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Abstract:

Black arsenene (B-As), a monolayer of arsenic, is of general interest due to its considerable
bandgap, high carrier mobility, anisotropic nature and ideal stability under ambient conditions.
In the present study, the adsorption of NH3, CO, CO2, NO, and NO; on B-As was investigated
using first-principles simulations to exploit the potential of B-As as a gas sensor. The binding
strengths between the molecules and B-As were uncovered and could be modulated by a
vertical electric field due to charge transfer variations but were insensitive to equibiaxial tensile
strain. Our results show that B-As is more sensitive to nitrogen-containing gases. We further
investigated the current-voltage (I-V) relationship using the nonequilibrium Green’s function
(NEGF) formalism. The transport features show large anisotropy along different directions
(armchair and zigzag), which is consistent with the anisotropic band structure of B-As.
Interestingly, the I-V relationship exhibits distinct responses with a marked change of the I-V
curves along either the armchair or zigzag directions depending on the type of molecule. Spin
polarized currents after the adsorptions of NO and NO, were also obtained, which indicates that

B-As has superior wide-range application as a gas sensor.
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Introduction

Sensitive and selective solid-state gas sensors with low production costs and miniature
sizes are in high demand for monitoring environmental pollution and agricultural and
specific medical applications 1 2. After the isolation of graphene 3, the last decade has
witnessed an unprecedented interest in its emerging new allotropes or other 2D
materials and their various potential applications . Their high surface-to-volume ratio,
ultimate exposure of surface atoms and high sensitivity to subtle changes in the
surroundings mean 2D nanomaterials show great promise for various sensing systems
9 It was already reported that graphene-based sensors can detect even individual
molecules 1°. Recently, group V elemental monolayers (P, As, Sh, and Bi) have attracted
tremendous attention due to their considerable bandgaps and high carrier mobilities 1*-
18, In addition, black phosphorene (B-P) was initially predicted to be a better gas sensing
material than graphene and monolayer MoS; by a first-principles study '’ and was
experimentally verified & 1° Unfortunately, B-P can easily degrade under ambient

conditions via oxidation, which severely restricts its prospective applications 2% 2L,
Recently, a metastable allotrope, blue phosphorene (B3-P), was shown to be a suitable
candidate for gas detectors 22. After the exfoliation of phosphorene (B-P or o-P) 2,
antimonene (B-Sh) has also been obtained on Bi,Tes and Sb,Tes 2. Moreover, a

multilayer grey arsenene (B-As) nanoribbon was synthesized on an InAs substrate using
a plasma-assisted process 2. Additionally, B-As showed an impressive sensing ability

for NO and NO- %5,

As a competing metastable phase, layered black arsenic (B-As) was first predicted
theoretically 2° and then synthesized in the lab 2728, B-As exhibits interesting properties,
including tunable bandgaps 2% 2°, low lattice thermal conductivities %, high in-plane
anisotropies 2% 230 and possible transitions and hybridizations with other 2D As
allotropes 3. B-As has a similar structural configuration as B-P and has excellent

physical and chemical stabilities 2”28 32, However, studies about the transport properties



and sensor application of B-As are still lacking. Recently, monolayer and few-layer B-
As-based FETs have been fabricated, and their unique transport characteristics were
revealed 8. To exploit the possibilities of gas sensors based on single-layer B-As,
systematic fundamental studies are essential for understanding the interaction between

B-As and adsorbates.

