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The unique intrinsic electric field and prominent physical and chemical properties of Janus TMDs have
attracted extensive attention for device applications. In this work, the performance of a Janus NbTeSe
monolayer as a gas sensor is systematically investigated towards (N, P, and As)Hs molecules combining
first-principles calculations and non-equilibrium Green's function formalism. The adsorption energies
and configurations of the molecules on different sites of the Janus NbTeSe are determined. It is found
AsHs exhibits a stronger interaction with the substrate than NHs and PHsz, implying Janus NbTeSe is
more sensitive towards AsHsz. Besides, the visible difference of adsorption energies for the molecules
on two sides shows the selectivity of the NbTeSe monolayer. Notably, the interaction between
the molecules and the substrate becomes weaker under strain-driven, indicating the fast recovery and
re-utilization of NbTeSe as a gas sensor device. Importantly, Janus NbTeSe exhibits a high anisotropic
transport behavior; the modification of /-V responses correspondingly shows a surface-dependent
trend. With higher gas sensitivity, surface selectivity and strain-driven desorption property, NbTeSe
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1 Introduction

With the rapid progress of the technology in synthesis and
characterization of two-dimensional (2D) materials, such as
graphene, transition metal dichalcogenides (TMDs), silicene,
germanene, and phosphorene, 2D materials are becoming
promising candidates for different applications due to their wide
range of suitable electronic properties, including insulating,
semiconducting, semi-metallic, metallic and superconducting
properties."”” Detecting gas molecules, especially toxic gases, is
one of the important and critical applications for 2D materials
due to their large surface-to-volume ratios so that the gas
molecules can be exposed to the large surface area.*® For
instance, graphene-based electronic sensors have been widely
studied theoretically’® and experimentally.”'® The underlying
principle is the electron conductivity of the substrates will be
changed after gas adsorption due to the charge transfer between
the gas molecules and nanosheet. The lack of band gap in
pristine graphene limits its response sensitivity as a gas sensor,
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monolayer is proposed as a compelling and feasible candidate for gas sensing devices.

which encourages researchers to find more 2D materials with
specific improved performance in gas detection or filtration.
TMDs have been demonstrated to be the most attractive
materials since their transport characteristics can be modu-
lated to enhance the sensitivity towards different gases due to
the available electron in the d orbital of the transition metal as
well as hybridization between transition metal and chalcogen
elements.''™* Besides, the type (direct/indirect) and value of
bandgap for TMDs can be tailored by stacking layers, strains or
doping with foreign elements, which are highly appealing for
nanoelectronics, electronic gas sensors and optoelectronic
devices. For instance, previous studies reported that single
and multi-layer MoS, and WS, field-effect transistor (FET)
devices exhibit excellent sensitivity to a number of gas mole-
cules, such as CO, CO,, NH; (5-50 ppm), NO and NO, (20 ppm)
via changes in their resistivity induced by differences in their
tendency to donate or accept charge from the substrates.'®>
On the other hand, their extraordinary properties, such as high
surface-to-volume ratio, free-carrier mobility, selective reactivity
upon exposure to a range of analytes, rapid response and
recovery make them a priority as gas sensors. Further, defects,
doping elements, strain, and gate bias (electric field) are also
important parameters to enhance the sensitivity and selectivity
of a particular gas on TMDs.>®**2” Taking MoS, as an
example, the sensing performance, including selectivity and
sensitivity towards a certain gas can be greatly improved after
applying strain'® or a perpendicular electric field>* on the
surface. Nevertheless, precisely controlling the defect concentration,
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applying a strain or external electric field is still a big challenge
to accurately tune the adsorption behavior at the nanoscale.

Very recently, a strategy to synthesize a new family, called
“Janus TMD”, was proposed.’®?*° One of these Janus TMDs,
MoSSe, has been successfully synthesized at an appropriate
temperature via the chemical vapor deposition method, where
half of the sulfur (or selenium) atoms are replaced by selenium
(or sulfur) atoms.>®?° Since the structural imbalance in
the Janus monolayer breaks the reflector symmetry along the
out-of-plane direction, it possesses an interior electric field
which induces large Rashba band splitting and piezoelectricity
along the vertical direction.’*"*® This consequently benefits the
spatial separation of photogenerated charged carriers and thus
improves the photocatalytic efficiency.>*****” Thereafter,
numerous studies about Janus TMDs were reported with the
possible applications in various fields, such as spintronics,
catalysis, photocatalysis, electrochemical energy storage, and
photonic nano-devices. Correspondingly, the selectivity and
sensitivity for a gas sensor will be improved by an electric field
in MoS, and MoSSe.”>?***” For example, the underlying
mechanisms regarding how NO, molecules interact with the
MoS, surface and effect the electronic properties are clear.”*
In addition, distinct adsorption behaviors of CO, CO,, NO,
NO, and NH; were discovered on the two sides of MoSSe
monolayer.*”

