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Strain engineering of optoelectronic and
ferroelectric properties in R3-phase Zn;TeOg:

a first-principles study
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A systematic evaluation of the optoelectronic properties of ferroelectric ternary oxides under strain is
essential for their integration into functional devices. In this study, the R3-phase ternary oxide ZnsTeOg
was investigated using density functional theory to examine its stability, electronic structure, optical

properties, ferroelectric behavior, and carrier mobility under both compressive and tensile strain.

Calculations of elastic constants, molecular dynamics simulations, and phonon spectra confirm the
stability of ZnsTeOg within a modest strain range. Compressive strain increases phonon frequencies,
elastic constants, and bandgap, while enhancing ferroelectric polarization. In contrast, tensile strain

decreases the bandgap and promotes Vvisible-light absorption. Carrier transport analysis reveals

pronounced n-type conduction, with electron mobility reaching ~150 cm? V71 st further enhanced
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under compressive strain due to the suppression of polar optical phonon and piezoelectric scattering.

These findings demonstrate that strain engineering offers an effective approach to tuning the

DOI: 10.1039/d5ra08570e

rsc.li/rsc-advances applications.

1. Introduction

X3TeOs compounds (where X is a 3d transition metal) have
attracted considerable attention due to their unique magnetic,
electric, and dielectric properties.’” Their complex magnetic
behaviors and field-induced polarization effects, particularly
the antiferromagnetic transitions and colossal magnetoelectric
coupling observed in several members, highlight their great
potential for multifunctional device applications."®* Zn;TeOg
crystallizes in an isostructural B-LizVFe-type structure, similar to
X;TeOg, and contains five distinct Zn>" coordination environ-
ments, including distorted octahedral, tetrahedral, and square-
pyramidal sites.®® While the C2/c phases of Co;TeOs and
Zn;TeOq are enthalpically favored below 10 GPa, the R3 phase
becomes energetically more stable above this pressure, result-
ing in a C2/c — R3 structural transition.” While the R3 phase is
a high-pressure phase in bulk materials, substrate-induced
strain in epitaxial thin films can plausibly stabilize its polar
structure as the energetic ground state, similar to the stabili-
zation of polar R3¢ MgSnO; films grown epitaxially or by pulsed

laser deposition.’"* Fernandez-Catala et al successfully
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multifunctional properties of R3-ZnsTeOg, highlighting its potential for ferroelectric and photovoltaic

synthesized nanoscale NizTeOg (R3) and CuzTeOg (Ia3) via an
NaOH-assisted hydrothermal method, finding both materials
exhibit semiconducting behavior (with respective band gaps of
2.44 eV and 2.56 eV) and pronounced photoconductivity.’> A
high-pressure phase, Mgs;TeOg (space group R3), was obtained
under 12.5 GPa and 1570 K, with an experimental band gap of
3.5 eV, confirming its wide-bandgap semiconducting nature.*
Furthermore, crystallographic and optical investigations of
Cos_,Zn,TeOq revealed that Zn dopants preferentially occupy
tetrahedral sites, enhancing local distortion, while the strong
covalent character of Co-O bonds significantly affect the optical
response.* Magnetic studies by Sarkar et al. demonstrated that
Zn substitution shortens the Co®>*~0 bond length and markedly
suppresses the magnetic interactions in Co;TeOg."® X3TeOg
compounds with the R3 structure not only have potential
applications in magnetism, photoconductivity, and as semi-
conductors, but this polar R3 structure also suggests potential
ferroelectric behavior, implying potential ferroelectric photo-
voltaic properties.'*™*®

By applying tensile strain, the structural stability, bandgap
characteristics, and optical responses of various emerging two-
dimensional materials (such as Si,C, C3B, and h-BC,N) can be
effectively tuned, enabling bandgap modulation and enhanced
optical absorption, which highlights the crucial role of strain
engineering in optimizing their optoelectronic
performance.’>' Likewise, for three-dimensional ferroelectric
materials, strain engineering has also become an indispensable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The structure of R3-ZnsTeOe.

