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ABSTRACT: Two-dimensional transition-metal dichalcogenide (2D-TMD) monolayers have recently attracted
growing interest, thanks to their excellent optoelectronic properties, especially a moderate direct band gap in the
visible spectral range and an extremely strong light−matter interaction. Herein, by means of density functional
theory (DFT) and ab initio molecular dynamics (AIMD), we systematically investigate the chemical doping of the
WSe2 monolayer upon non-covalent attachment of electron donor and acceptor molecules, namely, fullerenes (C20,
C26, and C60), tetrathiafulvalene (TTF), 7,7,8,8-tetracyanoquinodimethane (TCNQ), and 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ). Our results confirm that the physisorbed molecules stack on WSe2 via a
weak van der Waals interaction; this precludes any significant damage in the basal-plane structure of the monolayer.
In turn, the modifications in the carrier density in the WSe2 monolayer due to organic dopants result in a change of
the work function by up to 0.41 eV. By performing AIMD calculations, we show that the effect is more pronounced
upon increasing the coverage density of physisorbed TTF and TCNQ molecules. The impact of Se-vacancy (VSe)
defects on the electronic properties of the WSe2 monolayer and thermodynamic stability of physisorption (including
the molecular density) is also considered. Interestingly, the molecules demonstrate an ability to modulate the degree
of spatial localization of VSe trap states. Moreover, the shift of the Fermi level upon molecular adsorption also enables further
stabilization of charged defect states associated to a VSe vacancy. The pronounced effect of molecular adsorption on the VSe defect
behavior in WSe2 might open the door for potential engineering of defect states in 2D TMDs.
KEYWORDS: WSe2 monolayer, DFT, physisorption, selenium vacancy defect, thermodynamic stability

1. INTRODUCTION
Two-dimensional (2D) layered transition-metal dichalcoge-
nides (TMDs) with the chemical composition MX2 (M = Mo
and W; X = S and Se) have recently attracted tremendous
attention, due to their unique electronic and optical properties,
promising efficient utilization in high-performance optoelec-
tronic devices, with targeted applications in catalysis,1,2 energy
storage,3 photodetectors,4 and flexible nanoelectronics.5 In
optoelectronics, the monolayer of molybdenum disulfide
(MoS2) is the most used TMD, due to its long history and
excellent properties.6−9 More recently, tungsten diselenide
(WSe2) has evolved as a rising star of the TMD family and has
been successfully integrated in various technologies.10,11 The
WSe2 monolayer exhibits a number of spectacular properties,
starting with an efficient ambipolar charge transport.12−15

Moreover, WSe2 possesses a direct band gap of 1.6 eV in the
visible spectral range, giving rise to a robust photo-
luminescence.16

In order to utilize the WSe2 monolayer in high-performance
devices, it is vital to modulate the charge carrier concen-
tration.17 To this end, chemical doping is an effective
approach, applied to tune and control the electrical properties
of 2D materials. In particular, molecular functionalization of
the TMD surface represents a viable approach to induce either
n- or p-type doping; moreover, this approach has the capability
to modify the electronic properties without interfering with the

basal-plane structure of a 2D material.18−25 In such devices,
doping is achieved through a charge transfer from the adsorbed
molecules to the 2D materials (or vice versa). The effect is
caused either by the difference in the chemical potentials of the
two components or by an intrinsic molecular dipole, which acts
as a local gate and induces a shift in the work function
(WF).19,20 Importantly, the atomic flatness and lack of
dangling bonds on the surface of TMDs make the non-
covalent interactions with molecules easy to activate and allow
us to overcome the lattice matching requirements. For the
WSe2 monolayer, one interesting feature is that p-type doping
can be easily achieved upon heterostructure stacking, with a
proper adjustment of the relative positions of the conduction
band minimum (CBM) and the valence band minimum
(VBM); this is in contrast to MoS2, where the n-type doping is
prevalent.26

In recent years, various theoretical and experimental studies
focused on the deposition of electron-donor and electron-
acceptor molecules on top of TMD monolayers (mostly on
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MoS2), including MoS2/TTF,
22,23 MoSe2/TCNQ,

22,23 MoS2/
F4-TCNQ,

21 MoS2/TCNE (tetracyanoethylene),
22,23 MoS2/

C60,
27,28 MoS2/C20,

27,28 MoS2/C26,
28 WS2/C60,

27 and WSe2/
C60

29 heterostructures. By constructing the TMD/molecular
stacks, these studies confirmed a significant modulation of the
electronic structure and optical properties of TMDs upon
molecular adsorption. For instance, the typical acceptor
molecules (F4-TCNQ and TCNQ) withdraw electrons from
TMDs, while donor molecules yield an opposite effect. The
electron redistribution gives rise to an interlayer dipole
moment and to a respective increase/decrease in the work
function depending on its orientation. Recently, Liu et al.30

fabricated a memory device based on molecules/WSe2
heterostructures, in which 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ), TCNQ, F4-TCNQ, TCNE, and TTF have
been used. Moreover, even small molecules, commonly used
for processing 2D materials during fabrication, are able to
provide sizable modifications in the optoelectronic properties
of MoS2 and WSe2 monolayers.

