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The molybdenum disulfide monolayer (MoSs) is gaining more attention due to
its attractive electronic property, and it is extensively used in different elec-
tronic applications. The presence of vacancies on the MoS, monolayer leads to
an increase in the conductivity of the material. In this work, we have inves-
tigated the adsorption behavior and estimated the gas-sensing properties of
the S-vacancy (Vg) and the Mo-vacancy (Vy,) MoS, monolayers and the two-
probe MoS, devices with phosphorus pentafluoride (PF5) gas molecule. To
explore the sensing and electronic properties of Vg and Vy;, MoS; towards PF5
gas adsorption, the adsorption distance, adsorption energy, charge transfer,
band structure, and density of the states have been analyzed using density
functional theory in combination with Non-Equilibrium Green’s Function. The
results show that the PF5 gas molecule is allowed to adsorb on the S- and Mo-
vacancy MoS; monolayers through van der Waals interaction. The PF; gas
molecule shows adsorption distances of 3.3274 A and 2.8673 A, adsorption
energies of — 0.1640 eV and — 0.3489 eV, and charge transfers of — 0.025 @
(e) and — 0.053 @ (e) on the Vg/Vy, MoS,; monolayers. To study the electron
transport properties, the device density of the states, the transmission spec-
tra, and the current—voltage characteristics of the Vg/Vy, MoSy two-probe
devices have been analyzed. The results predicted that the Mo-vacancy MoS,
device shows relatively more adsorption towards the PF5 gas molecule when
compared with the Vg MoS, device.
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INTRODUCTION

Two-dimensional (2D) materials like graphene
and the materials from transition metal dichalco-
genides (TMDs) have attracted interest due to their
fascinating properties under ultra-thin thicknesses
and the related quantum effects.'™ In the case of
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graphene, the presence of a zero bandgap has
limited its process in many applications.*’ 2D
TMD is a material which consists of one transition
metal (M) and two chalcogenides (X5) in the form of
MX,, which has extremely interesting prospects for
next-generation optoelectronic and nano-electronic
devices.*®*° Among the TMDs, molybdenum disul-
fide monolayer (MoSs5) is considered to be a most
promising new class of material. It has been suc-
cessfully synthesized, and some of its unique dis-
tinguished characters can be used in numerous
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applications, such as gas sensors, transistors,
photodetectors, energy storage devices, diodes,
supercapacitors, etc.*%"1%1 Some important
intrinsic merits of MoS, include its high surface
to volume ratio, high conductivity, and semicon-
ducting properties, which have helped the mate-
rial become a gas sensor.®>!®!* The presence of
vacancies on the MoSy; monolayer influences the
sensing nature of the material for selective molec-
ular adsorption. Yue et al. have suggested that
H,, 05, H,O, NH3, NO, NO,, and CO gas molecule
are able to be adsorbed on the MoSy; monolayer
with small charge transfers. These gas molecule
show some significant changes in the band struc-
ture and density of states (DOS) after the adsorp-
tion of the gas molecule.'* Abbas et al. have
suggested that the P and S atoms have similar
covalent radii, and thus can easily form chemical
bonds with the Mo atoms. They also explored the
adsorption behavior of O, and NO gas of the P-
and N-doped MoS, monolayers, and suggested
that NO adsorption on the P-doped MoS,; mono-
layer shows more adsorption than on the N-doped
MoS, monolayer.’® Ren et al. predicted that
different defects show different effects of CHs
adsorption on MoSy; monolayers. They observed
that CH3 adsorption on S defects is more effective
when compared with Mo defects.'® Ramanathan
reported that the doping or defect substitution on
MoS; monolayers changes the electronic and
chemical properties of the material and helps in
boosting its sensing applications. They also con-
cluded that MoS; can be a promising material for
gas sensor applications in industry, due to its
desirable direct bandgap and high surface to
volume ratio.” Burman et al. proved experimen-
tally that the presence of vacancy sites and
contact electrodes show significant effects on the
sensing characteristics.'’

Environmental pollution by toxic pollutants is
causing great concern worldwide. PF5 is a color-
less, toxic, non-flammable, compressed gas which
causes irritation in the eyes, skin, and mucus
membranes of human beings. When the gas is
exposed to water, it will generate toxic corrosive
fumes.'®2° Therefore, the detection of toxic gases
is extremely important for both public health and
industry.!” In this work, we systematically inves-
tigated the interaction of PF5 gas molecule on Vg
and Vy, MoS; monolayers and MoS, devices using
density functional theory (DFT) and the non-
equilibrium Green’s function (NEGF) to exploit
the possibilities of MoSy being a PF5 gas sensor.
For a deeper understanding of the adsorption
behavior, and to study the changes in the electronic
properties, the adsorption energy, adsorption dis-
tance, band structure, DOS, charge transfer, trans-
mission spectra, and I-V characteristics have been
analyzed.

