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ing features of Janus In2STe
monolayers: insights from first-principles and
multiphysics studies on SO2 interaction

Raiyan Al Nahean, †a Md. Raiyan Firoz,†a Manik Balaab

and Md Tawabur Rahman *a

The detection of hazardous gases plays a critical role in both industrial and healthcare applications. MOS

(metal oxide semiconductor) sensors have been extensively studied in gas sensing applications, but they

have low selectivity, require higher working temperatures, and use a lot of power. This work investigates

the sensing and adsorption properties of hazardous gases (NH3, SO2, H2S, NO2, HCN, and CO2) on

a Janus In2STe monolayer using first-principles density functional theory (DFT) calculations and

COMSOL Multiphysics modeling. First-principles analyses reveal that SO2 is chemisorbed on In2STe,

while the other gases are physisorbed. Among all the adsorbed gases, SO2 exhibits the highest

adsorption energy (−0.82 eV), which suggests the strongest interaction with the Janus In2STe

monolayer. The sensor based on this monolayer shows a remarkable chemiresistive sensitivity (93.28 ×

106%) and a suitable recovery time (74 seconds) for SO2, significantly outperforming other gases.

Additionally, a sensor incorporating the Janus In2STe monolayer as the sensing layer was simulated using

COMSOL to validate these findings further. At room temperature (RT), Janus In2STe showed a high

response (Ra/Rg) of 17.62 to 50 ppm of SO2, an impressive sensitivity of 0.308 ppm−1, and excellent

selectivity for SO2 in mixed gas environments, surpassing conventional gas sensors. These results offer

valuable insights for the manufacture of low-power-consuming and selective gas sensors and

emphasize their potential for predictive modeling in guiding sensor design before synthesis.
1. Introduction

One of the most signicant environmental issues of our day is
the ongoing increase in harmful air pollutants, which are
mostly released from sources like transportation, industrial
facilities, reneries, asbestos-containing building materials,
tobacco smoke, and chemical solvents.1 These hazardous gases
and vapors can pose serious health risks to individuals, espe-
cially workers, through inhalation, skin contact, or ingestion.1

Consequently, appropriate and timely sensing of such gases is
important not only for environmental monitoring but also for
ensuring personal safety and enhancing industrial process
control.

While traditional MOS-based gas sensors have shown
excellent selectivity, they oen fall short in detecting gases at
low concentrations due to limited sensitivity.2 2D materials
show great promise for applications in chemical detection due
to their great surface-to-volume proportion, along with their
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ability to operate effectively at room temperature.3 Among them,
Group III chalcogenide monolayers (MX, where M = Ga or In
and X = Te, Se, or S) have garnered signicant attention for use
in next-generation nanoelectronic and optoelectronic devices.4

This interest stems from their unique multilayered congura-
tion, in which a double layer of Group III metal atoms is
sandwiched between two chalcogen atom layers.4 A further
advancement in this domain is the development of Janus 2D
materials, which possess out-of-plane structural asymmetry.
These materials are synthesized by substituting either the top
and bottom chalcogen layers or the central Group III metal
layers with different elements. Phonon spectrum analyses
conrm the dynamic stability of these Janusmonolayers.5 In gas
detection, Janus materials have demonstrated remarkable
promise for achieving both high sensitivity and selectivity. For
instance, various gases can be adsorbed onto MoSSe Janus
structures, with NO2 and SO2 showing especially strong affini-
ties for Se- and S-sites.6 Similarly, the Janus B2SeTe monolayer
demonstrates chemsorption behavior for NO2, while NH3, SO2,
H2S, CH4, CO, CO2, and HCN were chemisorbed on this
material.7

Motivated by these ndings, our work aims to explore Janus
In2STe's gas detection potential, as there is no prior research on
the gas detection mechanism of Janus In2STe. This work
RSC Adv., 2026, 16, 22627–22640 | 22627
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involves a DFT analysis of the adsorption conguration and
sensing mechanism of six gases on the In2STe monolayer. DFT-
based analyses revealed that SO2 undergoes chemisorption,
whereas other gases are physisorbed on the surface. The In2STe
monolayer demonstrated an exceptional chemiresistive sensi-
tivity of 93.28 × 106% and a suitable recovery time (74 seconds)
at RT for SO2, signicantly outperforming its response to the
other two gases. Additionally, COMSOL Multiphysics was
employed to simulate and model a gas sensor incorporating
In2STe as the sensing layer. At RT, the Janus In2STe showed
a markedly higher response (Ra/Rg = 17.62) to SO2 compared to
NH3 and H2S. These results help the development of optimal
sensor designs for high-performance gas detection and offer
signicant insights into the gas detection mechanism.
Fig. 1 The IDE structure of the proposed gas sensor.
2. Methodology
2.1 Computational analysis in DFT

The electronic and structural optimization has been calculated
employing ab initio simulations. The CASTEP (Cambridge Serial
Total Energy Package) program was employed to perform
computations.8 The GGA and the PBE functional have been
utilized in elucidating the interplay between exchange and
correlation potentials. For geometry optimization, the ‘Grimme’
method has been utilized for DFT-D3 correction.7,9 A 3 × 3 × 1
supercell of In2STe monolayer was constructed for the simula-
tions, including gas molecules adsorbed on the surface.

