RSC Advances

PAPER

ROYAL SOCIETY
OF CHEMISTRY

CrossMark
& click for updates

Cite this: RSC Adv., 2016, 6, 72634

Electronic properties of a pristine and NHz/NO,
adsorbed buckled arsenene monolayer

Md. Shahzad Khan,® Anurag Srivastava*® and Ravindra Pandey®

Analogous to exfoliated 2D sheets of black phosphorene, arsenene is an atomically thin layer of the arsenic
crystal. In this paper, we investigate the sensitivity of a pristine arsenene sheet for NHs and NO, molecules in

terms of binding energy, nature of bonding, density of states and current—voltage characteristics. The
calculated results based on density functional theory find that both NHz and NO, molecules show
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a significant affinity for arsenene leading to strong physisorption with significant electronic charge

transfer. The calculated /-V characteristics reveal that physisorption of NHz and NO, induces
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1 Introduction

In the last few years great attention has been paid to atomically
thin layers of group V elements. In this quest, researchers have
studied phosphorene (obtained from phosphorus) more
extensively." Recently, the experimental existence of black
phosphorene and theoretical prediction of blue phosphorene
have been confirmed. Subsequently this single layered novel
nanostructure further fascinated researchers to look for other
possible quasi 2D-nanosheets of group V-elements. In this race,
analogous to exfoliated 2D nanosheets of silicene, germenene,
phosphorene, arsenene, antimonene and stanane are proposed.
Although graphene is not found to be an effective adsorbent for
small organic molecules like ammonia, acetone, acetonitrile,
benzene, methane, methanol, ethanol, and toluene. Compara-
tively these rippled surfaces of silicene and germenene are good
adsorbent.*® Silicene and germenene is zero band semi-
conductor and adsorption of such organic molecule generally
introduced opening of band gap. Several works suggest that
these quasi 2D materials show quantum spin Hall effect (QSH)
transistor behaviour on functionalization, followed by strain-
ing.*® Such QSH two dimensional topology play important role
in spintronic devices. The structural and electronic properties
of arsenene and antimonene (from antimony) have been char-
acterized®** using first principles methods. Kamal et al®
claimed for the arsenene in puckered phase as stable configu-
ration compare to buckle one. Their phonon calculations for
buckled arsenene resulted imaginary frequency near I" point for
transverse acoustic mode, and anticipated it as reason of some
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modifications in the conductivity of pristine arsenene. Incorporation of Ge in arsenene leads to
enhanced binding of NH3 and NO, via chemisorption on arsenene.

computational disparity. Contrary to this Zhang et al.'® have
reported a stable buckled phase with no imaginary frequency
found in phonon calculation. These research efforts although
addresses well the structural and electronic characterization
but didn't discuss its any applications. On other hand in the last
few years, efforts have been made to look at the better 1D or 2D
nanomaterial for sensing the toxic gases/chemicals in its
surroundings. Hence, we thought it is pertinent to explore the
possibility of arsenene as relatively better sensing material than
existing carbon allotropes for molecules of ammonia (NH;), and
nitrogen dioxide (NO,). It is well established fact that NH; and
NO, are products of various chemical and biological processes
and are considered to be hazardous. For example, NH; is
generally found in common industrial environment and NO, is
primarily emitted by motor vehicles. NO, is also precursor for
a number of harmful secondary air pollutants like nitric acid,
aerosols and photo oxidants. Previously, sensing characteristics
of the well-known 1D and 2D carbon allotropes, through
adsorption analysis have been extensively reported by our
group™™® as well as by others.”*>* In present work we inten-
tionally examine the buckled phase arsenene for NH; and NO,
molecule. We also investigate the possibility of the arsenene-
based devices for applications in sensing of toxic gases.

First ground state calculations under self-consistent field are
performed to obtain minima at potential energy surface for
pristine buckled arsenene sheet. Subsequently, analysis of
structural parameter and electronic properties like phonon
spectra, natural bond orbital (NBO),>* density of state (DOS),
bandstructure, highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are scruti-
nized. To check the convergence of employed theory for present
work, structural and electronic characterization and its
comparison with other findings>'® have been reported at the
initial stage of work. The sensitivity of arsenene towards NH;
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and NO, molecules has been analyzed in terms of binding
energy, charge transfer, DOS, charge decomposition analysis
(CDA) and current-voltage characteristic (I-V). We also consider
the case of Ge-doped arsenene to determine the relationship
between the affinity of molecules and dopant in the 2d lattice.

