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L
ayer structures of transition metal di-
chalcogenides (TMDs) have received
considerable research interest due to

their striking optical and electrical proper-
ties,1�3 especially semiconducting WS2,
WSe2, MoS2, and MoSe2 layers. Their bulk
crystals are indirect band gap semiconduc-
tors, while monolayers own direct band
gaps corresponding to the visible to near-
infrared photon energies,1 making them
more suitable than graphene for light-emit-
ting and functional transistor applications.
Recently, those semiconducting TMDs have
been explored for optoelectronics such as
light-emitting diodes,4�7 photodetectors,8

and solar cells.4 Furthermore, unique sym-
metry and strong spin�orbital coupling
enable these TMD layers to serve as a new
platform for valleytronic research.9�11

The optical response of 1L TMDs is domi-
nated by excitonic transitions: A and B ex-
citons as observed in the optical absorption
and emission spectra,12�14 originating from
the splitting of the valence band maxi-
mum at the K (K0) point due to the large

spin�orbital interactions. The large exciton
binding energies in 1L TMDs have been
predicted to be 0.5�1 eV.15�17 In 1L WS2,
a binding energy as high as 0.5�0.7 eV has
recently been extracted by temperature-
dependent photoluminescence and two-
photon absorption measurements.14,18 It is
also known that the concentrations of the
negatively (X�) or positively (Xþ) charged
excitons (so-called trions) and neutral exci-
tons (X) in semiconducting quantum wells
and quantum dots can be modulated by
applying gate voltage,19 chemical doping,20

or laser excitation.21�23 Recently, electrical
doping measurements of 1L MoSe2

24 and
WSe2

25 have shown the tunability of the
excitonic species among X�, X, and Xþ, and
electrically tunable emission between X�

and X components has been observed in
MoS2 and WS2.

18,26 It is also worth noting
that chemical doping via the absorption of
gases and organic molecules has become a
promising approach to tune charge carriers
in graphene27,28 and some TMDs.29,30 By
contrast, controlling the excitonic species
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ABSTRACT Monolayer (1L) semiconducting transition metal dichacogenides

(TMDs) possess remarkable physical and optical properties, promising for a wide

range of applications from nanoelectronics to optoelectronics such as light-

emitting and sensing devices. Here we report how the molecular adsorption can

modulate the light emission and electrical properties of 1L WS2. The dependences

of trion and exciton emission on chemical doping are investigated in 1L WS2 by

microphotoluminescence (μPL) measurements, where different responses are

observed and simulated theoretically. The total PL is strongly enhanced when

electron-withdrawing molecules adsorb on 1L WS2, which is attributed to the increase of the exciton formation due to charge transfer. The electrical

transport measurements of a 1L WS2 field effect transistor elucidate the effect of the adsorbates on the conductivity, which give evidence for charge

transfer between molecules and 1L WS2. These findings open up many opportunities to manipulate the electrical and optical properties of two-dimensional

TMDs, which are particularly important for developing optoelectronic devices for chemical and biochemical sensing applications.
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in semiconducting 1L WS2 via chemical doping is still
less explored now. Particularly, H2O molecules com-
monly exist in fabrication processes and operation
environments of most semiconductor devices. In view
of the very promising prospects of 1L WS2 for light-
emitting device applications, studying the influence of
H2O on the light emission is very meaningful, while it
has not received enough attention until now.
In this work, we demonstrate the tunability of

charged and neutral excitons in 1L WS2 via chemical
doping (F4TCNQ and H2O molecules) as characterized
by micro-photoluminescence (PL) spectroscopy. The
electrical transport data suggest that the exfoliated 1L
WS2 is a naturally n-type semiconductor and clearly
delineates that the electron concentration decreases
when the electron-withdrawing dopant interacts with
WS2. Moreover, it is found that adsorption of electron-
withdrawing molecules strongly enhances the total PL
by charge transfer. The changes of neutral and charged
excitons are well modeled by a simplified theoretical
framework. Our work demonstrates the ability of che-
mical doping to tune the excitonic emission species in
1L WS2 and clarifies the charge transfer mechanism,
which is very important for exploiting the TMDs for
optoelectronic and chemical sensing applications.