In this work, we investigated the structural and electronic properties of the adsorption
of NHz, CO, CO2, NO, and NO> on single-layer B-As using first-principles calculations.
Preferential adsorption positions, adsorption energies, and charge transfers were
determined. We demonstrate that the binding strengths of these gas molecules are
between those for physical and chemical adsorption, which may allow the material to
be recycled as a gas sensor. Our results also show that the strength of binding is related
to the amount of charge transfer between the molecules and B-As. In addition, the
interaction between NO or NO2 and B-As can be tuned easily by an electric field;
however, it is relatively insensitive to equibiaxial tensile strain. Realization of a
practical device technology will require a detailed understanding of the transport
mechanisms. We then calculated the I-V relation of B-As without and with gas molecule
adsorption using a non-equilibrium Green’s function (NEGF) formalism. The results
not only show sensitive changes to adsorption but also exhibit remarkably high
selectivity for different gas molecules that may induce variations in transport behaviour
along either the armchair or zigzag direction of B-As. In addition, spin-resolved
transport properties can be generated after the adsorption of NO and NO2. The
combined sensitivity and selectivity of the I-V relation to the adsorption of various gas

molecules make B-As a promising candidate for high-performance sensing applications.

Model and method
Structure optimization and electronic structure calculations were performed with the

generalized gradient approximation (GGA) in the parametrization of Perdew-Burke-
Ernzerhorf (PBE) using the plane-wave basis Vienna ab initio simulation package
(VASP) 33 34 As-4s24pd C-2s22p?, 0-2s?2p®, N-2s?2p°, and H-1s were treated as
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valance electrons, while the ionic cores were represented by the projector augmented
wave (PAW) potentials. The Kohn-Sham orbitals were expanded using plane waves
with a well-converged cutoff energy of 500 eV. The Brillouin zone integrations were
performed with a k-point density of 21 x0.03 A™* adopting the I'-centred Monkhorst-
Pack scheme. In the calculation, we chose a 3 % 3 supercell to simulate the periodic
structure of B-As, and a large vacuum region of 15 A in the z direction was applied and
dipole corrections were employed. The convergence criteria for the electronic self-
consistent iteration and the ionic relaxation loop were set to 10™° eV and 0.01 eV/A,
respectively. We included a semiempirical DFT-D2 type of dispersion correction as the
long-range interaction between B-As and the gas molecules 3. The electric field was
applied perpendicular to the B-As plane in the z direction. Spin polarization was

included in all calculations.

The adsorption energy (Eads) of the gas molecule was defined as Eads = Eas+gas — Eas —
Egas, Where Eas+gas, Eas, and Egas are the total energies of the gas-adsorbed B-As, pristine
B-As and gas molecules, respectively. Accordingly, the charge density difference (CDD)
was evaluated by Ap = pas+gas —pas — pgas; here, the charge density of bare B-As (pas)
and an isolated gas molecule (pgas) were computed with the same coordination as that
in the gas adsorbed configuration (pas+gas). Bader charge analysis % was performed to
evaluate the charge transfer. The electronic transport properties were studied by the
NEGF techniques within the Keldysh formalism as implemented in the TranSIESTA
package 3. The electric current through the contact region was calculated using the
Landauer—Buttiker formula %: I(V) = Go/“ T(E, V)dE, where Go=2(e%h) is the unit of
the guantum conductance and T(E, V) is the transmission probability of electronic
incident at energy E under a potential bias V. The electrochemical potential difference

between the left and right electrode is eV/=ur-pL.

Results and discussion
As shown in Figure 1, a 3 x 3 B-As supercell with lattice dimensions of 11.064 A x

14.253 A, corresponding to a unit cell of 3.688 A x4.751 A, was used to simulate the
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adsorption of NHs, CO, CO2, NO, and NO>. The boundary structure is anisotropic along
the x and y directions, labelled as the armchair and zigzag directions, respectively. The
preferred adsorption sites of these gas molecules, as illustrated in Figure 1, were
determined within various adsorption sites and molecular orientations (either parallel
or vertical to the substrate), as shown in Figure S1 in the ESI. The key adsorption
parameters regarding the adsorption energies, adsorption heights, and bond lengths of
adsorbed gas molecules are summarized in Table 1. For the NH3 molecule, the N atom
is located at the centre of the puckered honeycomb structure with an adsorption distance
of 2.31 A, as shown in Figure 1 (a. f). The CO molecule also stays above the B-As with
the C atom located at the centre of the honeycomb; however, the C atom of CO; is
located at the middle of As-As bonding. Compared with NHs, CO and CO2 molecules
are higher above B-As with adsorption distances of 2.83 A and 2.99 A, respectively.
However, for NO and NO., they prefer to adsorb near the top of the As atom with a

shorter distance (NO: 2.19 A; NO,: 2.24 A), as shown in Figure 1.

