u) for 0%/
1% is 3.75, while it increases to 3.80/3.89 for 3%/5% tens. strain.
As the photon energy increases 31(u) uctuates and attains
a peak value of 5.1/5.0/4.9/5.0 at 3.7/3.6/3.4/3.3 eV for 0%/1%/
3%/5% tens. strain. Aerwords, 31(u) falls with some oscilla-
tions and minimizes at 2.1/2.2/2.2/2.1 at 4.9/4.9/4.7/4.5 eV for
0%/1%/3%/5% tens. strain indicating that light is now being
absorbed more than it is polarizing the material.

Moreover, 32(u), is directly linked to the electronic structure
and optical absorption. The absorption edge, corresponding to
the fundamental Eg, appears at 0.02 eV for 0%/1%/3%/5% tens.
strain, indicating a transition between the VB and CB near high-
Fig. 11 Calculated optical parameters: (a) real dielectric part (31(u)), (b)
104 cm−1 under 0%/1%/3%/5% biaxial ([110]) strain for the Na2Cu2TeO6 m

© 2026 The Author(s). Published by the Royal Society of Chemistry
symmetry points, as presented in Fig. 11(b). A sharp rise in 32(u)
is observed once the photon energy exceeds the Eg, signifying
the onset of VB to CB transitions. Strong absorption peaks
appear in the ultraviolet (UV) region, with the rst prominent
peak located at 4.7 eV for the unstrained NCTO material,
shiing to 4.6/4.5/4.2 eV under 1%/3%/5% tens. strain (see
Fig. 11(b)). These shis are attributed to strain-induced changes
in the lattice parameters and Eg tuning. Both tens. and comp.
strains induce blue or red shis in the 32(u) spectra, enabling
tunable absorption for targeted applications. Now we consider
a(u), which describes the penetration depth of light in the
material before absorption, a critical parameter for PVs and
photodetectors. It is calculated using the relation:59

aðuÞ ¼
ffiffiffi
2

p
u

c

	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
� 31ðuÞ


1=2
(4)

and the onset of a(u) is found to follow a trend similar to 32(u).
The unstrained and tens.-strained systems exhibit strong
absorption within the 3–6 eV range. Maximum absorption
values of 0%/1%/3%/5% tens. strain are achieved at 4.8/4.7/4.6/
4.4 eV (see Fig. 11(c)). Hence, enhanced absorption in the visible
region under tens. strain suggests improved performance in the
solar cells and visible-light photodetectors.

Likewise, we present the calculated 31(u)/32(u)/a(u) for−1%/
−3%/−5% comp. strain in Fig. 6S(a)–(c) of the SI. The 31(u)
initiates from 3.8 at 0.02 eV for all −1%/−3%/−5% comp.
strains. It almost remains constant from 0.02–0.06 eV, then it
uctuates and attains a maximum value of 5.1/5.2/5.3 at 3.7/3.8/
3.9 eV for−1%/−3%/−5% comp. strain (see Fig. 6S(a) of the SI),
respectively. The peak signies a resonance condition, indi-
cating maximum electronic polarizability and the strongest
light–matter interaction at that specic energy. Beyond this,
31(u) exhibits subsequent variations suggesting the complex
interplay of multiple electronic interband transitions occurring
at higher energies. Furthermore, the 32(u) spectrum reveals
a notable redistribution of spectral weight and a shi in the
critical peaks under −1%/−3%/−5% comp. strain. The rst
prominent peak, corresponding to the direct optical transition
from the VB to the CB, is located at 4.0/4.2/4.3 eV for−1%/−3%/
−5% comp. strain (see Fig. 6S(b) of the SI). This systematic shi
signies a direct modulation of the electronic band structure,
where comp. strain blue-shis the peak while tens. strain
imaginary dielectric part (32(u)), and (c) absorption coefficient (a(u)) in
aterial.

RSC Adv., 2026, 16, 19079–19093 | 19087
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induces a red-shi, thereby demonstrating a tunable optical
response. A similar trend is also observed in a(u), where the
peak values for−1%/−3%/−5% comp. strain are 41/40/38 cm−1

at 4.8/4.9/4.9 eV as shown in Fig. 6S(c) of the SI. The pronounced
and tunable absorption in the visible-to-UV range, suggests that
NCTO DPO is an excellent candidate for LEDs and laser diodes.
The strain-engineered Eg allows for precise control over the
emitted wavelength, which is critical for high color rendering
solid-state lighting and targeted laser applications.60 Hence,
a signicant a(u) makes it a suitable material for non-linear
optical devices and as an active gain medium in waveguide-
based photonic circuits.61

