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First-principles calculations were performed to investigate the structural, electronic, mechanical, and
spintronic properties of InTeX (X = Cl, Br, and ) monolayers formed via full halogenation of pristine InTe.
Halogenation induces a structural transformation from the four-sublayer Te-In-In-Te configuration to
a three-sublayer Te—In-X geometry, accompanied by the formation of polar covalent In-X bonds and
the suppression of metallic In—In interactions. The resulting monolayers preserve a buckled hexagonal
lattice and exhibit enhanced thermodynamic, thermal, and dynamical stability. INnTeX monolayers display
moderate Young's moduli (22.18-25.26 N m™2), isotropic in-plane elastic behavior, and Poisson's ratios
from 0.31 to 0.32, rendering them promising candidates for flexible and wearable nanoelectronic
applications. The electronic band structures reveal tunable direct band gaps and strong, anisotropic
Rashba spin—orbit coupling, with Rashba parameters ag ranging from 0.81 to 1.04 eV A, indicating
potential for spintronic and optospintronic devices. Importantly, charge-carrier mobilities were evaluated

by explicitly accounting for phonon and impurity scattering, yielding realistic values consistent with
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Accepted 11th February 2026 experimental expectations and underscoring the importance of accurate mobility modeling for device
performance. Overall, the combination of structural stability, tunable electronic properties, robust spin—

DOI: 10.1035/d6ra00185h orbit effects, and reliable carrier transport makes InTeX monolayers highly promising materials for future
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1 Introduction

Group-III monochalcogenide monolayers (MX, where M = Ga, In
and X =S, Se, and Te) occupy a unique and important position in
the field of two-dimensional (2D) materials." These monolayers
exhibit a wide range of band gaps, spanning from 0.78 to
4.43 eV,” which makes them suitable for applications in nano-
electronics, photocatalysis, and photovoltaics. Notably, few-layer
InSe has been reported to exhibit ultrahigh carrier mobility at
room temperature (up to 10°-10* em® V' s71), together with
remarkable elastic deformability.* These monolayers can be
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research in flexible electronics, spintronics, and multifunctional two-dimensional nanomaterials.

formed by combining a wide variety of two or three elements,
leading to significant diversity in both their crystal structures and
physical properties. For instance, fluorinated InSe (InSeF)
exhibits pronounced in-plane elastic anisotropy.* In addition, InX
monolayers (X = O, S, Se, and Te) are predicted to be mechan-
ically isotropic in terms of Young's modulus and Poisson's ratio,
with InO showing the highest calculated stiffness of 79.1 N m™".°
These mechanical characteristics render such materials prom-
ising candidates for ultraviolet-selective photodetectors, water
splitting, and other optoelectronic applications.*’

In recent years, surface functionalization has emerged as an
effective and widely adopted approach for tailoring the physical
properties of two-dimensional materials. For example, oxygen
functionalization of InS, InSe, and InTe can modulate electronic
properties, producing 2D topological insulators with substan-
tial bulk gaps of up to 0.21 eV.? Hydrogenation similarly induces
phase-dependent behavior in GaSe, where single-sided H-GaSe
is metallic, whereas double-sided 2H-GaSe remains a semi-
conducting material.® In addition, surface hydrogenation leads
to a transition from an indirect to a direct band-gap semi-
conductor in AIN." Halogenation strategies further expand the
chemical space, generating compounds such as GaXY (X =S, Se;
Y=F, Cl, Br, I) with enhanced piezoelectric responses.” Addi-
tional approaches include strain and electric-field engineering

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to induce indirect-to-direct band gap transitions or
semiconductor-to-metal phase changes,' as well as transition-
metal doping or vacancy/hole engineering in InTe to intro-
duce magnetic properties.*

Among group-III monochalcogenides, InTe monolayers are
particularly notable for their relatively narrow indirect band
gaps,*” which allow them to be at the interface of visible and
near-infrared absorption. The InTe monolayer demonstrates
high dynamical stability, as confirmed by phonon spectrum
analysis,” and exhibits isotropic in-plane stiffness. The InTe
monolayer is also suitable for diverse and precisely tunable
modification strategies. Transition-metal doping (TM = Ti, V,
Cr, Mn, Fe, Co), when combined with strain engineering, can
induce magnetism and half-metallicity, with Cr-doped systems
achieving Curie temperatures up to 265 K.** Vacancy defects and
hole doping further enable tunable magnetic and electronic
properties™ of a InTe monolayer. Surface functionalization via
fluorination (InTeF) transforms the InTe monolayer into
a direct-gap semiconductor with a 2.48 eV energy gap and
a significant Rashba spin splitting (ay of about 1.08 eV A).*
Related halogenated compounds, such as InTel, are predicted
to exhibit wide band gaps and highly anisotropic carrier
mobilities.*® Strain and electric-field modulation can further
tune the band structure and induce semiconductor-to-metal
transitions," highlighting the diversity in potential applica-
tions of InTe-based materials.'”