450 eV is set as the energy cutoff. Largest displacement and
highest stress are set to 0.001 Å and 0.05 GPa, respectively. And,
the highest force and convergence tolerance energy are xed at
1.0 × 10−6 eV per atom and 0.01 eV Å−1, respectively. Cell
optimization was performed using a xed basis quality to
ensure reliable performance under hard compressibility and
varying cell parameters. While we employed the relativistic
Koelling–Harmon method for computing electrical character-
istics, we opted for the Norm Conserving methodology for
pseudopotentials. The BFGS algorithm was used to optimize
geometry. Additionally, we selected a 6 × 6 × 1 k-point set for
geometry optimization and the computation of electronic
properties.4

Eqn (1) has been used in calculating the adsorption energy
under the gas adsorption.10

Ead = E(In2STe+gas)
− EIn2STe

− Egas (1)

Ead represents the adsorption energy arising from the attach-
ment of gas molecules to the sensing surface. The energy of
Janus In2STe under gas absorption is indicated by E(In2STe+gas).
The energy of Janus In2STe and gas is denoted by EIn2STe and
Egas, respectively. To determine the charge density difference
(CDD) during gas adsorption, eqn (2) was used. Here, rm, rgas,
and rtotal denote the charge density of Janus In2STe, the gas
molecule, and gas-adsorbed In2STe, respectively.

Dr = rtotal − rm − rgas (2)
22628 | RSC Adv., 2026, 16, 22627–22640
The shi in electrical conductivity (s) is an important
consideration in determining gas sensing's effectiveness. The
equation below explains how conductivity and band gap, Eg, are
related,2,4

s ¼ A exp

�
� Eg

2kBT

�
(3)

In this case, the proportionality constant, band gap, Boltzmann
constant in eV K−1, and temperature in Kelvin are denoted by A,
Eg, kB, and T.

The charge transfer difficulty of the system increases in
proportion to the electronic bandgap, according to molecular
orbital theory. A rise in the band gap makes it harder for elec-
trons to shi from the valence to the conduction band, as
conductivity and band gap share an inverse relationship
(resistance increases).11

The chemiresistive sensitivity of the sensing material is
dened by the following equation,12

%S

�
ds

s

�
¼

��������
exp

�
� Eg ðadsorbedÞ

2kBT

�
� exp

�
� Eg ðpristineÞ

2kBT

�

exp

�
� Eg ðpristineÞ

2kBT

�
��������

� 100

(4)

Here, Eg (adsorbed) and Eg (pristine) denote the bandgap of
Janus In2STe under gas adsorption and that of pristine In2STe.
The recovery period is dened as the duration required for gas
molecules to naturally detach from the sensing surface. The
recovery time has been calculated using the Van't Hoff–Arrhe-
nius equation, which is given below.2,13,14

s ¼ v0
�1exp

�
� Ead

kBT

�
(5)

Here, n0 is the attempt frequency. Previous studies suggest that
the attempt frequency for SO2 is on the order of 1012 s−1.
However, for all other gases, the same value of frequency can be
used.2,15
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2 Sensor modeling and simulation in COMSOL

Fig. 1 depicts the Janus In2STe material-based sensor structure
modeled in COMSOL Multiphysics. The structure of the
proposed sensor consists of 4 main parts, namely:

(a) Glass substrate: it is considered to have dimensions of 15
× 15 × 0.7 mm3.

(b) Sensing layer: the heart of the sensor, which is made up of
Janus In2STe material having an area of 10 × 10 mm2. The
thickness of the proposed sensing layer is considered to be 0.85
mm, which is sufficient for good response characteristics.

(c) Interdigitated electrodes (IDEs): the gold (Au) IDEs
structure is used to obtain a reproducible response from the
sensor. Additionally, two Au contacts are used to collect charges
from the sensing layer as a result of the gas–material
interaction.

(d) Heater: to fasten the reaction process, a ruthenium oxide-
based heater is being considered, which has the same dimen-
sions of 10 × 10 mm2 as the sensing layer.

Additionally, for simulating gas ow, a cylindrical chamber
with a gas sensor enclosed is considered, with a 15 mm diam-
eter and a height of 20 mm. This chamber also has two outlets
with a radius of 2 mm. The gas sensing measurement was
conducted in this enclosed chamber, where the gas enters
through the inlet and is subsequently collected at the outlets.16

During the simulation, SO2 gas at different concentrations
was introduced through the inlet into the chamber and exposed
to the sensor surface for approximately 20 seconds, allowing the
simulation of the corresponding dynamic response. Before each
measurement, any residual gas in the chamber was removed. To
simulate the whole process accurately, COMSOL Multiphysics
has been utilized to solve partial differential equations and their
corresponding physics interfaces.7

The gas ow inside the chamber is described using the
Navier–Stokes equation,17

r = −VP + rg + hV2 (6)

Here, r, P, h, g, and U denote gas ux, gas pressure, viscosity,
gravity, and velocity eld, respectively. The solution of these
equations has to be done using the continuity equation in order
to ascertain the gas velocity and eld.18

r + V(rU) = 0 (7)

The equation can be written as follows, assuming incom-
pressible gas ow, where the density remains constant.19

VU = 0 (8)

UT = 0 (9)

The cylindrical chamber's surfaces are in a state of zero
relative velocity, where the peripheral velocity is indicated by UT.