Next, the PV potential of the NCTOmotif oxide was evaluated
using the SLME metric following the methodology established
by Yu and Zunger.62 This approach provides a realistic assess-
ment of PV performance by accounting for both absorptivity
and recombination losses. The SLME was computed against
strains to systematically investigate the strain-dependent PV
response. The SLME is dened as the ratio of maximum
extractable power to incident solar power:

h ¼ Pmax

Pin

(5)

where Pin represents the incident solar power density (AM1.5G
spectrum, 100 mW cm−2). The maximum power density Pmax is
derived from the current density–voltage characteristics:

Pmax ¼ max

	�
Jsc � J0

�
exp

�
eV

kBT

�
� 1

��
V



(6)

with Jsc as the short-circuit current density, J0 as the reverse
saturation current density, V as the voltage, e as the electron
charge, kB as Boltzmann’s constant, and T = 300 K. The short-
circuit current is computed from the absorptivity A(E):

Jsc ¼ e

ðN
0

AðEÞIsunðEÞdE (7)

and the radiative recombination current density is given by:

Jr
0 ¼

e

p

ðN
0

AðEÞIbbðE;TÞdE (8)

where Isun(E) and Ibb(E, T) represent the AM1.5G solar spectrum
and blackbody radiation spectrum, respectively. For NCTO,
which exhibits a direct Eg, the radiative recombination fraction
fr = 1, indicates that only radiative recombination mechanisms
are considered.
Table 3 Photovoltaic parameters of the Na2Cu2TeO6 material under
biaxial strain at optimal thickness of 11.514 mm

Strain (%) SLME (%) Jsc (mA cm−2) J0 (A cm−2) Voc (V) FF

−5 14.05 7.29 1.52 × 10−37 2.064 0.933
−3 16.59 9.21 2.63 × 10−35 1.937 0.930
−1 20.47 12.59 3.50 × 10−32 1.759 0.924
+0 20.47 12.59 3.50 × 10−32 1.759 0.924
+1 22.19 14.31 7.62 × 10−31 1.683 0.921
+3 25.57 18.25 3.57 × 10−28 1.530 0.915
+5 26.16 19.01 9.92 × 10−28 1.505 0.914

19088 | RSC Adv., 2026, 16, 19079–19093
The calculated PV parameters under various strain condi-
tions are summarized in Table 3 and also illustrated in Fig. 12. A
pronounced strain-dependent evolution of SLME is observed
with efficiency increasing monotonically from 14.05% at −5%
compressive strain to 26.16% at +5% tens. strain. This repre-
sents an 86% relative enhancement from maximum compres-
sive to maximum tens. strain, highlighting the signicant
tunability of PV performance through strain engineering in
NCTO. The efficiency enhancement under tens. strain arises
from a complex interplay between competing PV parameters. As
strain increases from −5% to +5%, Jsc exhibits substantial
improvement from 7.29 to 19.01 mA cm−2, representing a 2.6-
fold increase. This enhancement in photocurrent generation
stems from favorable modications to the electronic band
structure under tens. strain, which improves optical absorption
characteristics. Conversely, the Voc shows a monotonic decrease
from 2.064 V at −5% strain to 1.505 V at +5% strain, reecting
the reduction in Eg under tens. deformation. The J0 increases by
approximately nine orders of magnitude across the strain range,
indicating enhanced recombination rates at higher tens.
strains. The ll factor (FF), calculated as:

FF ¼ Pmax

Voc � Jsc
(9)

remains consistently high (0.914–0.933) across all strain
conditions, with a slight decreasing trend under tens. strain.
Despite the reduction in Voc and llfactor (FF), the substantial
enhancement in Jsc dominates the overall efficiency improve-
ment, resulting in net performance gains.