2 Computational method

Electronic calculations have been performed in the framework
of density functional theory (DFT) using Gaussian09 (G09).>®
Additionally, we employed the Atomistix-tool-kit Virtual nano-
lab (ATK-VNL) program package® to investigate properties of
arsenene-based device consisting of a quasi 2D-sheet. Fig. 1
display the optimized cluster and periodic buckled arsenene:
a finite cluster model for G09 calculations and a periodic
supercell model for ATK-VNL calculations are considered. The
cluster model consists of 54 As-atoms with hydrogen passiv-
ation at edge atoms. In GO09 calculations, the generalized
exchange correlation in terms of Perdrew-Burke-Ernzherof
(PBE)*® type parameterization along with the 6-31g(d) basis sets
are used. Frequency calculations are performed to ascertain the
ground state configuration of the system. DOS and CDA calcu-
lations have been performed using GO09 output within
AOMix*** software package. For ATK calculations, the PBE-DFT
approximation along with the double-{-polarized (DZP) basis
set and Troullier-Martins*® pseudo-potentials are considered.
Split-valence double-¢-polarized basis set are sufficient for
computational convergence. The norm-conserving Troullier-
Martins pseudo-potential describes the interaction between
ionic cores and localized pseudo-atomic orbitals. A (14.4 A x
14.4 A x 15 A) supercell having 32 As atoms is chosen. The
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distances between periodic images of arsenene are kept at 15 A
to avoid interlayer interaction. The sampling of reciprocal space
with (8 x 8 x 1) k-points is made using Monkhorst-Pack
scheme®” for geometry optimization, while k-point sampling are
set at 16 x 16 x 1 for calculations of electronic properties. For
odd electronic configuration of NO,-arsenene sheet, spin-
polarized calculations have been performed. The combination
of DFT and Non-Equilibrium Green's Function (NEGF)
method® in ATK-VNL is made to derive electron transport
calculations. This calculation is important for finding trans-
mission spectra at different bias windows its derivative current-
voltage (I-V) characteristics.

3 Results and discussion
3.1 Pristine arsenene

The stability of buckled arsenene has been confirmed through
phonon calculations and thus validates the employed theoret-
ical approach for further investigations. No imaginary
frequencies were found. Likewise, Fig. 2 shows no soft modes
confirming the stability of arsenene. Additionally, the conver-
gence of geometrical parameters for arsenene from the cluster
(G09) and the periodic supercell (ATK) approaches signify the
appropriateness of these approaches in our work. For example,
the calculated As-As bond length is 2.45 A from G09 and is 2.5 A
from ATK. The calculated bond angle between adjacent atoms
(<As-As-As) are 90.5° and 91° obtained from G09 and ATK,
respectively. Table 1 lists the measured bond-length and bond-
angles of arsenene along with the calculated values from
previous reports. The calculated band structure, shown in
Fig. 3, exhibits an indirect band gap of 1.83 eV which lies in-

Fig. 1
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(a) Finite cluster and (b) periodic supercell representing single layer arsenene sheet.
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Fig. 2 Calculated phonon dispersion curves along high symmetry direction in the periodic supercell model.

between the calculated values of 1.635 eV (ref. 9) and 2.28 eV."°
From the device point of view to exploit the buckled arsenene as
conducting channels, it must have high electron mobility which
is inversely proportional to its effective mass.*® The effective
mass of electron (m,) is calculated to be 0.18m, and 0.52m, for
I'-K and I'-M directions, respectively, assuring high mobility of
electrons along these particular directions.