strategy for tailoring their intrinsic properties. Compared with
chemical doping or external fields, strain offers advantages
such as reversibility, continuity, and high precision, enabling
the modulation of structural stability as well as electronic,
magnetic, and optical properties without introducing chemical
complexity.””>* Epitaxial strain, for instance, can reconstruct
band structures, leading to bandgap enlargement and corre-
sponding modifications of the optical response in materials
such as R3c-BiFeO;.”* Strain effects during synthesis are also
critically important, as research has shown that the lattice
strain introduced by reducing the heating rate during calcina-
tion can enhance the oxygen evolution reaction (OER) activity
and stability of Ni;TeOg electrocatalysts.?® It is reported in the
literature that epitaxial strain can enhance ferroelectric prop-
erties while also favorably modifying the optical response of
thin films, supporting their viability for optoelectronic device
applications.”

Despite substantial advances in elucidating the magnetic
properties of the X;TeO¢ system, its optoelectronic behavior—
particularly the evolution of electronic structure and carrier
dynamics of Zn;TeOg under different strain conditions—
remains insufficiently explored. In this work, first-principles
calculations combined with strain engineering are employed
to investigate the structural stability, band modulation, carrier
transport, and polarization response of R3-Zn;TeOs under both
compressive and tensile strains. The aim is to uncover the
mechanisms by which strain regulates its thermodynamic and
mechanical stability as well as its coupled optoelectronic—
ferroelectric properties, thereby providing theoretical guidance
for the design and device integration of multifunctional
tellurates.

2. Calculation model and method

All calculations in this work are mainly completed by the Vienna
Ab initio Simulation Package (VASP) software package for first-
principles calculations.”®* The interaction between electrons
and atomic nuclei in the computational system is described
using the projection additive wave (PAW) pseudo potential,*
and the exchange correlation functional between electrons is
processed using the generalized gradient approximation (GGA)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of Perdew-Burke-Ernzerhof (PBE).** The Heyd-Scuseria-Ern-
zerhof (HSE06) hybrid functional is used to calculate the
bandgap values and optical properties, as it is usually closer to
the experimental values.**** A plane-wave cutoff energy of
520 eV was employed, and the Brillouin zone was sampled using
a 7 x 7 x 3 gamma-centered k-point mesh. The electronic
configurations of pseudo potential for Zn, Te, and O atoms are
chosen as d'°p? s’p%, and s®p?, respectively. The iterative
convergence accuracy of the energy is set to 10~ ° eV, and the
Hellman-Feynman forces are less than 0.01 eV A%, The struc-
tural model of R3-Zn;TeOg is shown in Fig. 1, which contains 30
atoms.

The calculated lattice parameters are shown in Table 1. The
calculated lattice parameters a and c¢ of R3-Zn;TeOg by PBE
method are 5.27 A and 14.02 A. As shown in Fig. 1, introducing
a 3% compressive strain in the ab plane of R3-Zn;TeOg4 reduces
the lattice parameter a from 5.27 A to 5.11 A. At the same time,
the lattice parameter c of R3-Zn;TeO, under compression strain
in the ab direction is changed to 14.38 A, which is larger than
the intrinsic R3-Zn;TeO,. When a similar tensile strain is
introduced in the R3-Zn;TeOq along ab plane, the lattice
parameters a and c of R3-Zn;TeO, are changed to 5.43 A and
13.70 A, respectively. When the compressive and tensile strains
increase to 6%, the variation trends of the lattice parameters
a and ¢ remain essentially consistent with those observed under
3% strain. In all tables and pictures, c-Zn;TeOg and t-Zn;TeOg
have been used to express as Zn;TeOg under compressive strain
and tensile strain, respectively. The lattice a/c ratios of Zn;TeOg
approach 0.37, closely matching those of Co;TeOg,” NizTeOq

Table 1 The calculated lattice parameters by PBE method

R3 a(d) c(A)