19

On the other hand, a redistribution of the electron density at
the hybrid surfaces represents a known strategy to modify the
properties of deep defects.31−33 For the TMDs, the defects
such as chalcogen vacancies are of particular importance, since
those are predominantly observed in TMD materials and are
naturally formed during fabrication and operation pro-
cesses.31,34,35 The theoretical and experimental studies revealed
that the chalcogen vacancies create new trap states and act as
scattering centers, deteriorating the electron mobility.36−38

Importantly, the strength of the scattering increases for higher
charge states of the vacancy.32 Several methods were suggested
to heal this defect, including the passivation of defects in MoS2
by substitutional oxygen doping of S-vacancy33,39 or by
covalently grafting molecules in the voids.32,33 Another study
suggested neutralizing the trap states without physically
removing them from the layer through the physisorption of
molecules on the sulfur vacancy, as demonstrated for MoS2
monolayers.23

In this work, we study the impact of physisorbed molecules
on the electronic properties of the WSe2 monolayer by
employing state-of-the-art DFT and AIMD calculations. To
this end, we explore the effects caused by molecules with
diverse electron affinities, namely, C20, C26, C60, TTF, TCNQ,
TCNE, and F4-TCNQ, which are commonly used to
functionalize MoS2 monolayers. Our molecular set also
includes a strong electron-donating molecule (TTF) and
strong electron acceptors (TCNQ and F4-TCNQ). The
intermediate cases are represented by considering fullerenes
(C20, C26, and C60). We show that molecular adsorption tunes
the electronic properties of WSe2 and modifies its work
function. Interestingly, the VSe trap states can be also affected
by the presence of molecules on the surface of a defective
WSe2 monolayer.

2. COMPUTATIONAL DETAILS
The DFT calculations were performed using the projector-
augmented wave basis set, as implemented in the VASP suite
of codes.40,41 We treated the exchange and correlation effects
within the generalized gradient approximation (GGA) scheme,
developed by Perdew−Burke−Ernzerhof (PBE),42 and in-
corporated the dispersion forces using the Grimme DFT-D2
correction.43 This quantum chemical approach typically
depicts suitably interfacial effects for large systems where
dispersion forces are of general importance. We also verified

the equilibrium geometries by using the vdW-DF XC
functional for several specific cases.44 To obtain more reliable
electronic band gaps and hence energy level alignments, we
further used the hybrid functional Heyd−Scuseria−Ernzerhof
(HSE06) with a range separation parameter of 0.2 Å−145 in
single-point self-consistent calculations. We also accounted for
the spin−orbit coupling interaction for selected systems to
assess its effect on the band gap and band alignment. We used
an energy cutoff of 550 eV for the plane-wave basis set and a k-
mesh of 3 × 3 × 1 for the Brillouin zone (BZ) integrations. A 5
× 5 × 1 supercell was constructed to simulate the WSe2/
molecular heterostructures. A dipole correction scheme was
applied along the Z-direction in all calculations. During the
geometry relaxation, the convergence criteria for the residual
force and energy were set to 10−3 eV/Å and 10−5 eV,
respectively. The time evolution of the TTF and TCNQ
configurations over the WSe2 substrate was examined by Born-
Oppenheimer ab initio molecular dynamics (AIMD) simu-
lations, as implemented in VASP by using the canonical
ensemble (NVT) with a Nose-Hoover thermostat. The systems
were equilibrated at 300 K, and a trajectory of a total
simulation time of 6 ps with a time step of 1 fs was collected to
analyze the dynamical properties.
The adsorption energy was calculated by the following

equation

E E E Ea tot WSe2 molecule= (1)

where Etot, EWSe2, and Emolecule are the total energies of the full
heterostructure, isolated WSe2 monolayer, and isolated
molecules (C26, C60, C20, TTF, TCNQ, and F4-TCNQ),
respectively.
The chemical potential is defined as follows

E E
1
2

( )CBM VBM= +
(2)

where EVBM (ECBM) denotes the energy of the molecular
HOMO (LUMO) level for the molecules and the energy of
VBM (CBM) for the WSe2 with respect to the vacuum level.
Note that this choice of energy levels is a commonly used
approximation to substitute the ionization potential and
electron affinity.
Due to the withdrawal/injection of electrons from/to WSe2

by molecules, a vacuum level shifting ΔV [i.e., a difference
between the electrostatic potential at the right side of the
heterostructure (Eright) and the value at the left side (Eleft), ΔV
= Eleft − Eright] can be induced across the interface. ΔV induces
a modification in work function