Despite the tremendous technological advances in the
modern era, our world is still threatened by environmental
issues, such as toxic gases of NO, NO,, CO, CO,, SO,, H,S, CHy,,
etc., which might originate from fossil fuel, the automobile
industry, agriculture, oxidation of atmospheric nitrogen, etc.
Meanwhile, ammonia (NH;), phosphine (PH;) and arsine
(AsHj3) (referred as MHjz;, M = N, P or As) are highly toxic
industrial chemicals with the potential to cause mass
casualties. The emissions of MH; are continuously increasing
due to the fast development of industry, which has a significant
impact on the creation of particulate matter and human
visibility degradation.®'®> Thus, the response of Janus TMDs
upon exposure to different hazardous gases should be exam-
ined to help protect human beings from such environment
pollutants.**?”

As mentioned above, plenty of investigations on the sensing
properties of gas molecules CO, CO,, NO, NO, and NH; on
traditional TMDs have been performed,>®>*>® however, little
attention has been paid to similar work on Janus TMDs with
MH; (M = N, P or As). Benefiting from the built-in electric field
caused by intrinsic polarization of Janus NbSeTe, a systematic
study on the adsorption behaviors of MH; (M = N, P or As) is
firstly performed from a theoretical point of view in our work.
Specifically, the most stable configurations for MH; gas mole-
cules adsorbed on Janus NbSeTe are determined along with the
corresponding charge transfer and distance between them.
Then modification of the electronic properties of the NbSeTe
monolayer due to the molecule adsorption is examined. More-
over, the effects of a biaxial strain and an external electric field
on the structure are considered. To the best our knowledge,
little theoretical work has been conducted on these issues.
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2 Computational methods

Our calculations are based on the projector-augmented-
wave (PAW) potentials®® with Perdew-Burke-Ernzerhof (PBE)*’
exchange-correlation interactions as implemented in the Vienna
Ab initio Simulation Package (VASP) code.***° A vacuum 20 A
thick in the z-direction is inserted to eliminate the interaction
between the repeated slabs. Besides, the zero-damped DFT-D3
method proposed by Grimme is applied in order to describe the
van der Waals (vdW) interaction.*’ The valence electrons are
described by a plane wave basis set with a cutoff energy of
500 eV. For structure optimization, ions are fully relaxed using
conjugate-gradient algorithm until the residual forces on
each atom is less than 0.01 eV A™*. The energy convergence
of 1 x 107° eV is used for self-consistent field (SCF) calcula-
tions. The Brillouin zone is sampled by a 3 x 3 x 1 k-grid mesh
with a Monkhorst-Pack scheme for total energy calculations.
The Gaussian smearing method is adopted to describe the
electronic occupancies and the value of smearing is set to
0.01 eV. A 4 x 4 x 1 supercell of Jauns NbTeSe with/without
gas molecules adsorbed on is chosen as the computational
model. The dipole correction and spin polarization are employed
for all calculations. To have a profound understanding about
charge distribution and transfer, the Bader charge approach is
employed.**

The adsorption energy E,qs is calculated in order to evaluate
the stability of gas molecules adsorbed on Janus NbTeSe by
using the following relation:

Eaas = Emrigas — Emi — Egasy (1)

where En.cas and Eyy, are the total energies of the optimized
ground state of NbTeSe monolayer (ML) with and without
molecules adsorbed on, respectively. Eg,s is the total energy
of the toxic gas molecule. According to this definition, a
negative value of adsorption energy signifies that the adsorp-
tion process is energetically favorable and the gas molecule is
tightly bound to the substrate monolayer, while a positive value
indicates that they tend to cluster together.

