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ABSTRACT: The development of low resistance contacts to
2D transition-metal dichalcogenides (TMDs) is still a big
challenge for the future generation field effect transistors
(FETs) and optoelectronic devices. Here, we report a chemical
doping technique to achieve low contact resistance by keeping
the intrinsic properties of few layers WS2. The transfer length
method has been used to investigate the effect of chemical
doping on contact resistance. After doping, the contact
resistance (Rc) of multilayer (ML) WS2 has been reduced to
0.9 kΩ·μm. The significant reduction of the Rc is mainly due to the high electron doping density, thus a reduction in Schottky
barrier height, which limits the device performance. The threshold voltage of ML-WS2 FETs confirms a negative shift upon the
chemical doping, as further confirmed from the positions of E1

2g and A1g peaks in Raman spectra. The n-doped samples possess a
high drain current of 65 μA/μm, with an on/off ratio of 1.05 × 106 and a field effect mobility of 34.7 cm2/(V·s) at room
temperature. Furthermore, the photoelectric properties of doped WS2 flakes were also measured under deep ultraviolet light. The
potential of using LiF doping in contact engineering of TMDs opens new ways to improve the device performance.
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1. INTRODUCTION

In recent years, graphene has attracted much attention due to
its significant electrical, optical, and mechanical properties.1−3

Though graphene has shown an exceptionally high carrier
mobility of up to 106 cm2/V·s,4,5 its zero band gap prohibits its
use in nanoelectronics and optoelectronics. On the other hand,
2D TMD materials like MoS2 and WS2 possess reasonable band
gaps around 1−2 eV6,7 and reasonable carrier mobilities.8,9

WS2, one of the promising TMD materials, has been widely
used as the channel material of the field effect transistors with a
large on/off ratio and high field effect mobility.10,11 Recently,
efforts were made to improve the device performance through
understanding the influence of contact electrode, limitations in
carrier transport, and effect of different substrates on charge
carrier mobility.8,9,12−19 Analysis of the literature reveals that
variations in mobility values may came from the Schottky
barriers (SBs) at metal/semiconductor interfaces and differ-
ences in the fabrication process. In order to overcome the
Schottky barrier problem, different strategies have been used.
For example, metals such as Al,13,20 Ni,14,21,22 Pt,13,14 Mo,23 and
Au13,24 have been used to reduce the Schottky barrier.
Although some of the reports showed good results, overall
contact resistance is still reasonably high due to the internal
resistance of the semiconductor. In general, it is very difficult to
achieve low contact resistance in WS2 by simply using the low
work function metals because the charge neutrality level (CNL)
is located in the center of the band gap.25,26

Another possible way to reduce the contact resistance on the
metal semiconductor interface is to heavily dope the semi-

conductor under metals.27 After heavy doping, the effective
Schottky barrier height becomes small and electrons can easily
tunnel through the barrier. Applying the traditional ion
implanted doping method to 2D materials is not straightfor-
ward due to their atomically thin body nature. On the other
hand, surface modification by molecules or ions shows the great
advantages over ion implantations when applied to the 2D
materials. There are a number of reports on the chemical
doping of 2D layered materials including PEI molecular doping
in MoS2

28 and potassium doping in WSe2 and MoS2.
29 Those

studies shows limited reduction in contact resistance and also
have long-term stability issues. Controlled chemical doping of
multilayer WS2 and their photoelectrical properties are not
well-explored in the community.
In this paper, we report the n-doping of WS2 with lithium

fluoride (LiF). LiF is a widely used n-dopant for the organic
semiconductor industry due to its strong electron-donating
ability. After doping, we observe a large reduction in contact
resistance. Raman spectroscopy and transport measurement
were carried out to confirm that LiF imposes the n-doping in
WS2. The doped-multilayer WS2 device shows excellent field
effect properties with a drain current of 65 μA/μm, an Ion/Ioff of
1.05 × 106, and a field effect mobility of 34.7 cm−2/V·s. Lastly,
the effect of doping on photocurrent response was studied by
irradiation of deep ultraviolet (DUV) light. The results indicate
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that this doping technique can also be applied to other TMD
materials to reduce the contact resistance.