RESULTS AND DISCUSSION

WS2 flakes were mechanically exfoliated from the
commercial WS2 crystals onto the 300 nm thick SiO2 on
a highly doped Si wafer. Figure 1a and b show the

optical micrograph of WS2 flakes and the correspond-
ing fluorescence image, respectively, in which striking
emission is observed in the 1L region, while there is no
detectable emission signal from the thicker counter-
part. Hence, the fluorescence image can be used to
rapidly distinguish a single layer from multilayers. The
thicknesses of WS2 flakes are further characterized by
atomic force microscopy (AFM) and photolumines-
cence measurements. In Figure 1c, the AFM image
shows the topological surface of a representative WS2
sample, and its line scan along the white dashed line in
the 1L region presents an average height of 0.7 nm.
Figure 1d shows room-temperature PL spectra of 1L

and 2L WS2 characterized by PL spectroscopy using
2.33 eV laser excitation, where the pronounced peak at
around 1.98 eV is observed and it may contain the
emission from both neutral and charged A exciton
states. Note that the B exciton feature is not measur-
able under this laser excitation. The energy difference
between the A and B excitons arises from the splitting
of the valence band due to spin�orbital coupling,
which is found to be ∼0.4 eV for 1L and multilayer
WS2.

17,31 The PL of 1L WS2 is much more intense than
that of 2L, which is strong evidence of the direct to
indirect transition. The inset clarifies the spectral fea-
tures for 2L, where the indirect band gap transition is
denoted as I. The direct transition in 1L WS2 occurs
between the valence band maximum and conduction
band minimum, located at the K point of the Brillouin
zone according to theoretical predictions16,32 and
photoemission experiment.33 In multilayer and bulk
WS2, indirect radiative recombination exists, which in-
volves the transition from either the K point or the
midpoint along K and Γ of the conduction band to the
Γ point of the valence band.32,34�36

Adsorbates and the surrounding environment can
greatly tailor the electrical and optical properties of 2D
semiconductors. Particularly, the effective modifica-
tion of carrier concentrations in such atomically thin
semiconductors may lead to very promising electronic
and optoelectronic device applications. Here, a strong
electron-withdrawing molecule of 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4TCNQ) has been
utilized to modulate the properties of 1L-WS2. To ex-
amine the effect of the molecular adsorption on the
electrical properties of 1LWS2, a back-gated field effect
transistor (FET) was fabricated. Meanwhile, the step
doping technique30 has been used to deposit the
molecules on 1L WS2, and the electrical transport data
were recorded under various doping steps. One dop-
ing stepmainly includes two processes: one is the drop
casting of the molecular solution on the targeted
sample; the other is drying in ambient condition (see
Methods). This technique is effective to tune the carrier
concentration in 1LWS2 as demonstrated in the follow-
ing transport data. The 1L WS2 device configuration
is schematically shown in Figure 2a. Figure 2b is an

Figure 1. Characterization of WS2 flakes. Optical micro-
scope image of WS2 flakes (a) and the corresponding
fluorescence image (b), where the thick WS2 flake is circled.
(c) Atomic force microscope (AFM) image of a WS2 flake.
Inset is the AFM height profile along the dashed line. (d)
Photoluminescence (PL) spectra of 1L and bilayer (2L) WS2
excited by a 532 nm laser. Inset: Enlarged spectrum of a 2L
presenting an indirect band gap labeled as I.
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optical image of the 1L WS2 FET device, fabricated
by standard electron-beam lithography. Insets of
Figure 2b are fluorescence images of 1L WS2 before
and after device fabrication, which indicate that the
intense emission can be preserved after the FET
fabrication. The electrical transport characteristic of
as-exfoliated 1L WS2 has been measured at the bias
voltage Vds of 5 V under vacuum conditions, which
shows the n-type behavior (Figure 2c). The native
n-type doping in 1L WS2 is similar to 1L MoS2,

26,37

which probably arises from the structural defects and/
or substrate effects. At the bias voltage Vds = 5 V, the
on�off current ratio of our device is approximately 105.
The inset of Figure 2c is the typical output (Ids�Vds)
characteristic of the as-exfoliated WS2 FET acquired at
Vbg = 0 V. We can estimate the carrier mobility
from Figure 2c using the equation μ = [dIds/dVbg] �
[L/WCgVds], where L andW are channel length (6.5 μm)
and width (4 μm), respectively, and Cg is the gate
capacitance per unit area (1.15 � 10�4 F m�2 for a
300 nm thick SiO2 layer). The electron mobility is
calculated to be 9.5 cm2 V�1 s�1, which is larger than
some reported values for CVD-grown 1LWS2,