Although fluorination of InTe has been extensively investi-
gated,” non-fluorine halogen functionalization (InTe-Cl, InTe-
Br, and InTe-I) remains largely unexplored, despite analogous
GaXY (Y = Cl, Br, I) compounds having been successfully pre-
dicted.” wing to the larger atomic masses and stronger spin-
orbit coupling of Cl, Br, and especially I, halogen functionali-
zation in a Janus configuration is expected to significantly
enhance Rashba spin splitting. This enhancement originates
from the intrinsic out-of-plane inversion-symmetry breaking
introduced by the Janus structure, which generates a built-in
electric field. The Rashba effect induced by this Janus asym-
metry can be further strengthened by incorporating large-sized
halogen elements, thereby enabling tunable direct band gaps
and offering additional flexibility for electronic property engi-
neering. Moreover, the symmetry breaking in Janus structures
can also give rise to a variety of intriguing topological
properties.'®?® Therefore, in this study the structural and elec-
tronic properties of InTeX (X = Cl, Br and I) monolayers are
studied using first-principles calculations. It is worth nothing
that there is a large difference in the values of charge carrier
mobility of a InTe monolayer when it was calculated with and
without the inclusion of scattering effects.'®** Therefore, the
transport properties of InTeX (X = Cl, Br and I) monolayers are
investigated with the inclusion of four scattering mechanisms.
Moreover, the dependence of transport properties on the
temperature and carrier concentration is also analyzed.

2 Computational details

Density functional theory calculations were conducted using
VASP, with core-valence interactions described by the projector-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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augmented wave (PAW) method**** and exchange-correlation
effects treated within the Perdew-Burke-Ernzerhof (PBE) func-
tional.** InTeX (X = Cl, Br, and I) monolayers were constructed
from the buckled InTe structure® and optimized using a 25 A
vacuum layer to eliminate artificial periodic interactions.*
Because indium, tellurium, and the heavier halogen atoms
introduce non-negligible relativistic effects, selected calcula-
tions included spin-orbit coupling to evaluate its impact on the
electronic band structure. Long-range dispersion interactions
were incorporated during structural optimization using the
DFT-D3 correction suggested by Grimme.?® The electronic band
structures and band gaps were further refined using the scre-
ened hybrid HSE06 functional with 25% exact exchange.”
Brillouin zone integration was performed on a 15 x 15 x 1
Monkhorst-Pack grid,”® while a plane-wave cutoff energy of
500 eV was used. Self-consistent electronic calculations were
converged to within 1 x 10~° eV, and structural optimization
proceeded until atomic forces were less than 1 x 10™* ev A~
Additional test calculations using a tighter threshold of 1 x
10~% eV resulted in negligible changes to the total energies and
key physical properties, confirming the reliability of the adop-
ted convergence settings. Dynamical stability was assessed by
phonon calculations based on second-order force constants
obtained via the finite-displacement technique, as imple-
mented in the PHONOPY code, using a 4 x 4 x 1 supercell.”®

Charge-transport parameters were extracted from density
functional theory and density functional perturbation theory
(DFT/DFPT) calculations.*** Mode-resolved electron-phonon
and impurity coupling matrix elements were evaluated and
interpolated to determine scattering rates associated with
acoustic deformation-potential (ADP), polar optical-phonon
(POP), ionized impurity (IMP), and piezoelectric (PIE) mecha-
nisms using the AMSET framework.*® These scattering
processes were treated within the relaxation-time approxima-
tion of the Boltzmann transport equation and combined
according to Matthiessen's rule to obtain the total carrier
mobilities.**

3 Calculated results and discussion

3.1 Structural characteristics of InTeX (X = Cl, Br, I)
monolayers

In agreement with previous studies, the optimized pristine InTe
monolayer was found to adopt a hexagonal crystal structure
with space group P6m2, consisting of four atoms in the primi-
tive cell. The calculated lattice constant is 4.35 A, with an In-Te
bond length of 2.87 A and a thickness of 5.56 A. These values are
very close to those reported in earlier studies, differing only
slightly by 0.02-0.04 A.'*%3* As shown in Fig. 1(a), the fully
halogenated InTe monolayers preserve the hexagonal arrange-
ment in the top view. However, the side view in Fig. 1(b) reveals
a pronounced structural transformation. Instead of the four-
sublayer sequence (Te-In-In-Te) observed in pristine InTe,
the halogenated structures InTeX (X = Cl, Br, I) consist of only
three sublayers arranged in the order Te-In-X. This structural
modification arises from changes in the electronic structure,
which will be discussed in detail in the following sections.
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Fig.1 (a) Side view, (b) another side view and (c) electron localization
functions (ELF) of InTeX (X = Cl, Br, ) monolayers.

The electron localization function (ELF), presented in
Fig. 1(c), provides an initial insight into the bonding charac-
teristics of the new monolayers. The regions between In or Te
and the halogen atoms (Cl, Br, I) are highlighted in cyan-green,
indicating a high density of shared electrons consistent with
covalent bonding in In-X and Te-X. A notable feature is the
significant asymmetric charge distribution in all three mono-
layers, remarkably highlighted by strong red regions around the
halogen and Te atoms, corresponding to charge-attracting sites.
In contrast, the cyan regions around the In atoms reflect low
charge density, implying that the In-Te and In-X bonds can be
regarded as distinct dipoles. These dipoles are oriented in
different directions, leading to a net nonzero dipole moment in
the halogenated monolayers. This redistribution of charge
induces subtle structural variations in the halogenated InTe
monolayers compared to the pristine layer. As summarized in
Table 1, the In-Te bond lengths remain nearly unchanged,
whereas the 2D unit cells of InTeCl, InTeBr, and InTel expand
due to an increase in the lattice parameter a. This expansion can
be attributed to enhanced Coulomb repulsion between Te
atoms, which become more negatively charged upon haloge-
nation. For instance, the calculated Bader charge on Te atoms
in the InTel monolayer is 0.12e, making them the most nega-
tively charged centers among the three halogenated systems,
and consequently leading to the largest unit-cell expansion.