VWSe2/molecule WSe2= (3)

where ΦWSe2 is the work function of pristine WSe2. It is worth
mentioning that, when a polar molecule is adsorbed on the
surface, an intrinsic dipole moment adds up with the charge
transfer contribution to modify the work function. The total
vacuum level shift is then given as follows

V V VBD M= + (4)

where ΔVBD is the contribution of charge transfer (bond
dipole) and ΔVM is the contribution of the out-plane dipole
moment of the molecules.
The formation energy of an isolated VSe vacancy defect is

calculated by the following equation46
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E V E V E E E

E

WSe qx( )f
Se Se

q
2 Se VBM f

corr

[ ] = [ ] [ ] + + +

+ (5)

and for the substitutional carbon defect as follows

E V E V E

E E E

WSe

qx( )

f
Se Se

q
2 Se C

VBM f corr

[ ] = [ ] [ ] +

+ + + (6)

where E[VSeq] is the total energy of a supercell WSe2
containing a Se vacancy in the charge state q, E[WSe2] is
the total energy of a pristine supercell WSe2, μSe is the chemical
potential of the Se atom, q is the charge state of the defect,
EVBM is the VBM level of pristine WSe2, Ef is the Fermi level
energy of the undoped system with respect to EVBM, and Ecorr is
the total energy correction, including the band level alignment
and removing the spurious electrostatic interaction between
image charges in supercells for charged defects, which is
calculated by using the sxdefectalign2d code.47 Under the Se-
rich limit condition, the Se monoclinic crystal is chosen as a Se
reservoir, and μSe is the total energy of the Se monoclinic
crystal per atom. Note that the μC is chosen as the total energy
of a C atom in different fullerene molecules and bulk diamond.

3. RESULTS AND DISCUSSION
3.1. Molecular Adsorption on the Pristine WSe2

Monolayer. To begin with, we analyzed the structural
parameters and electronic properties of an isolated WSe2
monolayer. The calculated lattice constants at the PBE level
are a = b = 3.31 Å. These values are in agreement with other
calculations and differ from the experimental value by only

1%.48 In the relaxed structure, the W−Se bond length is 2.54 Å
and the W−Se−W bond angle is 82.42°; the thickness of the
atomic layers is 3.35 Å, which is also in good agreement with
other theoretical calculations.26 For a pristine WSe2 monolayer,
we obtained a direct band gap of 2.04 eV at the HSE06 level,
which is also consistent with previous theoretical results.16,49,50

This value is higher by about 0.53 eV than the band gap value
of 1.51 eV obtained at the level of GGA-PBE. For the sake of
comparison, the band gap at the HSE06 level with spin−orbit
coupling (SOC) is found to be 1.71 eV. This indicates that the
SOC significantly decreases the band gap of the WSe2
monolayer by about 0.34 eV; error cancellation thus ensures
a reasonable estimation of the band gap by the PBE functional.
The detailed characterization of orbital compositions of the
VBM and CBM at the K-point is summarized in Table S1,
which are calculated by projecting the orbitals onto spherical
harmonics for each band. The valence band maximum (VBM)
of the WSe2 monolayer is dominated by W‑dxy orbitals
(∼41.33%) and W‑dx2‑y2 orbitals (∼41.33%), with a contribu-
tion from Se‑px orbitals (∼8.62%) and Se‑py orbitals (∼8.62%).
The CBM is mainly composed of W‑dz2 (85.38%) and W‑s
(∼9.53%) orbitals with a small admixture of Se‑px (∼3%) and
Se‑py (∼3%), which is in good agreement with other reported
results.26

To investigate the impact of molecular adsorption on the
WSe2 surface, we placed one molecule on top of the 5 × 5
supercell of WSe2, resulting in an adsorption areal density of
0.39 mol/nm2 for all adsorbed molecules. Note that the
shortest distance between the molecules and their periodic
images was found to be ∼7 Å; therefore, the molecules can be
considered nearly isolated. Due to different possible molecular

Figure 1. Most stable configurations of WSe2/molecule heterostructures obtained after geometric relaxation: (a) WSe2/C60, (b) WSe2/C26, (c)
WSe2/C20, (d) WSe2/TTF, (e) WSe2/TCNQ, and (f) WSe2/F4-TCNQ.

Table 1. Adhesion Energy Ea (eV), Interlayer Distance d (Å), Bader Charge Q on WSe2 (|e|), Work Function Wf (eV), Vacuum
Level Shift ΔV (eV), and Dipole Moment μoz (D) for the Molecular Heterostructures of WSe2

a

system Ea (eV) d (Å) QBader (|e|) Wf (eV) ΔV (eV) μoz (D) exp.