The quantum transport properties are investigated using a
Keldysh non-equilibrium Green’s function (NEGF), implemen-
ted in the TRANSIESTA package.**** The electric current is
obtained from the integration of the transmission curve using
the Landauer-Buttiker formula,*’

103) = [ TE A E = ) 1B - B, @

H

2

where Gy =

Z is the unit of the quantum conductance and
T(E,V},) is the transmission probability of electrons entering at
an energy E under a potential bias V;,. f(E — uyg) is the Fermi
Dirac distribution of electrons in the left/right electrode,
and yup g is the electrochemical potential where yuy, = Ef + V},/2,
Ur = Ef — Vp/2 are shifted up and down with respect to the
Fermi energy E.
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3 Results and discussion
3.1 Structure and stability of Janus NbTeSe

NbSeTe monolayer has a Janus structure in which the stacking
sequence of atomic layers is Se-Nb-Te, as seen in Fig. S1(a)
(ESIT). There are one Nb, one Se and one Te atom per unit
primitive cell. The calculated lattice constant is 3.562 A, which
is between the values of NbSe, (3.48 A) and NbTe, (3.70 A).*°
The bond lengths of Nb-Se and Nb-Te are 2.602 A and 2.817 A,
respectively, which are in agreement with the results of its
parental NbSe, and NbTe,.*® What’s more, the calculated layer
thickness (3.52 A) of Janus NbSeTe still lies in the range of its
parental values,*® which is reasonable from the perspective of
the position of NbSeTe. The details are collected in Table 1. In
addition, the calculated formation energy of Janus NbTeSe is
—2.64 eV, which indicates the exothermic formation process of
Janus NbTeSe monolayer, similar to the corresponding parental
ones. Meanwhile, the formation energy of NbTeSe monolayer is
approximately two times lower than that of NbTe, and NbSe,
monolayers, implying that NbTeSe could be synthesized experi-
mentally. To further confirm the stability of NbSeTe monolayer,
we perform vibrational phonon calculations. As shown in
Fig. S2 (ESIf), there are nine vibrational modes with three
acoustic and six optical modes. Additionally, no imaginary
branches appear in the phonon frequency spectrum, implying
that Janus NbSeTe is dynamically stable.

Table 1 Calculated the lattice constants (a), Nb-Se and Nb-Te bond
lengths (dnp_Tesse). Sheet thickness (h), formation energies (E°) and charge
transfer (AQ) of metallic Nb

E.for
system  a(A) duose (&) dnore (A) £ (A) (eV peratom) AQ (¢)
NbSeTe 3.562 2.817 2.602 3.520 —2.640 1.221
NbTe,* 3.70 2.82 — 3.69 —1.01 0.36
NbSe,” 3.48 — 2.62 3.37 —1.37 0.90
“ Ref. 46.
T-Se T-Te Ty,-Se Ty,-Te H-Se H-Te B-Se B-Te
(a) 0.00 — : .
-0.05
S -0.10
2
Z
o0
s -0.15
=
=
=
£ 020
£
2
° .
Z 0.25
-0.30
-0.35
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3.2 Absorption behavior of NbTeSe monolayer towards
(N, P, As)H,

Further, we initially consider the binding behaviors of the
Janus NbSeTe monolayer towards the toxic gases NH;, PH;
and AsHj;, ie., adsorption distance, adsorption energy and
electron transfer. Fig. S1 (ESIT) shows eight possible adsorption
sites for gas molecules on Janus NbSeTe with upward orienta-
tion and downward orientation, including top sites of Se/Te
atom (denoted as T-Se/T-Te), top Nb atom on Se/Te sides
(denoted as Typ-Se/Tnp-Te), hexagonal center (denote as
H-Se/H-Te) and bridge site between Nb and Se/Te atoms
(denote as B-Se/B-Te) due to the antisymmetrical geometry of
Janus NbTeSe. The adsorption energies of these molecules on
all possible adsorption sites are summarized in Fig. 1 to
quantitatively describe the adsorption behaviors. It is evident
that the gas molecules show a similar preference for adsorption
site and adsorption configuration at the same side. Firstly, the
adsorption energies of NH3, PH; and AsH; are negative on all
the positions we considered, implying the adsorption of these
toxic molecules is energetically favorable on the Janus NbSeTe
monolayer. Besides, the adsorption energy on the Se-layer is
slightly larger than those on the Te-layer, leading to the surface
selectivity of Janus NbTeSe for these molecules. Moreover,
the adsorption energy of AsH; is the lowest on each of the
considered sites, followed by PH; and NH;, no matter whether
the hydrogen atoms of the molecules are down, facing the host
monolayer in Fig. 1(a) or are their inverted counterparts in
Fig. 1(b). Based on these values, it is expected that Janus
NbSeTe shows more particular affinity towards AsH; with the
highest binding strength. Among all possible considered con-
figurations, the most stable configurations on both side for gas
molecules are represented in Fig. 2.