Similar to blue phosphorene, atoms in arsenene have sp®
character at lattice point. The NBO analysis reveals that the lone
pair electrons are mainly localized on 4s-subshell and the 4p
electrons are engaged in the o-bonding formation. The inter-
frontier orbital analysis confirms that HOMO is delocalized
with contributions from o- and lone pair electronic density
(Fig. 4a). On the other hand, localized LUMO is primarily ¢* in
nature (Fig. 4b) for arsenene. From molecular orbital diagram it
is clear that electronic charge is mainly localized on atomic
center which make arsenene different from graphene. In gra-
phene C-atoms are present at vertex of two dimensional honey
comb lattice structure, this planarity enhance conjugation in
between adjacent bond and results in delocalization of elec-
tronic density. Contrary, in the arsenene lattice As atoms are in
two different planes (up and own), in each ring which inhibit
such conjugation effects.

3.2 NH; and NO, adsorbed arsenene

To investigate the NH; and NO, adsorption on arsenene, several
possible adsorption sites including top of the each atoms,
centre of As-As bond and centre of the hexagonal ring have been

Table1 Geometrical parameters of optimized arsenene through GO9
and ATK package along with earlier reports

Geometrical parameters G09 ATK Earlier findings

Bond-length (As-As) 2.45 A 2.5A 2.50 A (ref. 4),
2.45 A (ref. 5)

Bond angle (<As-As-As) 90.5° 91° 92.2° (ref. 4),

92.5° (ref. 5)
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considered. Fig. 5(i), depict different orientation of NH3/NO,
considered over arsenene sheet before optimization at reason-
able distance. For present context, NH; and NO, affinity
towards arsenene surface is analysed in terms of adsorbate
(NH3/NO,) and adsorbent interaction ie., adsorption. The
phenomenon of adsorption plays an important role in under-
standing sensitivity of surface towards exotic molecules. If
adsorption is strong i.e. by means of charge transfer interaction
this may be label as chemisorption. Comparatively phys-
isorption has nothing to do with charge transfer mechanism
and interaction between adsorbate and adsorbent is via van der
Waals forces. Typically interaction energy in this case lies in-
between 0.01 eV to 0.1 eV.* For NHj;, the ground state calcula-
tion reveals N pointing to arsenene surface with hydrogen
atoms on next end as preferred orientation of the molecule.
Likewise, N at the centre of symmetrical O-N-O bond actively
participates with arsenene. The preferred site for NH; was
found to be centre of ring as shown in Fig. 5 with the adsorption
energy of 0.87 eV. Here, N atom was symmetrically away from
upper layer arsenene atom with the bond distance of 3.01 A. In
contrary, Wang et al* reported NH; is comparatively less
bonded with germenene having binding energy of —0.459 eV
with N pointing towards one of Ge atom. Both NBO analysis and
molecular orbital density contour plots suggested noticeable
interaction between NH; and arsenene. The lone pair orbital at
N of NH3;, donates a partial charge of about 0.11e to arsenene,
thus NH; brings changes in electronic density of the inter-
frontier orbitals associated to arsenene sheet. The HOMO-
LUMO gap is now reduced to 2.4 eV for the arsenene sheet. NO,
adsorbed configuration of arsenene exhibits lowering of inter-
frontier orbital to 2.23 eV for spin-up states and 0.79 eV for
spin-down states. This change in orbital energy levels can be
seen as intimacy of arsenene towards NO,. The contour plots at
0.04e per A® shown in Fig. 5 depict overlapping of the empty
valence p-orbital of N from NO, with non-bonding lone pair
orbitals of arsenene. This overlapping is missing for NH;
molecules in present contour context. The reason could be
inter-electronic repulsion between NH; and arsenene lone pair
electronic cloud. The calculated PDOS (Fig. 6) verify these

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Electronic charge density associated with the inter-frontier orbitals of arsenene.

contour plots in concern of N-valence p orbital from NH;, NO,
and geometrically closed As from arsenene. The active partici-
pation of these fragments at inter-frontier orbital sites could be
observed.

The ATK calculated electronic properties also show resem-
blance to the G09 calculated electronic properties suggesting
a convergence of finite cluster and periodic supercell approach
for present arsenene model. Note that both finite cluster and
periodic supercell approaches find a feeble affinity of NH; and
NO, towards arsenene.