WSe2/C20 −0.65 (−0.7628) 2.99 (3.0228) −0.02 4.41 +0.07 −0.37
WSe2/C26 −0.80 (−0.9928) 2.78 (2.8728) +0.043 4.61 −0.13 +1.14
WSe2/C60 −1.06 (−0.8427) 2.70 (2.9127) +0.01 4.59 −0.11 +0.77 p-type51

WSe2/TTF −0.93 (−0.6722) 3.00 (3.0422) −0.051 4.40 +0.08 −0.49 n-type30

WSe2/TCNQ −1.26 (−0.8422) 3.10 (3.3322) +0.16 4.78 −0.29 +1.97 p-type30

WSe2/F4-TCNQ −1.50 3.06 +0.34 4.89 −0.41 +2.67 p-type
aThe values in brackets are for MoS2 taken from previous works.
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orientations, we first tested several adsorption sites (typically,
five configurations of different molecular orientations relative
to the plane of WSe2) to identify the thermodynamically most
stable molecular configurations on the basal surface of WSe2.
The resulting configurations are shown in Figure 1, and the
corresponding adhesion energies and equilibrium distances
(between the top-most atoms of the WSe2 monolayer and the
bottom-most atoms of the molecules) are summarized in Table
1. For the sake of comparison, in Tables 1 and S1, we
summarized the adsorption energies, interlayer distances, and
transferred charge for the molecule/MoS2 heterostructures,
taken from the literature. For each molecule, we found
negative values for Ea. This implies that the molecular
adsorption is thermodynamically favorable, which also suggests
the experimental feasibility of the proposed functionalization.
More specifically, the fullerene molecules are preferentially

adsorbed on the WSe2 monolayer in a configuration where the
nearest carbon rings are centered atop one Se atom. The
equilibrium separation distances are 2.99 Å (WSe2/C20), 2.78
Å (WSe2/C26), and 2.70 Å (WSe2/C60), and the adhesion
energies per molecule are −0.65, −0.80, and −1.06 eV,
respectively. The equilibrium structures are similar to those of
MoS2/molecular complexes (used thereafter for the sake of
reference), namely, MoS2/C20,

28 MoS2/C26,
28 and MoS2/

C60,
27 in terms of the preferential orientation around the S-

atop site, as obtained at the same level of theory. The adhesion
energy of WSe2/C60 is larger than that of MoS2/C60 or WS2/
C60, and the separation distance is smaller; this points to a
stronger interaction of C60 with WSe2 than with WS2 or MoS2
monolayers. For the adsorbed TTF, the two dithiolylidene
rings are eclipsing the two hollow rings of WSe2, which is in
line with the physisorbed configuration for a MoS2/TTF
heterostructure.22 The equilibrium distance between TTF and
WSe2 is 3.01 Å, and Ea is −0.93 eV. The most stable
configurations for both F4-TCNQ and TCNQ are achieved
when the centers of carbon hexagons are situated on top of a
Se atom, again similar to reported results for F4-TCNQ and

TCNQ on the MoS2 monolayer.
21,22 The adhesion energies of

TCNQ and F4-TCNQ on WSe2 are −1.26 and −1.50 eV,
respectively, which are slightly larger than that of MoS2/
TCNQ heterostructures.22 The computed vertical distances
(d) are 3.10 and 3.06 Å for TCNQ and F4-TCNQ,
respectively. In the case of TCNQ, it is slightly shorter than
that for MoS2/TCNQ (3.06 Å versus 3.33 Å, respectively).

22

Altogether, while the molecules/WSe2 complexes show clear
structural similarities with those obtained with MoS2, we infer
that WSe2 interacts in a stronger way with both donor and
acceptor molecules. To verify the accuracy of empirical
Grimme’s correction in the calculation of interlayer distances,
we studied the adsorption of C20, C26, and C60 with the vdW-
DF XC functional. We found that the interlayer distances
increase by only 0.1−0.2 Å with vdW-DF as compared to
results obtained by DFT-D2, which should not alter the
general conclusions of this work.
To assess the modifications of the electronic properties of

WSe2 induced by the presence of a molecular dopant, we
proceeded with the analysis of the electronic structures along
with the shape of frontier orbitals. The energy level alignment
of VBM, CBM, and induced trap states for each molecule
adsorbed on the WSe2 monolayer is shown in Figure 2 (see
also Figures S1−S3 and Table S2). The effect of SOC was
further mimicked by performing PBE calculations due to the
similarities in the band gap and band alignment with the HSE
+ SOC results. Note that the PBE and HSE results provide a
qualitatively consistent picture with the only difference being a
rigid shift in the energy levels, see Figure S4.
The effects of the physisorbed molecules on the electronic

properties of the WSe2 monolayer can be evidenced by a
comparison between the band structure of the pristine WSe2
and those of WSe2/molecular complexes. As shown in Figure
2, most of the physisorbed molecules introduce localized levels
within the band gap of WSe2 without significantly modifying
the nature of VBM and CBM of WSe2. Depending on the
molecular nature, these trap states may either act as acceptor or

