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Density functional theory calculations were performed to assess changes in the geometric and
electronic structures of monolayer WS, upon adsorption of various gas molecules (H,, O,, H,O,
NH;, NO, NO,, and CO). The most stable configuration of the adsorbed molecules, the adsorption
energy, and the degree of charge transfer between adsorbate and substrate were determined. All
evaluated molecules were physisorbed on monolayer WS, with a low degree of charge transfer
and accept charge from the monolayer, except for NH3, which is a charge donor. Band structure
calculations showed that the valence and conduction bands of monolayer WS, are not significantly
altered upon adsorption of H,, H,O, NH3, and CO, whereas the lowest unoccupied molecular orbitals
of O,, NO, and NO, are pinned around the Fermi-level when these molecules are adsorbed on
monolayer WS,. The phenomenon of Fermi-level pinning was discussed in light of the traditional and
orbital mixing charge transfer theories. The impacts of the charge transfer mechanism on Fermi-level
pinning were confirmed for the gas molecules adsorbed on monolayer WS,. The proposed mechanism
governing Fermi-level pinning is applicable to the systems of adsorbates on recently developed
two-dimensional materials, such as graphene and transition metal dichalcogenides. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4922049]

I. INTRODUCTION

Detection of gas molecules, especially toxic or hazardous
gases, is an important issue in various fields, such as industry,
agriculture, and public health.! Metal oxides are utilized
in conventional chemical-sensing materials because of their
high sensitivity and relatively low cost.>* However, gas
sensors based on metal oxides usually operate only at high
temperatures in the range of 200-500°C,> which leads to
several attendant issues such as high power consumption
and other safety problems. To resolve these issues, the
development of highly sensitive gas sensors that can operate
at room temperature has been actively pursued. In this respect,
two-dimensional (2D) nanomaterials comprising graphene
and transition-metal dichalcogenides (TMDCs) like MoS,
and WS, have emerged as attractive prospectives.®'3 The
majority of gas sensors fabricated with these 2D nanomaterials
are field-effect transistor (FET)-based devices.!3> The basic
operating principle involves a reversible change of the
electrical conductivity caused by the interaction between the
2D nanomaterials and the adsorbed gaseous species.

Gas sensors employing a graphene-based FET that
is operative at room temperature have been successfully
fabricated by Schedin et al. The sensing mechanism of the
graphene-based sensor is derived from the doping behavior of
the adsorbed molecules, that is donor or acceptor behavior,
and is further due to the change in the resistivity of the base
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materials. Sensitivity to NH3, CO, and H,O at concentrations
as low as 1 ppb has been demonstrated, and the ultimate
sensitivity for an individual NO, molecule has even been
achieved.® Similar to graphene, single and few-layer MoS,
sheets are found to be sensitive detectors for NO, NO,, NH3,
and triethylamine gas.””»'> Most recently, the photoelectric
properties of multilayer WS, nanoflakes, including their field-
effect, photosensitivity, and gas sensitivity, have been empir-
ically evaluated.'* The photoresponsivity (R;) and external
quantum efficiency (EQE) of WS, are significantly enhanced
by inclusion of molecular NH3. Maximum R;, and EQE values
of 884 A/W and 1.7 x 10°% may, respectively, be achieved.
In contrast, under O, or air atmosphere, the drain current
of the device decreased compared to that under vacuum.
Although the gas sensitivity and its effect on the photoresponse
of the WS,-FET sensor have been experimentally studied,
the mechanism underlying the interaction of NH; and O,
molecules with the WS, surface and the effect on the electronic
properties remain undefined.