2. EXPERIMENTAL SECTION
The WS2 flakes were mechanically exfoliated from a bulk ingot
purchased from HQ graphene by the scotch tape method and then
transferred to a heavily p-doped silicon substrate with a 300 nm SiO2
capping layer. After the transfer of a flake onto the Si substrate,
photolithography was used to make the large electrode pattern with
Cr/Au (5/30 nm) film that was deposited using the thermal
evaporator and lift-off technique. The thickness of WS2 flakes was
examined using an optical microscope and Raman spectroscopy, and
then confirmed by atomic force microscopy (AFM). Raman spectra
were obtained with a Renishaw Raman spectrometer with an excitation
of 514 nm and a low laser power of 1 mW with a 30 s integral time was
used to avoid any heating effect. Electron beam lithography was used
to define the source−drain contact with a fixed width of 1 μm,
followed by evaporation of Cr/Au (8/60 nm) film with a thermal
evaporator under a vacuum of 2 × 10−6 Torr at room temperature.
Structures for transfer length method (TLM) were designed with
channel lengths of 0.5, 1, 1.5, and 2 μm to extract the contact
resistance. The electrical measurements were carried out using a
Keithley 2400 source meter and Keithley 6485 picoammeter at room
temperature in vacuum. To dope the device after initial measurements,
the WS2 FET device was soaked in LiF solution at room temperature
for a certain period of time, followed by being soft baked at 80 °C for 2
min and N2 gas blow-drying. The LiF (≥99.9%, high purity chemicals)
was dissolved in deionized water to make a LiF solution with a
concentration of 0.01 M and stirred at 80 °C for 5 min. The DUV light

with a wavelength of 220 nm and an average intensity of 11 mW cm−2

was used to measure the photoresponse of the devices under vacuum
at room temperature.

3. RESULTS AND DISCUSSION

Figure 1a shows the schematic of an ML-WS2 back gate FET.
The source−drain contacts (Cr/Au thickness of 8/60 nm) for
ML-WS2 were made employing e-beam lithography. An optical
image of the device is shown in Figure 1b. The thickness of
WS2 nanoflakes were further confirmed by AFM. Figure 1c
shows the surface topologies of the WS2 flakes taken by tapping
mode of AFM under ambient conditions. In Figure 1d, the
thickness of the WS2 flake is about 5.2 nm, which correspond to
multilayer WS2.
To check the device performance, the electrical properties

were measured before and after doping in vacuum at room
temperature. Figure 2a shows the transfer characteristics of the
as-made device at a fixed drain−source voltage (Vds = 1 V) with
a channel length of 0.5 μm. The low off-state current (10−11 at
Vds = 1 V) is observed due to the relatively large band gap and
ultrathin body nature of WS2 FETs, which is good for low
power nanoelectronic devices. The device exhibits a typical
switching behavior with a current on/off ratio of 4.83 × 105 and
a threshold voltage of 14 V, which is calculated by linear
extrapolation of Ids−Vbg curves. After doping with LiF, the
current on/off ratio has been increased 2-fold due to the
improvement of the on current, and the threshold voltage is

Figure 1. (a) Schematic of the back gated WS2 FET. Heavily p-doped silicon is used as the back gate and 300 nm SiO2 as back gate dielectric. Cr/Au
is used as source−drain contact. (b) Optical image of ML-WS2 device. Scale bar is 10 μm. (c) Atomic force microscope (AFM) image of the device
shown in (b). (d) Height profile of the ML-WS2 film obtained at the location of the black line in (c).
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shifted from 14 to −6 V, shown in Figure 2b. The negative shift
of threshold voltage confirms n-doping in the channel
(Supporting Information: transfer characteristics for different
channel lengths). The output characteristics of the pristine and
doped ML-WS2 FETs with a 0.5 μm channel length are shown
in Figure 2c,d. The nonlinear output characteristics in Figure 2c
suggest the existence of a considerable level of Schottky barrier
in our device with Cr/Au electrodes. Compared with the
undoped device, the device current of the LiF-doped ML-WS2
has been improved by more than 4 times. The drain current is
nearly saturated at high drain biases for all gate voltages. The
improvement in drain current with doping is mainly due to
these effects: (1) reduction in SB height with strong doping and
(2) higher channel conductance arising from the increased
electron concentration.30