The pristine InTe monolayer exhibits a thickness of 5.56 A,
which is significantly reduced in the halogenated monolayers
due to the transition from a four-sublayer (Te-In-In-Te) to
a three-sublayer (Te-In-X) configuration. In addition, the In-X
bond length plays a crucial role: halogens with lower electro-
negativity (I < Br < Cl) form longer bonds with In, resulting in
thicker monolayers as the halogen size increases. A similar
trend has been reported in halogenated SnS monolayers, where
the Sn-X bond length increases with halogen atomic size (F < Cl
< Br <I). Accordingly, the attachment of heavier halogens leads
to a slight increase in the effective thickness of the halogenated
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Fig. 2 Calculated Raman spectra of InTeX (X = Cl, Br, 1) monolayers.

InTe monolayers.>* Halogen atoms with very high electronega-
tivity, such as F, can induce structural instabilities, as observed
in GaSF and GaSeF monolayers,> or even drive a phase transi-
tion, as in the case of InSeF.* The phase change in the InSeF
monolayer can be rationalized by considering the behavior of
InTeX (X = Cl, Br, I) systems: the excessive charge transfer to the
highly electronegative F atom significantly reduces the charge
density on In atoms, thereby weakening their ability to stabilize
the in-plane hexagonal framework.

The calculated Raman spectra of the halogenated InTeX (X =
Cl, Br, I) monolayers, as shown in Fig. 2, display a characteristic
three-peak pattern that distinguishes them from both pristine
InSe and InSeF monolayers reported in previous studies.***%’
Each InTeX compound exhibits exactly three Raman-active
modes with one degenerate E mode (in-plane) at low
frequency and two A; modes (out-of-plane), which is fully
consistent with the reduced symmetry of the three-sublayer
structures. With increasing halogen mass when going from Cl
to Br and, then, to I, all Raman-active modes exhibit a clear and
systematic red-shift. The E mode softens from around 40 cm™"
to about 20 cm ™!, while the lower A, mode decreases from
145 cm™ ' to nearly 120 cm ™. The higher A; mode undergoes
the most pronounced shift, dropping from approximately
380 cm ' to around 230 cm . Throughout the series, the
intensity distribution remains nearly identical, where the lower
A; mode dominates the spectrum by a large margin, followed by
the E mode, whereas the higher A; mode is consistently weak.
This dominant lower A; peak therefore serves as a clear spec-
troscopic marker of successful halogenation. Compared to the
InSe monolayer with four-sublayer structure, which typically

Table 1 Structural, energetic and mechanical properties of InTeX (X = Cl, Br and I) monolayers and related parameters: lattice constant a (A),
bond length d (A), and monolayer's thickness h (A): cohesive energy E. (eV); elastic constants Cy1, C12, Cee, and Young's modulus Y (N m~1); and
Poisson's ratio »; piezoelectric parameters eq; and ez; (107° Cm™), diy and dx; (pmV ™Y

a din—re din—x h E¢ Ci Ciz Ces Y v €11 €31 diy d3y
InTeCl 4.38 2.86 2.32 3.66 —3.41 24.65 7.81 8.43 22.18 0.32 —1.87 —0.33 —11.08 —1.01
InTeBr 4.37 2.86 2.46 3.81 —2.99 25.55 7.99 8.78 23.05 0.31 —1.55 —0.23 —8.81 —0.68
InTel 4.40 2.87 2.66 4.00 —2.55 27.90 8.53 9.61 25.26 0.31 —1.31 —0.12 —6.75 —0.34
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shows four to five strong features, the InTeX family presents
a much simpler spectrum with significantly lower frequencies,
wider mode separation, and no overlap between E and A;
branches, the effects that arise from the heavier Te atoms,
elimination of the In-In dimer, and overall lattice softening.
These pronounced, mass-dependent shifts and the minimal
three-peak profile offer a straightforward and reliable way to
identify and differentiate InTeCl, InTeBr, and InTel monolayers
experimentally, with InTel exhibiting the lowest-frequency and
most widely spaced triplet and InTeCl the highest-frequency
and most compact one.

The stability of InTeX (X = Cl, Br, I) monolayers was first
evaluated through their cohesive energy, E., defined as E¢ = E.
InTex — Emre — Ex, Where Eprex, EmTe, and Ex represent the total
energies of the halogenated InTeX monolayer, the pristine InTe
monolayer, and an isolated halogen atom, respectively. As
summarized in Table 1, the calculated formation energies of all
three halogenated monolayers are noticeably negative, ranging
from —3.41 to —2.55 eV, indicating that they are thermody-
namically more stable than the isolated InTe monolayer and
halogen atoms. Thermal stability was further assessed via ab
initio molecular dynamics (AIMD) simulations at 300 K for 5 ps.
As shown in Fig. 3(b), the total energy of each system fluctuates
around well-defined equilibrium values without any abrupt or
significant changes. These results demonstrate that the halo-
genated InTeX monolayers remain thermally stable under
room-temperature conditions.

