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1. Introduction

The rising of 2D materials research is 
ignited by the discovery of graphene, a 
one-atom-thick carbon sheet, in 2004.[1] 
Due to the excellent physical and chemical 
properties of 2D materials, they become 
a hot topic in many disciplines, such as 
physical science, chemical science, mate-
rials science, and engineering.[2–4] Until 
now, there are already a large number of 
2D materials developed, including gra-
phene,[1] transition metal dichalcogenides 
(TMDs),[5] black phosphorene,[6] Ger-
manane,[7,8] GeTe,[9] 2D covalent organic 
frameworks,[10] etc. In theory, it is pre-
dicted to have more than 5000 different 
kinds of 2D materials,[11] which cover 
a wide range of material categories in 
insulators, semiconductors, semimetals, 
metals, superconductors, etc., making 
them possible to construct various 2D 
materials devices with novel functions. 
Particularly, graphene is the most inten-

sively studied material. Although it possesses superior prop-
erties with the large carrier mobility,[12,13] flat light absorption 
in a wide spectrum,[14,15] and strong mechanical strength,[16,17] 
the lack of a band gap would greatly limited its applications in 
electronics and optoelectronics. For example, transistors made 
from graphene cannot be effectively turned off,[1] while gra-
phene-based photodetectors always have a substantially large 
dark current.[18] In this case, semiconducting 2D materials with 
suitable band gaps, rather than graphene, are highly desired for 
high-performance electronic and optoelectronic devices.

Among many semiconducting 2D materials, TMDs are the 
most promising alternatives because of their appropriate band 
gaps, good stability in ambient, excellent electrical, and opto-
electronic characteristics.[19–21] WS2 is one of the TMD materials 
that has superior properties as compared with other TMDs. It 
has the relatively high carrier mobility,[22] large exciton binding 
energy,[23] large spin–orbit splitting,[24] and strong photolumi-
nescence (PL).[25] These properties make it idle for a wide range 
of applications, such as transistors,[26] photodetectors,[27] light-
emitting devices (LEDs),[28] etc. Despite the fact that there are 
numerous reports focused on the synthesis, properties, and 
applications of 2D WS2, there is still a lack of the comprehen-
sive review on 2D WS2. In this review article, we would focus on 
the vapor phase synthesis, property assessment, and electronic 
and optoelectronic applications of 2D WS2. At first, the funda-
mental properties of 2D WS2 are introduced in details. Then, 
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various kinds of wafer-scale synthesis methods of 2D WS2 
are presented with the emphasis on vapor phase techniques. 
Subsequently, the device applications of 2D WS2 on different 
electronic and optoelectronic applications would be thoroughly 
discussed, followed by the challenges and future opportunities 
compiled in the community. With the rapid development of 
these materials, this review can provide significant insights to 
further extend the novel 2D WS2 devices into practical applica-
tions in the near future.

2. Properties

WS2 is a kind of 2D TMD materials that has many interesting 
physical properties, such as the transition of indirect to direct 
band gap at a single-layer limit, layer-dependent band gap, large 
exciton binding energy, strong spin–orbit splitting, valley selec-
tion rule, etc. As a result, WS2 has promising potentials for a 
wide range of applications in transistors, diodes, LEDs, photo-
detectors, pulsed lasers, and many others.

2.1. Crystal Structure

As shown in Figure 1a, WS2 has a layered crystal structure.[29] 
In the structure, each layer consists of three atomic planes. 
Each of the atomic planes has the hexagonally packed atoms 
(Figure  1b), where the W metal atom plane is sandwiched 
between two planes of S atoms, forming the S-W-S structure. 
The distance between each layer is about 0.65  nm. There 
are no dangling bonds existed on the surfaces of each layer, 
which makes the surface very stable and nonreactive. These 
layers are hold together by van der Waals interaction. Due to 
the weak interlayer van der Waal interaction, the WS2 crystal 
can be mechanically exfoliated by scotch tape. The stable 
coordination of W is trigonal prismatic as given in Figure 1c, 
which is the case for 2H phase WS2 (for single layer, it is 1H 
phase). While it can also have the octahedral coordination 
(Figure  1d), which can be seen in the meta-stable 1T phase 

WS2. Due to the stacking difference and lattice distortion, 
other polymorphs are formed. Detailed discussion about 
the polymorphs can be found elsewhere.[30] The crystal lat-
tice of 2H WS2 belongs to the nonsymmorphic hexagonal 
space group P63/mmc (D h6