¢-Zn;TeOq (—6%) 4.96 14.78
¢-Zn;TeOq (—3%) 5.11 14.38
Zn;TeO, 5.27 14.02
t-Zn;TeOyg (3%) 5.43 13.70
t-Zn;TeOyq (6%) 5.59 13.45
Co;TeOq (ref. 9) 5.19 13.80
Ni;TeOy (ref. 10) 5.11 13.75
Mg, TeOs (ref. 11) 5.14 13.81
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Fig. 2 AIMD energy evolution of ZnsTeOg under (a) —3% compressive strain, (b) the unstrained structure, and (c) +3% tensile strain.

(ref. 12) and Mg;TeOq," indicating a highly similar crystal
structure. The stability and photoelectric properties of R3-
Zn;TeOs under compressive and tensile strain have been
analyzed by elastic properties, phonon spectrum and electronic
structure.

3. Results and discussion
3.1 Stability and mechanical properties

Ab initio molecular dynamics (AIMD) simulations were per-
formed at 300 K within the NVT ensemble using the Nosé-
Hoover thermostat, with a time step of 2 fs and a total simula-
tion duration of 10 ps. Fig. 2 presents the evolution of the total
energy of Zn;TeOq under various strain conditions. As shown in
Fig. 2, the compressive (—3%), unstrained, and tensile (+3%)
configurations exhibit only minor fluctuations in total energy
throughout the simulation, with no abrupt changes or indica-
tions of structural collapse. The atomic configurations after the
AIMD run remain essentially identical to their initial structures,
with no bond breaking or noticeable lattice distortion observed.
These results confirm that R3-Zn;TeO4 retains good thermal
and dynamic stability within the investigated strain range. In

simulations under larger biaxial strains of —6% and +6% were
included in the SI to provide a more comprehensive assessment
of the strain-dependent thermal stability of R3-ZnzTeOs. As
shown in Fig. S1 (SI), the system under —6% compressive strain
exhibits an upward trend in total energy during the 300 K, 10 ps
simulation, suggesting potential instability despite the absence
of structural collapse or bond breaking. In contrast, the +6%
tensile configuration shows relatively stable energy fluctuations
and remains structurally intact, indicating that it still maintains
dynamic stability. Overall, the stability of Zn;TeO, deteriorates
under such large strain conditions.

The phonon spectra of R3-Zn;TeOs under compressive and
tensile strain were calculated using the VASP + PHONOPY
package.** As displayed in Fig. 3, all phonon frequencies are
positive with no imaginary modes, demonstrating that the
material satisfies the dynamic stability criteria within this strain
range. Furthermore, compressive strain increases phonon
frequencies, whereas tensile strain reduces them, indicating
that compressive strain enhances the dynamic stability of R3-
Zn;TeOgs while tensile strain slightly weakens it. Phonon
calculations under larger biaxial strains of —6% and +6% were
also provided in the SI. As shown in Fig. S2 (SI, imaginary

addition to the +3% strain discussed in the main text, AIMD phonon modes appear under both strain conditions,
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Fig. 3 The calculated phonon frequency of (a) c-ZnsTeOg, (b) Zn3TeOg and (c) t-ZnzTeOe.

750 | RSC Adv, 2026, 16, 748-757

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08570e

Open Access Article. Published on 02 January 2026. Downloaded on 4/8/2026 6:50:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 The calculated elastic constants and the unit is given in GPa

View Article Online

RSC Advances

R3 Ci Ciz Ci3 Cia Cis Css Caa

¢-ZnzTeOg (—6%) 290.948 177.480 127.568 14.680 1.569 285.218 32.349
c-ZnzTeOg (—3%) 270.858 151.487 104.092 16.212 2.533 244.507 34.758
Zn3TeOgq 238.136 130.239 79.997 17.669 8.430 202.499 26.784
t-Zn;TeO (3%) 207.301 121.390 62.335 19.075 14.730 174.200 19.133
t-Zn;TeOq (6%) 141.795 114.394 34.617 20.679 19.190 139.421 16.947