G- G- G ---Ep | G- B8 | B0 -G-8 [GR---Bk---ER---f0 |G- G0 ---ER---8D
:mo)oo:mlcaoaoo: ool e e ! Uoe oo oo | D
a oo m( ©b ﬁcb oo e o gi) oo ad pb (e ma o o |@ e  w o
Voo el ee | oo e ool ! o o ool | | oo oe ool | oo eB( oo |
o ool poeo  ob |Ndd  wo o o e b |dd e e do [a ea(” (kb
vopel ool o e e o) Ve jeo ool - - G - Vel ool pd
ao___ ool ool b || el el | gl olegiowgloolh |@¥---eo-a---o |asho-est - o-od
Armchair

(a) (b) (c) (d) (e)

. o, o000 o %P
o0 O—OI_dO—O o o0 00 00 o o0 00 09 ©o o9 o9 00 0o o9 09 o009 9
6 06 606 606 | 6 66 60 oo 6 00 60 o0 6 60 00 oo 0 00 o0 09

(f) (9) (h) (U] L)}

Figure 1 (colour online) Top views (a-e) and side views (f-j) of the optimized structures of B-
As with NHs, CO, CO2, NO, and NO; adsorption. The green, cyan, pink, red, and brown spheres
represent As, N, H, O, and C atoms, respectively. The distance d between the gas molecule and
B-As is indicated in (f).

For a quantitative description of the gas adsorption strength on B-As, the adsorption
energies are listed in Table 1. CO has the weakest adsorption strength (-0.14 eV), while
NO: has the strongest (-0.34 eV) among the gas molecules we studied. In addition, the

values for NHz, CO2, and NO adsorption are -0.26, -0.16, and -0.33 eV, respectively.

Similar to MoS; ** “, graphene 1°, and phosphorene 7 in their potential use as gas



sensors, all of the adsorption energies with B-As are large enough to withstand the
thermal disturbances at room temperature that are on the energy scale of kyT
(approximately 25.7 meV at 298 K ky is the Boltzmann constant). Obviously, NHsz, NO,
and NO2 have larger adsorption energies than CO and COy, indicating that B-As is more
sensitive to nitrogen-containing gases; a similar situation was also found in two-
dimensional MoS; % %% and phosphorene . In addition, the gas adsorption strength on
B-As is comparable to that of phosphorene #! but stronger than that of graphene %2 and

MoS, %40 suggesting a higher level of sensitivity for gas adsorption on B-As.

Previous studies on gas adsorption have confirmed the important role of charge transfer
in the adsorption strength and resistance of a substrate . The charge transfer induced
by gas molecule adsorption can be used for highly sensitive sensors, even with the
possibility of detecting an individual molecule 1°, where the sensor property is based on
changes in the resistivity with the gas molecules acting as donors or acceptors. It is
expected that the electrical resistivity of B-As will also be influenced by gas molecule
adsorption. Therefore, we performed Bader charge analysis for these adsorption
systems, and the results are summarized in Table 1. For NH3 adsorption on B-As, there
is only a small amount of charge transfer (0.02 e) from the NHz molecule to the
substrate. In contrast, CO, CO2, NO, and NO; are all accepters, and more significant
charge transfers are observed in NO and NO>. Larger charge transfer is expected to
induce more significant changes in the conductivity of the system. The charge transfer
can also be visualized by the charge density difference (CDD), as shown in Figure 2 (a-
e). The charge depletion and accumulation regions are more prominent around NO and

NOg, which is in agreement with the Bader charge analysis.