3.3 Charge decomposition analysis

To get a detailed insight into bonding characteristics of the
adsorbed arsenene system, we now perform charge decompo-
sition analysis of the system. The fragmentation of adsorbate
(second fragment orbital (2"¢ FO)) and adsorbent (first frag-
ment orbital (1** FO)) of adsorbate + adsorbent (whole) and
further derivation of wave functions for the whole from 1% and

2" FO as their linear combination® calculated in CDA

This journal is © The Royal Society of Chemistry 2016

analysis.*>** kth molecular orbital ¥ of whole system repre-
sented as,

Y = Z Z CikPi (1)
ki
@, . is ith fragment orbital of kth fragments with k = 1, 2 and ¢
is fragment orbital coefficients. For the NH; adsorbed arsen-
ene, the CDA analysis suggests the presence of a charge inter-
action which is mainly governed by mixing of occupied
molecular orbital of one fragment with unoccupied of other.
This computes the mode of interaction is via strong phys-
isorption, where small self-polarizations of fragments in
presence of each other have insignificant contribution. Simi-
larly, a close inspection by performing CDA on NO, adsorbed
arsenene finds spin-up states with 0.06e charge transfer from
NO, to arsenene. This is not the case with spin-down states
where NO, gains 0.16¢ from arsenene, resulting in total charge
transfer of 0.95e between sheet and NO,. Since self polarization
for spin-up states are more prominent compare to spin-down
states, the mode of adsorption appears to be a strong

RSC Adv., 2016, 6, 72634-72642 | 72637
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physisorption or quasi chemisorption of gas molecules on
arsenene.

3.4 Arsenene-based device: current-voltage characteristics

The above discussion is mainly focused on electronic analysis
for NH; and NO, affinity for arsenene surface. These adsorption
induced charge transformation should lead to the conductivity
variation of the adsorbent. To investigate such variation in
conductivity, the NEGF method has been employed to compute
the transmission spectra at different bias voltage across the
arsenene in two probe device models. Subsequently, the
current-voltage characteristics are drawn from the calculated
transmission coefficients.

The transmission function of a system is sum of trans-
mission probabilities of all channels that particularly being
results due to external bias (V), represented as

T(E, V) = T{T'.(E, V)GNE, V)I'R(E, V)GNE, V)]

GR/A

(2)

is retarded and advanced Green's functions and
coupling functions I'yr represent imaginary part of left and
right self energies, respectively. This expression is further

72638 | RSC Adv., 2016, 6, 72634-72642

(ii)

(i) Different NH3z/NO, orientation considered towards arsenene sheet and (ii) electronic charge density associated with the inter-frontier

introduced to Landuer-Bittier Formula*® to evaluate the current
as integration of the transmission function over the bias
window near the Fermi level:

I _ %J*P«l
)

fE — nay2) is Fermi distributions functions of electrons in left or

right electrodes and w4, are chemical potentials of left and tight

electrodes.

Although the model arsenene possess structural anisotropy,
in our analysis we have considered orthogonal in plane direc-
tion to armchair one, i.e. edged As-atoms on arsenene sheet
have zig-zag arrangement along the length of model device.
Two-probe models were used with semi-infinite left and right
electrode regions in contact with the central region shown in
Fig. 7. The length of each electrode and the central scattering
region is =14 A along z-axis. Application of the external field to
electrodes results in shifting of Fermi level. Matching of the
valance band maxima of left electrode with the conduction
band minima of right electrode generally leads to flow of
current in the device.

T(EV)[f(E—p)~f(E-m)|dE  (3)

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Calculated DOS for adsorbate and adsorbent (a)NHz-arsenene, (b) and (c) for up and down spin states for polarized NO,-arsenene

calculations, respectively.

Fig. 8 and 9 show the transmission spectra of pristine
arsenene derived current at different bias voltage up to 8 V,
respectively. There is a negative differential resistance (NDR)
region found for all three cases suggesting this as signature of
the pristine arsenene. To cross check any numerical conver-
gence artefact that might consequence to NDR, negative biases
were also applied across the electrode in the pristine arsenene
device model, which completely rule out our perception. For the

Left-Electrode

y 12

Fig. 7 Schematic of two probe device model for arsenene. (a) Electrode and (b) device consisting of electrodes and scattering regions.