Moreover, the oxidizing or reducing characteristics of
the adsorbed gas molecules, i.e., the charge transfer, depend
largely on the interaction between the target gases and base
materials and are not absolute. In the case of n-type metal
oxides, the traditional reducing gases, such as CO, H,0, H,,
NH3;, CH4, and C,HsOH, donate electrons to the conduction
band of the base material, whereas traditional oxidizing gases
such as NOy, Cly, Oy, and O3 accept electrons.” In the
case of p-type oxides, the reverse is the case.” However,
H,0 molecules actually act as the oxidizing gas in the
graphene- and MoS,-based gas sensors,!>!¢ in contrast to

©2015 AIP Publishing LLC
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the case of metal oxides. For certain WS;-based gas sensors,
H,0 molecules have been found to act as the oxidizing
gas upon adsorption on the layered WS,,'* whereas other
studies show that H,O is the reducing gas.'” Therefore,
exploration of the interaction between the adsorbed molecules
and the WS, monolayer and assessment of the distinctive
characteristics of the adsorbate/adsorbent system from the
theoretical perspective are worthwhile pursuits.

Herein, we evaluate the adsorption of various gas mole-
cules (Hy, O,, H,O, NH3, NO, NO,, and CO) on the WS,
monolayer using first-principles calculations. The preferential
binding configurations of these gas molecules are first ob-
tained by calculating the adsorption energies. Charge transfer
between the adsorbed molecules and the monolayer WS, is
then theoretically quantified to determine the doping behavior
of these adsorbates. Furthermore, Fermi-level pinning phe-
nomena for these adsorption systems are discussed in light
of the traditional and orbital mixing charge transfer theories.
The impacts of the charge transfer mechanism on Fermi-level
pinning are confirmed in the case of gas molecules adsorbed
on monolayer WS,.

It should be noted that at traditional metal-semiconductor
junctions such as Al-Si junctions, there is usually a Schottky
barrier with the Fermi-level pinned in the bandgap of the
semiconductor at the interface region. The pinning posi-
tions vary within 0.2 eV, independent of the metal work
function, crystallographic orientation, semiconductor doping
concentration, interface impurities, etc.!® The formation of
interfacial gap states plays a key role in Fermi-level pinning in
these situations. Distinct from the case encountered in metal-
semiconductor contacts, the concept of Fermi-level pinning in
the field of 2D nanomaterials discussed in this study indicates
that the Fermi-level of the adsorbed gas/2D nanomaterial sys-
tem is pinned around the lowest unoccupied molecular orbital
(LUMO) or highest occupied molecular orbital (HOMO) of
the adsorbed gas molecules. The phenomenon of Fermi-level
pinning is associated with the energy level alignment and
is further determined by the mechanism of charge transfer,
i.e., the traditional and orbital mixing charge transfer theories.
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Thus, the effect of Fermi-level pinning should be considered
when fabricating new optoelectronic and gas sensing devices
based on these 2D nanomaterials.

Il. CALCULATION DETAILS

We performed geometry relaxation, total energy, and elec-
tronic structure calculations using density functional theory
(DFT), as implemented in the Vienna ab initio simulation
package (VASP).!>?" The most important parameter is the
exchange-correlation functional. It is well known that the local
density approximation (LDA) functional is more suitable than
the generalized gradient approximation (GGA) functional for
describing the interaction between molecules and graphene-
like 2D materials.'®?'=2*> GGA overestimates the separation
between the 2D nanomaterials and molecules while LDA
yields acceptable separations.’>> Therefore, the exchange-
correlation interaction is treated herein by using LDA. The
electron-ion interaction was approximated using the projector-
augmented wave potential. The electron wavefunctions were
expanded in plane waves with an energy cutoff of 500 eV.
Supercells with 4 x 4 dimensions (16 W and 32 S atoms) were
used to simulate individual monolayer WS,. In order to avoid
interlayer interactions, the distance between monolayers was
set to more than 20 A. The distance between two neighboring
gas molecules was larger than 12 A. The Brillouin-zone
integrations were performed with a5 x 5 X 1 Monkhorst-Pack
grid for k-point sampling.”® Structural optimizations were
carried out by relaxing all the atomic geometries using the
conjugate gradient algorithm. The forces on all the atoms
converged to within 0.02 eV/A. The charge transfer between
the WS, monolayer and the adsorbed gas molecules was also
calculated using Bader analysis.?’