Fourier's law states that a material's negative temperature
gradient directly affects how quickly heat is transferred through it.20

q00 = −k × T × V (10)
© 2026 The Author(s). Published by the Royal Society of Chemistry
Here, T indicates the temperature, and q00 denotes ux density.
And, thermal conductivity is denoted by k. The following
equation represents conductivity s as follows,21

s = enm (11)

Here, m, n, and e are the mobility, carrier concentration, and
charge, respectively. Although both eqn (3) and (11) represent
electrical conductivity, they originate from different physical
considerations. Eqn (11) describes conductivity in terms of
charge transport, where s depends directly on the carrier
concentration (n) and mobility (m), meaning it reects how
effectively existing charge carriers move through the mate-
rial.22,23 In contrast, eqn (3) expresses conductivity in terms of
the band gap and temperature, emphasizing the thermal
generation of charge carriers in a semiconductor. In this case,
the exponential dependence arises from the probability of
electrons being excited across the band gap.4,24 The conducting
layer of the sensor alters when it comes into contact with a gas
having a concentration C, indicated by the following,17

s = (n − aCt)em (12)

Here, a and t denote the adsorption coefficient and the active
layer's per-unit surface area. The modied form of the above
formula has been written as follows,16

s = em(n − aDt) (13)

With the increase of gas concentration, Dt increases and even-
tually reaches saturation. Dt decreases as the concentration
lowers. Resistivity r can be expressed as,20

r ¼ 1

s
¼ 1

ðn� aCt Þ2em (14)

Thus, conductivity and resistivity will change when SO2 is
adsorbed onto the sensing layer.

The TDS (Transport of Diluted Species) module was used to
model the movement and interaction of SO2 molecules towards
the sensing layer. It accounts for the convection mechanism
within the dened domain.18

The In2STe sensor's response is measured as (Ra/Rg). Here, Ra

indicates the sensor's resistance in air. And Rg is the sensor's
resistance in exposure to the gas.

The duration for a sensor exposed to the gas to achieve 90%
of its maximal response is known as response time (Tres).
Conversely, the recovery period (Trec) is the duration, aer the
target gas is removed, for the response to fall to its maximum
value's 10%.25

A complementary study was carried out to design interdigi-
tated electrodes (IDEs) with varying geometric parameters and
to quantify how these parameters affect sensor response. A
series of IDE geometries was constructed by varying nger
width and the number of ngers to evaluate sensitivity. Device
performance was assessed by examining the electric-eld
distribution within and around the electrode gap, which
serves as a proxy for sensor sensitivity. The Electrostatics
interface of COMSOL Multiphysics’ AC/DCmodule was used for
RSC Adv., 2026, 16, 22627–22640 | 22629
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all simulations. In this formulation, the electric displacement
eld D, the electric eld E, and the scalar voltage V are related by
Gauss's law and the constitutive relation:

V.D = r (15)

E = −VV (16)

D = 3r30E (17)

Here, V denotes the electric potential, E and D represent the
electric eld and the electric displacement eld, respectively.
The relative permittivity is given by 3r, and 30 denotes the free
space permittivity. The term r corresponds to the free charge
density present in the domain.

We conducted two sets of simulations to systematically
explore the geometric parameters' inuence. In the rst set, the
nger width was varied between 0.2 mm and 0.6 mm to deter-
mine the conguration exhibiting the highest sensitivity. The
most responsive design from this stage was then utilized in the
subsequent set of simulations, where the number of ngers was
varied from 3 to 6. Following each simulation, the IDE
Fig. 2 (a) Top view, (b) side view, (c) the phonon dispersion curve, (d) b

22630 | RSC Adv., 2026, 16, 22627–22640
conguration demonstrating optimal performance based on
electric eld distribution and sensitivity metrics was selected
for further analysis and integration into the overall sensor
model.

The sensor was meshed by considering a coarse element size
with a physics-controlled sequence type.
3. Results and discussion
3.1 Structural optimization of the Janus In2STe monolayer

Fig. 2(a) and (b) depict the top and side views of Janus In2STe
aer geometry optimization. The best adsorption site was then
identied by introducing gas molecules to the adsorption sites
that were being considered. The thickness (t) of the optimized
Janus In2STe is calculated to be 5.37 Å. The unit cell's lattice
constant is a = b = 4.16 Å. Fig. 2(b) displays that, in optimized
In2STe, the bond lengths of In–S (d1), In–In (d2), and In–Te (d3)
are 2.53 Å, 2.73 Å, and 2.75 Å, respectively. The bond angles of
In–S–In (q1), In–Te–In (q2), S–In–In (q3), and Te–In–In (q4) are
103.36°, 92.19°, 115.02°, and 123.72°, respectively. These are
almost identical to those in the previously reported work.26
and structure, and (e) PDOS of the optimized In2STe monolayer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2(c) exhibits the phonon dispersion of Janus In2STe
through the path of G–M–K–G. It conrms the dynamical
stability of In2STe due to the absence of imaginary frequencies
in the Brillouin zone. The three lowest branches are acoustic
Fig. 3 Adsorption configurations of (a) SO2, (b) NO2, (c) H2S, (d) CO2, (e

© 2026 The Author(s). Published by the Royal Society of Chemistry
modes. These are transverse acoustic, longitudinal acoustic,
and a quadratic out-of-plane acoustic mode, which is a typical
feature of 2D materials. The higher branches correspond to
optical modes, with frequencies extending up to ∼6 THz,
) NH3, and (f) HCN on Janus In2STe.

