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ABSTRACT

The sensing performance of tin arsenic (SnAs) monolayer with adsorption of
different gas molecules at room temperature was systematically investigated by
the first-principle calculations. The interaction of all studied gas molecules with
SnAs monolayer shows physisorption nature. The moderate adsorption energy
(— 0.76 eV) and large charge transfer (0.21 e) results demonstrated that the SnAs
monolayer is ultra-sensitive to NO,. And the sensitivity of the SnAs layer for
NO, detecting is ultra-high reach to 67,500%. Moreover, the SnAs monolayer
cannot detect SO, and NHj gases, which could improve the reliability of the
devices, comparing with other two-dimensional (2D) materials that are
responsive to NO,, SO,, and NH; gas molecules. The desorption time of the
SnAs device is also short for NO, molecules to meet the requirement of reuse.
The study demonstrates the potential applications of SnAs in NO, detecting
with high selectivity and sensitivity at room temperature.
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Introduction

Nitrogen dioxide (NO,), released from human activ-
ities and industrial processes such as automobile
exhaust and fossil fuel combustion, remains one of
the significant air pollutions, which plays a major role
in forming ozone and acidifying rain [1-5]. Besides,
according to the report of the U.S. EPA, placing
oneself in NO, concentration over 53 ppb for a long
time will seriously harm children’s respiratory health
and even increase the risk of acute respiratory illness
[6]. Therefore, reliable and precise NO, gas sensors
with high sensitivity and selectivity have been
indispensably required for environmental monitor-
ing and public health. However, traditional metallic
oxide sensors for NO, gas detection require high
operating temperatures (> 200 °C). What's worse,
these devices also perform poorly at detection limits,
often larger than 1 ppm [7-13].

Recently, it has been reported that gas sensors take
2D materials (graphene, MoS,, black phosphorous,
etc.) as sensitive material could detect deleterious
gases at room temperature [14-21]. This brings a new
dawn for the preparation of high precision and sen-
sitivity room temperature NO; gas sensors. However,
these materials will still respond to gases other than
NO; gases, such as SO, and NH;. [22-27]. This could

seriously decrease the accuracy of the device and
even results in wrong test results. Thus, it is neces-
sary to find more suitable materials as an alternative
to detecting NO, gases with high selectivity.

SnAs, a new material of IV-V compounds, have
been found to have a similar structure to MoS, with
high carrier mobility and good air-stability [28].
Based on its superior electronic characteristics, we
study the sensing performance of several typical
molecules on SnAs monolayer to explore their
potential applications in NO, detecting.

Methods

All atomistic calculations in this work are performed
using the density functional theory solved by the
Quantum Espresso software. As for exchange—corre-
lation potential, we adopt the common generalized
gradient approximation (GGA) in conjunction with
Perdew—Burke-Ernzerhof (PBE) functional. The
electronic density is described by the Fritz Haber
Institute (FHI) pseudopotentials together with dou-
ble-{ basis sets [29]. The optimized lattice constants of
o-SnAs monolayer are a = bx~4.09 A, which is in line
with the previous study. The GGA-PBE method
usually underestimates the bandgap due to the
delocalization and static correlation error [30, 31]. In
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this paper, the GGA-1/2 method has been employed
for a more accurate bandgap, which corrects the DFT
self-interaction error by defining an atomic self-en-
ergy potential that cancels the electron-hole self-in-
teraction energy [32]. To give further credit to the
calculations, we primarily compared the bandgap of
the pristine material with the previous data [28],
which confirmed the high reliability of the models
and methods. We select a 3 x 3 supercell for
adsorption calculation. The k-point in the Mon-
khorst—Pack grid is set to 6 x 10 x 1 for the Brillouin
zones sample, and the density mesh cut-off is set to
150 Hartree. The vacuum region along the z-axis is set
to 15 A to prevent the interaction between two adja-
cent slabs.