At room temperature and pressure, NH; is a trigonal pyramidal
molecule with C3, molecular symmetry. The optimal length of
the N-H bond (dy-y) and the H-N-H bond angle (/ y-n-n) are
1.028 A and 106.046°, respectively. When NH; is adsorbed on
the Se surface of Janus NbSeTe, it tends to locate at the center

T-Se T-Te Ty,-Se Ty,-Te H-Se H-Te B-Se B-Te
(® 0 11
-0.05 - -
o 010 e
<
& -0asf .
Y
=
=
= -0.20 | -
=
B
S 025 e
=
<
-0.30 - L .
| NH3 .
035 | |EEEPH: 4
U | AsHs

Fig. 1 The adsorption energies of NH3z, PHz and AsHz molecules with their hydrogen atoms (a) down, facing the NbTeSe monolayer and (b) their inverted

counterparts, respectively.
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Fig. 2 The optimized structures of gas molecules NHs (a, b), PHs (c, d)
and AsHs (e, f) adsorbed on the Se-side (top panel) and Te-panel (bottom
panel), respectively. The atoms of the monolayer and adsorbed molecules
are denoted. The 4 x 4 supercell of the Janus NbTeSe monolayer is
represented by dashed lines. Dark green, dark yellow and yellow green
balls represent Nb, Te and Se atoms, respectively. Orange, light purple,
green and light pink are N, P, As and H atoms, respectively.

of the honeycomb (i.e., H-Se), as shown in Fig. 2(a). Meanwhile,
the hydrogen atoms point to the nearest three surrounding
Nb atoms of the hexagonal ring with an axis perpendicular
to the Se-layer. The structure of NH; has hardly changed with
dyey = 1.027 A and /o = 106.806°. The NH; molecule
prefers to occupy the center of the honeycomb with a bottom up
posture when it is adsorbed on the Te side, where the N atom is
closer to the substrate. The equilibrium distances at the two
sides are slightly different with 2.535 A on the Se side and 2.575 A
on the Te side. Of particular note is that the NH; is bottom up
adsorbed on the Se side and bottom down adsorbed on the Te
side, the direction of which is consistent with the cases on
the MoSSe monolayer, where NH; is bottom up adsorbed on
the S-layer but bottom down absorbed on Se-layer of Janus
MoSSe.”” The corresponding adsorption energies are deter-
mined to be —0.249 eV and —0.230 eV. Interestingly, when
NH; is adsorbed on MoS, (or MoSe,), it is favorably bottom
down with the N atom close to S- (or Se-) layer, since it
possesses a symmetrical structure with two S (or Se) atomic
layers sandwiching a Mo atomic layer. The deviations mainly
result from the electronegativity between Te and Se, which
generates an internal electric field in Janus NbSeTe pointing
from the Te surface to the Se surface. The electrostatic potential
difference between Se and Te surfaces is about 9.126 eV (shown
in Fig. 6), which is larger than the 2.47 eV of MoSSe.””*
Besides, there exists an intrinsic electric field in the polar
NH; molecule from the H plane pointing to the N plane. Such
a feature gives rise to the different adsorption postures of polar
NH; on the two surfaces of Janus NbTeSe, enhancing the internal
electric field on both sides and resulting in the increasing of
adsorption energy.

Similarly, PH3;/AsH; molecules prefer to interact with Se-/Te-
surfaces by selecting the hollow site, as shown in Fig. 2(c)—(f).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

View Article Online

NJC

The adsorption energies of a PH; molecule on Se- and Te-layers
are —0.285 eV and —0.266 eV, respectively. Correspondingly,
dp_s 15 1.432 A and / j;_p_sy is 92.486°. The adsorption energies
are —0.303 eV and —0.296 eV for AsH; absorbed on the Se-layer
and Te-layer, respectively. And the length of the As-H bond is
1.541 A and / jy_asp bond angle is 91.078°. One may notice that
the structure distortion of PH3/AsH; molecules can be ignored
after adsorbtion on Janus NbSeTe if compared with the pristine
ones, more details are shown in Table S1 (ESIT). The optimized
distances from Se-layer to PH; and AsH; are 2.635 A and
2.614 A, respectively, and they become to 2.660 A and 2.639 A
from the Te-layer, as shown in Fig. 2. The large adsorption distance
between the gas molecules and the substrate implies weak inter-
action between them, coinciding with our above analysis.