Table 1. Adsorption parameters including the adsorption energy (Eags), magnetism (Mag), Bader
charge transfer (Q) with positive values standing for accepting electrons, the bond length of the
adsorbate (L), and the nearest distance (d) between the gas molecule and B-As

NHs CcO CO2 NO NO;

Eaus (8V) -0.26 -0.14 -0.16 -0.33 -0.34
Mag (us) 0 0 0 0.95 0.26
Qe -0.02 0.03 0.04 0.23 0.44




L (A) 1.023/1.021 1.15 1.18 1.19 1.23
d (A) 2.31 2.83 2.99 2.19 2.24
5
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Figure 2 (colour online) Charge density difference (CDD) plots for (a) NHs, (b) CO, (c) CO,
(d) NO, and (e) NO; adsorbed on B-As. The yellow (blue) distribution corresponds to charge
accumulation (depletion). The isosurface value is equal to 0.0003 eA®. Electron localization
function (ELF) of (f) NHs, (g) CO, (h) CO, (i) NO, and (j) NO, adsorbed on B-As.

The ELF of the adsorption systems, as shown in Figure 2 (f-j), indicates a stronger
interaction between N-based gases (NO and NO.) and B-As and clearly shows the lack
of electron sharing between gas molecules and the B-As sheet. This indicates that

sensing with the B-As substrate for these gas molecules may be reversible.
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Figure 3 Variations of the calculated adsorption energy (a) and charge transfer (b) as a function
of an external electric field for NHs, CO, CO2, NO, and NO.. The positive direction “+” of the
E field is illustrated in the inset of (a).
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Figure 4 (a) Schematic of B-As under equiaxial tensile strain; (b) adsorption energies of gas
molecules (including NHs, CO, CO2, NO, and NO,) as a function of applied biaxial strain. The
strained nanosheet has a lattice constant of a = (1+¢) X< a,.

Previous work uncovered that the gas adsorption strength can be tuned by applying a vertical
electric field (E field) or strain 344, Herein, out-of-plane E fields and in-plain equibiaxial tensile
strains are applied to evaluate the adsorption properties of gas on B-As. Figure 3 (a) shows that
the interaction strength of NO and NO- with the substrate increases obviously with the E field
varying from -0.5 V/ Ato 0.5 VV/ A, which may be attributed to the significant increase in charge
transfer from the substrate to NO and NO2, as shown in Figure 3(b). The binding strengths of
CO and CO; show no significant increase with nearly constant charge transfer (see Figure 3(b))
under the E field. Interestingly, desorption of NH3 occurs under a positive 0.5 V/AE field, and
NH; undergoes a transition from an electronic donor to an acceptor, as illustrated in Figure 3(b).
Tunable adsorption strength makes B-As a promising wide-range application sensor. In contrast,
applying in-plane tensile strain induces a slight decrease in the binding strength of these gas

molecules, as shown in Figure 4 (b), except for NO,, which shows a non-monotonic behaviour.
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Figure 5 (colour online) (a-e) TDOS of B-As without or with gas molecule adsorption (black
curves) and the LDOS projected on gas molecules (blue areas; note that the value of LDOS is
enlarged by a scale factor of 3). The insets in (e) and (f) represent the spatial spin density
distribution on NO and NO, molecules, respectively, with an isovalue of 0.003 e A, The Fermi
level is shifted to zero and indicated by the vertical dashed lines.

Previous studies have shown that gas adsorption can obviously influence the electronic
properties of 2D materials and may induce magnetism 2%, To further examine the
influence of gas adsorption on the electronic properties of B-As, the total density of
states (TDOS) of B-As and the local density of states (LDOS) projected on NH3, CO,
and CO; are shown in Figure 5(b-d); moreover, their corresponding spin polarized band
structures are illustrated in Figure S2 (b-d). The DOS for either the valence or
conduction bands of B-As is not significantly influenced upon NHs adsorption, as
shown in Figure 5 (b) and Figure S2 (b). Moreover, the adsorption of CO or CO>
induces distinct states in the lower valence bands at approximately -4.5 eV; however,
no noticeable modifications of the DOS near the Fermi level are observed. In contrast,
the adsorption of NO or NO; induces significant magnetism (see Table 1), which is also
manifested in the spin polarized DOS, as shown in Figure 5 (e, f), and the spin polarized
band structures, as depicted in Figure S2 (e, f). From the distribution of spin density
shown in the insets of Figure 5(e, f), it is obvious that the magnetization is mainly