To explore the interaction property of each
adsorption case, we have to obtain the most
stable adsorption configurations of SnAs monolayer
with adsorption of different gas molecules first. We
assume that the initial distance of all the gas mole-
cules from the SnAs surface is a moderate distance of
3A. In addition, the influence of different sites on the
adsorption model was also considered. Finally, the
most stable adsorption configurations are obtained
by optimizing the atomic structure of the models
until the force tolerance on each atom is less than
0.05 eV/A.

The adsorption energy is calculated by: E,= E;ota—
Esnas—Egas, where Egu, Esnas, and Eiga are the
energy of the gas molecule, SnAs monolayer, and
molecule-SnAs systems, respectively. The thermal
stability of NO,-adsorbed SnAs monolayer is calcu-
lated by the moles — volume — temperature (NVT)
Berendsen ensemble based on molecular dynamics
(MD) simulations [33]. The process is carried out
under the temperature of 300 K for 3 ps with a time
step of 1 fs.

Results and discussion

Before exploring the sensing properties of the
adsorption of gas molecules on SnAs monolayer, we
first give the most stable adsorption configurations in
Fig. 1. In addition, the equilibrium distance (do),
adsorption energy (E,), Mulliken charge transfer (Q),
and bandgap (E,) are listed in Table 1.

Figure 1 shows the most stable configurations of
different gas molecular adsorption systems. It can be
seen that the atomic structure of SnAs monolayer
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does not undergo obvious deformation or destruction
after adsorption of these gas molecules, indicating
that there is no chemical reaction between these gas
molecules and SnAs. Besides, the dy of each gas
molecule adsorption systems (Table 1) is obviously
longer than the sum of their covalent bond length
[34]. Based on these two points, we preliminarily
inferred that all gas molecules interact with SnAs
monolayer through physical adsorption processes.
One thing to note is that the distance between O and
As atoms in NO,-SnAs system is closer to the length
of the covalent bond, indicating strong physical
adsorption between NO, molecules and SnAs
monolayer with van der Waals interactions.

The larger adsorption energy of adsorbate adsorbs
on gas sensor materials means a higher level of
selectivity for detecting [35]. The E, of NO, adsorbed
on SnAs monolayer (— 0.76 eV) is obviously higher
than that of the others, indicating that SnAs mono-
layer has a higher selective adsorption capacity for
NO; than the remaining gas molecules. This means
that SnAs-based gas sensors have the potential to
detect NO, molecules rapidly in complex gas
environments.

The sensitivity of the semiconductor film is signif-
icantly positively correlated with the amount of
charge transfer [14]. To realize the gas sensor only
responds to specific gas molecules, it must meet the
large charge transfer between the gas-sensitive
material and the detected gas molecules. As shown in
Table 1, the charge transfer of NO, (— 0.210 e¢)
molecules adsorbed on SnAs monolayer is surpris-
ingly larger than that of the other gas molecules (all
less than 0.04 e). The negative sign of Q in Table 1
means the transfer of charge from SnAs to molecules.
This means that when NO, molecules are adsorbed
on SnAs monolayer, the charges on the surface of
SnAs will be exhausted.

Thus, the adsorption of NO, molecules can be
considered to be similar to the acceptors doping
process. The charge transfer results suggest that the
electrostatic interactions between NO, molecules and
SnAs monolayer are stronger than those in the other
gas molecules adsorption systems. Therefore, the
SnAs monolayer is supposed to be the most sensitive
to NO, among the calculated gas molecules. It should
be pointed out that SnAs monolayer is insensitive to
SO, and NHj; molecules. However, MoS, and black
phosphorous still respond to SO,, NHj, etc. [25, 26].
This means a higher selectivity and accuracy of SnAs
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Figure 1 The most stable configurations of different gas molecular adsorption systems: a CO,, b H, ¢ H,0, d N, e NH;, f SO,, g CO

and h NO,.