With the growing interest in two-dimensional (2D) materials
for applications in electronics, energy storage, and flexible
devices,***° evaluating their dynamic stability is essential for
reliable performance under practical conditions. For pristine
InTe and halogenated InTeX (X = Cl, Br, I) monolayers, phonon
dispersion spectra provide direct insight into their stability, as
shown in Fig. 3(a). All four systems display smooth, positive
phonon branches, confirming dynamical stability. The pristine
InTe monolayer exhibits moderate curvature in both acoustic
and optical phonon modes, reflecting strong vibrational
coupling and relatively stiff atomic bonding. Halogenation,
however, induces a downward shift and flattening of the
acoustic branches, most pronounced in InTeCl due to the
lighter mass of CI. This trend indicates reduced lattice stiffness,
consistent with the decrease in Young's modulus values (Table
1): 25.26 N m™* for InTel, 23.05 N m™* for InTeBr, and 22.18 N
m ™ for InTeCl. Halogen substitution also alters the separation
between acoustic and optical branches. Among the halogenated
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monolayers, InTeBr exhibits the widest phonon band gap,
suggesting suppressed optical phonon scattering of charge
carriers and implying superior carrier mobility relative to the
other systems.

To further investigate the mechanical properties of InTeX (X
= Cl, Br, I) monolayers, their elastic constants were calculated
and are summarized in Table 1. For 2D hexagonal crystals, the
independent non-zero elastic constants are Ci;, Ciaz, Ces,™
which can be obtained from the unit cell area (Q) and the
strain-energy function E, through the relation C; = Q '9°E,/
de;de;. The Young's modulus (Y) and Poisson's ratio (v) are then
derived from these elastic constants as Y = (C3; — C3,/Cy; and »
= C1,/Cy;. According to Born's mechanical stability criteria for
2D hexagonal structures,” the InTeX monolayers satisfy the
conditions Cy; > 0 and Cy; > Cj,, confirming their mechanical
stability. The calculated Young's moduli of the three haloge-
nated monolayers fall within the range of 22.18-25.26 N m ™,
closely matching those of stanene, black phosphorene, tin
sulfide, and chromium triiodide, all of which have already been
established as highly promising materials for flexible elec-
tronics, nano-transistors, piezoelectric devices, and ferroelectric
systems.**™** Therefore, the comparable elastic properties of
InTeX monolayers highlight their potential as promising
candidates for diverse applications. In addition, their Poisson's
ratios, lying between 0.31 and 0.32, represent another advan-
tageous feature. Monolayers with similar Poisson's ratios - such
as MoS,, Gas, GaSe, hexagonal MoTe,, MoSi,N,, and Ti;C,0,
have already been demonstrated as suitable for coatings,
wearable devices, and other flexible applications,.***

Mechanical isotropy is a crucial requirement for 2D mate-
rials, as it prevents anisotropic failure and ensures reliable
performance in flexible or wearable devices regardless of
bending or stretching direction. To examine this property in
InTeX (X = Cl, Br, I) monolayers, the angular dependence of
Young's modulus Y(«) and Poisson's ratio »(«) was analyzed,
with their directional variation expressed by the following
relations:**

Y(a)

C11C22 - Clzz
CiiCyn — Ci”
C66

. 4 -2
Cyisin“a + Cycos*a + ( - 2C|2> sin’a cos’a

(1)

(a) InTe InTeCl InTeBr InTel (b) -92s . , . .
200~ L] = I 1 950 [ InTeCl ]
o [ 7 200 T 975 [¢ d
p 3001 B o T TS SR SRS "
E = L i S -10.00
iE’/ >§ S 200 - 4 2 87 L LA B — E—
Iy L 2 -9.00 InTeBr]
200+ 1 E ] 5 |
g 100} ~ 1 e 2 925 MAMMMM/\MMA/W\MMN/\A
% —/ \_/A L 100 1 = 9.50 I 1 1 |
2 L— | = 100 1 £ &%
BoL /x 100f | ] ? L e T T T T el
I~ I Lx [ \ 875"" [T} Al A MAMAAA ,'«"T
0 0 0 [1)% 9.00 L I 1 I |
r M K r T M K r T M K r T M K T 0 2.3
Simulation time (ps)
Fig. 3 (a) Phonon dispersion and (b) time-dependence energy of pristine InTe and InTeX (X = Cl, Br, and I) monolayers.
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As shown in Fig. 4, the values of Y(«) and »(«) remain nearly
constant over all in-plane angles «. Similar to the pristine InTe
monolayer,® the mechanical properties of halogenated InTeX (X
= Cl, Br, I) monolayers are almost independent of strain
direction, confirming their elastic isotropy. Generally, the
combination of moderate stiffness, isotropic elasticity, and
well-balanced Poisson's ratio makes the halogenated InTeX
monolayers highly attractive for flexible nanoelectronic devices,
high-sensitivity sensors, and conformal coatings-applications
that demand ultrathin materials to be simultaneously robust
and mechanically compliant.>*>*

The InTeX (X = Cl, Br and I) monolayers exhibit significant
intrinsic  piezoelectricity as a result of their non-
centrosymmetric structure. As shown in Table 1, the in-plane
piezoelectric stress coefficient, e;, ranges from —1.87 x 10~ °
Cm ™' for InTeCl to —1.31 x 10~'° Cm ™" for InTel. Similarly, the
in-plane piezoelectric strain coefficient, d;; , spans from —11.08
pmV ' (InTeCl) to —6.75 pmV ™" (InTel), indicating a strong
electromechanical coupling effect. The out-of-plane coeffi-
cients, e;; and dj;, are smaller in magnitude but still present.
The relaxed-ion piezoelectric coefficients e;; and d;, of pristine
InTe monolayer are 0.69 x 107 *° Cm " and 1.18 pmV ?,
respectively.”® For other members of the group-III mono-
chalcogenides, MX (M = Ga, In and X = S, Se, Te) monolayers,
the clamped-ion in-plane piezo coefficients e;; and dy; range
from 5.17 to 5.39 x 107" Cm™' and 8.29 to 13.26 pmV ",
respectively.®>** These values comparable with those of the
InTeX (X = Cl, Br, I) monolayers, confirming the good piezo-
electricity of halogen functionalization. Furthermore, the
systematic reduction in the absolute values of the piezoelectric
coefficients from CI to Br to I correlates directly with the
decreasing electronegativity and increasing atomic radius of the
halogen species.