38,39 com-
parable to those obtained from the exfoliated 1L MoS2
with similar device structures,40,41 and smaller than
that of the exfoliated 1L WS2 device using the ionic
liquid gate (44 cm2 V�1 s�1).5

Figure 2d shows representative electrical transport
curves of 1L WS2 before and after F4TCNQ doping at
various steps. After depositing F4TCNQ for the first
time, the threshold voltage shifts to the positive region
by 10 V with respect to that of the as-prepared device.
As the doping step increases, it significantly shifts
further toward positive voltages, which suggests the
effective reduction of the electron concentration in the
conduction band. The threshold voltage as a function
of doping step is plotted as shown in the inset of
Figure 2d. Note that the effects of moisture adsorption
may also cause the shift of the threshold voltage,40 but
it can be negligible here, as the measurements were
conducted in the vacuum condition (∼10�5mbar). The
transport data elucidate that the electrons transfer
from n-type 1L WS2 to F4TCNQmolecules, correspond-
ing to a neutralization process of 1L WS2. Figure 2e
shows the Ids�Vds characteristics of 1L WS2 after the
third round of doping at various gate voltages. The
shape of the Ids�Vds curve indicates the occurrence of
Schottky barrier contacts in the 1L WS2 FET, con-
sistent with the recent study of a 1L MoS2 device using
Ti/Au contacts.42 More importantly, by adjusting the
back-gate voltage, the conductivity of the F4TCNQ/1L
WS2 can be modulated in a controllable manner.
After studying the chemical doping effect on the

electrical transport properties, we further investigated

Figure 2. Electrical transport characteristics of 1LWS2 and F4TCNQ/1LWS2 at room temperature in a vacuum. (a) Schematic of
the back-gated field effect transistor (FET) of 1L WS2. (b) Optical micrograph of a 1L WS2 device. Inset shows fluorescence
images of WS2 before (left) and after (right) device fabrication, respectively. (c) Transport characteristic of theWS2 FET before
the F4TCNQ modification when Vds = 5 V. Inset: Drain current versus bias voltage (Ids�Vds) curve acquired at Vbg = 0 V.
(d) Ids�Vbg curves under Vds = 5 V of the as-prepared sample and after various F4TCNQ doping steps. Inset: Threshold voltage
as a function of doping step. (e) Ids�Vds curves of F4TCNQ/1L WS2 after doping step 3 recorded for different Vbg values.
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the influence of molecular adsorption on the optical
properties of 1L WS2. Figure 3a shows that the main
emission of the as-exfoliated 1L WS2 is observed at
around 1.96 eV, which may be the emission from
neutral and/or charged A exciton states according to
previous studies.18,26 After the adsorption of F4TCNQ
molecules, the PL features clearly evolve into two
distinct components, which can be well fitted by two
Lorentzian peaks located at around 1.98 and 2.02 eV,
respectively. Note that the higher energy emission in
the F4TCNQ/1L WS2 sample is fully absent in the PL
spectrum of the as-exfoliated sample, while the lower
energy peak in the F4TCNQ/1LWS2 shows a very similar
profile to the emission peak of the 1LWS2. Our findings
of the transport measurements discussed above indi-
cate that 1L WS2 is an n-type semiconductor. Hence,
the emission peak observed in the as-prepared 1L WS2
sample is mainly attributed to the negatively charged
trion (X�) emission, i.e., an electron-bound exciton,
whereas the higher energy peak emerging after
F4TCNQ adsorption is assigned to the neutral exciton