Table 3 The calculated

Young's modulus E

Bulk modulus B, Shear modulus G and

R3 B (GPa) G (GPa) E (GPa)
c-Zn;TeOg (—6%) 192.957 52.858 145.307
¢-Zn,TeOg (—3%) 166.064 48.519 132.638
Zn;TeOq 138.108 38.794 106.417
t-Zn,TeOg (3%) 117.896 24.267 68.126
t-Zn,TeOq (6%) 93.096 14.764 46.763

tensile strain reduces them, leading to weakened stability. This
trend is consistent with our previous findings.*®* We further
evaluated the bulk modulus B, shear modulus G, and Young's
modulus E using the Voigt-Reuss-Hill (VRH) approximation.*
The explicit formulas are:

BV:

1
9

2(Cii + Ci2) + C33 +4Cy3]

confirming that the dynamic stability of Zn;TeO4 deteriorates
significantly when subjected to such large strains.

To assess the mechanical stability of R3-Zn;TeOs under
compressive and tensile strain, the elastic constants were
calculated using the VASP package, as summarized in Table 2.
Owing to the symmetry of the trigonal/rhombohedral system
(R3 space group), seven independent elastic constants were
obtained. According to the stability criteria proposed by Mouhat
and Coudert,* R3-Zn;TeOy is mechanically stable when the
following inequalities are satisfied:

(i) Cii > [Coo
(i) C15* < 0.5 x Cs3 x (Cyy + Cpo)
(iii) C14° + C15° < 0.5C4s x (Cyy — C12)
(iv) Cas > 0

Our results show that under +6% tensile strain, the elastic
constants fail to satisfy these inequalities, indicating mechan-
ical instability. In contrast, the unstrained configuration and all
other strain states meet the criteria and thus remain mechan-
ically stable. Notably, compressive strain increases the elastic
constants, implying enhanced mechanical strength, whereas

1
Gy = %(Cn + Ci2 +2C33 —4C13 + 12Cy + 12C66)

(Cii+ C12)Cs3 — 2C15°
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Fig. 4 The calculated band structure and density of states of (a) c-ZnzTeOg, (b) Zn3TeOg and (c) t-ZnzTeOs.
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Table 4 The calculated bond length of Zn—-O and Te-O. The unit is given in A

Zn1-01 Zn1-02 Zn2-01 Zn2-02 Zn3-01 Zn3-02 Te-0O1 Te-02
¢-ZnzTeOg (—6%) 2.25 2.00 2.00 2.18 1.95 2.18 1.96 1.92
c-ZnzTeOg (—3%) 2.30 2.02 1.99 2.23 2.02 2.23 1.97 1.94
Zn;TeOg 2.33 2.04 2.03 2.27 2.05 2.29 1.98 1.95
t-Zn;TeO (3%) 2.36 2.07 2.08 2.32 2.08 2.35 2.00 1.97
t-Zn;TeOq (6%) 2.37 2.10 2.09 2.45 2.14 2.30 2.01 1.98

As summarized in Table 3, compressive strain leads to an
increase in Young's modulus, whereas tensile strain reduces it,
consistent with trends reported in previous literature.*® Inte-
grating the results from molecular dynamics, phonon spectra,
and elasticity-based stability analyses, we conclude that R3-
Zn;TeOq remains stable under small strains (£3%), while larger
strains (+6%) are prone to inducing instability. This is in
agreement with experimental observations: during the fabrica-
tion of three-dimensional polar films via pulsed laser deposi-
tion (PLD) or molecular beam epitaxy (MBE), substrates with
closely matched lattice parameters are typically required.'>"*
Therefore, in the following discussions on electronic structure,
band dispersion, optical properties, ferroelectric polarization,
and carrier transport behavior, we primarily focus on configu-
rations under small strain (£3%).