This suggests that the highest piezoelectric performance is
achieved with the lighter, most electronegative halogen (Cl),
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likely due to a greater induced asymmetry and charge transfer
within the monolayer structure. These large piezoelectric coef-
ficients make InTeX (X = Cl, Br, I) monolayers highly promising
candidates for nanoscale applications such as piezoelectric
sensors, transducers, actuators, active flexible electronics, and
energy harvesting devices, particularly where high electrome-
chanical coupling in a 2D material is required.

3.2 Electronic structure of InTeX (X = Cl, Br and I)
monolayers

As a two-dimensional group III monochalcogenide with an
intermediate indirect bandgap of 1.2-1.3 eV,"™* the InTe
monolayer has shown considerable potential for nanoelectronic
and photonic applications. Furthermore, its electronic proper-
ties can be effectively tuned through strain, external electric
fields, or chemical doping, thereby broadening its application
scope.™ Therefore, it is essential to investigate the electronic
properties of the halogenated InTeX (X = Cl, Br, I) monolayers,
beginning with their band structures.

Fig. 5 displays the band structures obtained using both the
conventional PBE functional (solid green lines) and the hybrid
HSEO06 functional (dashed pink lines). As expected, the HSE06
method predicts significantly wider bandgaps than PBE. The
well-known bandgap underestimation in PBE arises from its
approximate treatment of the exchange-correlation interaction,
in which electrons partially interact with themselves. This self-
interaction raises the energy levels of the valence bands and
narrows the gap.**®” The discrepancy between PBE and HSE06
becomes more pronounced for heavier halogens, as reflected in
Table 2, where the bandgap difference ranges from 0.76 to
0.85 eV and increases with halogen atomic mass (Cl — Br — I).

Compared to the pristine InTe monolayer with a reported
bandgap of 1.94 eV,” the halogenated InTeCl and InTeBr
monolayers exhibit wider bandgaps. However, with increasing
halogen mass, the bandgap decreases; for instance, InTel shows
a slightly smaller gap than pristine InTe. This trend is consis-
tent with observations in GaXY (X = S, Se; Y = F, Cl, Br, I)
monolayers,> where lighter halogens (F, Cl) increase the
bandgap, while heavier ones (Br, I) reduce it. A similar effect has
been reported for GaTeCl, which exhibits an indirect bandgap
of about 3.06 eV, substantially larger than the 1.4 eV gap of
pristine GaTe.*®

Energy (eV)

M K

M K K r M K K E

Fig. 5 Band structures of InTeX (X = Cl, Br, I) monolayers calculated
using PBE (solid green line) and HSEO6 (dash pink line) methods.
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Table 2 Bandgap £4 (eV) calculated using PBE, HSE06, PBE + SOC,
difference between the vacuum level A® (eV), and work function on
the of Te(x) side @+ (Py) (eV) InTeX monolayers (X represents Cl, Br and
1)

EgPBE E§SE05 E§3E+SOC AD Ore Oy

InTeCl 1.79 1.53 2.55 2.01 5.45 7.46
InTeBr 1.67 1.43 2.48 1.46 5.34 6.80
InTel 1.08 0.79 1.93 0.82 4.82 5.64

Energy (eV)

Energy (eV)

Energy (eV)

— e

M K K r M K K r M K

K r
Fig. 6 Fat bands of InTeX (X = Cl, Br and |I) monolayers.

Halogenation also alters the bandgap character of InTe.
While the pristine InTe monolayer is an indirect-gap semi-
conductor,*” the halogenated InTeX monolayers exhibit direct
bandgaps. As shown in Fig. 5, both the valence band maximum
(VBM) and conduction band minimum (CBM) are located at the
I' - point, confirming the direct bandgap nature of these
systems. To further elucidate the mechanism by which halo-
genation modifies the bandgap character, the projected fat-
band structures were calculated and are presented in Fig. 6.

The pristine InTe monolayer adopts a Te-In-In-Te stacking
sequence, in which each In atom is fourfold coordinated,
bonding to both Te and In atoms-forming a buckled layered
geometry similar to InSe or GaTe monolayer.”* This buckling

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hexagonal structure origins from the mixed sp>-sp’ hybridiza-
tion, where the Te-In-In-Te configuration stabilizes through
the mixing of Te-p and In-s/p/d orbitals.'>*>%

Before halogenation, the VBM is dominated by In-s and Te-
p orbitals, reflecting strong p-s bonding localized within Te-In
interactions, while the CBM primarily consists of Te-p and In-
d orbitals that form antibonding states responsible for
moderate band dispersion and interlayer covalency.*>** The two
In layers are thus electronically coupled via s d hybridized
orbitals, stabilizing the central In-In bonding framework. After
halogenation, halogen atoms bond directly to the top In atoms,
withdrawing charge density from the In-In bonds and weak-
ening their coupling, thereby breaking the structural symmetry
and yielding a single In layer sandwiched between Te and Cl, as
shown in Fig. 1(b and c). The VBM consequently shifts to be
dominated by Te-p and Cl/Br/I-p orbitals, as shown in Fig. 6,
indicating that halogenation localizes the valence charge
around the surface anions and diminishes the contribution of
In-s orbitals. Meanwhile, the CBM becomes composed mainly
of In-s, Te-s, and Te-p orbitals, signifying that conduction
states now arise from out-of-plane hybridization between elec-
tronic states associated with In and Te rather than In-In
coupling. This band structure evolution evidences the
suppression of metallic In-In interactions and the emergence of
polar covalent In-Cl, In-Br and In-I bonds, which elevate the
conduction states and reshape the bonding topology.