(X). In other words, the suppression of the exciton
emission in the as-prepared 1L WS2 is due to the
unintentional n-type doping. In 1L WS2, one previous
study shows that the trion emission can be observed
only at low temperatures under high excitation laser
powers,43 while a very recent report illustrates that
both the trion and exciton emission can be observed at
room temperature.18 The PL discrimination from these
1L WS2 samples is attributed to the different electron
densities from sample to sample, as demonstrated in
the following. The evolution of PL spectra under suc-
cessive doping (Figure 3b) shows that the X� and X
emission changes differently with doping. As the dop-
ing step increases, the PL intensity of the X is remark-
ably enhanced, while the X� is nearly unchanged.
Figure 3c shows the integrated intensity of each
component and the total intensity as a function of
doping step, where the details of the spectral fitting are
included in the Supporting Information (see Figure S1).
In the as-prepared 1L WS2, the spectral weight of the
X� peak is predominant because it is rich in free

Figure 3. Tunable photoluminescence and Raman scattering driven by molecular adsorbates. (a) Room-temperature PL
spectra of 1L WS2 before and after doping with F4TCNQ. (b) PL spectra upon consecutive F4TCNQ doping. (c) Integrated PL
intensities of X�, X, and the sum as a function of doping step. Solid lines are the theoretical calculation results based on the
rate equation. (d) PL intensitymap (in counts) as a functionof doping step andphotonenergy. (e) Raman spectra of the 1LWS2
and F4TCNQ/1L WS2 under 457 nm laser excitation. (f) Peak frequencies of the E12g and A1g modes versus doping step.
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electrons, leading to the increase of the probability of
X� formation. Upon consecutive doping induced by
the F4TCNQ adsorption, the integrated PL intensity of
the X is monotonically enhanced, whereas the inte-
grated intensity of X� displays a slight reduction.
Above the doping step 9, the PL intensity of the X
has the tendency to saturate. The electrical gating
effect on PL in 1L WS2 has been measured,18 which
supports our arguments. Theoretically, the depend-
ences of the total intensity and the intensities of X and
X� on doping have been calculated according to a rate
equation and a mass-action law,23,24,30,44 as denoted
by the solid curves (Figure 3c), which agree fairly well
with the experimental data. The details of our theore-
tical model are presented later.
Figure 3d shows the PL intensitymap as a function of

photon energy and doping step. The peak position of
X� blue-shifts with the increase in F4TCNQ adsorption,
while that of X remains almost unchanged with dop-
ing. The fit results are shown in Figure S2. The typical
trion dissociation energy determined from the energy
difference between the X and X� is found to be ∼38
meV, in agreement with those obtained from the
electrical gated 1L WS2 device.

18 The trion dissociation
energy decreases with the increase in deposited mole-
cules or the decreased electron doping in 1L WS2, as
shown in Figure S2, similar to the observation in elec-
trically controlled PL for 1LMoS2 andWSe2.

25,26 The ob-
served trion dissociation energy is much larger than
those of typical semiconductor quantum wells and
quantumdots (typically in the range1� 6meV),19,20,23,45

which indicates the larger excitonic effect in such a 2D
semiconductor.
Besides the doping effect discussed above, strain

can also affect the PL intensity and the band gap of
ultrathin TMD materials. For instance, when strain is
applied in 1L MoS2, the near-band-edge emission
changes.46,47 Raman measurements were conducted
before and after doping, in order to exclude the effect
of strain on the PL change in our case. Figure 3e shows
Raman spectra of the as-exfoliated 1L WS2 and the
F4TCNQ/1L WS2. The variations of their peak

frequencies with doping are presented in Figure 3f. It
is found that the A1g mode slightly blue-shifts by
2 cm�1 after the early few steps of F4TCNQ deposition,
while the peak position of the E12g mode does not
change. As known, in a typical 1L TMD, the out-of-plane
A1gmode is susceptible to the charging effect and red-
shifts with the electron doping, but the in-plane E12g
mode is not affected by the doping effect, which is due
to the strong electron�phonon coupling with the out-
of-plane mode.48 On the contrary the E12g mode has
been shown to be sensitive to strain and red-shifted
with increasing of both uniaxial and biaxial strain, while
the A1g mode remains unchanged.47,49 Thus, our ob-
served Raman features indicate the F4TCNQ/1L WS2
sample is less n-doped than that of 1L WS2 due to the
charge transfer during F4TCNQ adsorption; the strain
effect in the F4TCNQ/1L WS2 sample is negligible.
These Raman studies agree well with both electrical
transport and PL data above.
The PL modulation of X� and X in WS2 due to