In order to further elucidate the nature of the sensing
performance of NbTeSe monolayer, the charge transfer mecha-
nism along with charge density difference (CDD) is investigated,
which can be measured experimentally for gas sensors.'’>”*
Fig. 3 shows the calculated CDD, which is defined as Ap =
pro(r) = pmr(r) — PGas(r), where pro(r), pmi(r) and peas(r) are the
charge distribution of the gas-adsorbed NbTeSe monolayer,
pristine NbTeSe and free gas molecule, respectively. The yellow
and cyan regions represent charge accumulation and depletion,
respectively. It is shown that Janus NbTeSe is polarized upon
the adsorption of the gas molecules, and electrostatic inter-
action plays a key role in the interaction between these mole-
cules and the substrate. Additionally, the polarization in AsH;
is stronger than that of the other two molecules, resulting in
the lowest adsorption energy among these three molecules. By
using Bader topological analysis***® on the charge density
distribution, the specific charge transfer value is obtained.
The results show all these three molecules act as the charge
donor to both surfaces of NbTeSe monolayer. This is consistent

®

Fig. 3 Charge density difference (CDD) for gas molecules (a, b) NHs, (c, d)
PHsz and (e, f) AsHs adsorbed on the Se-layer (top panel) and Te-layer
(bottom panel), respectively. The yellow (cyan) region represents charge
accumulation (depletion) and the isosurface value is 0.0002 e A=3. The
orientation and the value of charge transfer of these molecules on the Se
and Te surfaces are denoted.

New J. Chem., 2020, 44,7932-7940 | 7935
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with previous results of NH; adsorption on MoS,, MoSe,,
MoSSe and WS,, where donor behavior is found.”:?*27:49752
Taking WS, as an example, the sensing of NH; was experimen-
tally demonstrated by Huo et al. using WS,-FET (Field Effect
Transistor) device, in which the channel electron density shows
the electron transfer from NH; to the substrate WS, layer.”?
Specifically, for NbTeSe the monolayer, the charge transfers are
approximately 0.042 e, 0.043 e and 0.051 e from NH;3, PH;, and
AsH; to Se surface, respectively. In contrast, the Te side takes
lesser amount of charge, 0.036 e, 0.035 e and 0.033 e from NH3,
PH3;, and AsHj3, respectively, which is attributed to the counter-
action of electrostatic potential of the built-in electric field in
NbTeSe with the polarized molecules. Undoubtedly, the small
quantity of charge transfer implies weak interaction, which
reasonably explains the lower adsorption energy in different
adsorption positions on the Te side than Se-layer in Fig. 1.
Moreover, more charge transfers from the molecules to the
Se-surface than Te-surface indicate a slightly higher sensitivity of
Se surface of NbTeSe monolayer. In particular, the transferred
electron is the largest for AsHj, followed by PH; and NH; on the
Se side, coinciding with the observed sequence of the absorption
energy in Fig. 1. However, the reverse tendency is observed on
the Te side, as shown in Fig. 3. This phenomenon is partially
attributed to the different potential distribution of the interior
electric field inside Janus NbTeSe and the polarization of the
molecules, to some extent, which gives rise to the part counter-
action of electric potential, similar in MoSSe.”” These results
provide a possible mechanism to explain why AsH; gives a larger
adsorption energy than PH; and NH; mentioned above, and
confirms the physical adsorption between the molecules and
Janus NbTeSe monolayer by vdW interaction. Furthermore, we
have systematically investigated the vibrational frequencies of
gas molecules absorbed on the surface of the Janus NbTeSe
monolayer. The average vibration frequencies of NH;, PHj
and AsH; adsorption on Se-layer of NbTeSe monolayer are
1286.594 cm ™', 932.344 cm ™', 848.073 cm !, respectively. One
can see that the absorbed NH; is more robust than PHj
and AsH; adsorption. A similar tendency is also observed on
Te-layer with 1239.639 cm ™', 869.268 cm™ ", 787.270 cm ™' for
NH;, PH; and AsH; adsorption, respectively.