3.2 Optoelectronic property

The energy band structure and densities of states (DOS) for R3-
Zn;TeOg under unstrained, compressive, and tensile conditions
were calculated using the HSE06 hybrid functional. As shown in
Fig. 4, the unstrained R3-Zn;TeO4 exhibits a calculated band
gap of 2.60 eV. This value modulates under applied strain,
widening to 2.72 eV under compressive strain (c-Zn;TeOs) and
narrowing to 2.36 eV under tensile strain (t-Zn;TeOg). These
calculated band gaps are considerably smaller than that of HP-
Mg;TeOgq (3.5 €V), suggesting potential for absorption over
a broader portion of the visible spectrum and potentially
enhanced photoelectric conversion efficiency.*® Specifically, the
band gap narrowing under tensile strain suggests enhanced

Yo c-Zn;TeO(-3%)

Zn,TeOy -
0.5 F 70, Te0,(3%) E
=
0.4 2
- (a) 2
E g
w 03Ff S
=
1)
02+ 2
2
=
0.1F <

0.0 : '

0 1 2 3 4
Energy(eV)
Fig. 5
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visible light absorption, whereas the band gap widening under
compression is expected to shift the absorption onset toward
the ultraviolet region, reducing responsiveness to visible light.
Analysis of the projected densities of states (PDOS) in Fig. 4
indicates that considerable hybridization between O 2p and Zn
3d orbitals occurs within the valence band (ca. —3.5 to —2.0 eV).
This hybridization likely plays a significant role in determining
the material's primary electronic properties. The states near the
valence band maximum (VBM) are predominantly composed of
hybridized O-Zn orbitals, while the states near the conduction
band minimum (CBM) are mainly derived from O-Te hybrid
orbitals. For both the VBM and CBM, O 2p states provide the
most significant contribution. Compared to the unstrained
structure, c-Zn;TeOg exhibits a lower density of O-derived states
at the VBM, whereas t-Zn;TeOg shows a higher density. Simul-
taneously, the CBM energy level shifts upward for c-Zn;TeOg
and downward for t-Zn;TeOg relative to the unstrained case.
The mechanism for this band gap widening under compression
is consistent with the findings of Liu H. L. et al.*® and can be
attributed to the shortening of O-Zn and O-Te bond lengths
Table 4, which enhances orbital overlap. The band structures of
Zn;TeOg under +6% compressive and tensile strain were also
calculated, and the results are provided in the SI (Fig. S3). The
bandgaps obtained under 6% compressive and 6% tensile
strain are 2.68 eV and 2.03 eV, respectively. Relative to the
unstrained state, the compressive strain results in an increased
bandgap, whereas the tensile strain leads to a reduced bandgap.

The absorption coefficient «(w) can be obtained from the real
part ¢1(w) and imaginary part ¢,(w) of the dielectric function via

9x10*

c-Zn;TeO4(-3%)
Zn;TeOy
——t-Zn;TeO4(3%)

8x10*

7x10* F
6x10*
b
| (b)
4x10* F
3x10% F
2x10* F

1x10* F

0 1 2 3 4
Energy(eV)

(a) Imaginary component of the dielectric function (e;) and (b) optical absorption coefficient (a) of ZnzTeOg.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6
unstrained structure, and (d) +3% tensile strain.

1/2
[ £1(w)” + e3(w)? —el(w)] . As
shown in Fig. 5, pristine Zn;TeOg and its strained counterparts
exhibit consistent optical-response trends in both ¢,(w) and
a(w): negligible absorption is found in the low-energy region
(<~2.2 eV), indicating weak intrinsic absorption in the visible
range, whereas a sharp rise emerges near the band edge, giving
rise to pronounced peaks. Consequently, all three structures
show strong ultraviolet absorption above ~3 eV, with maximum
absorption coefficients on the order of 10* cm™". A clear diver-
gence appears under tensile versus compressive strain. The 3%
tensile strain narrows the band gap, causing a red shift of the
absorption edge for t-Zn;TeOs to ~2.8 eV and producing
a stronger main peak around 3.1-3.3 eV (maximum ¢, = 0.55
with a corresponding absorption peak of ~8 x 10* em™),
thereby enabling enhanced near-UV and lower-energy photon
absorption. In contrast, —3% compressive strain widens the
band gap, shifting the absorption edge of c¢-Zn;TeOg to higher
energy (~3.1 eV) and slightly moving the main peak toward
~3.7-3.8 eV with reduced intensity, confining its dominant
response to the ultraviolet region. These results confirm that
strain engineering is an effective approach for tuning band-edge