RSC Adv., 2026, 16, 22627–22640 | 22631
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indicating moderately strong In–S and In–Te bonding. The
absence of imaginary modes ensures the structure is robust,
while the built-in polarity from the Janus asymmetry may lead
to LO-TO splitting at G and inuence thermal and electronic
transport properties. Overall, the phonon spectrum reects
a stable, polar 2D semiconductor with moderate lattice
dynamics. The electronic band structure of Janus In2STe is
shown in Fig. 2(d) along the same path as that of the phonon
dispersion. The bandgap (GGA-PBE) of Janus In2STe is 1.402 eV.
Janus In2STe has a direct band gap, as the conduction band
minimum (CBM) and valence band maximum (VBM) are at the
same G point. Fig. 2(e) displays the optimized Janus In2STe's
PDOS (partial density of states), where the p orbitals of S and Te
dominate the valence band region below the Fermi level, with
In-s states contributing less. With a small amount of hybrid-
ization from Te-s and S-p states, In-p orbitals account for the
majority of the CB region above the Fermi level. This shows that
In2STe's optical and electronic characteristics are dened by
electronic transitions across the band gap between S-p and Te-p
levels in the VB and In-p states in the CB. Since Te-derived states
dominate the valence band maximum, Te atoms signicantly
inuence the electronic properties of the material. In a practical
device, interaction with an underlying substrate (e.g., glass) may
introduce minor interfacial effects such as weak coupling,
strain, or slight charge redistribution, which could moderately
inuence the electronic states near the Fermi level. However,
since glass substrates are typically amorphous and electroni-
cally inactive, their overall impact is expected to be limited and
Fig. 4 Charge density difference (CDD) plots for (a) SO2, (b) NO2, (c) H2S,
The blue region signifies electron accumulation, while depletion is indic

22632 | RSC Adv., 2026, 16, 22627–22640
unlikely to signicantly change the intrinsic sensing
behavior.27,28 Therefore, the sensing performance is mainly
controlled by the active Te surface sites' interaction with gas
molecules. The lattice constant, bond lengths, bond angles,
thickness, bandgap, related VBM and CBM locations, and
stability for the Janus In2STemonolayer are all listed in Table SI.
3.2 Adsorption congurations of the Janus In2STe

Eqn (1) was used to get the corresponding adsorption energies
aer the gases and their adsorbed structures were initially
optimized. The most stable and energetically advantageous gas
adsorptions on Janus In2STe are depicted in Fig. 3 and were
chosen for additional analysis. To determine the most stable
adsorption congurations, we carefully examined several
possible adsorption sites on the Janus In2STe surface, including
the top of In, S, and Te atoms, and bridge sites (In–S and In–Te
bonds). For each site, different initial orientations of the gas
molecules were considered, and all structures were fully opti-
mized using DFT until the convergence criteria were met. The
conguration with the lowest total energy among the tested
structures was selected as the most stable adsorption site, rep-
resenting locally stable minima on the potential energy surface.
While it is computationally challenging to guarantee identi-
cation of the absolute global minimum across the entire
potential energy surface, this systematic multi-site and multi-
orientation approach is commonly used and provides a reli-
able estimation of the most favorable adsorption
(d) CO2, (e) NH3, and (f) HCN adsorbed on the Janus In2STemonolayer.
ated by the yellow region.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conguration.29,30 Each gas molecule has a distinct orientation
and favors a particular adsorption site on the Janus In2STe, as
shown in the gure. The shortest lengths between Janus In2STe
and gas molecules also differ as a result of these variances. This
distance (D) is a crucial factor that claries the kind of inter-
action between In2STe and the gas molecules. Both the charge
transfer and adsorption energy were computed to comprehend
the type of adsorption. Chemisorption is typically indicated if
the adsorption energy is less than −0.5 eV, or more negative.4,31

The shorter adsorption distances (typically from 1.5 to 2.5 Å)
correspond to chemisorption, while the larger adsorption
distances (usually greater than 2.5 Å) correspond to
physisorption.32–34 The adsorption patterns and associated
adsorption behavior of the gas molecules are discussed in the
next section.