4 ) that has the space inversion sym-
metry.[31] The unit cell of 2H WS2 is extended over two layers 
with the S atoms of the second layer sitting on top of the 
W atoms of the first layer and vice versa. When 2H WS2 is 
thinned down to a single layer, the unit cell of which would 
contain only one layer, known as 1H WS2. Monolayer 1H WS2 
(the “1H” term will be omitted for the following discussion) 
is composed of one S-W-S stacking unit, which has a three-
fold rotational axis, i.e., c-axis. The W atoms plane would 
become the mirror plane for single-layer WS2. The crystal lat-
tice of monolayer WS2 belongs to P m D h6 2( )3

1 .[31] As compared 
with the bulk WS2, monolayer counterparts lack of the space 
inversion symmetry. Furthermore, it can be inferred that even 
layer-number WS2 has the space inversion symmetry while 
odd layer-number WS2 lacks of the space inversion symmetry 
from the crystal structure.

2.2. Layer-Dependent Band Structure, Band Gap, and PL

Similar to other types of semiconducting TMDs, WS2 shows 
a layer-number-dependent band structure as presented in 
Figure  2a.[32] In fact, monolayer WS2 has a direct band gap. 
The conduction band minimum (CBM) and the valance band 
maximum (VBM) are both located at K point. When the layer 
number of WS2 increases, the VBM shifts to Γ point, while 
the CBM locates between K and Γ points (called Q point). In 
addition, the band gap value would decrease with the increase 
of the layer number (Figure 2b).[33] The band edge states at Kc 
and Kv (the subscripts c and v stand for the K point at conduc-
tion and valance band, respectively) have dominant contribu-
tions from the W dx y−2 2, dxy, and dz2  orbitals with an admixture 
of the S p-orbitals.[24] For the states at Qc and Γv, the contribu-
tion from the S pz orbitals become significant, which plays an 
important role for the transition from direct to indirect band 
gap from monolayer to bilayer and multilayer. The close dis-
tance between S pz orbitals from neighboring layers leads to the 
large hopping that significantly changes the energy of Qc and 
Γv.[34] Thus, the transition from a direct band gap (monolayer 
WS2) to an indirect band gap (bilayer and multilayer WS2) is a 
consequence of the interlayer hopping.[35]

Due to the large spin–orbit coupling (SOC), the valance band 
near the K point shows a large spin–orbit splitting (≈400 meV, 
Figure 2a).[24,32,36] The spin–orbit splitting near the Kv point is 
dominated by the W dxy and dx y−2 2  orbitals, which are largely 
localized in individual layers.[37] Because of the low inter-
layer hopping of orbitals, the spin–orbit splitting energy has 
little changes with the layer number. It should be noted that 
the splitting of the VBM of monolayer is purely associated 
with the spin–orbit effect and the lack of inversion symmetry, 
while the same splitting for bilayer is caused by the combina-
tion of the interlayer interaction and SOC.[35]

In this fashion, the indirect-to-direct transition of the band 
structure would lead to the strong PL in monolayer WS2 as 
depicted in the inset of Figure  2c.[32] With the decreasing 

Figure 1. Crystal structure of WS2. a) Schematic view of the layered struc-
ture. b) Schematic view from the c-axis. c) Unit cell of the trigonal pris-
matic structure. d) Unit cell of the octahedral structure.
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layer number of WS2, the PL intensity from direct inter-
band transition increases dramatically and reaches the max-
imum with monolayer WS2, where the intensity is more than 
three orders of magnitude stronger than that from the bulk 
(Figure 2c). The PL intensity is about one order of magnitude 
higher than that from the bilayer counterparts (Figure 2c inset). 
Except PL emission from the direct transition at K point (A 
exciton), the weak PL peak (B) is also observed at the higher 
energy (Figure 2d). The splitting between the A and B peaks is 
almost the same for different layer numbers of WS2 (Figure 2e) 
with a value of about 400 meV. The A and B emissions are a 
result of valance band splitting at the K points arising mainly 
from SOC.[32,36] The peak originating from the indirect band 
gap transition (I peak) shifts gradually toward the higher energy 
and fades to null at the monolayer limit, being consistent with 
theoretical result.[32]