F4TCNQ adsorption can be understood in terms of
charge transfer, which results from the band align-
ments of WS2 and the dopant. Figure 4a shows the
calculated minimum conduction band (�3.84 eV) and
maximum valence band (�5.82 eV) of WS2

50 and the
F4TCNQ HOMO (�8.34 eV) and LUMO (�5.24 eV).51

Since 1L WS2 is natively n-type here, the free elec-
trons occupy the bottom of the conduction band.
Due to the band offset between 1L WS2 and F4TCNQ,
the electrons transfer from 1L WS2 to F4TCNQ, result-
ing in the neutralization of 1L WS2 and the reduction
of the probability of trion formation. The more
F4TCNQ adsorption, the more electrons withdraw
from the naturally n-type 1L WS2. Therefore, an en-
hancement in the exciton intensity in 1L WS2 mod-
ified with F4TCNQ molecules is observed, while the
trion spectral weight diminishes. Furthermore, we
have simulated the charge transfer when a F4TCNQ
molecule sits on a defined WS2 unit cell. As shown in
Table S1, the F4TCNQ molecule withdraws a charge
of 0.1e from 1L WS2, which supports the argument
above.

Figure 4. (a) Schematic of charge transfer between 1LWS2 and F4TCNQ. (b) Calculated electron concentration as a function of
F4TCNQ doping step.
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Our measurements indicate that the PL intensity of
1L WS2 is sensitive to the adsorption of dopant mole-
cules. In theory, the responses of the PL intensities from
trion and exciton states in 1L WS2 under F4TCNQ
doping can be modeled by a rate equation and a
mass-action law.23,24,30,44 The three-level model is used
as shown in the schematic (Figure S3) presenting
photoexcitation (G), the neutral exciton recombination
(X), the trion recombination (X�), and the trion forma-
tion (Ftr). The trion formation Ftr = ktr(n)Nx, where Nx is
the population of excitons, ktr(n) is the trion formation
rate, and n is the doping step.30 By solving the rate
equation under steady-state conditions, the depend-
ences of Ix, IX

�, and the total intensity on doping were
calculated (see Supporting Information) and are shown
by the blue, red, and black solid lines, respectively
(Figure 3c). Our calculated results agree well with the
experimental data.
The relationship among the concentrations of trions

(Nx
�) and excitons (Nx) and the charge carrier density

(ne) in semiconductors was proposed based on the law
of mass action,23,24,44 written as

NXne

NX�

¼
4mXme

πp
2mX�

 !

kBT exp �
Eb

kbT

� �

(1)

where p is the reduced Planck's constant, kB is the
Boltzmann constant, T is the temperature, Eb is the
trion binding energy,me is effective mass of electrons,
andmX

‑ andmX are trion and exciton effective masses,
respectively, where mX

� = 2me þ mh and mX = me þ

mh. According to the theoretical calculation,17 me and
mh are 0.44m0 and 0.45m0, respectively, where m0 is
the mass of a free electron.
The concentrations of trions and excitons are pro-

portional to their PL intensities, and therefore the
integrated intensity ratio of IX

‑ to IX can be written as30

IX�

IX
¼

γtr

γex

πp
2
mX�

4mXme

 !

ne

kbT
exp

Eb

kbT

� �

(2)

where γtr and γex are radiative decay rates of trions
and excitons obtained from fitting parameters in rate
equations, respectively. By fitting the IX

�/IX ratio in
eq 2, the electron concentration in 1LWS2 as a function
of doping step is calculated as shown in Figure 4b. The
initial electron concentration of the as-exfoliated 1L
WS2 can be extrapolated based on the nearly linear
range in the first four doping steps, and the estimated
value is ∼8 � 1013 cm�2. The electron concentration
drastically drops to ∼1 � 1013 cm�2 after the F4TCNQ
doping step 4. After that it gradually decreases and
finally reaches saturation (∼6� 1012 cm�2). Our results
emphasize that the physical adsorption of dopants can
tune the carrier concentration in 1L WS2 and strongly
modulate its optical and electrical properties, which
are expected to be a generic effect for other layered
TMD materials as well. In particular, the sensitivity of

the excitonic species of 1L WS2 to the molecular
absorption can be used for optoelectronic and chemi-
cal sensing applications. Note that the as-exfoliated 1L
WS2 here is highly n-doped, as reflected in the suppres-
sion of the exciton peak. Similarly, the highly n-doped
behavior has also been observed (∼6 � 1013 cm�2) in
exfoliated 1L MoS2.