To gain deeper insight into gas molecule adsorption on two
sides of Janus NbTeSe, we perform electronic structure calcula-
tions. Fig. 4 depicts the calculated total density of states (TDOS)
and projected density of states (PDOS) of pristine NbTeSe with
and without gas molecules It shows no significant change in
either the electronic or conduction bands of the NbTeSe
monolayer after the adsorption of NH;, PH; or AsH; in com-
parison to the pristine curves, indicating the conductivity of
Janus NbTeSe is not changed after adsorbing these molecules.
Besides, the spin up and spin down states of the DOS are highly
symmetric, demonstrating the non-magnetic property even
after adsorption of the gas molecules, which is consistent with
their weak vdW adsorption. Meanwhile, the adsorption of NHj3,
PH; or AsH; induces several distinct states at deep energy
levels, approximately at —1 eV, —1.8 eV and —2 eV, respectively,
as shown the insets of Fig. 4(a)-(c). It is worth pointing out that
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Fig. 4 Calculated total density of states (TDOS) of (a) NH3, (b) PHz and
(c) AsHs absorbed on the Se surface and Te surface. The inset panels
show the projected DOS of these gas molecules. The red (green) curves
denotes gas molecules adsorbed on the Se-layer (Te-layer). The Fermi
level is set to zero.

the states of the molecules on the Te-side are slightly shifted to
the lower energy area than on the Se-side, as clearly seen in the
insets of Fig. 4 (red and green lines), which is attributed to the
difference in electronegativity of Te and Se atoms, together with
the intrinsic polarization of the molecules. Additionally, the
electrostatic potential of NbTeSe surfaces can be affected by
the adsorbed molecules, resulting in the change of resistance,
which could be measured in experiments. Thus, the electrostatic
potential of Te and Se surfaces with gas molecules adsorbed on
them are plotted in Fig. S3 (ESIt), with comparison to the
pristine NbTeSe monolayer. The corresponding variations of
the potential values (A¢) are collected in Table S2 (ESIf). One
can notice that A¢ of the adsorbed surfaces with the NH;
molecule is obviously decreased but it is increased for AsHj;.
Interestingly, for the adsorption of PH; on the Se surface, it
decreases to —0.013 eV but increases to 0.036 eV on Te-layer.

3.3 Effect of strain

Adding an external bias voltage or applying mechanical strain
can be adopted to shift the band edge levels with respect to the
adsorption energy of gas molecules on sensors, which has
been widely considered in 2D materials.>®*™>> Herein, the strain
effects from —5% to 5% on Janus NbSeTe are studied. The
strain is defined as ¢ = (a — ao)/ay, where a and a, are the lattice
parameters of the unit cell with and without applied strain,
respectively. The adsorption energy E, and charge transfer with
the applied biaxial strain on the gas-adsorbed monolayer are
depicted in Fig. 5. The results show that the adsorption
strengths reach maximum values without the strain applied
for these three molecules. No matter whether increasing the
compressive strain or tensile strain, it decreases linearly due to
the sensitivity to the strain conditions, as plotted in Fig. 5. It is
important to notice that a slight nonuniformity effect is
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Fig. 5 Top panel: The variation of the adsorption energy E, (eV) of gas
molecules (a) NHs, (b) PHs and (c) AsHs adsorbed on the Se-layer and
Te-layer, respectively, as a function of applied biaxial strain. Bottom panel:
The variation of the charge transfer of gas molecules (d) NH3, (e) PHs and
(f) AsHsz adsorbed on the Se-layer and Te-layer, respectively, as a function
of applied biaxial strain.