Attributed to the giant SOC, the VBM of monolayer WS2 shows 
the spin index locked with the valley index, i.e., valley K (−K) has 
only the spin up (down) electrons, leading to the valley-dependent 
optical selection rules (Figure 2f). The rule dictates that the photo-
excitation is able to selectively excite the ±K valley electrons from 
the spin-polarized bands with the circularly polarized light.[38,39] 
Actually, the polarization-resolved PL spectrum can reflect the 
optical selection rule (Figure  2g), where the monolayer WS2 
exhibits polarization dichroism under the circular polarized light 
excitation. Owing to intervalley scattering, the PL is not fully polar-
ized.[38] The large spin–valley coupling strength in WS2 (≈0.4 eV) is 
significantly higher than the interlayer hopping energy (≈0.1 eV), 
which induces the suppressed interlayer coupling at K and K’ (−K) 
valleys (Figure 2h).[38] As a result, bilayer WS2 can be regarded as 
the decoupled layers, leading to polarized light emission when 
excited by the circular polarized light excitation (Figure 2i).

Figure 2. Layer-dependent band structure and related optical properties of WS2. a) Layer-dependent band structure without and with the spin–orbit 
coupling. b) Layer-dependent band gap. c) Layer-dependent PL intensity. d) Layer-dependent PL spectra. e) Layer-dependent PL peak positions. f) 
Valley-dependent optical selection rule for monolayer WS2. g) Polarized PL spectra of monolayer WS2. h) Spin-layer-valley coupling in bilayer WS2. i) 
Polarized PL spectra of bilayer WS2. a) Reproduced with permission.[32] Copyright 2013, Springer Nature. b) Reproduced with permission.[33] Copyright 
2012, American Physical Society. c–e) Reproduced with permission.[32] Copyright 2013, Springer Nature. f–i) Reproduced with permission.[38] Copyright 
2014, National Academy of Sciences.
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2.3. Doping- and Strain-Dependent PL of Monolayer WS2

The light emission from monolayer WS2 can be effectively 
tuned by electrical doping. As presented in Figure 3a, the PL 
spectra measured from a field-effect transistor (FET) made with 
exfoliated monolayer WS2 channel exhibit an obvious gate-
dependent characteristic.[40] In fact, the emission consists of 
two components, namely, the low energy and the high energy 
peaks, assigned to an exciton (XA) and a negative trion ( −XA), 
respectively. When the gate voltage sweeps from negative to 
positive, the peak position of −XA  would exhibit a red shift while 
the XA one slightly blueshifts (Figure 3b). This way, the energy 
difference between XA and −XA increases. The energy difference 
is defined as the dissociation energy of trion, which consists of 
the trion binding energy (Etb, a constant) and the Fermi energy 
(Ef).[40] In this case, the increase of the dissociation energy of 
trion with electron doping is mainly due to the rise of Fermi 
energy (Figure  3b). On the other hand, the exciton energy is 
defined as the difference between band gap and exciton binding 
energy, which shows a blueshift with increasing electron doping. 
This shift is attributed to the decrease of exciton binding energy 
with electron doping. Furthermore, the overall integrated inten-
sity and intensity of XA decrease with the increasing electron 
doping, but the intensity of −XA  first increases from −40 to 0 V, 
then remains stable between 0 and 30 V, and finally decreases 
after 30  V (Figure  3c). Because the PL spectrum evolution is 
basically due to interconversion between neutral exciton and 
trion by modulating the doping-induced carrier density,[41] the 

PL spectrum of monolayer WS2 can also be tuned by the excita-
tion light power, i.e., optical doping.[40] As shown in Figure 3d, 
the overall emission band profile evolves from two-component 
feature at low excitation powers into a single peak at high 
powers. The variation is mainly ascribed to the photo-induced 
electron doping.[40]

At the same time, the density functional theory (DFT) cal-
culation indicates that monolayer WS2 undergoes a transi-
tion from direct to indirect band structure when the in-plane 
strain is larger than 2.6%.[42] This transition would affect the 
PL spectrum of monolayer WS2. To be specific, the PL emis-
sion shows a redshift with almost unchanged line shape with 
the increase of the strain. The broadening of the emission 
occurs when the stain reaches 2.5%. Then, the emission con-
tinues to broaden and redshift with increasing the stain. This 
broadening is caused by the appearance of indirect band gap 
emission (I peak). The I peak intensity tends to increase with 
the stain, whereas the excitonic XA and −XA peaks decrease with 
the strain. Both the XA, −XA, and I peak energies exhibit a linear 
redshift with the strain. The I and XA peaks do not converge at 
the strain of 2.5% (near the threshold for direct-to-indirect band 
structure transition), which is in contrast with the expectation. 
This discrepancy is caused by the larger exciton binding energy 
of the indirect transition as compared with the direct one.[42] 
The trion dissociation energy decreases with the increase of the 
strain. The increase of strain can reduce the effective exciton 
mass and enlarge the polarizability,[43] leading to the reduction 
of the trion dissociation energy.[44]