Generally, this transformation is driven by orbital rehybrid-
ization. In pristine InTe, both In atoms engage in s—-d hybrid-
ization along the vertical direction, forming strong metallic In—-
In bonds, whereas halogen adsorption introduces intense p-s
interactions between halogen atoms and In atoms, leading to
the formation of directional, ionic ¢ — bonds In-Cl, In-Br and
In-I. As the In-s states become saturated through bonding with
halogen atoms, the redundant In-In link collapses during
relaxation, stabilizing the InTeX (X = Cl, Br and I) configuration.
This process represents a transition from predominantly In-In
metallic coupling to In-halogen polar covalent bonding,
underpinning the observed structural and electronic
reconstruction.

It can also be observed in Fig. 6 that, the Cl/Br/I-p orbitals
are distributed deeper in the valence region, suggesting that
these halogens primarily affect the electronic structure of InTeX
(X = Cl, Br and I) monolayers by modifying the local potential
and breaking inversion symmetry rather than contributing
directly to states near the Fermi level. This orbital hybridization
and structural asymmetry introduced by surface halogen
adsorption are crucial factors possibly leading to the Rashba-
type spin splitting. To explore this peculiarity, the band struc-
tures with spin-orbit coupling (SOC) effect were calculated for
the three monolayers. It is evident in Fig. 7 that the three
monolayers reveal Rashba effect with spin degeneracy at I" -
point, especially at the VBM. The Rashba characteristics are
demonstrated in Fig. 7(d) and the values of these paramaters
are summarized in Table 3.

As reported in Table 3, the splitting energy Ex, is in the region
of from 0.0079 to 0.0088 €V, while the momentum offset kg is
about from 0.0168 to 0.0195 A™". These parameters yield the
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Fig.7 Band structures including spin—orbit coupling for (a) InTeCl, (b) InTeBr, and (c) InTel. Schematic illustration of Rashba-type spin splitting at

the conduction band minimum (d).

Rashba coefficient ag = 2Eg kg~ ! of from 0.8144 to 1.0414 eV A,
signifying a strong Rashba SOC in the InTeX (X = Cl, Br, I)
monolayers. Monolayers with Rashba parameters in this range
have been widely reported to enable diverse spintronic and
optoelectronic applications, including short-channel spin-field-
effect transistors (SFETs), Rashba thermoelectrics, spin—charge
conversion, and gate-tunable spin-Hall devices. For instance,
inverse-Janus monolayers with ag of about 0.94 eV A have been
proposed for SFET and thermoelectric applications,*® while
Janus and group-III-V chalcogenide monolayers with ay around
0.8-1.0 eV A are suitable for spin-charge conversion and spin-
Hall effects.®® Moreover, strain- and twist-engineered Janus
TMD bilayers such as MoSeTe/WSeTe, exhibiting tunable ag ~
1.0 eV A, have been explored for flexible 2D spintronic, valley-
tronic, and opto-spintronics applications.®® Therefore, InTeX
monolayers with similar Rashba strengths have great potential
as promising materials for next-generation spin-based and
multifunctional nanodevices.

It is worth noting that the halogenated InTeX (X = Cl, Br, I)
monolayers exhibit a significant anisotropic Rashba SOC, with
the Rashba coefficient ar consistently larger along the I' — M
direction than along I' — K. Specifically, oy increases from
0.8969 eV A (I' — K) to 1.0414 eV A (I' — M) for InTeCl, from
0.8821 eV A to 1.0178 eV A for InTeBr, and from 0.8144 eV A to
0.9524 eV A for InTel, while the corresponding Rashba energies
Ex and momentum offsets kg exhibit small difference between
these directions. While halogen adsorption lowers the lattice
symmetry from Dy, (centrosymmetric) to Cs,, enabling Rashba
spin splitting by removing inversion symmetry, the observed
directional anisotropy of «y indicates a further reduction of
symmetry below Cj;,. Across the halogen series, the absolute
magnitude of ai decreases slightly from Cl to I, consistent with

Table 3 Electronic structure of InTeX (X = Cl, Br and |) monolayers:
splitting energy Eg (eV),momentum offset kg (A~Yand Rashba param-
eter ag (eV A)

By EX

I

R
InTeCl 0.0087 0.0088 0.0194 0.0169 0.8969 1.0414
InTeBr 0.0086 0.0086 0.0195 0.0169 0.8821 1.0178
InTel 0.0079 0.008 0.0194 0.0168 0.8144 0.9524

9584 | RSC Adv, 2026, 16, 9578-9589

a reduced out-of-plane dipole moment as halogen electroneg-
ativity decreases. This anisotropic Rashba behavior is analo-
gous to that observed in Janus transition-metal dichalcogenides
(TMDs) such as MoSSe and WSeTe, and in Pt-based Janus di-
chalcogenides, where symmetry lowering yields unequal ar
values along I' — K and I' — M.****