located on the NO or NO» molecules.
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Figure 6 (colour online) (a,b) Schematics of the two-probe systems where semi-infinite left
and right electrode regions (blue shaded region) are in contact with the central scattering region
along the armchair or zigzag direction. For the electrodes and scatter regions, 3x3 supercells of
B-As are used, similar to the models used in ref. 7. (c) Band structure of B-As calculated using
a primitive unit cell. (d) 1-V plots (note that the current here is just half of the total current) of
B-As for a bias voltage from 0 to 2 V along the armchair (left) and zigzag (right) directions.
Transmission spectral evolution under different bias voltages along the armchair (e) and zigzag
(F) directions; dash horizontal lines indicate the bias windows. Fermi energy is set to 0 eV.

Although the electronic structure of B-As after the adsorption of NHs, CO, or CO- does not
substantially change, the adsorption-induced charge transfer is expected to affect the resistivity
of the system, which can also be measured experimentally and act as an indicator for gas sensors.
To explicitly evaluate the performance of B-As as a gas sensor, we employed the NEGF method
to calculate the transport transmission and the corresponding I-V relation before and after gas

molecule adsorption. The I-V relation allows monitoring of the resistivity change and may be
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directly compared to the experimental measurements. Due to the structural anisotropy of B-As,
two transport models were constructed: one has the current flowing along the armchair direction,
as shown in Figure 6 (a), and the other has the current flowing along the zigzag direction, as
shown in Figure 6 (b). Normally, the electrical transport properties of 2D materials mostly
depend on their band alignments from the inter- and intra-band transitions near the Fermi level
. For one thing, only the electrons in the states within the bias window can make effective
contributions to the current “°; for another, the band characteristics, such as the projection of

the bands “6 and the parity limitation #’, also have a significant effect on the electrical transport.

To provide an intuitive understanding of the transport phenomena, the electronic band structure
of monolayer B-As is given in Figure 6 (c). The bands are anisotropic and more dispersive
along the T'-Y direction (i.e., smaller effective mass), which is the armchair direction in real
space; on the other hand, heavier bands are observed along I'-X, which is the zigzag direction.
This means that the charge carrier can be more easily driven along the armchair direction, which
is in good agreement with the experimental results of Chen et al. 2" and the theoretical results
of Zhong et al. 2. This directly leads to the anisotropic I-V curves with a ratio of current
anisotropy 7= lzigzag/larmehair O @pproximately 65 under a bias voltage of 2 V, as shown in Figure
6 (d). The calculated zero-bias (0 V) transmission spectra along two directions are given in
Figure 6 (e) and (f), which apparently mimic the band structures. Likewise, the step-like
behaviour of the spectrum is related to the available conductance channels '8, In Figure 6 (e,
f), the transmission spectra at bias voltages of 0.5, 1.5, and 2 V are also presented. As the bias
voltage increases, non-zero transmission spectra emerge around the Fermi level in the bias
window, which leads the current flow through “°. Similar 1-V curves were obtained for the

adsorption of NHs, CO, or CO on B-As, as shown in Figure S3.
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Figure 7 (colour online) The I-V curves of B-As without and with NH3 adsorption along the
armchair (a) and zigzag (b) directions. The transmission spectra without and with NH;
adsorption under zero and 1.7 V bias voltages along the armchair (c, €) and zigzag (d, f)
directions.