Figure 3. Doping- and strain-dependent PL of monolayer WS2. a) PL spectra under different gate voltages. b) Excitonic emission peak energies and 
dissociation energies of trion as a function of gate voltage. c) Integral intensity of the excitonic peaks as a function of gate voltage. d) PL spectra under 
different excitation powers. Reproduced with permission.[40] Copyright 2015, American Chemical Society.
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2.4. Exciton Binding Energy

The excitons in 2D WS2 are very different from the ones in bulk 
materials. Actually, the electron and hole forming an exciton 
in monolayer WS2 are strongly confined to the plane of the 
monolayer.[45] In addition, the electron and hole experience 
the reduced screening due to the change in dielectric environ-
ment (Figure  4a). These effects have two major implications. 
One is that the quasi-particle band gap is expected to increase 
for monolayer WS2. Another is that the enhanced electron–hole 
interaction is anticipated to increase with the exciton binding 
energy (Figure  4a).[45] Owing to the dielectric confinement, 
the exciton binding energy in monolayer WS2 is much larger 
than that of conventional materials. In order to determine the 
exciton binding energy in monolayer WS2, Chernikov et  al. 
studied the Rydberg series of exciton XA.[45] The derivative of 
the reflectance contrast spectrum of the monolayer WS2 is used 
to determine the positions of excited states (n = 1, 2, 3, etc.) of 
the bound electron–hole pairs (Figure 4b). Hydrogen model is 
then employed to fit the measured data. However, for the low n 
number (n = 1 and 2), the data cannot be fitted well due to the 
more strongly screened electron–hole interaction at the short 
range. For n  = 3–5, the data can be fitted perfectly due to the 
weakly screened electron–hole interaction at the long range, 
from which a quasi-particle band gap of 2.41  eV is obtained 
(Figure 4c). By subtracting the 1s transition energy (2.09 eV), an 
exciton binding energy of 0.32 eV is determined.

For the case of WS2, it is also noted that each excitonic state 
has a specific parity, which the incident photons can excite. In 
other words, the one-photon excitation only induces the even 
parity excitonic states (i.e., bright excitons), while the two-
photon excitation causes the odd parity excitonic states (i.e., dark 
excitons).[39] Consequently, two-photon luminescence (TPL) can 
be used to determine the exciton binding energy of monolayer 
WS2. For instance, Ye et al. estimated the positions of dark exci-
tonic states by using TPL. Two prominent dark excitonic peaks 
labeled as 2p and 3p states are observed, which are located 
at 2.28 and 2.48  eV, respectively. The ab initio GW method is 
employed to calculate the quasi-particle band structure, whereas 
the ab initio GW plus Bethe-Salpeter equation approach is uti-
lized to evaluate the excitonic states and optical spectrum of 
monolayer WS2. The calculated positions of 2p and 3p states of 
the XA exciton as well as the 1s state of the XA exciton and XB 
exciton are in good agreement with the experimental spectrum. 

The quasi-particle band gap is found to be ≈2.7  eV from the 
calculation. Thus, the exciton binding energy of ≈0.7  eV is 
obtained. Table  1 lists the quasi-particle band gap and exciton 
binding energy of monolayer WS2 reported in literature, which 
confirms the relatively large quasi-particle band gap and exciton 
binding energy of monolayer WS2.