Monolayers possessing such anisotropic Rashba SOC
provide direction-selective control of spin dynamics, as the
differing o«r values along crystallographic axes allow
orientation-dependent spin precession and spin-filtering in
spin-field-effect transistors (SFETs) and logic architec-
tures.®%¢ The anisotropy further enhances spin-charge
interconversion, with efficiency and spin polarization tunable
by transport direction, strain, or gate bias.®”** Consequently,
halogenated InTeX monolayers emerge as promising candi-
dates for orientation-programmable spintronic, optospintronic,
and valleytronic devices, offering reconfigurable, low-power
platforms for future two-dimensional spin logic and quantum
information technologies. It is noted that epitaxial strain is
expected to effectively tune the electronic and spintronic prop-
erties of InTeX (X = Cl, Br, and I) monolayers by modifying the
band dispersion and Rashba spin splitting. While a detailed
strain-dependent analysis is beyond the scope of this work, the
present results provide a solid foundation for future strain-
engineering studies and practical device optimization.

The charge distribution of Janus halogenated InTeX (X = Cl,
Br, I) monolayers can be further characterized by analyzing their
work functions and Bader charge profiles. As shown in Fig. 8(a),
the electrostatic potential profiles reveal a pronounced potential
drop across the layer, with A® ranging from 0.82 to 2.01 eV as
summerized in Table 2), indicating a significant internal elec-
tric field directed from the Te sublayer toward the halogen
atoms. This internal field arises from charge transfer between
In and X atoms, as confirmed by the Bader charge values listed
in Table 3, which shows that the halogen atoms gain electrons
while indium loses charge, as shown in Fig. 8(b). Such charge
redistribution creates a net dipole moment that decreases
progressively from Cl to I, consistent with the reduction in
halogen electronegativity. The corresponding work function
difference between the top and bottom surfaces further reflects

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Electrostatic potentials and (b) electron density differences of InTeX (X = Cl, Br, and I) monolayers. The yellow regions in (b) denote

electron depletion with negative Bader charge, while the blue regions indicate electron accumulation with positive Bader charge.

this polarity, with InTeCl exhibiting the largest potential
asymmetry and hence the strongest built-in field. According to
the Helmholtz relation, this field induces substantial spin
splitting through Rashba SOC,”®”* explaining the larger oy
values observed in InTeCl compared with InTeBr and InTel.

3.3 Transport properties of InTeX (X = Cl, Br, and I)
monolayers

In two-dimensional materials, charge transport is mainly gov-
erned by phonon-induced scattering due to reduced dimen-
sionality and weakened dielectric screening. In the following,
we present the phonon-limited carrier mobility calculated using
the AMSET package,** which enables a quantitative evaluation
of the contributions from different phonon scattering mecha-
nisms within the Boltzmann transport framework. All relevant
input parameters are derived from first-principles calculations.
The four scattering mechanisms included in the transport
calculations are acoustic-deformation-potential scattering
(ADP), ionized-impurity scattering (IMP), piezoelectric scat-
tering (PIE) and polar-optical-phonon scattering (POP). Each
mechanism contributes a separate resistance to carrier motion,
and Matthiessen's rule assumes these processes act indepen-
dently, so their scattering rates simply add to determine the

overall mobility limit. The total mobiltiy uror can be calculated
as:3272.73

1 1 1 1 1
= —t—t+— 3)

Mtot Happ  Mimp  HMpPIE  Mpop

Fig. 9 and 10 illustrate the temperature dependence of the
carrier mobility at different carrier concentration in the studied
InTeX monolayers, presenting both the carrier mobilities
limited by individual phonon scattering mechanisms and the
resulting total carrier mobility. In general, carrier mobility
depends on the carrier concentration. Here, we choose two

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

carrier concentration values n. of 1 x 10'® and 1 x 10%° ecm ™3,

which represent the low- and high-carrier-concentration
regimes, respectively. Fig. 9(a) shows that POP and PIE scat-
tering play major roles in determining the total electron
mobility in the proposed InTeX (X = Cl, Br, I) monolayers. In the
low carrier concentration regime of 1 x 10'® cm™?, the contri-
butions of POP and PIE scattering to the electron mobility are
nearly comparable in the InTeCl monolayer, whereas
a pronounced difference is observed in the other two structures.
Specifically, POP scattering is the dominant mechanism
limiting the total electron mobility in the InTeBr monolayer,
while the total electron mobility in the InTel monolayer is
primarily limited by PIE scattering.

In the high carrier concentration regime, namely n. = 1 X
10*° cm 3, POP scattering emerges as the dominant mechanism
limiting the total electron mobility in the InTeCl and InTeBr
monolayers as depicted in Fig. 10(a). This behavior can be
attributed to the enhanced electron-phonon coupling with
polar optical modes at elevated carrier densities, where
increased screening and occupation effects significantly amplify
POP scattering rates. In contrast, in the InTel monolayer, the
total electron mobility is primarily governed by PIE scattering,
indicating that long-wavelength acoustic phonons associated
with lattice polarization play a more prominent role in carrier
transport in this structure. In contrast to the electron case, the
total hole mobility is predominantly governed by ADP scattering
in both the low- and high-carrier concentration regimes,
particularly in the high temperature region. This indicates that
hole transport is mainly limited by interactions with long-
wavelength acoustic phonons, whose scattering strength is
relatively insensitive to carrier density. The different tempera-
ture dependences of the hole mobility observed in Fig. 9 and 10
arise from the distinct carrier concentration regimes consid-
ered. At high carrier concentration, enhanced screening and
carrier-carrier interactions reduce the effective scattering

RSC Adv, 2026, 16, 9578-9589 | 9585
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carrier concentration of 1 x 10 cm~3.

strength. This screening effect partially compensates for the
increased phonon scattering at elevated temperatures, leading
to a modified mobility-temperature dependence.