Fig. 12(a) presents the thickness-dependent SLME for NCTO
under various strain conditions, revealing that optimal perfor-
mance is achieved at approximately 11.5 mm for all strain states.
This represents a signicantly reduced optimal thickness
compared to many conventional PV materials, offering poten-
tial advantages for material utilization and device fabrication.
The thickness dependence of individual PV parameters (FF, Voc,
Jsc, and J0) is shown in Fig. 12(c)–(f), illustrating the funda-
mental trade-offs in PV optimization. The strain-dependent
SLME trend shown in Fig. 12(b), demonstrates a near-linear
relationship between tens. strain and efficiency enhancement,
with the highest efficiency of 26.16%. This performance
surpasses many emerging PV materials and approaches the
practical efficiency limits for single-junction solar cells. The
asymmetric response to comp. versus tens. strain reveals that
NCTO is particularly responsive to tens. deformation with
comp. strain inducing more severe performance degradation
relative to the unstrained baseline. The convergence of optimal
thickness around 11.5 mm across the strain range, coupled with
the substantial efficiency enhancement under tens. strain,
positions strained NCTO as a promising candidate for exible
PV applications where strain engineering can be readily
implemented. The demonstrated efficiency of 26.16% at +5%
tens. strain, achieved with a relatively thin absorber layer,
suggests that NCTO-based solar cells could offer competitive
performance with reduced material consumption. So, this
comprehensive analysis establishes biax. strain as a powerful
tuning parameter for optimizing the PV performance of NCTO,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a and b) Calculated spectroscopic limited maximum efficiency (SLME) as a function of thickness/strain at the optimal thickness of 11.514
mm, (c) fill factor (FF), (d) short-circuit current density (Jsc), (e) open-circuit voltage (Voc), and (f) reverse saturation current density (J0), versus
thickness of the Na2Cu2TeO6 structure.
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with tens. strain particularly effective for enhancing light
absorption and overall device efficiency, while maintaining
favorable charge-extraction features. Moreover, almost all the
strained structures keep the optimal thickness of 11.514 mm,
which has practical advantages as compared to other materials.

Now, TE behavior of the system is analyzed as DPOs have
gained importance in the last decade due to their ability to
address the worldwide energy crisis.63 These materials are used
in smart sensors, energy harvesting, and the emerging eld of
thermo-power wave source,64 as TE power generators serve as
effective green energy sources, by directly converting thermal
energy into electrical energy.65 In this fashion, it has been
established that DPOs have recently gained considerable
attention and become a preferred choice for advanced TE
applications due to their outstanding traits66 and utility in
a diverse array of applications. These include solid-state
refrigeration,67 advanced heating and cooling systems,68 solar
thermal energy conversion,69 thermal management of laser
diode,70 and energy harvesting.71 The fascinating potential of
DPOs as TE materials is directly attributable to a specic set of
physical aspects such as electrical conductivity (s) per relaxation

time
�s
s

�
, S, PF per relaxation time

�
PF ¼ S2s

s

�
, susceptibility

(c), conductivity (k), and ZT ¼ sS2T
k

. Thus, the transport

aspects are investigated by applying semi-classical Boltzmann
theory, a method executed using the BoltzTraP code,72 inte-
grated with the Wien2K program. The calculated TE parameters

near the EF –
s

s
, S, PF, c, k, and dimensionless ZT – for the

unstrained and strained NCTO DPO as a function of
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature, ranging from 100 to 1200 K, are plotted in
Fig. 13(a)–(f), respectively.

For many semiconducting materials, s lies between 10−13

and 10−14 seconds indicating the ow of electric charge, which
is essential for transporting signicant power through a mate-
rial subjected to a temperature gradient.73,74 Hence, for the
analysis of TE aspects, a constant s of 10−14 seconds was

adopted. Fig. 13(a) reveals a consistent increase in
s

s
from 0.032/

0.082/0.079 × 1019 U−1 m−1 s−1 100 K to 0.65/0.72/0.70 × 1019

U−1 m−1 s−1 at 1200 K under −5%/0%/+5% strain, corre-

spondingly. Electrical resistivity (r) decreases as
s

s
increases

with temperature, which results in greater charge carrier
conduction. Among the unstrained (0%) and the strained
conditions, +5% tens. level yields the highest values, suggesting
a signicant enhancement in charge carrier mobility relative to
−5% comp. strain. Next, S is also an important TE factor for
determining the electronic aspects, which measures the TE
voltage produced across the two ends of a conductor in
response to temperature gradient (DT), which is expressed

asS ¼ DV
DT

.75,76 Fig. 13(b) displays the temperature-dependent

behavior of S across −5%/0%/+5% biax. strain. At 0%/+5%, S
initiates from approximately 1.99/2.08 × 10−4 mV K−1 at 100 K
and increases with temperature reaching a peak value of around
2.06/2.09 × 10−4 mV K−1 at 300 K before declining to about 1.55/
1.57× 10−4 mV K−1 at 1200 K. In contrast, the−5% comp. strain
condition suppresses the S at higher temperature, beginning at
a signicantly high value of 2.77 × 10−4 mV K−1 at 100 K and
gradually decreasing with rising temperature, achieving
a minimum value of 1.75 × 10−4 mV K−1 at 1200 K. The positive
RSC Adv., 2026, 16, 19079–19093 | 19089
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Fig. 13 Computed various thermoelectric features of the Na2Cu2TeO6 structure under −5%/0%/+5% strain.
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sign of S across all conditions conrms p-type conduction. This
demonstrates that strain engineering, particularly comp. strain,
is an effective strategy for enhancing the TE potential of this
material by optimizing the S over a specic temperature range.
Another crucial TE parameter is PF, which is a combined effect