To quantify the effect of WS2 doping on the Au−WS2
interface, we have extracted the contact resistance using TLM
for doped and undoped devices. Figure 3a shows the schematic
of a multiple channel length device fabricated on an ML-WS2
FET. The transfer characteristics curves for doped and
undoped devices with channel lengths varying from 0.5 to 2
μm are shown in Figure 3b. Before LiF doping, all of the
devices show strong gate voltage dependence with a threshold

voltage of about 14 V. After doping, the on current increases
and the minimal gate bias dependence was observed. The
estimated total resistance (Rtotal) of WS2 FETs can be expressed
as follows

= +R R R2total channel c (1)

Here, Rchannel is the channel resistance for WS2 and Rc is the
contact resistance at metal−WS2 junctions. The contact
resistance can be extracted by linearly fitting the curve of
total resistance for a given gate voltage. Figure 3c shows the
TLM resistance of the doped and undoped WS2 FTEs as a
function of channel length at Vbg = 60 V. The Rc value after LiF
doping was reduced to as low as 0.9 kΩ·μm.
The mechanism of the reduction in contact resistance can be

explained with the energy band diagrams of the Au/WS2
contacts shown in Figure 3d. The Fermi level at the Au−
WS2 interface is pinned near the charge neutrality level in the
pristine case, resulting in a large Schottky barrier height (SBH).
The SBH can be expressed as follows31

∝ ϕR
n

e
1 KT

contact
( / )SB

(2)

Figure 2. (a) Transfer characteristic of the pristine ML-WS2 FET device with a channel length of 0.5 μm at Vds = 1 V plotted in log scale (left vertical
axis) and linear scale (right vertical axis). The on/off ratio of the pristine device is 4.83 × 105. (b) Transfer characteristics of the LiF-doped ML-WS2
FET device. The on/off ratio of the doped device is 1.05 × 106. (c) Output characteristics of the pristine device shown in (a). The nonlinear output
characteristics suggest the existence of a large Schottky barrier, which limits the drain current. (d) Output characteristics of the doped device shown
in (b). The drain current is normalized to the width of the sample.
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∝R
n
1

channel (3)

where n is the electron concentration in WS2, φSB is the height
of SB formed at the Au−WS2 junctions, k is the Boltzmann
constant, and T is the absolute temperature. It is important to
note that there are two possible interfaces to form the Schottky
barrier in our transistor: (a) the interface between source/drain
metal and contacted WS2 in the vertical direction and (b) the
interface between source/drain metal and channel WS2 in the
lateral direction along the edges of the metal. The vertical SBH
cannot be modified because the LiF doping is applied after the
patterning of electrodes. Therefore, the lateral SBH can be
modulated with doping and its height is determined by the
energy difference between the Fermi level of the Au and the
conduction band maximum of the channel WS2. Compared to
the undoped device, it would be much easier for electrons to
tunnel through the barrier because the tunneling current starts
to dominate over thermionic current through metal−semi-
conductor junctions. As a result, the contact resistance is

significantly reduced, which leads to an improvement in drain−
source current and device performance.
The adjustment in threshold voltage (VT) with LiF doping

has been observed and quantitatively measured for various ML-
WS2 devices. The VT is extracted by linear extrapolation of Ids−
Vbg curves. Figure 4a shows the transfer characteristics curves of
the device (Lch = 0.5 μm) with increasing LiF doping time. The
threshold voltage clearly shifts toward the negative gate voltage
with the LIF doping, which revealed the n-doping in the ML-
WS2 device. The source−drain current is increased drastically
by an order of magnitude after LiF doping, which is clearly due
to the reduction in contact resistance. Figure 4b shows the
shifting of threshold voltage with the increment in doping time.
Before doping, the as-made device shows n-type transport
behavior. With the increase in doping time, the VT is shifted
gradually toward a negative gate voltage. The VT changes from
14 to −6 V after 120 min of LiF doping. To further confirm the
LiF doping effect on threshold voltage, all of the devices with
different channel lengths have been measured before and after
doping (Figure S1, Supporting Information). All devices show a