lll. RESULTS AND DISCUSSION

In the relaxed structure of pristine monolayer WS,
(Fig. 1(a)), the planar projection shows a perfect hexagonal

(d)H,0/WS,
e
e 5"\ o FIG. 1. Top and side views of (a) re-
laxed pristine monolayer WS,, most fa-
vorable configurations for (b) Hj, (c)
o 02, (d) H20, (e) NH3, (f) NO, (g) NO,,
1 ; and (h) CO adsorbed on monolayer
o o .03 - WS,. Yellow and gray balls represent S
ol nd and W atoms, whereas green, red, blue,
and brown balls represent H, O, N, and
(]-l)(:‘(),-"\k\/s2 C atoms, respectively. Four adsorption
o sites are labeled as “Xx,” namely, the H
c ool site (on top of a hexagon), the Tw site
) (on top of a W atom), the Ts site (on
top of a S atom), and the B site (on top
LY of a W-S bond).

o 0 0
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TABLE I Calculated adsorption energy (E,) and equilibrium height (/) for the adsorption of gas molecules (Hp,

0, H>0, NH3, NO, NO3y, and CO) on monolayer WS,.

H site Tw site Ts site B site
Gas h(A) E, (meV) h(A) E, (meV) h(A) E, (meV) h(A) E, (meV)
H, 2.86 -68 2.86 -75 2.87 -37
0, 2.62 ~184 2.49 -213 3.09 -119
H,0 2.63 -229 2.68 -218 3.14 -108
NH; 2.49 -216 276 -201 3.25 —-62 . .
NO 2.77 -129 2.77 -206 3.47 -99 276 -215
NO, 2.68 —-412 .. . 2.68 -354 274 -333
co 2.90 -127 2.90 ~111 2.95 -31 2.90 -75

lattice of S atoms, with interleaved W atoms that are
coordinated by S atoms in a trigonal prismatic arrangement.
The optimized lattice constant of monolayer WS, determined
from the present calculation is about 3.13 A, which agrees well
with the experimental value of 3.15 A.2® Since monolayer
WS, belongs to the P6m2 space group, four adsorption
sites were considered to determine the favorable adsorption
configuration, including the center of a hexagon (H), the top
of a W atom (Tw), the top of a S atom (Ts), and the center
of a W-S bond (B), as indicated in Fig. 1(a). Moreover, two
orientations of the NH3 molecule were investigated for each
anchoring position, one with the H atoms pointing away from
the monolayer WS, surface and the other with the H atoms
pointing towards the surface. For other gas molecules, such
as H,, O,, H,O, NO, NO,, and CO, three orientations with
respect to the WS, surface were examined. Taking H,O as an
example, the three involved orientations are the H-O bonds
pointing up, down, or parallel to the surface. The adsorption
energy, E,, is calculated as E, = [Eyoyws, — Ews,]/N = Enols
where E,.i/ws,, Ews,, and E,,; are the total energies of the
surface with N adsorbates, the clean surface, and an isolated
molecule, respectively.

The calculated E, and equilibrium height (%) obtained at
different anchoring positions are listed in Table 1. Negative
adsorption energy means that the adsorption process is
exothermic and energetically favored (stable). The equilibrium
height is the space between the upper S-layer and the center
of mass of the gas molecule. The structural relaxations show
that the H,, O,, NH3, and H,O molecules fail to have a stable
configuration at the B site, while NO, fails to localize at the
Tw site because these molecules tend to migrate to other sites
during the relaxations. From the results presented in Table I,
it is apparent that for H, and O,, the Tw site is the most
favorable site with adsorption energies of —75 and —213 meV,
respectively. Correspondingly, H, adsorbed on the Tw site has
the minimum equilibrium height of 2.86 A with respect to
monolayer WS,, which is about 1.47 A longer than the total
lengths of the S and H covalent radii. O, on the Tw site has
the minimum equilibrium height of 2.49 A, which is about
1.24 A longer than the total lengths of the S and O covalent
radii. H,O, NH3, NO,, and CO are preferably adsorbed at the
H site with adsorption energies of —229, —216, —412, and
—127 meV, respectively. The minimum equilibrium heights
for the four systems of adsorbed gas are about 1 A longer
than the total lengths of the covalent radii of the S atom and