of S2 and
s

s
, serving as a critical quantity for evaluating a mate-

rial’s TE conversion efficiency as shown in Fig. 13(c). For −5%
comp. strain, PF exhibits a consistent monotonic increase over
the entire temperature range, which starts from 0.25 × 1011 W
mK−2 s−1 at 100 K and rises steadily to a value of 2.03 × 1011 W
mK−2 s−1 at 1200 K. However, PF shows a non-linear trend with
temperature under 0%/+5% strain. Initially, it increases and
reaches a peak of 1.89/1.88 × 1011 WmK−2 s−1 at 700/600 K and
then experiences a signicant drop, ending near 1.73/1.75 ×

1011 W mK−2 s−1 at 1200 K for 0%/+5% strain. This illustrates
that comp. strain provides the most stable and improving
performance, making it superior for applications over a wide
temperature range.

Now, c, describes the response of a TE material to variations
in external conditions such as electric or magnetic elds. It
enhances with rising temperature, which is 0.23/0.56/0.65 ×

10−9 m3 mol−1 at 100 K to 1.14/1.09/1.08 × 10−9 m3 mol−1 at
1200 K under 0%/+5% strain as presented in Fig. 13(d). Aer-
ward, we discuss k, which measures the heat conduction
contributed by charge carriers and is a fundamental parameter
in the analysis of TE phenomena. The total k is equal to ke + kL,
where the electronic contribution (ke) comes from charge
carriers (electrons and holes) and the kL comes from phonons.
The ke was determined directly from the electronic transport
19090 | RSC Adv., 2026, 16, 19079–19093
aspects. However, to obtain the kL, we employed the Slack
model,77 which requires key mechanical parameters as inputs.
First, the longitudinal (vl) and transverse (vt) sound velocities
were computed using the formula:78,79

vl ¼
�
3Bþ 4G

3r

�1
2

(10)

vt ¼
�
G

r

�1=2

these were then used to calculate the average sound velocity
(vavg.) as:

vavg: ¼
	
1

3

�
2

nt3
þ 1

nl3

�
�1
3

:

Subsequently, the Debye temperature (QD), which is critical for
the Slack model calculation of kL, was derived as:80

QD ¼ h

kB

	
3n

4p

�
NAr

M

�
1=3
vavg: (11)

where h, NA, kB, M, n, and r are Plank’s constants, Avogadro’s
number, Boltzmann’s constant, molecular mass, number of
atoms in the unit cell, and density, respectively, whereas the
term vavg. is average sound velocity. Thus, the kL in the Slack
model is calculated as:77

kL ¼ AQD
3V 1=3Mavg:

v2n2=3T
(12)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Bader charge analysis of the Na2Cu2TeO6 material for: (a)
−5%, (b) unstrained and (c) +5% doping levels.
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here, Mavg. = average molar mass per atom, V = volume per
atom, and T = temperature in kelvin, and A = constant that
depends on g (g = Grüneisen parameter), which further
depends on n, expressed as:81

g ¼ 3ð1þ nÞ
2ð2� 3nÞ (13)

AðgÞ ¼ 2:43� 10�8	
1�

�
0:514

g

�
þ
�
0:228

g2

�
: (14)

The resulting temperature dependent k = ke + kL is plotted in
Fig. 13(e) under −5%/0%/+5% strain. At the beginning, k

decreases to a minimum value of 1.81/1.88/1.68 × 1014 W mK−1

s−1 at 400 K, followed by a steady increase and reaches a peak of
2.98/2.68/2.61 × 1014 W mK−1 s−1 at 1200 K across −5%/0%/
+5%. Due to overall low k, this material is ideal for waste heat
harvesting solutions. Lastly, we computed ZT:82

ZT ¼ sS2T

k
(15)
© 2026 The Author(s). Published by the Royal Society of Chemistry
as the performance of TE materials can be predicted by their ZT
and materials with large values of about unity or greater than
unity are considered highly potential candidates for TE devices.
Fig. 13(f) shows the graph of ZT with temperature for −5%/0%/
+5%, which shows approximately the same behavior under all
strain conditions. It is clear from the gure that ZT increases
over the entire temperature range, which starts from a low value
of 0.006/0.008/0.009 at 100 K and rises consistently to a high
value of about 0.81/0.77/0.80 at 1200 K for −5%/0%/+5% strain
level. This superb performance is a direct consequence of the
optimally balanced electronic features (a high and stable PF as
seen in Fig. 13(c)) combined with the signicantly suppressed k

(see Fig. 13(e)). Hence, the strain engineering, successfully
decouples electronic and thermal transport, pushing the ZT
value closer to unity and marking a major step towards viable
TE applications. Basically, the physical mechanism behind the
strainedmodulated physical features of the system is that strain
tuned the chemical bonding (bond lengths and bond angles)
among the ions, which further optimizes atomic orbital
hybridization. Thus, these changes regulate the electronic,
magnetic, optical, and thermoelectric properties of the motif.