the formula «(w)=

V2w
c

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Potential energy curves and ferroelectric polarization as a function of structural distortion for (b) —3% compressive strain, (c) the

optical transitions and optimizing the electronic and optical
properties of R3-Zn;TeOs.

3.3 Ferroelectric property

The ferroelectric polarization of unstrained, compressively
strained, and tensile-strained R3-Zn;TeOg was calculated using
the Berry-phase method.**** Following this approach, a centro-
symmetric R3 reference structure was constructed, and the
energy and polarization were obtained through linear interpola-
tion between the polar R3 phase (1 = 1) and the centrosymmetric
phase (A = 0). As shown in Fig. 6(a), the structural distortion
energy curves of R3-Zn;TeO, under all strain conditions exhibit
a double-well potential, indicating robust ferroelectricity. The
ferroelectric well depths are 0.86 eV (unstrained), 1.52 eV
(compressive strain), and 0.53 eV (tensile strain). Because the
calculations correspond to three formula units, the averaged well
depths per Zn;TeOq formula unit are 0.29 eV, 0.51 eV, and
0.18 eV, respectively. Under compressive strain, the well depth
(0.51 ev fu™') becomes comparable to that of the classical
ferroelectric BiFeO; (0.43 eV fu '),* demonstrating that
compressive strain enhances the stability of the ferroelectric
phase. The calculated spontaneous polarization of R3-Znz;TeOg
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Fig. 7 The (a) electron and (b) hole mobility as a function of concentration for semiconductor ZnzTeOg by AMSET code.

2 2

increases from 59.07 nC cm - (unstrained) to 63.00 nC cm™
under compressive strain, approaching the reported value of 72
pC cm™? for Ni;TeOg.® This enhancement originates from the
reduced interatomic distances and strengthened polar phonon
instability induced by compressive strain. Under 3% tensile
strain, the polarization decreases to 55.90 uC cm™ >, which is
consistent with the behavior observed in R3¢-BiFeO;.** Fig. 6(b-d)
show that at the polarization endpoints (A = £1), compressive
strain significantly increases the slope of the polarization curve,
indicating a stronger and faster lattice-distortion-induced polar-
ization response. In contrast, tensile strain reduces both polari-
zation and potential-well depth, thereby weakening ferroelectric
stability. As shown in Fig. S4, the potential-energy curves under
0%, +3%, and +6% strain confirm these trends. Tensile strain
gradually shallows the double-well potential and reduces the
energy difference between the ferroelectric and paraelectric
phases. At 6% tensile strain, the two wells nearly merge, and the
interpolation-based Berry-phase method fails to converge.
Conversely, 6% compressive strain deepens the ferroelectric-
paraelectric potential well and increases the spontaneous polar-
ization to 67.94 uC cm™2.

3.4 Mobility

The carrier mobility of semiconductors governs the electrical
conductivity and switching performance of devices and is

Table 5 The calculated the deformation potential calculations (eV)