Figure 2. Energy band alignments relative to the vacuum level, the molecular levels acting as trap states within the band gap of the WSe2
monolayer, and corresponding molecular wavefunctions for: (a) WSe2/TTF, (b) WSe2/TCNQ, (c) WSe2/F4-TCNQ, (d) WSe2/C60, (e) WSe2/
C20, and (f) WSe2/C26. The red and black lines denote the occupied and unoccupied states, respectively. The orange and blue areas correspond to
the conduction and valence bands of WSe2, respectively. The energy band alignment calculated at the GGA-PBE level is depicted in Figure S2. The
band alignment for F4-TCNQ adsorption is depicted in Figure S3.
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donor states and are therefore promising for doping. The C60
adsorption creates two empty states within the band gap,
localized at 1.43 eV (here and thereafter relative to the VBM),
which exclusively originate from the orbitals of the C60
molecule (see Table S1 for the detailed orbital decom-
positions). The adsorption of C20 creates three band states
within the band gap, with one fully occupied and localized at
0.25 eV and two empty levels localized at 1.64 and 1.72 eV.
Note that all new levels are localized on C20. In turn, TTF
adsorption introduces a deep occupied level localized at 1.04
eV, while the TCNQ (F4-TCNQ) gives rise to a deep empty
state at 0.37 eV (0.21 eV).
Furthermore, to provide a robust description of the

molecular doping of WSe2, we plot in Figure S5 the energy
level diagrams for the individual components of the
heterostructures. Noteworthily, the magnitude and the flow
direction of charge transfer across the interface are
predominantly rationalized in terms of the difference in the
chemical potentials of the constituting components. In this
simplified framework, the electrons are transferred from the
material with the smaller chemical potential to the material
with the larger one (although the softness also plays a non-
negligible role52). The chemical potentials for the isolated
components, calculated by eq 3, are shown in Figure S5. The
values for C60 (−5.13 eV), C26 (−5.1 eV), C20 (−4.50 eV),
TCNQ (−6.36 eV), and F4-TCNQ (−6.78 eV) are larger than
that of pristine WSe2 (−4.48 eV). This induces an electron
transfer from the WSe2 monolayer to the molecules and results
in a p-type doping of WSe2. Surprisingly, the interfacial
interaction of C60 with MoS2 and WS2 has been shown to
result in n-doping.27 Our result for C60 agrees with the
spectroscopic observation of C60, causing p-doping in WSe2.

51

The Bader charge analysis yields a charge transfer, from WSe2
to the molecule, of +0.02 |e|, +0.01 |e|, +0.043 |e|, +0.16 |e|, and
+0.34 |e| (where “e” is the elementary electron charge) for C20,
C60, C26, TCNQ, and F4-TCNQ, respectively. In turn, this
gives rise to a dipole moment oriented toward the molecules,
see the calculated values in Table 1. On the other hand, an
opposite scenario is observed for the TTF/WSe2 monolayer,
where the smaller chemical potential of TTF (−3.01 eV)
compared to WSe2 (−4.48 eV) induces an n-type doping, as
confirmed by a charge transfer of −0.051 |e|. As expected from
the large electron-withdrawing effect of cyano groups and
fluorine atoms, the largest difference in chemical potential
between WSe2 and F4-TCNQ yields the largest amount of
charge transferred. Note that the induced dipole moment at
the interface is one important factor to separate photo-
generated electron−hole pairs.53−55 Under light exposure, it
can promote the splitting of the photoexcited excitons, driving
the charge carriers to the different sides of the heterostructure.
Hence, this effect is very helpful to improve the efficiency of
the WSe2 monolayer in photocatalytic and photovoltaic
applications.
Next, we studied the modifications in the work function of

WSe2 due to the creation of an electrical dipole moment at the
WSe2/molecular interfaces. This effect can be captured by
computing the plane-averaged electrostatic potential across the
full system and assessing the difference between the vacuum
level energies at the right and left sides of the slab [ΔV = Eleft −
Eright], as shown in Figure S6. For the pristine WSe2, the
electrostatic potential is symmetric with respect to the basal
plane and the computed work function is 4.48 eV. This value
reflects the effective position of the Fermi level in the pristine

materials relative to the vacuum level and is in a good
agreement with other theoretical studies.26,56 Molecular
adsorption leads to a characteristic vacuum level shift (ΔV),
as summarized in Table 1. More specifically, due to a weak
charge transfer, the work function of WSe2 changes upon
adsorption of C20, C26, and C60, reaching the values of 4.41,
4.61, and 4.59 eV, respectively. The strong charge transfer
upon TCNQ and F4-TCNQ adsorption directly translates into
a significant increase in the work function up to 4.78 and 4.86
eV, respectively. In contrast, due to the n-type doping induced
by TTF, a decrease of the work function down to 4.40 eV is
observed.
3.2. Effect of Coverage Density on Physisorption.