COMPUTATIONAL DETAILS

To explore the feasibility of Vg/Vy, MoS, mono-
layers being considered as a PF;5 gas sensor, a model
MoS,; monolayer with S/Mo vacancies has been
constructed in the presence and the absence of PF;
gas molecule, as shown in Fig. 1. All the calcula-
tions have been performed using the Atomistix
Toolkit *'*?! package based on DFT combined with
NEGF.??23 Initially, we optimized the MoS, mono-
layer and the device with the S and Mo vacancies.
Further, we optimized the structure in the presence
and absence of PF5 gas molecule. For both the MoS,
monolayer and the MoS, device, we have used
Double Zeta plus polarization for the linear combi-
nation of the atomic orbital basic set. To describe
the exchange and correlation potential, the general-
ized gradient approximation (GGA) of the Perdew—
Burke—Ernzerhof (PBE) functional has been
used.”'® To correct the effect of the van der Waals
interaction, the empirical correction
scheme (DFT+D2) has been used.’* For energy
tolerance, we have fixed the convergence criteria
to be 1.0 x 10~° Ha. We have set 0.005 A and 0.002
Ha/A for the displacements of the geometrical
optimization and the maximum force, respectively.
For the accuracy calculation of total energy, the
global cut-off has been fixed at 5.0 A for the
calculation of integrals in the real space grid. For
geometric optimization, the k-point sample of the
Monkhorst—Pack grid was set to 3 x 3 x 1 along
the x, y and z directions of the Brillouin zone.>?° In
addition, we have constructed a4 x 4 x 1 super cell
for the MoS; monolayer. The size of the bulk model
has been chosen in such a way as to prevent the
interaction between the MoS; monolayer and the
PF5 gas molecule. The self-consistent loop energy
has been set to 10~ Ha for static electronic struc-
tural calculations.”?® The hexagonal lattice param-
eter relaxation calculations were carried out using
a = b=12.66 A and ¢ = 20.00 A parameters. Using
the conjugate gradient method, all the atoms are
fully relaxed until the maximum absolute atomic
forces become less than 0.05 eV/A.? For geometrical
optimization, we have brought out the S- and Mo-
vacancies on the top of the surface of the MoS,
monolayer, as shown in Fig. 1. The electron trans-
port properties have been analyzed using DFT
combined with NEGF. We built a model structure
of a MoS, device with S and Mo vacancies. (This is
shown in Fig. 5, below.) The device consists of 50
and 100 Mo and S atoms, respectively. The MoS,
device has been divided into three regions, namely
the left electrode, a central scattering region, and
the right electrode. The size of the central region
has been fixed at 19.55 A, which is long enough to
study the adsorption behavior of the PF5 gas
molecule. The size of the left and right electrodes
has been set at 3.16 A in order to analyze the effect
of adsorption between the Vg/Vy, MoS, monolayer
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Fig. 1. (a—d) Optimized structure of top and side views of the Vs/Vjy, M0S, monolayer, (e—h) optimized structure of top and side views of PFs
adsorption on the Vs/Vy, MoS, monolayer.
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(b)

and the PF5; gas molecule. For geometric optimiza-
tion, the k-point sample has been set at 2 x 1 x 100
along the x, y and z directions of the Brillouin zone
of the device. NEGF has been used to study the
transmission coefficient of the incident electron,
with energy, E, through the central region along the
z direction.?? The transmission function, T(E, V), of
the MoS, device at energy, E, has been calculated
using NEGF formalism as:

T(E,V)=Tr[I'L(E,V)GR(E)[R([E,V)G*(E)] (1)

where I't, and I'g indicate the contact broadening
functions of the left and right electrodes, respec-
tively, and G® and G* the related Green’s functions.

From the transmission function, T(E, V), the
current, I(V), has been calculated using the Lan-
dauer formula:?%26

22 M=

1v) ==

f(E—m,) —f(E - pr)| T(E,V)dE

(2)

where e denotes the charge of the electron, h the
Planks constant, f (E — u,g) the Fermi distribution
of electrons along the left and right electrodes, E the
energy of the electron, and ur, and ug the electro-
chemical potential of the left and right electrodes,
respectively.?®

J oy,
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To quantitatively analyze the adsorption behavior
and strength of the interaction of the PF5 gas on the
Vs/Vme MoS, monolayer, the adsorption energy has
been calculated, and is given as:

Eads = EPF5 Vs/MOMOSZ - (EVs/MﬂMOSZ + EPF5) (3)

where Epr; v, ,,Mos, denotes the total energy of the
PFs-adsorbed Vg/Vy, MoSz monolayer, Evyg, Mos,

denotes the energy of the Vg/Vy, M0oSs monolayer,
and Epp, represents the total energy of the gas
molecule.