observed between tension and compression loadings. Taking
NH; as an example, the adsorption energy is 1.74 eV at ¢ = —5%
compressive strain, and increases to 2.24 eV when the tensile
strain is applied at ¢ = 5%. In addition, the calculated results
demonstrate that it is unlikely to capture these gas molecules
on NbTeSe under the higher strain condition (¢ > 2 or ¢ < 2,
the window marked by grey dash lines), indicating these
adsorbed gas molecules could escape by applying higher strain.
Consequently, Janus NbTeSe possesses a good reusability as a
superior gas sensor. Moreover, it exhibits a uniform tendency
for adsorption energy on both sides of the NbTeSe monolayer.
In contrast, C. Jin et al. demonstrated that adsorption energy of
NH; on Se-layer of MoSSe monolayer decreases linearly with
the increasing uniaxial strain, but it increases on S-layer.””
However, an important point we should emphasize is that the
molecules exhibit an opposite direction on Se and Te layers in
Fig. 5, which gives rise to the similar tendency under the
applied strain but slight difference of the adsorption energy
due to the partial counteraction of electrostatic potential on
one surface but intensification on another surface with the
polarization of NHj;, PH; and AsH; molecules. Correspond-
ingly, the adsorption distances of NH;, PH; and AsH; on both
sides are slightly increased under applied stain, especially on
the Te-layer, as shown in Fig. S4 (ESIt). Additionally, equili-
brium charge transfer may occur and alter the systems
response to the strain effect, thus the charge transfer under
different strains is obtained, as plotted in Fig. 5(d)-(f). We find
a significant charge redistribution of the molecules, and charge
transfer to Te-layer steadily increases with the increasing of
strain. For the case of Se surface, however, the amount of the
charge transfer from the gas molecules to the layer reaches the
maximum value at ¢ = —2, —3 and —3, having values of 0.047 e,
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0.047 e and 0.056 e for NH;, PH; and AsH3;, respectively. More
importantly, the amount of charge transfer of these gas mole-
cules on Se surface is slightly larger than that on Te-layer,
which is probably owing to different polarization of the mole-
cules with the intrinsic electric field in the NbTeSe monolayer.

It is informative to compare the planar average of the
electrostatic potential of pristine NbTeSe with and without
the applied strain in order to further elucidate the nature under
strain. Different from the traditional MoS, or MoSe, monolayer,
in which there is no electrostatic potential difference between
the two sides of the layers, in Janus NbTeSe, the Te layer has a
higher electrostatic potential value than the Se side, as shown
in Fig. 6. We attribute this phenomenon to the structural
imbalance in the NbTeSe monolayer, which breaks the reflec-
tion symmetry along the out-of-plane direction. Furthermore,
the resistivity variation is directly related to the work function
of the nanosheet which is beneficial to study the sensing
characteristics of 2D materials. Therefore, the work function
is calculated to characterize the sensing property. It is found
that the electrostatic potential difference (A¢) is 9.126 eV
between Te and Se surfaces in strain-free NbTeSe monolayer.
Subsequently, the interior electric field can be obtained as
2.594 V A™. Notably, the adsorption of the gas molecules either
on NbTe, or NbSe, monolayers with an external electric field of
2.594 VA is equivalent to the adsorption on the Te or Se layer
of NbTeSe in the strain-free state. Expectably, there is an
adjustable potential difference (A¢) between Te and Se with
the applied strain. The calculated potential difference (A¢)
decreases from 11.080 eV to 8.038 eV by applying the
biaxial strain from —5% to 5%, as illustrated in Fig. 6. As a
consequence, the intrinsic electric field could be altered by
the lattice strain deformation. We identify the applied com-
pressive (tensile) strain could partially promote (counteract)
the intrinsic electronegativity, which gives rise to the slight

5
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0+ 5%
- -5%
>
<
g 5
-
=
&
S
%
g 10
£=]
8
8 8.038 eV
£
) -15
= 9.126 eV
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220 -
— 1T
0 4 8 12 16 20

Distance (A)

Fig. 6 The planar average of the electrostatic potential of the Janus
NbTeSe monolayer in a strain-free state (black curve), under —5% com-
pressive strain (blue curve) and under —5% tensile strain (red curve). The
electrostatic potential difference A¢ is given between Te and Se layers.
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nonuniformity effect of adsorption energy between ¢ = —5% and
& = 5% in Fig. 5(a)—(c).