the lowest atom of the adsorbed molecules. In contrast, NO
is preferably located at the B site with the adsorption energy
of —215 meV. NO adsorbed on the B site has the minimum
equilibrium height of 2.76 A, which is about 0.99 A longer
than the total lengths of the S and N covalent radii. The low
adsorption energy and large separation height indicate that all
gas molecules examined in this study are physisorbed on the
WS, surface. On the basis of the negative and low adsorption
energies, monolayer WS, should be applicable for detection
of all proposed gas molecules since the adsorption-desorption
equilibrium of the adsorbed gas molecules on monolayer WS,
can be easily established.

The top and side views of the most favorable configu-
rations for H,, O,, H,O, NH;3;, NO, NO,, and CO adsorbed
on monolayer WS, are shown in Figs. 1(b)-1(h), respectively.
The configurations of the H, and O, molecules show that H,
and O, are both adsorbed directly on top of the Tw site. H, has
an axis perpendicular to the WS, surface, while O, is nearly
parallel to the WS, surface with its center of mass on top of
the Tw site. The configurations of the H,O, NH3, NO,, and
CO molecules show that these four molecules are adsorbed
on top of the hexagon formed by the W and S atoms. The O
atom of the H,O molecule occupies the center of the hexagon.
The O-H bonds point towards the S atoms and adopt a tilted
orientation with the two H atoms pointing towards the WS,
surface. In contrast, the NH3 molecule adopts a configuration
in which the N atom occupies the center of the hexagon. The
N-H bonds point towards the W atoms and adopt a tilted
orientation with all the H atoms pointing away from the WS,
surface. In contrast with the configurations of H,O and NHj3,
the NO, and CO molecules stretch across the hexagon along
the plane from the center of the hexagon to the W atom. NO; is
bonded in a configuration whereby the O atoms are positioned
close to the WS, surface, whereas CO is bonded with the
C atom positioned close to the WS, surface. In contrast to
the other gas molecules, NO is preferentially localized at the
B site. N-O is bonded parallel to W-—S and adopts a tilted
orientation with the N atom pointed toward the surface. The
different adsorption orientations of these gas molecules on
the WS, surface exert a significant influence on the electronic
properties of the adsorption systems, as discussed below. The
ensuing results for these gas molecules were obtained based
on the most favorable configurations presented above.

To gain insight into the charge redistribution in real space
and the interaction between the adsorbates and the underlying
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WS, monolayer, the differential charge densities (DCD) of the
adsorbed configurations were calculated by using the formula:
APumot/Wsy = Pmol/Wsy = Pmol = PWSy WHETE pPpiot/ws,» Pws,, and
Pmor are the charge density of the molecule-adsorbed system,
the monolayer WS,, and an isolated molecule, respectively.
The values of pws, and p,,,; were obtained by using the
optimized structures of the molecules adsorbed on monolayer
WS,. The calculated side views of the DCD isosurface
are shown in Fig. 2. The region of electron accumulation
(depletion) on the DCD isosurface is indicated by yellow
(blue). The WS, monolayer and the gas molecules are both
considerably polarized due to the charge redistribution in real
space. Consequently, electrostatic interactions play a role in
the attractive interaction. Based on careful comparison of the
DCD isosurfaces shown in Fig. 2, polarization is found to be
stronger in the case of O,, HO, NH3, NO, and NO; than in the
case of H, and CO. The stronger polarization is expected to
give rise to larger interaction energy, which is consistent with
the trends in the adsorption energies observed above. The
energies of adsorption of O,, H,O, NH3, NO, and NO; on the
WS, surface were —213, —229, -216, —215, and —412 meV,
respectively (Table I); these values are larger than those of H,
(=75 meV) and CO (—127 meV).