3.2.1 SO2. The large adsorption energy (−0.82 eV) resulting
from SO2 adsorption on Janus In2STe suggests that SO2

adsorption is very energetically suitable. According to Fig. 3(a),
the top of In–S is the favored site for SO2. The adsorption
distance for SO2 is 2.153 Å. It can be seen from Fig. 4(a) that
charge is slightly depleted on the In and Te atoms in the
monolayer, while it is accumulated on the S atom and the bonds
between In–S, In–Te, and In–In. For the other ve adsorption
congurations, the charge is similarly accumulated and
depleted on the In2STe monolayer. Additionally, Fig. 4(a)
exhibits that electrons have completely collected on SO2. Strong
SO2 chemisorption on Janus In2STe is suggested by the large
adsorption energy and short adsorption distance.

3.2.2 NO2. The small adsorption energy of −0.362 eV of
NO2 adsorption on In2STe conrms weak adsorption. The top of
S is the best position for NO2 to adsorb (Fig. 3(b)). For NO2, the
adsorption distance was found to be 3.47 Å. 2 oxygen atoms in
the NO2 gas gain electrons. But electrons are depleted from
the N atom, as seen in Fig. 4(b). Weak adsorption energy and
a massive adsorption distance suggest that NO2 adsorption
results in a weak physisorption on the In2STe monolayer.

3.2.3 H2S. Weak adsorption of H2S is indicated by the low
adsorption energy (−0.119 eV). The most optimal site for H2S
adsorption is over the In–S bridge (Fig. 3(c)). The H2Smolecule's
surface-to-molecule distance was 3.41 Å. Fig. 4(c) illustrates how
charge is slightly depleted on the S atom and collected on two H
atoms. The charge density difference illustrates how electrons
redistribute when the H2S molecule adsorbs on the surface,
rather than showing absolute atomic charges from population
analysis. The apparent charge accumulation near the H atom
originates from polarization and charge rearrangement at the
molecule–surface interface in periodic DFT calculations.35,36

This effect reects the inuence of Janus In2STe on the elec-
tronic distribution of the adsorbed molecule and does not
indicate a change in the intrinsic electronegativity of sulfur in
isolated H2S. The physisorption of H2S on Janus In2STe is sug-
gested by the long adsorption distance, small adsorption
energy, and negligible charge transfer.

3.2.4 CO2. The poor adsorption energy (−0.238 eV)
measured from CO2 adsorption on the monolayer indicates that
CO2 is weakly adsorbed on the In2STemonolayer. The top site of
In–S is considered the most favorable position for CO2
© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorption (Fig. 3(d)). The CO2 adsorption distance was 3.584 Å.
This gas increases electrons on 2 oxygen atoms but decreases
the electrons on carbon atoms, as seen in Fig. 4(d). The phys-
isorption of CO2 on Janus In2STe is suggested by the large
adsorption distance, weak adsorption energy, and limited
charge transfer.

3.2.5 NH3. The relatively low adsorption energy (−0.176 eV)
for NH3 indicates weak adsorption behavior. The top of In is the
ideal location for NH3 to adsorb (Fig. 3(e)). NH3 has an
adsorption distance of 3.22 Å. Electrons have considerably
depleted on hydrogen but accumulated on nitrogen (Fig. 4(e)).
NH3's physisorption on In2STe is supported by negligible
adsorption energy, large adsorption distance, and little charge
transfer.

3.2.6 HCN. The small adsorption energy of −0.076 eV
resulting from HCN adsorption on Janus In2STe suggests very
poor adsorption. The most favorable site for HCN gas adsorp-
tion is at the top of the Te atom (Fig. 3(f)). However, the
adsorption distance for HCN was determined to be 3.28 Å. In
HCN gas, a considerable charge has accumulated on N and
depleted on the C atom, as seen in Fig. 4(f). The H atom also has
a slight accumulation of charge. HCN is physisorbed on In2STe
based on the high adsorption distance and extremely low
adsorption energy.

In practical sensing devices, surface defects are oen
unavoidable and can inuence adsorption behavior, charge
transfer, and carrier transport properties. In this work, the
simulations were performed on a pristine In2STe surface to
establish the intrinsic sensing characteristics. A systematic
investigation of defect-related effects would require modeling
various defects (creating a vacancy or doping). However, this is
beyond the scope of this work because of limitations in the
computational resources. Future studies may explore defect
engineering and its inuence on adsorption energy and sensing
performance to provide a more comprehensive understanding
of realistic device behavior.
3.3 Chemiresistive sensitivity and recovery characteristics of
Janus In2STe

The electronic structures of the Janus In2STe change following
gas adsorption. Band spectra and PDOS have been analyzed.
Fig. 5 shows the band structures of each adsorbed structure,
and Fig. SI1 shows the PDOS. Following SO2 adsorption, the
band gap declined by 0.706 eV due to considerable changes in
the electronic structure of the In2STe (Fig. 5(a)). Electrical
conductivity is also affected by a signicant change in the
bandgap. A signicant degree of uctuation in the In2STe
monolayer's conductivity is responsible for the sensitivity.
Among other things, it can be used as a chemiresistive SO2