Next, having described the effects induced by isolated
molecules, we investigated the impact of coverage density on
the strength of doping. Here, an increased density of organic
dopants can lead to the formation of new molecular
configurations, caused by the mutual interaction between
molecules; this can either yield variations in the interface
distances or molecular reorientations. To mimic these effects in
our calculations, we increased the molecular density by
reducing the size of the supercell, focusing on two
representative molecules, namely, an electron donor (TTF)
and electron acceptor (TCNQ). Note that these models are
essentially useful to capture an effect of the enhanced π−π
interactions within the organic layer. The resulting high
coverage density was 0.76 mol/nm2. The equilibrium
structures of the interfaces after geometry relaxation are
depicted in Figure S7. The increase in coverage density leads
to a considerable modification in the structural parameters of
the heterostructures, as evidenced by an inclination of the
molecules relative to the basal-plane surface of WSe2 by 17°.
More specifically, the interlayer distance, computed as the
difference between the top-most atoms of WSe2 and the center
of the molecules, increases by ∼8% for TTF and 3.4% for
TCNQ, which indicates that the molecules tend to move
further apart from the WSe2 surface. This destabilization of the
heterostructure is also seen from a decrease in adhesion
energies by ∼13% (see Table S3), which is compensated by
enhanced π−π interaction between the molecules.57 The Bader
charge analysis shows a decrease in the charge transfer per
molecule at the higher density (from 0.051 to 0.03 |e| for TTF
adsorption and from 0.16 to 0.13 |e| for TCNQ), which is
associated with the so-called electronic depolarization effects58

and the increase in the interlayer distances. Clearly, TCNQ is
found to be more robust against depolarization, owing to its
rigid structure. As a result, the total amount of charge transfer
per surface area is significantly increased, leading in turn to an
increase in the work function of the WSe2 monolayer.
Experimental measurements19 also revealed the same tendency
when increasing the concentration of small solvent molecules
adsorbed on both MoS2 and WSe2 monolayers.
Moreover, from the experimental point of view, this effect is

even more pronounced than in our static DFT calculations.
For instance, it has been reported that when an effective
dopant such as F4-TCNQ is densely packed on an epitaxial
graphene film, most of the molecules are standing up.59 To
elaborate on the difference with experiment, we performed
additional AIMD calculations in the canonical ensemble
(NVT), at an average temperature of 300 K controlled by
employing a Nose-́Hoover thermostat. The energy profile
during a trajectory of 6 ps is shown in Figure S8. The basal
structure geometry of the WSe2 monolayer remains intact
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within 6 ps; however, different configurations are observed for
the physisorbed molecules. Noteworthily, the (otherwise flat)
molecules become buckled; this breaks the molecular
symmetry and induces an additional non-negligible surface
dipole moment, as seen from the significant fluctuations of the
total dipole moment during the 6 ps of the dynamics, see
Figure S9 in the Supporting Information. The distribution of
the total dipole moments during the simulation is presented in
Figure 3. A broad distribution of the total dipole moments is
found in both cases. Moreover, the average value of the dipole
moment slightly shifts from the low coverage density to the
high coverage regime. Noteworthily, the direction of the shift
reflects the change in the total amount of transferred charge
per surface area for a given dopant. Thus, the total dipole of
TCNQ slightly increases toward the high coverage, while it
decreases for TTF. For the latter, we also tested a higher
density of 1.36 mol/nm2 and found an even larger decrease
along the same direction, see Figure S10.
For the sake of completeness, we also examined the charge

transfer and resulting work function changes for two
noteworthy configurations, which were extracted from the
molecular dynamics trajectory, as depicted in Figure S11. As

evidenced by the values in Table S3, the buckling of the
molecule structure leads to only a slight change in the amount
of charge transfer; however, it yields a significant modification
in the work function. This result can be understood from the
out-of-plane component of the molecular dipole moment of
the buckled molecule that adds up to the charge transfer
contribution to the work function change. Such effects
associated to an intrinsic molecular dipole were also observed,
both experimentally and theoretically, with polar molecules
physisorbed on the MoS2 monolayer.