Figure 3. (a) Schematic of multiple channel length device fabricated on ML-WS2 flake to extract the contact resistance using the transfer length
method. (b) Transfer characteristics curves of the ML-WS2 device before (dashed lines) and after (solid lines) doping with different channel lengths
at Vds = 1 V. (c) Total resistance as a function of channel length for pristine (black curve) and doped (red curve) samples at Vbg = 60 V. The contact
resistance is extracted to be 0.9 kΩ·μm after LiF doping. (d) Schematic band alignment diagrams at the Au/WS2 junctions for pristine and doped
samples. Before doping, the Fermi level is located near to the CNL, resulting in a large Schottky barrier. After doping, the WS2 is heavily doped and
electrons can easily tunnel through the barrier due to the thin Schottky barrier.
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similar negative shift in VT after doping, which demonstrates
that this doping technique could be a possible way to tune the
threshold voltage in other 2D materials.
The doping mechanism on WS2 by the LiF treatment can be

understood as follows. As a member of the fourth transition
group of the periodic table, tungsten (W) with a valence
electronic configuration 6s25d4 possess an electropositive
character, showing capacity to accept electrons. Additionally,
the LiF could be dissociated in electropositive Li+ (electron
acceptor) and electronegative F− (electron donor) ions. When
F− atoms are incorporated in WS2, they occupy the location of
sulfur vacancies to generate the defects levels. These defect
levels originate from the hybridization of 3p and 5d orbitals of
F− and W, respectively.32 Thus, upon doping F− ions in WS2,
the discrete impurity energy levels in WS2 would emerge into
the conduction band, resulting in the band gap narrowing and
the degeneration doping.33 Hence, we presumed that the n-
type doping effect in WS2 is achieved by the donation of an
extra electron by F− ions when they occupy the location of
sulfur vacancies.10

The mobility of ML-WS2 could also be affected by the
contact resistance or Schottky barrier. The low contact

resistance would enhance the output current Ids and electron
mobility. However, in our undoped sample, the nonlinear
output characteristics (Figure 1c) suggest the existence of a
Schottky barrier between Au−WS2 contacts. Thus, there is an
incredible room to improve the mobility of the ML-WS2 device
by using a chemical doping method. The mobility of the
samples was extracted by using the relation

μ =
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟L

C WV
dI
dVg ds

ds

g (4)

where L is the channel length, W is the channel width, Cg is the
gate capacitance (115 aF μm−2) calculated for our Si/SiO2
substrate, Vds = 1 V, and ((dIds)/(dVg)) is the slope of transfer
characteristics of the device. The mobility of our undoped ML-
WS2 sample is comparable to other 2D TMD materials like
MoS2. However, after LiF doping, the field effect mobility
significantly improves from 13.2 to 34.7 cm2/(V s) due to the
improvement in source−drain current, which is shown in
Figure 4b. The improvement in mobility is due to the increase
in electron concentration after LiF doping, which changes the
Fermi level of the WS2 and lowers the SBH.

Figure 4. (a) Transfer characteristics curves of the ML-WS2 device (Lch = 0.5 μm) as a function of LiF exposure time. The black curve is for the
pristine sample, while the other curves from bottom to top are after 1, 15, 30, 60, and 120 min LiF doping. The device clearly shows the effective n-
doping of WS2. (b) Electron mobility and threshold voltage as a function of different reaction times for the device shown in (a). (c) Dual sweep
transfer characteristics of the doped and undoped devices with a channel length of 0.5 μm at Vds = 1 V. (d) Time-dependent photocurrent response
of the ML-WS2 FET before (black curve) and after doping (red curve) under vacuum during the DUV light switching on/off. A constant source−
drain voltage of 1 V was applied and measures the Ids for photocurrent response.
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The asymmetry in conductivity and the hysteresis effect in
transfer characteristic were observed in vacuum for ML-WS2
FETs. Figure 4c shows the hysteresis curves for doped and
undoped samples (Lch = 0.5 μm), where the gate voltage was
swept from −80 to 80 V and back to 80 V. The change in gate
voltage sweep direction from forward to backward induces a
significant shift of 23 V for the undoped sample, which is
attributed to charge trapping near the WS2 channel, i.e., in the
dielectric, WS2−oxide interface or WS2 top surface. After LiF
doping, the hysteresis was dramatically suppressed, as the
change of threshold voltage in the hysteresis curve reduced to
11 V from 23 V. The reduction in hysteresis might be due to
the removal of foreign impurities on the WS2 surface after LiF
doping (Supporting Information: hysteresis curves for different
channel length devices).
Besides the traditional applications of TMD materials as field