For the best adsorption orientation, we placed
the PF;5 gas molecule on top of the vacancy created
on the MoS; monolayer. The charge transfer cal-
culation has been carried by the Mulliken popula-
tion analysis in which the charge of the atom can
be acquired by taking the difference between the
value of the actual valance charge of each atom of
the Vg/Vy, MoS; monolayer and the charge
acquired from the Mulliken population analysis.
The total summation of all the difference values
gives the net charge of the system. The charge
transfer with a negative sign denotes that the
charge is transferred from the system to the gas
molecule, while a positive sign denotes that the
charge is transferred from the gas molecule to the
system.®?"?® The re-arrangement of charges after
the adsorption of the PF5; gas molecule plays an
important role in obtaining better sensing and
electronic properties.

To analyze the stability of the system, the struc-
ture formation energy has been estimated for the
Vs/Vmo MoSs. The structural formation energy for
the bulk system is defined as:

Et = Evyvy,—Mos, — Emos, + i (4)

Ev, v, denotes the total energy of the system. Eys,
denotes the total energy of MoS, before vacancy
creation, and u; denotes the chemical potential of
the Vg/Vao, MoS; monolayer.”

RESULTS AND DISCUSSION

The optimized structures of the Vg/Vy, MoSs
monolayer in the presence and absence of PF5 gas
molecule is shown in Fig. 1. The estimated forma-
tion energies of the Vg and Vy, MoS, monolayers
are 2.549 eV and 7.927 eV, respectively.”?*=33 After
the adsorption, the structure of the PFj5 gas

molecule experience a small change, where the
bond length between P and F has been reduced from
158 pm to 157 pm for the Vg and 157.5 pm for the
Vo MoS,. The bond angle, F-P-F, is decreased
from 120° and 90° to 119.70° and 89.6° for the Vg
and 118.21° and 88.8° for the Vy;, M0S,. To obtain a
deeper understanding of the Vg/Vy, MoSs; mono-
layer towards the PF5 gas molecule, the adsorption
distance, adsorption energy, and charge transfer of
Vs and Vi, have been calculated and are shown in
Table I. The shortest distance between the atoms of
the PF5 gas molecule and the atoms of the Vg/Vy,
MoS is defined as the adsorption distance. For PF5;
adsorption, we obtained the adsorption distances of
3.3274 A and 2.8673 A for the Vg and Vi, MoS,,
respectively. To quantitatively analyze the adsorp-
tion behavior of MoS, towards the PF5 gas molecule,
the adsorption energy has been calculated. The
calculated  adsorption energy values are
— 0.1640 eV and — 0.3489 eV for the Vg and Vi,
MoS, monolayer. To analyze the strength of the
interaction between the Vg/Vy, MoS; monolayer
and the PF5 gas molecule, the charge transfer has
been calculated. Due to the charge transfer, there is
a change in the conductivity of the MoSs monolayer.
The change in the conductivity acts as an important
key factor to determine the sensing behavior of the
system.?* We obtained a charge transfer of — 0.025
Q (e) for the Vg and — 0.053 @ (e) for the Vi, MoSs,
monolayers. Here, the negative sign denotes that
the charge transfer is taking place from the Vg/Viy,
MoS, to PF5 gas molecule. All the structural
analysis shows that the Vi, MoS, shows more
adsorption towards PF5 when compared with the Vg
MoS,; monolayer. There is no bond formation
between the Vg/Vy, MoS, and the PF5 gas molecule,
which denotes that the adsorption was caused due
to a weaker interactive force called the van der
Waals interaction. Figure 2 represents the compar-
ison results of the adsorption energy, charge trans-
fer, and adsorption distance of Vg MoS; and Vi,
MoS,. From Fig. 2a and b, we can see that the
adsorption energy and charge transfer of Vy;, MoS,
is more when compared with Vg MoSs. From Fig. 2c,
we can see that the adsorption distance of Vi, MoS,
is smaller than the Vg MoS, device. The smaller the
adsorption distance, stronger the interaction
between the MoS, monolayer and the PF5 gas
molecule,®® which shows that PF5 adsorption on
Vumo MoS, has a greater interaction than on Vg
MOSQ.