20

3.3. Molecules Adsorbed above a Se Vacancy of the
WSe2 Monolayer. In this section, we examine the structural
and electronic properties of adsorbed molecules on a WSe2
monolayer containing a single Se vacancy (VSe) in the top
layer. Given the size of the 5 × 5 supercell of the WSe2
monolayer, we considered a single neutral selenide vacancy
defect, i.e., with a density of 2%. The recalculated interlayer
distances and adhesion energies are summarized in Table S4.
The noteworthy effects of the Se vacancy on the hetero-
structure are an increase in the adhesion energy (by ∼8.5%)
and a decrease in the interlayer distance (by ∼5.1%). This
points to an enhancement of the interaction strength between

Figure 3. Evolution of the total dipole during the trajectory of 6 ps from AIMD calculations: (a) WSe2/TCNQ and (b) WSe2/TTF, with low-
density coverage (red curves) and high-density coverage (blue curves).

Figure 4. Trap states within the band gap of defective WSe2 and their corresponding wavefunctions: (a) with a Se vacancy and (b) TTF, (c)
TCNQ, (d) C60, (e) C20, and (f) C26 adsorption. The red and black lines denote the occupied and unoccupied states, respectively. The orange and
blue areas correspond to the conduction and valence bands of WSe2, respectively.
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the defected WSe2 monolayer and the physisorbed molecules
due to the presence of VSe.
The HSE-calculated energy band alignments of defective

WSe2 versus adsorbed molecules are shown in Figure 4 (those
calculated at the GGA-PBE level are depicted in Figure S12).
The band structure of WSev2, Figure 4a, shows the appearance
of two nearly degenerate unoccupied states (tr1 and tr2) within
the band gap localized 0.32 eV below CBM; this observation is
in line with other theoretical calculations.31 These two trap
states (tr1 and tr2) are splitted by an energy of 0.02 eV. Note
that the energy splitting is calculated to be 0.18 upon including
the spin−orbit coupling, as shown in Figure S13 and Table S5.
Analysis of the orbital characters (see Table S6) demonstrates
that the induced trap states originate from a hybridization
between W‑d orbitals [W‑dx2‑y2 (33.33%), W‑dxz (7.52%), %
W‑dz2 (13.41), W‑dxy (13.40%), and W‑dyz (13.41%)] and Se‑p
orbitals [Se‑px (5.77%), Se‑py (8.65%), and Se‑pz (3.89%)]. As
evidenced by the shape of the crystalline orbitals in Figure 4a,
these trap states are mostly localized on the W atoms
surrounding the vacancy site.
The Se vacancy leads to a slight increase (by ∼5%) in the

work function (up to 4.56 eV) as compared to the pristine
layer, indicating p-type doping. Upon molecular adsorption,
the trap states associated with Se vacancy are renormalized.
Interestingly, in contrast to a defect in the pristine material,
molecular adsorption causes a shift in the position of the defect
levels, suggesting a change in the charge density. This is
induced by an apparent hybridization with the molecular levels,
as shown in Figure 4. Moreover, the shifting in the gap states is
also due to a change in the amount of the charge transfer and
hence in the induced dipole moment at the interface. The
Bader charge analysis points to a decrease (by about 5%) in the
charge transfer between the defective WSe2 monolayer and
acceptor molecules, while a huge increase (by 50%) is
calculated in the case of TTF donor molecules.
Now, we assess the effect of the physisorption of molecules

on the charge states of VSe. To this end, we closely followed the
methodology of ref 46 to calculate the formation energy of VSe
in the (+2), (+1), (0), (−1), and (−2) charge states. The

calculated formation energies as a function of Fermi level
(under the Se-rich condition) are plotted in Figure 5a. The
most stable charge states of VSe are found to be (0) and (−1),
given the Fermi level inside the band gap. The calculated
absolute values of formation energy range between 2.81 and
2.61 eV depending on the position of the Fermi level. The (0/
−1) transition level is found at ε(0/−1) = EVBM + 1.36 eV; this
means that VSe can act as a deep acceptor in the WSe2
monolayer and can trap an electron in a typical n-type WSe2,
forming VSe1−. Note that our results for WSe2 are qualitatively
similar to the reported formation energy diagram for VS in the
MoS2 monolayer.

46

Furthermore, an experimental study suggests that the
chalcogenide vacancies in TMDs are reactive and can remove
carbon atoms from adsorbed carbon-based molecules.60 To
elaborate on this, we calculated the formation energies of a
substitutional C-defect in WSe2 in the (+2), (+1), (0), (−1),
and (−2) charge states. We considered C20, C26, and C60 as the
source of carbon, providing different values of μC, and also
used bulk diamond as the reference. The formation energy of
C-defect in different charge states is shown in Figure 5b.
Interestingly, we found that the (−1) and (−2) charge states of
C-defect are stabilized by 0.3 eV relative to VSe, as evidenced
by a shift of the (0/−1) charge transition level from EVBM +
1.36 eV to EVBM + 1.06 eV. This indicates that the adsorption
of carbon enhances the acceptor function of the native defect
in WSe2. Considering now the different sources of the C atom,
we found that the relative stability of C-defect and VSe depends
on μC. In particular, large molecular strain in small fullerenes
leads to an easier formation of C-defect, as observed from the
formation energies in Figure 5c. The direct DFT calculations
for C26 and VSe confirm the thermodynamically favorable
removal of carbon from the molecule, which is stabilized by a
formation of the C−C bond between the C25 and C-defect
units. Remarkably, this configuration shows the transferred
charge of 0.81 |e| from WSe2, which is the largest value for the
systems under consideration.
Another possible relevant effect of molecular adsorption on