sensor. Pronounced hybridization occurs upon SO2 adsorption
on Janus In2STe. Fig. SI1(a) exhibits that SO2 adsorption on
In2STe introduces strong hybridized p-states primarily between
−1.5 eV and 0 eV relative to the Fermi level, with a prominent
SO2-p peak pinned close to −0.2 eV to 0 eV. This results in
signicant electron withdrawal from the substrate, character-
istic of strong acceptor chemisorption, and adsorption energies
RSC Adv., 2026, 16, 22627–22640 | 22633
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Fig. 5 The electronic band structures of In2STe under the adsorption of (a) SO2, (b) NO2, (c) H2S, (d) CO2, (e) NH3, and (f) HCN molecules; (g)
absolute change in the bandgap (DEg) and (h) logarithmic sensitivity of the In2STe monolayer for different adsorbed gases.
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estimated from −0.8 to −1.6 eV. Janus In2STe's electronic
structure was barely affected by NO2 adsorption, as seen in
Fig. 5(b), which only slightly increased the electronic bandgap
by 0.078 eV. However, NO2 causes a substantial PDOS modi-
cation, generating sharp and intense NO2-p states pinned
directly at the Fermi level (0 eV), with additional features
extending slightly below to about −0.5 eV (Fig. SI1(b)). The
electronic structure of In2STe remained almost the same aer
H2S adsorption. As seen from Fig. SI1(c), H2S exhibits a much
weaker effect, with gas-related states appearing well below the
Fermi level, roughly in the −2.5 eV to −1 eV range. Little to no
PDOS increase occurs at or near 0 eV, reecting negligible
charge transfer and mostly physisorption interaction. It can be
seen from Fig. 5(c) that the band gap shi under H2S adsorption
is very negligible (0.04 eV). The electronic structure of Janus
22634 | RSC Adv., 2026, 16, 22627–22640
In2STe was altered by CO2 adsorption. CO2 is similar to H2S,
with gas states largely conned to below −2 eV and no signi-
cant modulation near the Fermi energy level (Fig. SI1(d)). This
conrms weak physisorption and limited sensor response. The
bandgap increased by 0.062 eV due to CO2 adsorption, as seen
in Fig. 5(d). The In2STe monolayer's electronic structure stayed
almost the same aer NH3 adsorption. This leads to a minimal
decline of 0.071 eV in band gap (Fig. 5(e)). NH3 causes small
donor-like perturbations near the conduction band edge,
appearing as shallow states spanning roughly −0.3 eV below to
around +0.3 eV higher than the Fermi level (Fig. SI1(e)). Janus
In2STe's electronic structure was very slightly altered upon HCN
adsorption, resulting in a slight bandgap reduction of 0.056 eV
(Fig. 5(f)). HCN introduces intermediate p-like states just below
the Fermi level, centered between about −0.4 eV and 0 eV,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption sites of the most energetically suitable gas adsorbed structures, adsorption distance (D), bandgap (Eg), absolute change in
the bandgap (DEg), adsorption energy (Ead), adsorption type

Gas molecules SO2 NO2 H2S CO2 NH3 HCN

Suitable sites Between the In–S
bond

Top of the S
atom

Between the In–S
bond

Between the In–S
bond

Top of the In
atom

Top of the Te
atom

Adsorption distance D (Å) 2.153 3.47 3.41 3.584 3.22 3.28
Bandgap, Eg (eV) 0.696 1.48 1.362 1.464 1.331 1.346
Absolute change in bandgap,
DEg (eV)

0.706 0.078 0.04 0.062 0.071 0.056

Adsorption energy, Ead (eV) −0.82 −0.362 −0.119 −0.238 −0.176 −0.076
Adsorption type Chemisorption Physisorption Physisorption Physisorption Physisorption Physisorption
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exhibiting moderate overlap with chalcogen p-states
(Fig. SI1(f)). This indicates moderate electron-accepting char-
acter and results in measurable but less pronounced conduc-
tivity changes than SO2. Changes in the electronic band gap are
connected to the appearance of new states and big changes in
the PDOS. As a result, changes in the conductivity of the In2STe
monolayer may make it possible to selectively detect gases.
Table 1 shows the most energetically stable gas-adsorbed
congurations. These include their preferred adsorption sites,
adsorption distance (D), adsorption energy (Ead), electronic
band gap (Eg), band gap variation (DEg), and type of adsorption.
Table 1 shows that SO2 has the biggest change in the band gap,
the most energy needed to adsorb, and the shortest distance
needed to adsorb compared to other gas molecules. There were
no traits like this that made it possible to tell other gases apart.
In this way, Table 1 demonstrates the In2STe monolayer's
selectivity towards SO2.