30 Such unintentional doping is
probably related to the substrate condition52�54 and
the crystal quality.14,55 In detail, one possibility is that
the doping comes from trap states at the interface
between WS2 and the substrate. Scheuschener et al.
have reported the n-type doping of 1LMoS2 is induced
by the substrate, where the trion X� or the exciton X
peak is dominant in the supported or free-standing
sample, respectively.53 Theoretical calculations show
that the conductivity of 1L MoS2 can be modulated
from n- to p-type when MoS2 is placed onto a SiO2

substrate with the presence of different defects and
impurities at the interface.54 Another argument on the
origin of n-type conductivity is intrinsic structural
defects such as monosulfur vacancy (VS) and disulfur
vacancy (VS2). Intrinsic defects have been directly ob-
served by scanning transmission electron microscopy
in monolayer MoS2 and WS2.

55,56 According to first-
principles calculations based on density functional
theory, some of these defects can introduce additional
donor and/or acceptor levels and cause effective dop-
ing in such 1L semiconductors.55

Moreover, it has been noted that gas and H2O
absorption can affect the optical and electrical proper-
ties of MoS2.

29,40,57 In particular, H2O is extensively
used in most practical fabrication processes of elec-
tronic and optoelectronic devices and often exists in
their operation atmospheres. Therefore, knowledge on
the effect of H2O on PL of 1L WS2 is very important,
which is explored here. In our experiments, H2O was
simply drop-casted onto the WS2 surface, which was
then covered by a glass coverslip. The PL spectra were
recorded at various times to monitor their change in-
duced by the interactions between H2O and 1L WS2.
Figure 5a depicts the PL spectra of the as-prepared 1L
WS2 and the H2O-covered 1L WS2 for 5 and 50 min,
respectively. Three spectra are fitted by two Lorentzian
components denoted as X� and X to estimate the
influence of H2O adsorption on the evolution of the PL
line shape. The detailed analysis of the integrated
intensity of each component as a function of adsorp-
tion time (Figure 5b) shows that in the as-prepared
sample the X� occupies a larger spectral weight than X.
With the increase in adsorption time, the integrated PL
intensity of X� mostly does not change over time,
whereas the PL intensity of X is enhanced, analogous
to the effect caused by F4TCNQ as shown above. In
order to further clarify the time-dependent PL behavior
of H2O/1L WS2, we have performed charge transfer
calculations of three kinds of configurations, as shown
in Table 1. Note that the small binding energy is
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indicative of physical adsorption, which is in the same
order as the O2 adsorption on 1L MoS2.

58 A charge of
0.09e transfers from theWS2 layer to H2Owhen the 4�
4 WS2 unit cell adsorbs a H2O molecule. When two
independent H2Omolecules are adsorbed onWS2, two
H2O molecules withdraw 0.11e from the WS2 cell.
When more H2O molecules adsorb on WS2, the cou-
pling or interaction among these molecules becomes
important. For example, when two coupled H2Omole-
cules adsorb on WS2, these two H2O can obtain 0.16e
from the WS2 cell, which is more than that obtained by
two independent H2O molecules. Thus, the PL change
with time is attributed to more electrons transferred
from 1L WS2 to H2O molecules, which is caused by the
increasing number of adsorbed H2Omolecules and the
presence of coupling among these molecules.
Finally, we investigate the annealing effects on the

light emission from trion and exciton states of H2O/1L
WS2 and F4TCNQ/1LWS2 samples (Figure 6a and b). It is

found that after annealing the emission spectral
weight of excitons in both H2O- and F4TCNQ-attached
1LWS2 substantially decreases (it vanishes for F4TCNQ-
doped sample), indicating the removal of the molecu-
lar dopants. As a result, these samples become more
n-doped than they do without annealing, i.e., a recov-
ery process of n-type doping in 1L WS2. Furthermore,
H2O and F4TCNQ molecules were redeposited on the
same annealed samples for the second round. As seen
in Figure 6, the X spectral weight increases and it is
larger that of X�. The results suggest that the evolution
of the X� and X features is reversible in 1L WS2 via our
chemical doping and thermal annealing, which pro-
vides more flexibility for potential device applications.