Table 1 The adsorption

properties of different gas Molecule Eq(eV) do (A) Q) Eq(direct)
adsorption systems Co, ~ 029 3.08 (As-C) 0.001 1.35
H, — 0.15 3.36 (As-H) — 0.012 1.35
H,O — 0.53 2.71 (As-H) 0.001 1.35
N, — 040 3.38 (As-N) 0.03 1.35
NH; — 046 3.25 (As-N) 0.04 1.35
SO, — 0.57 2.92 (As-S) 0.001 1.05
CO — 044 3.19 (As-C) —0.023 1.33
NO, — 0.76 2.69 (As-0O) - 0.210 Spin up/down 1.27/0.38

materials for NO, detecting than that with black
phosphorus and MoS, because the latter two mate-
rials are also responsive to SO, [36].

In addition, the adsorption of NO, molecules will
significantly change the electron band structure of
SnAs monolayer. The bandgap of SnAs monolayer
decreased rapidly from the direct bandgap of 1.12 eV
to the indirect bandgap of 0.34 eV. However, the
adsorption of other gas molecules only slightly dis-
turbs their electronic structure, and the bandgap
changes are not noticeable.

After adsorption of the gas molecules, the charge
distribution of material will be disturbed and then
redistribute to the most stable state. The electron
localization function (ELF) of different gas adsorbed
systems is presented in Fig. 2. It can be seen that the
electron localization of SnAs monolayer did not
overlap with any calculated gas molecules, indicating
that the process of these adsorbates adsorb on the
surface of SnAs monolayer is the physisorption nat-
ure. This result is consistent with preliminary judg-
ment by the equilibrium distance in Table 1.
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Figure 2 The ELF
calculations of different gas
molecular adsorption systems:
a CO,, b H,, ¢ H,0O, d N,

e NH;, f SO,, g CO, h NO,
spin up and i NO, spin down.
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Figure 3 The DOS of pure SnAs and a CO,, H,, H,0O, N,, SO,,
NH; and CO, and b NO, molecules adsorbed on the SnAs. ¢ The
PDOS of NO, -SnAs adsorption system. d Total energy

To further understand the inherent charge transfer
characteristics of the SnAs monolayer after adsorp-
tion of gas molecules, the electronic density of states
(DOS) of each adsorption case is present in Fig. 3a
and b. We can find that the DOS close to the Fermi
level has not altered much with the adsorption of
other seven gas molecules except NO, molecule,
indicating that these molecules do not change the
electronic characteristics of SnAs monolayer visibly.
These results are consistent with previous charge
transfer values.

The curve of DOS shifts to the right by about
0.25 eV after the NO, molecule adsorption and new
electronic states are formed around £ 0.20 eV, as
plotted in Fig. 3c. These newly formed electronic
states have dual effects on the carrier capture and
transportation, which could alter the electronic
characteristics of the SnAs monolayer. We present the
atom projected density of states (PDOS) of the NO,-
SnAs system in Fig. 3c to figure out where these
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fluctuations with time for NO,-adsorbed SnAs monolayer at
T =300 K with molecular dynamics simulation. Inset: structural
configurations after 1 ps, 2 ps, and 3 ps.

electronic states are coming from. The main contri-
bution of orbital hybridization comes from the p or-
bitals of As, Sn atoms from SnAs monolayer and the
p orbitals of N and O atoms from NO, molecule
within the range — 0.226 to — 0.185 eV and 0.151 to
0.238 eV. Therefore, it can be concluded that the
superior charge transfer can be attributed to the
hybridization behavior in p orbital of atoms between
the adsorbate and SnAs monolayer .

The MD result shows that the energy of the NO,
adsorbed system rises significantly within the initial
0.5 ps and then fluctuates around a certain constant,
implying that the simulation has reached the equi-
librium state and the structure of the NO, adsorbed
system will not collapse due to thermal fluctuation,
as shown in Fig. 4a. There is no obvious structural
distortion or transformation that occurs in the system
during the whole process, as presented in Fig. 4b. Put
it in another way, the structural stability was not
changed with the NO, adsorbed. Our results show
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Figure 4 a Total energy fluctuations with time for NO,-adsorbed SnAs monolayer at T = 300 K with molecular dynamics simulation.

b Structural configurations after 1 ps, 2 ps, and 3 ps.

that SnAs monolayer is thermodynamically
stable with adsorption of NO, molecules at room
temperature. Hence, one can expect that the SnAs
monolayer can be realized for NO, detecting in
practice.