The sensitivity from the band gap has been determined
using eqn (4). Table 2 shows the chemiresistive sensitivities of
Janus In2STe at RT for 6 gases. The In2STe monolayer demon-
strated a massive bandgap decline of 0.706 eV following SO2

adsorption. Because of this large drop in the band gap, SO2 is
the most sensitive (93.28 × 106%) (Table 2), while CO2 is the
least sensitive (70.09%). NH3 and HCN also exhibited moderate
sensitivities of 298.46% and 197.53%, respectively, although
neither of these approached the level of sensitivity exhibited by
SO2. The bar charts illustrating the band gap variation and
logarithmic sensitivity are presented in Fig. 5(g) and (h),
respectively. Owing to its pronounced sensitivity to SO2 at room
temperature (RT), Janus In2STe demonstrates strong potential
as a sensor for highly sensitive and selective SO2 detection.
Table 2 Table for change in bandgap, sensitivity, logarithmic sensitivity,

Adsorbed gas Absolute change in bandgap, DEg (eV)

SO2 0.706
NO2 0.078
H2S 0.04
CO2 0.062
NH3 0.071
HCN 0.056

© 2026 The Author(s). Published by the Royal Society of Chemistry
The recovery periods for the gases on In2STe were calculated
using eqn (5). Table 2 includes the recovery durations for
various gases at room temperature (298 K). Recovery times for
gas adsorption are typically expected to fall within 1 to 100
seconds, which meets the requirements of most practical gas
sensing applications.12 If the recovery time exceeds this range,
increasing the temperature is generally necessary to enhance
gas desorption.15,37 However, a quick recovery period also
renders an inappropriate sensing for real-world RT detection.4

Although a commonly used attempt frequency (n0 = 1012 s−1) is
used in this work, the resulting recovery time should be viewed
as an approximate estimate, while the adsorption energy
provides a more fundamental measure of sensing performance.
Among all the investigated gases, SO2 exhibits the largest
recovery period (74 s), making it very good for RT detection due
to its intense interaction with In2STe. In contrast, the others
show recovery times in the microsecond, nanosecond, and
picosecond ranges, indicating extremely rapid desorption. As
a result, they are likely to desorb before effective sensing can
occur, rendering them unsuitable for detection. As shown in
Table 2, HCN has the shortest recovery time (1.93 × 10−11 s),
highlighting its extreme unsuitability for RT detection on Janus
In2STe due to minimal adsorption on the inner surface.
Although NO2, H2S, CO2, and NH3 exhibit comparatively larger
recovery durations than HCN, these values are still too short to
maintain stable interactions with Janus In2STe. Thus, Janus
In2STe is efficient for SO2 detection as SO2's adsorption on
In2STe is very strong, causing a larger recovery period than that
of other gases. This highlights the excellent selectivity of Janus
In2STe toward SO2 gas.
and recovery time

Sensitivity (%S) Log10 (%S) Recovery time (s)

93.28 × 106 7.97 74
78.10 1.89 1.326 × 10−6

117.89 2.07 1.03 × 10−10

70.09 1.85 1.06 × 10−8

298.46 2.47 9.47 × 10−10

197.53 2.30 1.93 × 10−11

RSC Adv., 2026, 16, 22627–22640 | 22635
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3.4 Selectivity and dynamic response analysis of In2STe
monolayer: a COMSOL study

To examine the selectivity of the proposed Janus In2STe
monolayer-based gas sensor, COMSOL Multiphysics simula-
tions were conducted for several common interfering gases,
including SO2, HCN, NH3, and H2S, each having a concentration
of 50 ppm and at RT (Fig. 6(a)). The simulated response values
for SO2, HCN, NH3, and H2S were 17.62, 8.4, 7.4, and 3.67,
respectively. Among all gases studied, the Janus In2STe sensor
exhibited the highest response toward SO2, indicating its strong
preference and excellent selectivity for this gas species. This
enhanced selectivity is primarily attributed to the distinct
interaction strength and charge redistribution between SO2 and
Janus In2STe. Janus monolayer's asymmetric structure creates
an intrinsic dipole moment, facilitating stronger electrostatic
interactions and higher adsorption affinity for polar molecules
such as SO2. Variations in molecular polarity, bond energy, and
chemical reactivity among the tested gases further contribute to
the observed differences in sensor response. These results
validate that the Janus In2STe monolayer can effectively
Fig. 6 (a) Selectivity comparison of In2STe sensor towards various gase
acteristics of the In2STe sensor under exposure to different concentration
response vs. concentration curve for the Janus In2STe sensor under exp

22636 | RSC Adv., 2026, 16, 22627–22640
differentiate SO2 from other ambient gases, establishing it as an
excellent option for situations involving selective gas sensing.

The sensor's dynamic response characteristics were analyzed
in COMSOL to evaluate its behavior under varying SO2

concentrations. The time-dependent response ratio (Ra/Rg) was
simulated for SO2 concentrations varying from 50 ppm to
400 ppm (Fig. 6(b)). The result indicates the sensor's response
rises proportionally as SO2 concentration rises, displaying
a clear linear trend across the studied range. The linear
dependence between response and gas concentration (Fig. 6(c))
is described by the equation, y = 1.214 + 0.308x, where x indi-
cates the SO2 concentration (ppm), and y denotes the sensor
response. The tting yielded an R2 value equal to 0.998, con-
rming excellent linearity and demonstrating the remarkable
accuracy of the simulation model. The corresponding sensi-
tivity of the sensor was calculated to be approximately 0.308
ppm−1, indicating remarkable responsiveness even at low SO2

concentrations.
Overall, the COMSOL simulation results demonstrate that

the Janus In2STe monolayer sensor exhibits outstanding selec-
tivity, linearity, and sensitivity toward SO2 detection in the 50 to
s such as SO2, HCN, NH3, and H2S at RT (b) dynamic response char-
s of SO2 ranging from 50 ppm to 400 ppm at RT (c) the linear fit of the
osure to SO2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Maximum sensing response and the corresponding electric field of the sensor at different finger widths (b) maximum sensing response
and the corresponding electric field of the sensor as a function of number of fingers.
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400 ppm range. These characteristics highlight its strong
potential for real-time environmental monitoring and practical
applications in detecting toxic and hazardous gases.38–40
3.5 Optimization of interdigitated electrode geometry