Table I. Values of adsorption distance, band gap, adsorption energy, and charge transfer of the MoS,

monolayer and the MoS; device

Vs/Vmo Vacan-

Adsorption distance d

Adsorption energy E_ 4, Charge transfer @

MoS; model cies A) (eV) (e)
MoS; mono- Vs 3.3274 — 0.1640 — 0.025
layer VMo 2.8673 — 0.3489 — 0.053
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Fig. 2. (a) Calculated adsorption energy, (b) charge transfer, and (c) adsorption distance of Vs/Vio MoS, PFs.

Figure 3 represents the band structure of the Vg/
Vumo MoSs monolayer before and after adsorption of
the PF5 gas molecule along the high symmetrgf k
points of (I'-M-K-I") of the Brillouin zone 283639
VsMoS, shows an indirect band gap of 1.033 eV and
Vo MoSs shows a direct band gap of 0.223 eV. After
the adsorption of the PF5 gas molecule, we observed
that the band gap has increased to 1.235 eV for Vg
MoS, and PF5 and to 0.430 eV for Vi, MoS, PFs.
The adsorption of PFj5 also causes some significant
changes in the band structure. This implies that the
adsorption of the PF5; gas molecule affects the
electrical conductivity of the Vg/Vy, MoS,
monolayer.

To analyze the electronic properties of the PF5 gas
adsorption on the Vg/Vy, MoSs, the total electronic
density of states (TDOS) has been studied before and
after the adsorption of the gas molecule.*’ The TDOS
of Vg MoS, (Fig. 4a) shows some small changes near
the Fermi level where the band gap of Vg MoSs is
slightly increased after the adsorption of the gas
molecule. This will subsequently affect the electronic
property of the material after the adsorption. For the
creation of the Mo vacancy, a peak appears exactly at
the Fermi level, which also indicates an increase in
the electrical conductivity of Vi, MoSs. In Fig. 4f,
the projected density of state (PDOS) shows that the
increase in the peak is caused due to the p and d
orbitals of the Vi, MoS, monolayer. The TDOS for
PF5 adsorption on the Vy;, MoS; shows a significant
change near the Fermi level where the peak of TDOS
at the Fermi level has been slightly reduced after the
adsorption of the gas molecule, which indicates that
there will be a reduction in the current after the
adsorption of the molecule. Moreover, we observed
that the adsorption causes some changes in the
peaks of TDOS between — 5 eV and 5 eV after the
adsorption on the Vg/V, MoSs. These changes
indicate that the TDOS of Vg MoS, is considerably
affected by PF5 gas adsorption. Figure 4c—f shows
the PDOS of Vg/Vy, MoSs with and without the PF5
gas molecule. From the PDOS, we can see that the
changes in the peaks are caused due to the overlap-
ping of the p and d orbitals of PF5 and the Vg/Viy,
MoS, monolayer.
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Fig. 3. (a, c) Band structure of the Vs/Vjyo M0S, monolayer, and (b,
d) band structure of the Vs/Vjuo M0S, monolayer after adsorption of
the PF5 gas molecule.

Figure 5a and b shows the optimized device
structure of the Vg/Vy, two-probe MoSs device,
while Fig. 5¢ and d shows the Vg and Vy,, MoS,
devices after the adsorption of the PF5 gas molecule,
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Fig. 4. (a, b) TDOS of the Vs MoS, and the Vi, MoS,, respectively, (c, d) PDOS of Vs MoS, and the Vs MoS, PF5 device, respectively, and (e, f)

PDOS of Vo MoS; and the Vo MoS, PFs device, respectively.

demonstrating that there is no bond formation
between the Vg/Vy, MoS, device and the PF5 gas
molecule. The device density of states (DDOS) and
the transmission spectra calculations, which were
performed for the Vg/Vy, MoS, device by applying
bias voltage to the electrodes in the presence and
absence of the PF5; gas molecule, are shown in
Fig. 6a and b. The Fermi energy, EF, is set to zero
eV for all the curves. From Figs. 4b and 6a, we can
see that the adsorption of PF5 does not cause any
changes in the band gap, but that all the DDOS

peaks between — 0.8 eV and 0.8 eV in both cases
have been decreased after the adsorption of PFs.
The peaks in the DDOS confirm the peaks in the
transmission spectra. Figure 7c and d shows the
transmission spectra of the Vg/Vy, MoSy device.
From Fig. 7, we can see that there is a wide
transmission gap near the Fermi level which indi-
cates that the transmission co-efficient is zero in
this region, which acts as a barrier for electron
transmission. Moreover, there is a significant
decrease in the electron transmission coefficient
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(b)

Fig. 5. (a, b) Optimized structure of the Vis/WVo M0S, device, and (c, d) optimized structure of PF5 adsorption on the Vs/Viuo MoS, device.

after the adsorption of the PF5 gas molecule. The
transmission peaks indicate that the conducting
channels and the reduction of the transmission
peaks may lead to a reduction in the current.*! The
decrease in the peaks of DDOS and the transmis-
sion spectra indicate that the Vg/Vy, MoS, device is
considerably affected by the PF5 gas molecule.