3.4 Quantum transport simulations of Janus NbTeSe

The adsorption-induced charge transfer is obvious, which
effects the resistivity of the system, which could be measured
experimentally.*” To further elucidate the performance of Janus
NbTeSe as a gas sensor, the NEGF method is employed to
calculate the transport transmission and the corresponding
current-voltage relation (I-V) before and after the gas adsorp-
tion. The obtained results can be directly compared to experi-
mental values. Here, a two-probe system is built to simulate
a Janus NbTeSe field-effect transistor (FET), in which semi-
infinite left and right electrode regions are in contacted with
the central scattering region. A 2 x 2 supercell without gas
adsorption is used for each of the left and right electrodes,
while the center scattering is considered in a 2 x 6 supercell
with and without gas molecule adsorption. The details of the
device setup for transport are presented in Fig. 7. The shaded
areas represent left and right electrodes, and the central region
is the scattering region where the different molecules will be
adsorbed. The calculated transmission spectra under zero bias
gate voltage are presented in Fig. 8. It is obvious that there is a
region of zero transmission beyond the Fermi level with a width
of 1.108 V for the pristine NbTeSe monolayer. This gap is
slightly downshifted towards the Fermi energy, depending on
the type of the adsorbed molecule (marked by light grey
line). Furthermore, we find few distinct peaks in the energy
region from —1 eV to —2.2 eV in Fig. 8(b)-(d), denoting the
molecule in the transmission spectra, which is produced by the
available conductance channels of the various energy bands,
as confirmed by DOS analysis in Fig. 4. Herein, some of the
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gas molecules.

conductance channels of the NbTeSe monolayer are partially
inhabited in the event of the molecules’ adsorption. Conse-
quently, the passing current will decrease due to the reduced
conductance channels.

Subsequently the obtained I~V curves for specific molecules
on the two sides of Janus NbTeSe are presented in Fig. 9, which
shows distinct trends corresponding to lower and higher bias
voltage. As a whole, the current of NbTeSe with adsorbed
molecules drops down largely as compared to the case of the
pristine one, which is caused by the difference in the resistances

Left
Electrode

Fig. 7

7938 | New J. Chem., 2020, 44, 7932-7940

Central scattering region

Right
Electrode

Illustration of the two-probe system showing the semi-infinite left and right electrode regions (light orange regions) and the central scattering region.
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as offered by different types of molecules. Specifically, under a
bias of 1.0 V, the current passing through the pristine NbTeSe
monolayer is 69.48 pA. However, the current under the same
bias is reduced to 32.33 pA, 8.99 pA and 19.85 pA with respect to
NH;, PH; and AsH; molecule on the Se surface of the NbTeSe
monolayer. Correspondingly, on the Te layer, the current comes
out to be 37.55 pA for NH;, 55.39 pA for PH; and 64.50 pA
for AsH;. One may notice that the passing current of each
molecule on the Te side is higher than that on the Se side of the
NbTeSe monolayer, which is consistent with the direction
of the intrinsic electric field in Janus NbTeSe, pointing from
the Te layer to Se layer, resulting in different resistance.
Particularly, the difference of the current between the two sides
is increased from NH; to AsHj3, indicating the distinct I-V
response in terms of sensitivity and selectivity of the NbTeSe
monolayer towards the gas molecules. All these unique features
make Janus NbTeSe a great potential material for application as
a realistic sensor.

4 Conclusion

In summary, the sensing performances for NH;, PH; and AsH;
on a Janus NbTeSe monolayer are theoretically studied using
first-principles calculations and the potential application of the
NbTeSe monolayer is examined as a gas sensor. The energeti-
cally favorable adsorption sites and the corresponding adsorp-
tion energetics for these gas molecules on NbTeSe monolayer
have been determined. It is found AsH; exhibits the strongest
interaction with the NbTeSe monolayer, followed by PH; and
NHj;, indicating Janus NbTeSe is a potentially sensitive AsHj
sensor. Additionally, the adsorption energies of the gas mole-
cules on the Se layer are larger than those on the Te layer,
confirming the selectivity of Janus NbTeSe towards these gas
molecules. Moreover, the adsorption energy of these gas mole-
cules on the surfaces of NbTeSe can be engineered through the
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application of strain, in which elastic strain could decrease the
adsorption strength, prompting the recovery of the gas sensor
device and allowing it to be used repeatedly. All these molecules
are found to act as charge donors. The transmission spectra of
NbTeSe monolayer clearly show that some of the conductance
channels are partially inhabited in the event of the molecules’
adsorption, especially effective at the valence band area from
—1 eV to —2 eV. More importantly, the absolute modification
of I-V responses due to the gas molecules shows a surface-
dependent trend. The current difference on the two sides of
Janus NbTeSe is increased from NH; to AsHj, implying an I-V
response in sensitivity and selectivity of the NbTeSe monolayer
as a superior gas sensor. Our findings suggest that Janus NbTeSe
is a compelling candidate material with high sensitivity, selec-
tivity and good reusability for NH;, PH; and AsH; sensors.
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