therefore critical for many applications. Fig. 7 presents the
electron and hole mobilities of the three structures as a function
of n-type and p-type carrier concentrations, calculated using the
AMSET code within the momentum relaxation time approxi-
mation (MRTA) framework.*? In these calculations, four domi-
nant scattering mechanisms are explicitly considered: acoustic
deformation potential (ADP) scattering, piezoelectric (PIE)
scattering, polar optical phonon (POP) scattering, and ionized
impurity (IMP) scattering. The total mobility is obtained by
combining the contributions from these scattering processes,
and all relevant parameters are derived from first-principles
calculations. For ADP scattering, small uniaxial (or isotropic)
strains are applied to the crystal, and the band structures are
recalculated for each strain value. The deformation potential
constant E; is then obtained by linearly fitting the variation of
the conduction-band minimum (CBM) or valence-band
maximum (VBM) energy with respect to strain, as summarized
in Table 5, while the corresponding elastic constants are taken
from Table 2. For PIE scattering, the piezoelectric tensor is
evaluated using density functional perturbation theory (DFPT)
under small strains by computing the change in polarization
and is subsequently combined with the elastic constants and
piezoelectric tensor for transport calculations Tables 2 and 6.
For POP scattering, the longitudinal optical (LO) phonon
frequency at the I' point, together with the static and high-
frequency dielectric constants (¢, and ¢.), is obtained from

VBM CBM Table 6 The calculated piezoelectric tensor (C/m™?)
Dyx Dyy Dy; Dxx Dyy Dy XX YY zz XY YZ zX
c-ZnzTeOg (—3%) Dxx 0.20 0.92 0.11 5.56 0.18 0.03 c¢Zn;TeOg X  0.30 —0.30 0.00 0.12 0.00 —0.06
Dyy 0.92 0.22 0.03 0.18 5.57 0.08 Yy 0.12 —0.12 0.00 —0.30 —0.06 0.00
Dy, 0.11 0.03 2.32 0.03 0.08 7.87 Z —0.08 —0.08 —0.63 —0.01 0.00 0.00
Zn3TeOgq Dyx 0.72 0.56 0.22 5.64 0.05 0.12  Zn3TeOg¢ X 034 —0.34 0.00 0.25 0.05 —0.07
Dyy 0.56 0.71 0.21 0.05 5.64 0.11 Y 0.25 —0.25 0.00 —0.34 —0.06 —0.05
D, 0.22 0.21 1.83 0.12 0.11 5.83 A —0.56 —0.56 —1.10 —0.01 0.00 0.00
t-Zn;TeOg (3%) Dyx 1.61 0.22 0.31 5.67 0.09 0.1 t-Zn;TeOgq X 045 —0.45 0.00 0.37 0.05 —0.15
Dyy 0.22 1.62 0.32 0.09 5.66 0.1 Y 0.37 —0.37 0.00 —0.45 —0.14 —0.05
1 0.31 0.32 0.95 0.1 0.1 4.16 Z —0.66 —0.66 —1.47 0.00 0.00 0.00
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Table 7 Parameters and results of mobility calculation. wq is polar-
optical phonon frequency (THz), ¢y and e, are static dielectric
constant and high-frequency dielectric constant and m* is effective
mass (me). S is the scattering rate of the material at a doping
concentration of 1078 cm™3 (102 57Y)

S

wo € ¢ m* ADP IMP PIE POP

c-Zn;TeO, Electron 10.82 14.82 4.72 0.23 6.6 13.9 19.5 252
Hole 6.88 6.6 12.7 19.5 252

7Zn,TeOg  Electron 10.04 17.3 4.85 021 9.1 15.9 58.5 271
Hole 8.01 9.1 14.4 585 271

t-Zn;TeOg Electron 9.23 21.09 5.09 0.18 20.8 14.4 195 295
Hole 8.46 20.8 12.9 195 295

DFPT Table 7, and these quantities are used to construct
a Frohlich-type electron-LO phonon coupling model. For IMP
scattering, all dopants are assumed to be fully ionized, and the
ionized impurity concentration is set equal to the carrier
concentration specified in the transport calculations. The
impurity charge number Z is chosen according to the assumed
dopant valence, while the dielectric constant obtained from
first-principles calculations is used to describe the screening of
the coulomb interaction.