the defective WSe2 is an ability to manipulate the position of

Figure 5. Calculated formation energies of (a) an isolated VSe in a WSe2 monolayer and (b) substitutional carbon defect in the WSe2 monolayer in
various charge states as a function of the Fermi level using the Se-rich condition. (c) Calculated formation energies of a neutral substitutional
carbon defect in the WSe2 monolayer using different reference values of μC.
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the Fermi level and hence to stabilize the defect charge states
of interest. To elaborate on this point, we first fixed the Fermi
level in the middle of the band gap of pristine WSe2 and then
compared the variations in the formation energy of
heterostructures by considering the computed VLSs. The
dashed lines in Figure 5a show the position of the Fermi level
of heterostructures with respect to isolated WSe2. From Figure
5a, we observe the following trends upon molecular
adsorption: (i) the adsorption of C26 and TTF leads to further
stabilization of the (−1) charge state with respect to isolated
WSe2, (ii) C60 and C26 molecules tend to destabilize both (+1)
and (−1), and (iii) the large electron-withdrawing effect of
strong acceptor molecules such as F4-TCNQ and TCNQ
translates into a further stabilization of the (+1) charge state.
In each case, we observe that the neutral charge state is robust
to molecular adsorption. Nonetheless, we anticipate that the
large variations of VLS can be utilized to fine-tune the defect
charge state in heterostructures and doped samples of WSe2.
To further analyze the influence of a Se vacancy, we

calculated the inverse participation ratio (IPR) for the VSe trap
states. Note that the IPR captures the degree of local
localization so that the higher the magnitude of IPR is, the
more the state is localized. The values of IPR for VSe trap states
are shown in Figure 4. The calculated IPR value for the trap
states (tr1 and tr2) of WSe2 with a VSe is 0.48, which
corresponds to localized states. For the sake of comparison, the
IPR for the VBM and CBM of WSe2 with a VSe is found to be
about ∼0.032, which implies a larger degree of local orbital
delocalization at the band edges. A significant modulation in
the IPR values is observed upon molecular adsorption. The
effect is particularly pronounced for C20, where the values of
IPR are reduced by 35% (for both trap states tr1 and tr2); this
implies that the molecular levels of C20 contribute to a
delocalization of the trap states. In turn, TTF gives rise to an
asymmetric modification of the levels; the IPR is reduced by
about 33% (from 0.48 to 0.32) for tr2, while only a small
change is found for tr1. By contrast, the adsorption of TCNQ,
F4-TCNQ, C60, and C26 molecules induces only a minor
modification in the degree of localization of VSe trap states.

4. CONCLUSIONS
In summary, we have investigated the impact of molecular
physisorption on the electronic structure and work function of
pristine and defective WSe2 monolayers. The most used
molecules for functionalizing TMDs have been selected,
namely, fullerenes (C20, C26, and C60), TTF, TCNQ, and F4-
TCNQ molecules. These molecules are physisorbed on the
WSe2 monolayer via weak van der Waals interactions, as
evidenced from the interlayer distances (ranging from 2.7 to
3.01 Å) and binding energies (from −0.65 to −1.5 eV). We
show that the electronic properties and work function of the
WSe2 monolayer can be modulated and controlled by selecting
a proper dopant. The charge transfer from (toward) the WSe2
monolayer leads to an induced dipole molecule which in turn
changes the work function of the material. At high coverage,
the buckling and reorientation of molecules lead to out-of-
plane dipole moments which further contribute to the variation
of the work function of the WSe2 monolayer. Our results also
point to an enhanced interaction of the monolayer with the
dopants in the presence of a single Se vacancy. Interestingly,
the localized defect levels can also hybridize with those of the
molecules, which leads to a modification of the defect
properties in terms of energy levels and degrees of

delocalization. Moreover, the calculated formation energies
of charged states of VSe in a WSe2 monolayer have shown a
significant effect of adsorbed molecules on the stability of
charged defect states upon variation of the Fermi level
position. We have also demonstrated that fullerenes can
chemically bound to WSe2 owing to the presence of reactive
vacancies in the material. As shown for C26, this process can
greatly enhance an electron withdrawal effect of the molecule.
The present results could pave the way toward a potential
engineering of defect properties in 2D TMDs for efficient
applications in optoelectronic devices.
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