2.5. Raman Spectrum

Raman spectrum is a powerful nondestructive technique to 
study 2D materials. For Raman spectrum of bulk WS2 in a 
backscattering geometry, it contains first-order modes at the 
Brillouin zone center (E g Γ( )2

1  and A1g(Γ)) plus a zone-edge mode, 
which is activated by disorder, being identified as the longitu-
dinal acoustic mode at the M point (LA(M)).[46] LA(M) mode are 
in-plane collective movements of the atoms in the lattice, sim-
ilar to the sound waves. Additional Raman peaks are attributed 
to the multi-phonon combinations of these modes. Similar to 
the bulk WS2, the Raman spectrum of monolayer WS2 depends 
on the excitation wavelength (Figure 5a).[47] For excitation wave-
length of 488  nm, the Raman spectrum is dominated by the 
first-order modes: LA(M) at 176 cm−1, E g Γ( )2

1  at 356 cm−1, and 
A1g(Γ) at 418 cm−1. However, under the excitation at 514.5  nm 
laser, the Raman spectrum becomes richer (Figure  5a). Many 
second-order peaks get stronger than those observed in the 
bulk WS2. The strongest Raman peaks excited at 514.5  nm is 
the 2LA(M) mode at 352 cm−1, which is almost twice of that 
of the A1g(Γ) mode. Moreover, E g Γ( )2

1  peak at 356 cm−1 overlaps 
with 2LA(M) peak. Multi-peak Lorentzian fitting has then been 
used to separate the individual peaks. The rich Raman peaks 
excited with 514.5  nm are caused by enhanced second-order 

Figure 4. Exciton binding energy. a) Schematic of the exciton and related absorption spectrum in bulk and 2D materials. b) Derivative of the reflectance 
contrast spectrum. Inset shows the reflectance contrast spectrum. c) Experimental and theoretical transition energies of the exciton states. Reproduced 
with permission.[45] Copyright 2014, American Physical Society.

Table 1. Quasi-particle band gap (Eg) and exciton binding energy (Eb) of 
monolayer WS2.

Methods Eg [eV] Eb [eV] Ref.

DFT 2.88 1.04 [253]

DFT + reflectance spectrum 2.41 0.32 [45]

DFT + TPL 2.7 0.7 [23]

TPL 2.73 0.71 [254]

Optical reflectivity/absorption spectra 3.01 0.83 [255]

Adv. Electron. Mater. 2021, 7, 2000688
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Raman peaks arising from the double-resonance Raman pro-
cess.[46,47] Rich Raman peaks are as well observed when excited 
with 532, 647 nm wavelengths.[47–49]

The positions and relative intensities of the Raman peaks 
are sensitive to the number of layers of WS2.[32,47,50] As shown 
in Figure  5b, A1g(Γ) mode exhibits blueshifts with increasing 
the layer number of WS2. The hardening of the A1g(Γ) mode 
is ascribed to the increased restoring force due to van der 
Waals interactions established among the layers. Nevertheless, 
the E g Γ( )2

1  and 2LA(M) phonon modes display subtle redshifts 
with the increase of layer number of WS2. It should be noticed 
that the error of the positions of 2LA(M) and E g Γ( )2

1  modes 
increases because of the close proximity of the two modes. 
The frequency difference of A1g(Γ) and E g Γ( )2

1  modes increases 
with the increasing layer number, which is usually used to 
determine the thickness of WS2.[50] The relative intensity of 
the prominent Raman peaks depends on the number of layers 
as depicted in Figure  5c. The most interesting feature is that 
the intensity ratio of 2LA(M)/A1g(Γ) enhances dramatically for 
double- and single-layer WS2 with 514.5 nm excitation line. The 
intensity ratio of 2LA(M)/A1g(Γ) is larger than 2 for single-layer 
WS2, which provides a fingerprint to determine the monolayer 
WS2.[47]

Besides, the characteristics of Raman spectrum of mon-
olayer WS2 is highly depended on the applied strain.[42] The E g2

1  
mode is very sensitive to the strain, while the A1g mode is inert 

to the in-plane strain. The E g2
1  mode evolves in-plane oppo-

site displacements of W and S atoms, whereas the A1g mode 
corresponds to the vibration of S atoms perpendicular to the 
plane.[51] This way, E g2

1  is sensitive to the in-plane strain but A1g 
does not. With the increase of the stain, E g2

1  would have a red-
shift phenomenon and then split into two sub-modes: E g

+
2
1  and 

E g
−

2
1 . A1g does not show any change under low strain; however, it 

gives a slight redshift at high strain, which is attributed to the 
laser-induced heating.[42]

Apart from strain, the A1g mode of WS2 is also sensitive to 
doping but the E g2

1  mode does not. The A1g mode has a strong 
coupling with electron, which softens and broadens with 
the increase of electron doping (Figure  5d).[52,53] Upon p-type 
doping, the A1g mode shows a blueshift whereas the E g2

1  mode 
remains unchanged (Figure 5e). The blueshift of the A1g mode 
increases with the p-type doping level (Figure 5f). In particular, 
the saturation of the blueshift can be caused by saturated p-type 
doping by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
molecules.[54] All these findings demonstrate the usefulness of 
Raman spectroscopy for the detailed characterization of WS2.