effect transistors and heterostrucutre junctions, films of these
materials can also be used as photodetecting devices due to
their large optical absorption property. The photocurrent of
ML-WS2 FETs was measured in a vacuum under illumination
from the DUV light with a 220 nm wavelength. Photocurrent
(Iph) is defined as the difference of source−drain current with
and without the illuminated light. As shown in Figure 4d, the
photocurrent as a function of time was measured before and
after doping under the alternative dark and illumination
conditions at a fixed bias voltage of 1 V. Compared to pristine,
the photocurrent is increased about 2.6 times after doping. The
improvement in photocurrent was mainly due to the increment
in electron mobility and charge density after doping with LiF.
The similar response of photocurrent was observed for all other
devices we tested.
Raman spectroscopic studies were performed to confirm the

number of layers, quality of WS2 films, and the effect of doping.
Figure 5a shows that the first-order Raman spectra of WS2
nanoflakes exhibit two optical phonon modes at approximately
355 and 420 cm−1, corresponding to the in-plane E1

2g (Γ) and
out-of-plane A1g (Γ) vibrations, respectively.34,35 A second-
order 2LA (M) mode was also observed at approximately 350
cm−1. The change in the relative peak intensity ratios (E1

2g/
A1g) and the frequency difference between the E1

2g and A1g
modes vary with layer thickness.34 To clarify this observation,
we carried out Lorentzian curve fitting to extract the peak
intensities, positions, and full width at half-maximum (fwhm) of
E1

2g and A1g and 2LA modes and show the results in Figure 5b.
The peak spacing between A1g and E1

2g modes (Δ = A1g −
E1

2g) is about 65.4, which indicates an ML-WS2 film. The
energy difference between the A1g and 2LA (M) and the
relative peak intensity ratio of I2LA/IA1g modes are about 70.3
cm−1 and 0.43, also confirming the ML-WS2 films.34,36 Our
Raman results for ML-WS2 films agree well with those in the
previous reports.30,34,37 The chemically doped samples were
also characterized by Raman spectroscopy. Figure 5a shows the
Raman spectra of pristine and doped ML-WS2 films. After
doping with LiF, both A1g and E1

2g peaks shifted to a lower
wavenumber, thus indicating the n-doping. Furthermore, the
fwhm of both A1g and E1

2g peaks showed broadening after
doping. These spectroscopic results are comparable to those in
previous reports.34,38

The long-term stability of the doping of 2D materials is still a
big challenge nowadays. We, therefore, check the stability of
our doped sample after 2 weeks in an atmospheric environ-
ment. In Figure 6a, we show the transfer characteristics of the
freshly doped ML-WS2 device and the device after the 2 weeks

of initial measurements. Except for a minor change in output
current, the transfer characteristics of the device after 2 weeks
remain the same as the fresh one. Figure 6b shows the TLM
resistance of the ML-WS2 film for freshly doped and the device
after 2 weeks of initial measurement. The contact resistance was
slightly increased from 0.9 to 1.3 kΩ·μm, which indicates that
our doped devices are very stable.

4. CONCLUSION
We have demonstrated a highly stable doping method using
LIF as dopant source to improve the electrical and photo-
electrical properties of WS2 FETs. The contact resistance of our
doped device has been reduced to 0.9 kΩ·μm due to the n-type
doping with LiF, thus the reduction in Schottky barrier width.
Electrical and Raman studies were also performed to confirm
the improvement in charge carrier mobility, on/off ratio, drain
current, and photocurrent response. The 0.5 μm WS2 FET has
performed as n-type behavior after doping with a high drain
current of 65 μA/μm, a high on/off ratio of 1.05 × 106, and an
electron mobility of around 34 cm2/(V s). Moreover, this
doping technique also enhanced the photocurrent in WS2
FETs. Our results demonstrate that this doping technique
can also be applied to other TMD materials to reduce the

Figure 5. (a) Room-temperature Raman spectra of an ML-WS2 flake
before (black curve) and after (red curve) doping using the 514 nm
laser. (b) Lorentzian curve fit for E1

2g and 2LA (M) peaks. Black
circles represent the experimental data; blue, cyan, and red lines
represent the 2LA (M), E1

2g, and combined peak fitting, respectively.
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contact resistance and probe the intrinsic properties of the
materials.
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