Charge transfer in the adsorption systems of these gas
molecules adsorbed on monolayer WS, was evaluated based
on charge analysis using the Bader scheme, which provides
an intuitive way of separating the charge related to each
atom using first-principles calculations. Bader analysis (Fig. 2)
shows that NH; contributes 0.061 e to the WS, monolayer
and is an electron donor, whereas the other gas molecules
are charge acceptors that receive 0.002-0.178 e from the
WS, monolayer. The charge transfer values are similar to
those presented in previous reports for the adsorption of gas
molecules on graphene!® and monolayer MoS,.!¢ It may be

J. Chem. Phys. 142, 214704 (2015)

difficult to detect Hp, CO, and NO on the basis of charge
transfer given that the charge transfer contributions of these
molecules are quite small. However, O,, H,O, NO,, and NHj3
can be physically adsorbed on monolayer WS, with moderate
adsorption energies, accompanying non-negligible charge
transfer. Therefore, monolayer WS, may be a promising
candidate as a sensor for O,, H,O, NO,, and NHj.

The mechanism by which the WS,-FET gas sensor
detects O, and NHj3 can thus be understood as follows. Because
layered WS, has n-type conductivity in the experiment,'*
some electrons are present in the channel of the WS,-FET
gas sensor. When exposed to an NH; atmosphere, the n-type
WS, channel obtains more electrons from the adsorbed gas
molecules, thereby enhancing the total conduction electron
density and resulting in a significant increase of R; and EQE.
In contrast, O, molecules trap electrons from the n-type WS,
channel and quench the source-drain current of the WS,-FET
gas sensor.

For comparison with real WS,-FET devices and to
evaluate the different responses under NH3 and O, atmosphere,
the differential saturation source-drain current (Alp,,) at
zero gate voltage was estimated as Alpg, = qAngD% (=Vr),
where W is the channel width (15 pm), L is the channel length
(20 um), and Anyp is the 2D carrier concentration increment;
u and Vi are the field-effect carrier mobility (12 cm?/Vs)!'42°
and threshold voltage (3.5 V)'* of WS,, respectively. The 2D
electron density increased by 3.8 x 10'? cm~2 after adsorption
of one NH; molecule on the 4 x4 WS, supercell. Thus,
the saturation source-drain current, Ipg,, increased by 9.6
X 107 A as compared to that under vacuum, which is consis-
tent with the experimentally observed significant increase
of the dark drain current (Vps =1 V) by ~6.9 x 1077 A in
response to NHz.!* When one O, molecule was adsorbed,
the decrease in the 2D electron density was quantified as

14

(a) H, (b) Oz, (¢) H20, (d) NH3, (e)

(a)H,/WS, . |[0,Ws, (0H,0/WS,
:' ) - 4 o oy?
@ (i) () (ii) )] (ii)
5 0.002¢ 0.i36e PR
%0 e e 2 dFe e e et e dile e e a2 e FIG. 2. Side views of the DCD for

NO, (f) NO,, and (g) CO interacting

(d)NH,/WS, (e)NO/WS, (HNO,/WS, with monolayer WS,. The isosurface
';,. d a2 ; for O,, H,O, NH3, NO, and NO, is

y = ( ) o3 taken as 6.0x 107+ e/A3, while that for

(i) o (ii 0] (ii) H, and CO is taken as 3.0x 107 e/A3.

o o o ppe e

The electron accumulation (depletion)
region on the DCD isosurface is indi-
cated by yellow (blue). The direction
(indicated by an arrow) and value of
the charge transfer are shown. Insets (i)

()COIWS,

(@

and (ii) in (a)-(g), respectively, show
the HOMO and LUMO of a single gas
molecule.
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8.4 x 102 cm~2and Iy, decreased by 2.1 x 107> A, consistent
with the significant experimentally observed decrease of the
dark drain current (Vps =1 V) to ~1.0x 107% A in response
to O,. Therefore, the theoretical data for adsorption of NH;
and O, on monolayer WS, obtained herein are consistent
with the most recent experimental results, and the electrical
sensitivities to gas adsorption make WS, a promising gas
sensor for a wide range of applications.