The sensor performance can be evaluated by the sensor response (S). Here, S is defined by the
relative resistance change as S = [|R-Ro|[/Ro] x100%, where Ro and R are the resistance of the
substrate without and with gas molecules, respectively . As shown in Figure 7 (a), there is a
current decrease from 26.20 to 24.61 pA under a bias of 2 V with a response S of 6.4% after the
adsorption of NH; along the armchair direction, indicating an increase in resistance. In contrast,
the current drops more significantly, achieving a response S of 141.2% under a bias of 2 V
along the zigzag direction. To gain further understanding of the current suppression, the bias-
dependent transmission spectra before and after NHs adsorption are illustrated in Figure 7 (c-
f). It is known that current is mainly attributed to the transmission coefficient around the Fermi
level within the bias window . At 1.7 V bias voltage, effective conductance channels in the
bias window are inhibited by NHs adsorption, leading to the reduction in current. In other words,

NH; adsorption introduces backscattering centres that reduce available conductance channels,

yielding a reduced current. The decreased conductance is more significant along the zigzag
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direction, as shown in Figure 7 (f), compared with the armchair direction shown in Figure 7 (e).
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Figure 8 (colour online) Spin polarized I-V plots of B-As without and with NO or NO;
adsorption along the armchair (a) and zigzag (b) directions.

The adsorption of paramagnetic molecules NO and NO; on B-As induces spin polarization as
indicated above, which leads to spin polarized current and transmission spectra along both the
armchair and zigzag directions, as illustrated in Figure 8 and Figure S4. For the spin polarized
I-V curves along the armchair direction, as given in Figure 8 (a), there is a current reduction
after the adsorption of NO, similar to the case of NHs, but more sensitive (a 18.7% response S
for the spin up current and a 24.2% response S for the spin down current at a bias of 2 V). In
contrast, the adsorption of NO. induced a current increase before the bias voltage reached
approximately 1.8 V. As the bias voltage further increases, the spin up and down currents
decrease after the adsorption of NO.. Current flow along the zigzag direction shows a sharp
contrast to the armchair direction, as illustrated in Figure 8 (b). Both spin up and down currents
increase significantly with increasing bias voltage after the adsorption of NO». A response S of
86.3% is obtained under a bias of 2 V for both spin up and down currents. On the other hand,

there is a sharp increase in the spin up current with S of 75.3% after the adsorption of NO, while
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a spin down current reduction with S of 27.3% is observed under a bias of 2 V. The very different
spin up and down currents not only make B-As a selective sensor for NO but also a promising
spin filter °. The various responses of the I-V curves of B-As induced by different gas molecules

suggest wide-range gas sensing applications.

Conclusion

In summary, using first-principles calculations combined with NEGF, we systematically studied
the structural, electronic, and transport properties of monolayer black arsenic (B-As) with
adsorbed gas molecules, i.e., NH;, CO, CO;, NO, or NO,. Our results show that nitrogen-
containing gas molecules have a relatively strong adsorption strength, suggesting that B-As is
more sensitive to these gas molecules. This behaviour is attributed to the more sensitive charge
transfer induced by the adsorption of NO and NO, molecules. Moreover, the binding strength
of nitrogen-containing gas molecules can be effectively modulated by a vertical electric field,
but it is insensitive to equibiaxial tensile strains. Transport calculations indicate that the
adsorption-induced current variation of B-As exhibits strong anisotropic character along the
armchair or zigzag directions. The gas molecule adsorption on B-As can either reduce or
increase the resistance, which can be directly measured experimentally. Along the zigzag
direction, a significant spin polarized current is discovered for the adsorption of NO. Such
sensitivity and selectivity to gas molecule adsorption make B-As a promising candidate for gas

Sensors.

tElectronic supplementary information (ESI) available: Potential adsorption
configurations before and after structural optimization; spin-polarized band structures of B-As
without and with adsorbates; I-V curves of B-As without and with the adsorption of NHs, CO,
or COy, and spin-polarized transmission spectra of B-As without and with adsorbed NO and

NO: under 0 and 1.7 V bias voltages along the armchair and zigzag directions. See DOI:
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