Within AMSET, the carrier mobility at different n-type and
p-type doping levels is computed consistently under the MRTA
framework. In this approach, doping is not modeled by explicit
atomic substitution; instead, the target carrier concentration
is provided as an input parameter. For a given electron or hole
concentration, AMSET self-consistently determines the corre-
sponding Fermi level and evaluates the scattering rates arising
from ADP, POP, IMP, and other relevant mechanisms, and
then solves the Boltzmann transport equation to obtain
mobility. In this way, the dependence of electron and hole
mobilities on n-type and p-type carrier concentrations is
systematically established without modifying the underlying
crystal structure.

The results show that at a moderate doping concentration
of 10'® em ™3, the electron mobility for all three structures
exceeds 150 cm® V™' s7', approaching that of conventional
semiconductor ZnO.* The hole mobility is two orders of
magnitude lower than the electron mobility, indicating that
Zn;TeOq is characterized by strong n-type behavior. From the
input parameters Table 7, the hole effective mass is signifi-
cantly larger than the electron effective mass, consistent with
the relatively flat band structure near the VBM. This results in
substantially lower hole transport capability compared to
electrons. Among the scattering mechanisms, POP scattering
dominates, reaching an order of magnitude of approximately
10" s7', which critically determines the carrier relaxation
time.

Notably, among the three structures c-Zn;TeOg exhibits the
highest electron mobility value. Although compressive strain
slightly increases the effective mass of Zn;TeOs, it concurrently
elevates the characteristic frequency w, of the polar optical
phonons. As evident in the phonon dispersion spectra Fig. 3, c-
Zn;TeOg possesses higher optical phonon frequencies. A higher

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

View Article Online

RSC Advances

wo implies that greater energy is required for electrons to
exchange energy with optical phonons, thereby significantly
reducing POP scattering intensity. Furthermore, as strain tran-
sitions from tensile to compressive, the high-frequency dielec-
tric constant ¢, and the static dielectric constant ¢, decrease
slightly. Since the polar coupling strength is proportional to

1 1 .
— — —, which equals 0.149, 0.148, and 0.144 for the t-Zn;TeO,
Ew )]

Zn;TeOg, and c-Zn;TeOgq structures respectively, compressive
strain weakens polar coupling, further suppressing POP scat-
tering. For PIE scattering, under tensile strain, the scattering
rate can reach the order of 10" s™*, highlighting its significant
contribution to carrier scattering. However, as shown in Table 6,
under compressive strain, the tensor components of the
piezoelectric coefficients are notably reduced due to decreased
lattice dimensions and restricted atomic displacements. This
reduction stems from the smaller lattice dimensions and con-
strained atomic displacements within the unit cell, leading to
diminished piezoelectric response and consequently reduced
PIE scattering intensity. Overall, the analysis shows that
compressive strain helps suppress the dominant scattering
mechanisms POP and PIE, thereby enhancing the electron
mobility in Zn;TeOg.

4. Conclusion

Using density functional theory, the elastic constants, phonon
spectra, and molecular dynamics of R3-Zn;TeOs under
compressive and tensile strain were systematically investigated
to assess its structural stability. Electronic structure analyses
reveal that the valence band is predominantly determined by
Zn-O interactions, while the conduction band mainly arises
from Te-O hybridization. Under compressive strain, the O
orbital contribution near the valence band maximum decreases
and the conduction band minimum shifts upward, resulting in
a bandgap widening from 2.60 eV to 2.72 eV. Conversely, tensile
strain enhances the O orbital contribution and lowers the
conduction band minimum, narrowing the bandgap to 2.36
eV—favorable for visible-light absorption. Compressive strain
significantly enhances the ferroelectric polarization of Zn;TeO,
conferring excellent ferroelectric performance and structural
robustness. In terms of charge transport, Zn;TeOg exhibits high
electron mobility (>150 cm® V™' s7') and hole mobility two
orders of magnitude lower, indicative of a strong n-type char-
acter. Notably, compressive strain further promotes electron
mobility through increased optical phonon frequencies and
reduced piezoelectric coefficients, effectively suppressing
carrier scattering. These results provide theoretical insight into
the potential of R3-Zn;TeOy for stable, high-performance
ferroelectric and optoelectronic applications.
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