To further identify the influence of the adsorption
of various gas molecules on the electronic properties of
monolayer WS,, the energy band structures of the adsorbate-
adsorbent systems of gas molecules and WS, were calculated,
as shown in Fig. 3. For comparison, the energy band structure
of pristine monolayer WS, is also presented in Fig. 3(a). The
direct bandgap of pristine monolayer WS, between the top
of the valance band and the bottom of the conduction band
at the K-point, calculated using LDA, is about 1.984 eV,
which agrees well with the experimental result of about
2.0 eV.*%3! The bandgap for the valence and conduction bands
of monolayer WS, remain largely unaltered when H,, H,O,
NH3;, and CO are adsorbed, except for a slight reduction
of the bandgap in the case of NHj3 adsorption, as shown in
Figs. 3(b), 3(d), 3(e), and 3(h), respectively. In the case of
adsorption of NHj3, the bandgap energy is reduced to 1.967 eV,
which is a 0.017 eV reduction compared to that of pristine
monolayer WS,. The bandgap reduction is attributed to slight
orbital hybridization between NHj3 and the underlying WS,

o M- T M K
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in the valence band, which further splits the valence band
and reduces the bandgap of monolayer WS,, as shown in
Fig. 3(d). Moreover, no impurity states were formed in the
bandgap of monolayer WS, during adsorption of the four
aforementioned gases. In contrast, some flat impurity states
are clearly observed in the bandgap of the host monolayer
when O,, NO, and NO, are adsorbed. These flat impurity
states induced by introduction of O,, NO, and NO, are mostly
distributed near the Fermi-level. That is, the impurity states
of these adsorbates are pinned around the Fermi-level upon
adsorption of the gases on monolayer WS,. The phenomenon
of Fermi-level pinning in the case of gas molecules (H,, O,,
H,0, NH3, NO, NO,, and CO) adsorbed on two-dimensional
materials has not previously been systematically evaluated.
Notably, although adsorption of O,, NO, and NO, induced
formation of flat impurity states in the bandgap of monolayer
WS,, it should be emphasized that these impurity states in the
projected energy band structures, as shown in Figs. 3(c), 3(f),
and 3(g), have almost no influence on the bandgap energy
of pristine WS, due to the weak physisorption interaction.
Moreover, these impurity states are all localized around the
adsorbed gas molecules because there is no hybridization
between these impurity states and the base monolayer WS,.
To elucidate the origin of the flat impurity states in the
case of O, NO, and NO, adsorbed on monolayer WS, as
shown in Fig. 3, the partial charge densities of the adsorption
systems in the energy window (+0.1 eV) around the flat

0.8 P 08

SEETS

FIG. 3. (a) Band structure of pristine monolayer WS,. (b)-(h) Band structures of H, O,, H,O, NH3, NO, NO,, and CO adsorbed on monolayer WS», respectively.
The black curves in (a)-(h) are the overall band structures. The spherical red dots represent the projection of the W atom, while the green square dots represent

the projection of the adsorbed gas molecules.
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FIG. 4. Side views of the 0.005 ¢/A3 partial charge density isosurface of (a)
03, (b) NO, and (c) NO; adsorbed on monolayer WS,, calculated in an energy
window (0.1 eV) around the flat impurity states as shown in Fig. 3. Insets
(i) and (ii) in (a)-(c), respectively, show the HOMO and LUMO of a single
gas molecule.

impurity states were simulated, as shown in Fig. 4. For
comparison, the LUMO and HOMO of the single gas molecule
are shown in insets (i) and (ii), respectively. The partial charge
densities originating from the flat impurity states exhibit the
typical features of the LUMO of the adsorbed gas molecules.
Therefore, the flat impurity states pinned to the Fermi-level are
associated with the molecular LUMO of the gas molecules.
In other words, the LUMO of O,, NO, and NO; is pinned
around the Fermi-level upon adsorption on monolayer WS,.
However, the other molecules H,, H,O, NH3, and CO do not
exhibit Fermi-level pinning.