CONCLUSIONS

We have demonstrated that neutral and charged
exciton emission can be tuned through adsorption of
the electron-withdrawing dopants of F4TCNQ andH2O.

Figure 6. Annealing effects on the trion and exciton emission. (a) PL spectra of as-exfoliated WS2, H2O/1L WS2, and H2O/1L
WS2 after annealing at 150 �C in air for 20 min and redoping of the annealed sample. (b) PL spectra of as-exfoliated WS2,
F4TCNQ/1LWS2, and F4TCNQ/1LWS2 after annealing at 450 �C under vacuum for 20min and F4TCNQ/1LWS2 (second round).

Figure 5. Effect of H2O adsorption on PL of 1L WS2. (a) Evolution of 1L WS2 PL spectra upon H2O adsorption recorded at
different times. Inset shows the charge transfer. (b) Dependence of the integrated PL intensities of trion and exciton
components on the doping time.
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The PL enhancement upon successive doping is due to
the increment of exciton formation, while the forma-
tion of trions is weakened, as a consequence of the
electron transfer from 1L WS2 to the dopants. The
electrical transport measurements confirm that the
n-type semiconducting behavior is a characteristic of
the used as-exfoliated samples and elucidate that the

adsorption of F4TCNQ molecules reduces the elec-
tron concentration in 1L WS2. Our studies develop a
very efficient approach to control the excitonic emis-
sion species in 1L WS2 and reveal the corresponding
charge transfer mechanism, which is significant for
optoelectronics and chemical sensing applications of
2D TMDs.

METHODS

Photoluminescence Spectroscopy. WS2 flakes were produced by
mechanical exfoliation from commercial WS2 crystals (2D Semi-
conductors Inc.) onto the 300 nm thick SiO2 on the highly doped
Si wafer. The number of layers of WS2 flakes was determined
by atomic force microscopy, fluorescence, and photolumines-
cence spectrometers. Micro-PL and Ramanmeasurements were
performed using aWITec CRM 200 systemwith excitation wave-
lengths of 532 and 457 nm. The laser power was kept as low as
40 μW for all measurement to avoid heating and optical doping
effects. In the doping-dependent PL measurements, 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane, known as a
strong electron-withdrawing molecule, and deionized water
were utilized as dopant molecules. F4TCNQ was prepared in
the solvent of toluene with a concentration of 0.02 μmol/mL.
Themolecular adsorptionwas introduced by drop-casting 10 μL
of F4TCNQonto theWS2 sample prepared on the∼1 cm2 SiO2/Si
substrate, which is recorded as one doping step. The sample
was then dried in ambient conditions before collecting the PL
spectra. In order to systematically study the effect of the mole-
cule on the PL spectra, successive doping was performed by
repeating the same process and controlling the same amount in
the droplet for each doping step. To investigate the effect of
H2O on the PL of WS2, the small droplet (∼10 μL) of deionized
water was placed onto theWS2 sample, whichwas then covered
by a coverslip. A series of PL spectra were recorded at different
times to monitor the evolution.

Device Fabrication. The source and drain electrodes were
made of 5/80 nm of Ni/Au by thermal evaporation and were
patterned by standard electron beam lithography, followed by
the lift-off process. All electrical transport measurements were
measured by a Keithley 4200 SCS parameter analyzer in a
vacuum system (∼10�5 mbar) at room temperature.

Simulation of Charge Transfer. Monolayer WS2 was constructed
by 4 � 4 unit cell of a 2H-WS2 crystal from experimental data.
The c axis of theperiodic supercellwas largeenough (about 18.5Å)

so that the interaction between the WS2 sheet and adsorbed
molecule of the adjacent supercell was negligible. The geome-
trical optimization was carried out by use of the GGA/PW91
method with 0BS correction. The pseudopotentials are norm-
conserving with a 650 eV energy cutoff. The max force is 0.02,
and the max stress is 0.03 GPa. All the geometrical and energy
calculations were performed in a Material Studio7.0 Castep
module with the GGA/PW91-OBS method.59
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