Ultimately, the Bader charge assessment is considered to
analyze the charge transfer among ions, which substantially
modulate the physical behavior of the system for unstrained
and strained structures. It is revealed that the Na/Cu/Te/O ions
contain average partial charges of approximately +0.848/+1.055/
+2.958/−1.127e under −5% strain (see Fig. 14(a)). For the
unstrained and +5% strained NCTOmotif, the calculated partial
charges on the Na/Cu/Te/O ions are +0.862/+1.049/+2.943/
−1.128e, and +0.874/+1.038/+2.888/−1.118e (see Fig. 14(b) and
(c)), respectively. These consistent charge values across different
strain levels (−5%, 0%, and +5%) indicate a stable charge
distribution. The positive charges on the Na, Cu, and Te
conrm their role as charge donors, while the negative charge
on oxygen establishes it as the charge acceptor. Charge is
systematically transferred from the cations to the oxygen
anions, supporting an ionic character in bonding. The stability
of the Bader charges across all applied strains suggests that the
electronic structure remains robust, with no signicant charge
redistribution induced by mechanical deformation. This resil-
ience highlights the material’s potential for applications where
structural strain does not severely compromise charge transport
or bonding integrity.

4 Conclusion

To summarize, rst-principles calculations were employed to
investigate the thermodynamic, mechanical, electronic,
magnetic, optical, solar-cell efficiency, and thermoelectric (TE)
features of the newly synthesized Na2Cu2TeO6 material in its
unstrained as well as biaxial ([110]) strained forms. The results
indicate that the structures are thermodynamically and
mechanically stable in all considered cases. The unstrained
system displays an antiferromagnetic (AFM) semiconducting
ground state, which is preserved under the full strain range and
is attributed to strong AFM superexchange coupling between
partially lled high-energy Cu1 e1g[ and Cu2 e1gY orbitals. The
RSC Adv., 2026, 16, 19079–19093 | 19091
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computed partial spin moment on the Cu ion is ∼0.9mB, cor-
responding to a 3d9 electronic conguration
(t32g[ t32gY e2g[ e1gY) with a spin value of S= 0.5. Moreover, optical
analysis of the frequency-dependent dielectric function (3(u))
and absorption coefficient (a(u)) conrms that the material
exhibits strong optical activity across the whole spectrum range
under both unstrained and strained conditions. Strain engi-
neering induces a tunable direct energy band gap (Eg), which
narrows from the compressive to tensile regime and leads to
a pronounced enhancement in PV performance. Notably, the
system exhibits a very high spectroscopic limited maximum
efficiency (SLME) of 26% at +5% tensile strain, where the Eg
reduces to 1.81 eV. This enhancement is accompanied by an
increase in short-circuit current density and a high ll factor,
despite a moderate reduction in the open-circuit voltage,
highlighting the effectiveness of strain for optimizing solar-cell-
relevant parameters. In addition, strain favors tailoring the
carrier transport and excitonic properties. As tensile strain
reduces the electron and hole effective mass from
m*

e

m0
=
m*

h

m0
¼ 0:145=0:616 at −5% strain to 0.131/0.506 at +5%

strain, indicating improved carrier mobility. Concurrently, the
static dielectric constant exhibits a moderate increase, which
leads to a systematic reduction in the exciton Eb from 0.112 to
0.093 eV across the same strain range, facilitating efficient
charge separation and further supporting the enhanced
photovoltaic (PV) response. Furthermore, TE evaluations per-
formed from 100 to 1200 K reveal a dominant p-type transport
behavior, characterized by a positive Seebeck coefficient, and
a signicantly enhanced gure of merit of 0.81 at −5%
compressive strain due to reduced lattice thermal conductivity.
Overall, the coexistence of a robust AFM ground state, direct Eg,
high SLME, strain-enhanced carrier transport, reduced exciton
Eb, and near-unity ZT value establishes NCTO as a highly
promising multifunctional material for spintronic, PV, and TE
transport applications.
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