In order to elucidate the impact of charge transfer on the
Fermi-level pinning, the charge transfer mechanism of gas
molecules adsorbed on monolayer WS, was investigated. The

J. Chem. Phys. 142, 214704 (2015)

traditional charge transfer theory holds that if the molecular
LUMO is lower than the WS, Fermi-level, the electron density
drifts from WS, to the adsorbate; similarly, if the molecular
HOMO is higher than the WS, Fermi-level, electron density
is transferred from the adsorbate to WS,. However, if the
WS, Fermi-level lies between the HOMO and LUMO of
the adsorbed molecule, no electron density is transferred
between the adsorbate and the underlying WS,. Figure 5(a)
presents a schematic summary of the energies of the molecular
HOMO, LUMO, and the Fermi-level of the adsorbate-
adsorbent systems and a comparison of these energies with the
Fermi-level of monolayer WS,. The molecular LUMO of O,,
NO, and NO; is found to be lower than the WS, Fermi-level;
therefore, electron density drifts from WS, to the adsorbed
molecules, which is consistent with the aforementioned results
of the Bader analysis. However, for H,, HO, NH3, and CO,
the WS, Fermi-level lies between the molecular HOMO and
LUMO of these adsorbed molecules. Based on the traditional
charge transfer theory, there is no charge transfer between the
gas molecule and the underlying WS,, which is apparently
contrary to the results of the Bader analysis. Therefore, in the
case of H,, H,O, NH3, and CO adsorbed on monolayer WS,,
the charge transfer mechanism cannot be accounted for based
on the traditional theory, as described above.

Recently, research by Leenaerts'> demonstrated that the
mechanism of charge transfer between an adsorbate and sub-
strate is also partially determined by mixing of the molecular
HOMO and LUMO with the substrate orbitals. To depict the
charge transfer mechanism, the HOMO and LUMO of the
single gas molecule are simulated and shown in the insets of
Fig. 2. The HOMO and LUMO of a single gas molecule are
found to show different distributions. When the most favorable
configurations of the molecules adsorbed on monolayer WS,
are considered, as shown in Fig. 1, the interaction between the
molecular HOMO and the underlying WS, orbitals is expected
to be different from that of the molecular LUMO. Thus, orbital
mixing would have a significant effect on the charge transfer
for these adsorbed systems. Taking H,O as an example, the
HOMO is completely localized on the O atom. The LUMO
is localized primarily on the H atoms and may be slightly
delocalized unto the O atom. Considering the most favorable

(a) 0 - EHO\IO

3F----

H

5

0, H,0 NH, NO

(b) (i) mas WS, a5 WS,
LUNO LUMO
Ey K,
=Y HOMO HOMO
(i) gas Ws, gas WS,
LUMO ¥ Ey 514). (¢ M
;
HOMO HOMO
(i) @as WS, gas NERN
LUMO LUMO
HOMO Hoyvo Ep
N A

NO, CO

FIG. 5. (a) Molecular HOMO and LUMO levels and Fermi-levels of the adsorbed systems. The dashed line indicates the Fermi-level of monolayer WS, with the
vacuum level shifted to zero. (b) Schematic plots of the relationship between charge transfer and Fermi-level pinning for gas molecules adsorbed on monolayer