Presenting carrier mobility at room temperature is particu-
larly important because it directly reflects the practical

transport performance of materials under realistic operating
conditions. Since most electronic and optoelectronic devices
function near room temperature, carrier mobility evaluated at
this temperature provides a meaningful benchmark for
assessing device feasibility and for comparison with
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Table 4 Room-temperature phonon-limited and total carrier mobilities u (cm? V= s7%) of InTeX (X = Cl, Br, and I) monolayers at different carrier

concentrations n. (cm™3)

Carrier type Compound Ne Happ Himp UpiE Mpor Mtotal
Electron InTeCl 1 x 10 1.36 x 10> 1.53 x 10° 24.10 24.20 11.01
InTeBr 1.07 x 10> 1.37 x 10° 47.60 26.60 14.56
InTel 1.01 x 10> 1.27 x 10° 20.60 33.60 11.24
InTeCl 1 x 10*° 35.80 83.00 17.30 14.60 6.01
InTeBr 25.60 58.90 17.30 15.40 5.59
InTel 23.90 44.30 18.20 19.90 5.90
Hole InTeCl 1 x 10 2.81 4.32 x 10% 2.82 3.22 0.98
InTeBr 1.19 1.93 x 10* 1.86 1.57 0.50
InTel 0.18 1.78 x 10* 0.73 1.34 0.12
InTeCl 1 x 10*° 2.91 25.50 3.82 3.55 1.08
InTeBr 1.24 13.10 2.77 1.65 0.54
InTel 0.19 10.00 0.85 1.38 0.14

experimental measurements. Moreover, room-temperature
mobility inherently captures the combined effects of various
scattering mechanisms, especially phonon scattering, which
dominates charge transport in this regime. The calculated
carrier mobilities at room temperature are summarized in Table
4. At low carrier concentrations, namely 7, = 1 x 10'° ecm ™, the
electron mobility ranges from 11.01 to 14.56 cm> V™' s, but it
decreases significantly to about 6 cm®> V™' s™" as the carrier
concentration increases. This reduction in electron mobility at
higher carrier concentrations can be attributed to enhanced
carrier-carrier and carrier-phonon scattering, as well as
increased screening effects that modify the electron-phonon
coupling strength. In contrast, the hole mobility at room
temperature remains relatively low for both low and high carrier
concentration regimes. This behavior suggests that hole trans-
port is intrinsically limited, likely due to the heavier effective
mass and stronger coupling to lattice vibrations, making it less
sensitive to changes in carrier concentration compared to
electron transport. The room-temperature carrier mobilities of
halogenated InTeX (X = Cl, Br, and I) monolayers obtained in
this work are much lower than the exceptionally high electron
mobility previously reported for the InTel monolayer using the
deformation-potential (DP) approach (12 137.80 cm® V™' s~ 1).1°
This discrepancy mainly arises from the simplified nature of the
DP method, which considers only acoustic-phonon scattering
and therefore tends to significantly overestimate carrier
mobility. In contrast, more rigorous Boltzmann transport
calculations and experimental measurements for representative
2D materials, such as MoS, and phosphorene, consistently yield
much lower mobilities than those predicted by the DP
model.”*7¢ Furthermore, the electron and hole mobilities of
pristine InTe monolayers obtained with full scattering effects
included are 18 and 0.2 ecm® V' 577, respectively, which are
comparable to those of the InTeX systems,* thereby supporting
the reliability of the carrier mobility calculations presented in
this work.

4 Conclusion

In this work, first-principles calculations were employed to
elucidate the structural reconstruction, stability, electronic

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

properties, and transport characteristics of halogenated InTeX
(X = Cl, Br, and I) monolayers derived from pristine InTe. The
moderate electronegativities of Cl, Br, and I enable the forma-
tion of energetically, mechanically, and dynamically stable Te-
In-X three-sublayer configurations, where halogen adsorption
suppresses the In-In bond and transforms the original Te-In-
In-Te stacking into a polar, non-centrosymmetric lattice. This
reconstruction converts pristine InTe into a direct-gap semi-
conductor with tunable bandgaps decreasing from Cl to I, and
simultaneously generates strong, anisotropic Rashba spin
splitting driven by inversion-symmetry breaking and internal
electric dipoles. Importantly, the charge carrier mobilities were
calculated by explicitly accounting for phonon and impurity
scattering, resulting in values that are more consistent with
experimental measurements and considerably lower than the
overestimated mobilities reported in previous studies using
only the deformation-potential approach. Such accurate
mobility assessments are essential for evaluating practical
device performance, especially in flexible electronics, spin-orbit
devices, and photocatalytic systems where transport limitations
strongly influence their efficiency. In addition, the distinctive
three-peak Raman fingerprints, dominated by a characteristic
lower A; mode, provide a clear experimental marker for phase
identification. The halogenated InTeX (X = Cl, Br, and I)
monolayers are also observed to possess good piezoelectricity.
Altogether, the stable, polar, and electronically tunable InTeX
monolayers constitute a new branch of 2D III-VI materials,
offering promising opportunities for flexible nanoelectronics,
spintronic architectures, and future exploration of halogen-
induced reconstruction across group-III monochalcogenides.
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