CURRENT-VOLTAGE (I-V)
CHARACTERISTICS

The I-V characteristics have been calculated and
plotted to observe the changes in the conductivity
and to analyze the performance of the Vg/Vy, MoS,
device as a PF; gas sensor. Figure 7 shows the I-V
characteristics of the Vg/Vy, MoSs device with and
without the PF5 gas molecule. From Fig. 7a, we can
see that the current value for the Vg MoS, mono-
layer is zero until the applied voltage is 0.6 V. This
can be caused due to the presence of a transmission
gap in the transmission spectrum (Fig. 6¢), which
acts as a barrier. By increasing the applied voltage
beyond 0.6 V, the current starts to increase linearly.
For the Vg MoS, PF'5, the increase in the current is
slightly less when compared with the Vg MoS,,
which is due to the reduction in the transmission
peaks of the Vg MoSy device after adsorption of the

PF5 gas molecule. From Fig. 7b, it can be clearly
seen that the flow of current is zero up to 0.6 V for
the Vi, MoSs device and zero up to 0.8 V after the
adsorption of the PF5 gas molecule. The reduction in
the current can be caused due to the reduction in
the transmission peaks (Fig. 6) after the adsorption.
The changes in the current indicate that the Vg/Vy,
MoS, device is considerably affected by PFj;
adsorption.

To further understand the affinity of the PF5 gas
molecule towards the Vg/Vy, MoSs device, the
sensitivity of the material has been calculated, and
is defined as:?%*2

S =G — Gol/Go (5)

where G and G, represent the conductance of the
Vo/Vae MoS,, monolagrer before and after adsorption
of the gas molecule.?***~** The obtained results are
shown in Table II, and reveal that the sensitivity of
PF5 adsorption on the Vy, MoS, is comparatively
more than the Vg MoS, for all bias voltages. For a
bias voltage of 1.0 V, the sensitivity is 78.98% for Vg
MoS, and 90.08% for Vi, M0Ss. This shows that the
PF5 adsorption on Vy;, MoS5 is comparatively more
than on Vg MoS..
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Table II. Values of percentage of sensitivity under
bias voltage from 0 to 1.0 V

Percentage of sensitivity for the
Vs/Vmo MoS, device model

Bias voltage (V) Vs MoS, Vo MoSs5
0 10.65 11.58
0.2 12.23 15.85
0.4 36.34 45.35
0.6 15.25 23.46
0.8 48.52 69.67
1.0 78.98 90.08
CONCLUSION

We have explored the adsorption behavior and
electron transport property of a Vg/Viy, MoS, mono-
layer using DFT and NEGF. The structural stability
of the Vg/Vm, MoS;, has been studied with the help
of formation energy. To understand the adsorption
properties of the Vg/Vy, MoSy; towards PF; gas
molecule, the adsorption distance, adsorption
energy, and charge transfer have been studied.
The results show that the gas molecule are able to
be adsorbed on the Vg/Vy, MoS, monolayer by van
der Waals interaction. The electron transport
behavior of the Vg/Vy, MoSy device were studied
and the results are discussed. From the transmis-
sion spectra analysis, we found that the adsorption
of the PF5 gas shows a remarkable decrease in the
transmission for the Vg/Vy, MoS, device after the
PF;5 adsorption. Thus, there is a significant reduc-
tion in the I-V curve for both the Vg and Vi, MoS,
devices. PF5 adsorption on the Vy, MoSy device
shows more changes in the I-V curve when com-
pared with PF5 adsorption on the Vg MoS, device.
Moreover, the evaluated sensitivity values show
that the sensitivity is comparatively more in Vi,
MoS,. All the analyses show that the PF; gas
molecule strongly influence the Vy, MoS, device
when compared with the Vg MoS; device. Thus, we
concluded that the Vy;, MoS, has an efficient role for
sensing PF5 gas molecule when compared with the
Vs MoS,.
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