WS,.
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configuration of adsorbed H,O (Fig. 1(d)) in which the H
atoms point towards the monolayer, interaction with the WS,
surface occurs primarily via the LUMO and the HOMO will
provide a minor interaction due to the tilted configuration.
Based on the 6.0 x 107* ¢/A3 DCD isosurface of adsorbed
H,O shown in Fig. 2(d), the increased DCD distribution is
located on the H and O atoms, similar to the LUMO of isolated
H,O. Furthermore, a smaller decrease of the DCD distribution
is also observed on the O atom, similar to that observed for the
HOMO of isolated H,O. Therefore, a large amount of charge
is transferred from WS, to the LUMO of H,O, while a smaller
amount of charge is transferred from the HOMO of H,0 to
monolayer WS,. As a consequence, a small amount of charge
will be transferred from WS, to H,O. The acceptor character
of H,O adsorbed on WS, is consistent with the experimental
results.!* Therefore, charge transfer between the molecules
(H,, H,0O, NH3, and CO) and substrate is governed by the
orbital mixing theory rather than the traditional theory.

Based on the traditional and orbital mixing charge
transfer theories discussed above, the mechanism of Fermi-
level pinning can be distinguished for various gas molecules
adsorbed on monolayer WS,, as shown in Fig. 5(b). Case (i):
if the WS, Fermi-level lies between the molecular HOMO
and LUMO, then charge transfer is mainly governed by the
orbital mixing theory and no Fermi-level pinning is observed
as in the case of H,, H,O, NHj, and CO upon adsorption
on monolayer WS,. Case (ii): if the molecular LUMO is
lower than the WS, Fermi-level, electron density drifts from
WS, to the adsorbed molecule and the molecular LUMO is
pinned around the Fermi-level upon adsorption on WS, as
in the cases of O,, NO, and NO, adsorbed on monolayer
WS,. Case (iii): if the molecular HOMO is higher than the
WS, Fermi-level, then electron density is transferred from
the adsorbed molecule to WS, and the molecular HOMO
is pinned around the Fermi-level upon adsorption on WS,.
Thus, Fermi-level pinning is evidently governed by the charge
transfer mechanism. In fact, in one recent theoretical study,'6
Fermi-level pinning was observed for gas molecules adsorbed
on monolayer MoS,, where the adsorption of NO, NO,, and
O, also induced the generation of flat impurity states around
the Fermi-level of the adsorbed system. The phenomenon of
Fermi-level pinning has also been observed for a monolayer of
electro-active conjugated molecules on graphene.*” Therefore,
the proposed mechanism governing the Fermi-level pinning
is also applicable to the system of adsorbates on recently
developed two-dimensional materials, such as graphene and
TMDCs.

IV. CONCLUSIONS

In summary, the structural and electronic properties of
monolayer WS, upon adsorption of various gas molecules (Hy,
0O,, H,0, NH3, NO, NO,, and CO) were evaluated. The exact
orientations and the favorable binding sites on the monolayer
WS, surface were determined by calculating the adsorption
energy. Bader analysis demonstrates that all physisorbed gas
molecules act as charge acceptors, except for NH3; which
is a charge donor. In contrast with H,, CO, and NO for
which the degree of charge transfer is low, O, H,O, NO,,

J. Chem. Phys. 142, 214704 (2015)

and NHj can be physically adsorbed on the monolayer WS,
with moderate adsorption energies, accompanying a moderate
degree of charge transfer. Therefore, monolayer WS, may be
a promising candidate as a sensor for O,, H,O, NO,, and
NHj;. These theoretical results for adsorption of NH; and
O, on monolayer WS, are consistent with the most recent
experimental data and suggest that WS, is a prospective
material for gas sensing applications.

Furthermore, band structure calculations show that the
valence and conduction bands of monolayer WS, are not
significantly altered upon adsorption of H,, H,O, NH3, and
CO, whereas the molecular LUMO of O,, NO, and NO,
is pinned around the Fermi-level upon adsorption on the
WS, surface. The charge transfer mechanism and its impacts
on Fermi-level pinning were further examined based on the
traditional and orbital mixing charge transfer theories. The
mechanism of Fermi-level pinning is proposed to be governed
by the charge transfer mechanism; this mechanism is also
applicable for the system of adsorbates on recently developed
two-dimensional materials.
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