Sensitivity is a critical index of the sensor perfor-
mance, which is defined as follows: S = ”;—:" x 100%,

where oy and ¢ are the electrical conductivity of the
gas sensor before and after gas adsorption, respec-
tively. The electrical conductivity related to the

bandgap is expressed as: ¢ = AT*? exp(s) [37-42],

where A is the system-dependent constant of pro-
portionality (electrons m~> K™3/?), kp is the Boltz-
mann constant, T is the temperature (K), and Eg is the
energy bandgap of the system. An average spin gap
was calculated from the two spin conserving gaps.
The sensitivity of the SnAs layer for NO, detecting is
ultra-high reach to 67,500%. This magnitude indicates
that the SnAs layer is ultra-sensitive to NO..

The recovery time of the NO, gas molecules des-
orption from SnAs monolayer at room temperature is
estimated to be 5.85 s by using the transmission state
theory through the formula: © = vy'e(~E/KT) where v,
is the attempt frequency of NO, with the value of
102 57!, and k is the Boltzmann constant [43, 44]. The
result further indicates that the SnAs monolayer is an
excellent gas-sensitive material for NO, detection and
can be reused (Table 2).

In recent years, a huge family of 2D materials has
been predicted for NO, detecting. Furthermore, we
compared the adsorption energy and the electron
charge transfer with previous researches. It can be
found that SnAs monolayer has moderate adsorption
energy and large charge transfer with the NO,
adsorption, comparing with graphene, arsenene,
MoS,, and phosphorene. It should be noted that the
charge transfer for NO, adsorbing on the silicene and
antimonene monolayer is much larger than SnAs.
This is because that the NO, molecular adsorbed on
the silicene and antimonene monolayer is
chemisorption process. The desorption of gas from
the surface would be very hard due to the strong
chemical adsorption of gas molecules on these
materials, which is not suitable for reuse.

In conclusion, the sensitivity (67,500%) of the SnAs
layer for NO, detecting demonstrates the SnAs
monolayer is ultra-selective to NO, molecule among
all investigated gas molecules. Moreover, SnAs is
insensitive to other reactive gas molecules like SO,
and NHj;, which benefits the detection reliability,
comparing with graphene and black phosphorus. In
addition, our results show that the SnAs-based gas
sensor is thermodynamically stable at room temper-
ature after NO, adsorption and performs a short
recovery time of 5.85s. Therefore, SnAs could be
considered to be one of the best candidate materials
for NO, detection with ultra-selective at room
temperature.
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Table 2 The theoretically reviewed 2D materials for NO, detecting, the corresponding adsorption energy and the amount of charge
transfer to the layered materials are listed

Materials Adsorption energy (eV) Amount of charge transfer (¢) Remarks Reference
Graphene 0.055-0.067 0.1 Physisorption, no vdW correction [45]
Silicene 1.30 0.37 Chemisorption [46]
Arsenene 0.44 0.187 [47]
Antimonene 0.813 0.337 NO, chemiadsorbed [48]
MoS, 0.28 - Binding energies are corrected with optPBE-vdW  [49]
Phosphorene 0.62 0.2 [50]
SnAs 0.76 0.21 This work
Acknowledgements instrument (OMI). Atmos Environ 110:130-143. https://doi.
org/10.1016/j.atmosenv.2015.03.055
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Chongqing Municipality [cstc2019jszx-zdztzxX0005],
the technology Innovation and Application Demon-
stration key Project of Chongqing Municipality

[cstc2020jscx-gksbX0011],

Chongging Basic and
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