To analyze the inuence of width as well as the number of
ngers on the performance of the proposed sensor, two sets of
simulations were carried out utilizing the Electrostatics inter-
face of the AC/DC module in COMSOL Multiphysics. A 5 V DC
potential was applied between the interdigitated electrodes
(IDEs), and the corresponding distributions of electric eld and
electric potential were visualized, as displayed in Fig. SI2(a) and
SI2(b), respectively. Fig. 7(a) illustrates the variation in electric
eld intensity and sensor response as the nger width varies
from 0.2 mm to 0.6 mm. The results reveal that both the electric
eld magnitude and sensor sensitivity increase with increasing
nger width up to 0.5 mm. Beyond this point, at 0.6 mm,
although the electric eld intensity continues to rise slightly,
the overall sensitivity decreases from 31.6 to 29. This
enhancement in response to increasing nger width can be
explained by the modulation of the metal–semiconductor
interface and associated charge transport phenomena. As the
nger width increases, the effective contact area between the
electrode and the semiconductor expands, resulting in a more
pronounced Schottky Barrier Height (SBH) at contacts. The
elevated SBH induces a wider electron depletion region in the
semiconductor near the electrode surface, which increases the
baseline resistance (Ra). Upon SO2 exposure, the adsorbed gas
molecules further modulate the SBH, leading to a larger
reduction in resistance (Rg) and, consequently, a greater relative
change in resistance (Ra/Rg). Based on these ndings, the IDE
structure with a 0.5 mm nger width was identied as the
optimal conguration and selected for the subsequent simula-
tion study.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The impact of changing the number of IDE ngers on sensor
response is depicted in Fig. 7(b). As the number of ngers
increased from three to four, both the electric eld strength and
sensing response improved, reaching a maximum response of
31.6. However, further increasing the number of ngers resul-
ted in a decline in sensitivity, dropping to 30 for ve ngers and
24 for six ngers, forming a bell-shaped (volcanic) response
trend. This characteristic can be understood in terms of the
balance between baseline resistance and charge carrier
concentration. When the number of ngers increases from
three to four, the overall electrode area and interfacial eld
strength enhance charge carrier modulation, thereby improving
sensitivity. In contrast, beyond four ngers, the baseline resis-
tance decreases, leading to a higher initial carrier density.
Under such conditions, the relative contribution of charge
carriers induced by SO2 adsorption becomes smaller compared
to the total carrier population, resulting in a reduced change in
resistance and, thus, lower response. Therefore, optimizing the
number of ngers is crucial to achieving maximum sensing
performance. Overall, this study offers an extensive geometric
optimization of the proposed IDE structure, demonstrating that
careful tuning of the nger width and nger count can signi-
cantly enhance sensor sensitivity and selectivity. In short, this
research presents an extensive optimization of the geometric
parameters of the proposed IDE conguration.41–45
4. Conclusions

To conclude, the gas adsorption behavior on the Janus In2STe
monolayer was examined by DFT computations. For six gases:
SO2, NO2, H2S, CO2, NH3, and HCN, important electronic and
adsorption metrics, such as CDD, adsorption energy, band
structure, PDOS, and adsorption distance, were assessed.
Among these, SO2 was chemisorbed, demonstrating the largest
adsorption energy of −0.82 eV and the minimal distance (2.153
Å) to adsorb, indicating the strongest contact. The remaining
RSC Adv., 2026, 16, 22627–22640 | 22637
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gases, on the other hand, showed physisorption. The band gap
witnessed a signicant decline of 0.696 eV as a result of SO2

adsorption, indicating an extraordinarily high chemiresistive
sensitivity of 93.28 × 106%. Charge transfer analysis showed
that SO2 acts as a charge (electron) acceptor. The Janus In2STe
monolayer also demonstrated a steady recovery time of 74 s for
SO2, exhibiting reliable detection performance. Moreover,
a Janus In2STe monolayer-based gas sensor was simulated in
COMSOL Multiphysics. The simulation results conrm that the
Janus In2STe monolayer offers strong selectivity and excellent
sensitivity toward SO2, clearly distinguishing it from other
common gases. The sensor exhibits a linear response across 50–
400 ppm of SO2 with an excellent sensitivity of 0.308 ppm−1.
Furthermore, the optimization of IDE geometry shows that
a 0.5 mm nger width and four ngers yield the highest electric
eld strength and sensing performance. Together, these results
demonstrate that both material properties and electrode design
play key roles in enhancing detection capability. Overall, Janus
In2STe's improved selectivity and sensitivity demonstrate its
promise as a viable option for SO2 sensing applications.
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