This journal is © The Royal Society of Chemistry 2016

Scattering-Region

pristine arsenene, the I-V curve (Fig. 9) suggests that there is no
current till 4.8 V. This threshold value of the applied bias is
larger than the calculated bandgap of 1.73 V and can be seen for
elucidation of high localized electronic charge in the 2d lattice.
After the bias of 4.8 V, a significant current flows through the
device rising upto 12.3 nA at 6 V. However beyond this bias
voltage, the negative resistance behaviour of arsenene device
model is exhibited till 6.7 V. Further rise in applied bias yields

RSC Adv., 2016, 6, 72634-72642 | 72639
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Fig. 8 Transmission spectra at different applied bias voltage for (a) arsenene,

into a nonlinear behaviour of the current-voltage characteris-
tics. The presence of NH; molecule results in increased resis-
tivity of arsenene sheet by inhibiting conduction channel across
the Fermi level as is evident from Fig. 8b. At applied voltage of
about 7.2 V, significant current begin to observe and afterwards
the current voltage relation follow Ohmic behaviour in NH;
sense arsenene model. Compare to NH;, NO, presence on
arsenene relatively increased conductivity but for the same
transmission spectra plotted as Fig. 8c doesn't convey any
information. It is expected that withdrawing nature of NO,
change the arsenene surface to p-type semiconductor resulting
in the enhanced conductivity.**

3.5 Ge-doped arsenene

The electronic properties of arsenene are found to be sensitive
to adsorption of NH; or NO, molecules. In order to increase the
sensitivity, we have investigated effect of doping Ge to arsenene
surface. The choice of Ge as dopant relies on its electron defi-
cient nature compare to As atoms and can make the doping

72640 | RSC Adv., 2016, 6, 72634-72642
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Fig. 10 Optimized configuration and DOS of (a) NHz and (b) NO, adsorbed Ge doped arsenene.

sites chemically active. The following brief descriptions address
Ge doping effect on NH;/NO,.

Fig. 10 shows the equilibrium configurations of NH; and
NO, adsorbed on Ge-doped arsenene. The NBO analysis
suggests NH; get intact to arsenene with a charge transfer of
0.22e in terms of natural atomic charges calculated in NBO
analysis with a binding energy of —1.13 eV. As evident from
Fig. 10a DOS analysis shows lone pair electrons localized at 2p,
orbital get depopulated by electronic charge transfer to 4p, of
Ge at HOMO of spin-up state. However for spin-down state
calculations, the hybridization between these mentioned
orbital fragments take place at LUMO (Fig. 10b). The binding
energy for NO, is found to be —2.9 eV, with one of O atom gets
bonded to Ge with bond length 1.98 A. The strong binding
between Ge and O can be attributed from the Ge-O bond length,
which has electronic population of 1.96e and is consequence of
strong electron dispersion on Ge from NO, also evident from
Fig. 10c in terms of orbital hybridization.

This journal is © The Royal Society of Chemistry 2016

4 Conclusions

In this work we performed theoretical analysis of newly
proposed 2D monolayer of arsenene using DFT approach.
Analysis suggests that proposed quasi 2D-sheet is stable and
showing semiconducting behaviour. Where, NH; and NO,
adsorbed at arsenene surface with significant binding energy of
0.87 eV and 0.81 eV, respectively, computed through G09 which
very close to with ATK-VNL calculations. Mulliken and NBO
charges suggest significant amount of electronic charge transfer
in between gas molecules and arsenene. CDA, PDOS and
molecular orbital diagram provide considerable evidence for
binding of NH; and NO, at the quasi 2D-surface. The sensitivity
of arsenene surface for NH; and NO,, further have been analyzed
in terms of I-V characteristic using NEGF method. The obtained
result exhibits lowering of conductivity across the nanosheet
surface on sensing NH;. Contrary, NO, sensing made the sheet
slightly more conductive in nature and is effect of electron

RSC Adv., 2016, 6, 72634-72642 | 72641
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withdrawing nature of NO,. Ge substituted on arsenene indicate
strong adsorption of NH; and NO, molecule.
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