2.6. Tunable Refractive Index by Electrical Field

The refractive index of WS2 can be tuned by electrical field, 
which makes it useful for photonic applications. As shown 

Figure 5. Raman spectra of WS2. a) Raman spectra of monolayer WS2 excited by light with 514.5 and 488 nm wavelengths. b) Peak frequencies as a 
function of number of layers. c) Relative Raman peak intensity under different light excitations. d) Raman spectrum of monolayer WS2 with and without 
n-doping. e) Raman spectrum of monolayer WS2 with and without p-doping. f) Raman peak frequencies as a function of doping step. a–c) Reproduced 
with permission.[47] Copyright 2013, Springer Nature. d) Reproduced with permission.[52] Copyright 2015, American Chemical Society. e,f) Reproduced 
with permission.[54] Copyright 2014, American Chemical Society.
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in Figure 6a, both the real (n) and imaginary (k) parts of the 
refractive index of monolayer WS2 can be manipulated by 
gate voltage.[55] The refractive index near the XA exciton shows 
the substantial tenability such that the n value can be varied 
from 4.8 to 3.97, while the k value can be changed from 1.7 to 
0.7. The variation of the n value at 1.92 eV and the k value at 
1.95 eV as a function of charge density are then presented in 
Figure 6b. Both the real and imaginary parts of the refractive 
index have their corresponding maximum values at the charge 
neutrality point and decrease with the increasing charge den-
sity. The tunability of the refractive index of monolayer WS2 
is attributed to the spectral broadening and the interconver-
sion of the neutral and charged excitons caused by the injected 
charge carriers.[55] Moreover, the refractive index near the 
optical communication band (≈1.55 μm) can also be changed 
by electrical gating.[56] The Δn reaches 0.53 ± 0.06 RIU (refrac-
tive index units) for a maximum doping of (7.2 ± 0.8)  × 
1013 cm−2, whereas the value of Δk is only 0.004 ± 0.002. This 
result indicates that monolayer WS2 has a unique combination 
of strong electro-refractive response and small electro-absorp-
tive response at near-infrared (NIR) wavelengths. In this case, 
the propagating light would undergo a large phase change 
with low loss, which is useful for optical modulators in optical 
communications.[56]

2.7. Strong Light–Matter Interaction

Theoretical calculation indicates that the density of states 
and the joint density of states of TMD materials show strong 
peaks in the visible range associated with Van Hove singulari-
ties in the density of states.[57] These Van Hove singularities 
in the density of states guarantee the enhanced light–matter 
interaction, resulting in the improved photon absorption and 
electron–hole pair creation. Both theoretical and experimental 
results reveal that a single layer of WS2 can absorb more than 
10% of the incident light, suggesting the strong light–matter 
interaction in a monolayer WS2.[58,59] This strong light–matter 
interaction would lead to a very large absorption coefficient of 
≈1.5 × 106 cm−1.[58] All these findings demonstrate the prom-
ising potential of WS2 for applications in various optoelec-
tronic devices.

2.8. Mobility

Theoretically, monolayer WS2 possesses superior electrical 
properties with a high carrier mobility for both electrons and 
holes. The interaction of these carriers with lattice vibration, 
known as phonons, actually dictates the intrinsic transport 
properties of WS2.[60] When considering all phonon branches, 
the room temperature electron and hole mobilities of mon-
olayer WS2 are found to be 320 and 540 cm2 V−1 s−1, respec-
tively. The effective electron and hole masses are determined to 
be 0.31m0 and 0.42m0 (m0 is the mass of a free electron), accord-
ingly.[60] The larger effective mass and mobility of hole desig-
nate that the hole transport experiences less scattering with 
phonons. In addition, WS2 has the highest electron and hole 
mobilities among all MX2 (M = Mo, W; X = S, Se) materials. 
When only long wave acoustic phonons are considered, mon-
olayer WS2 would have a room temperature electron mobility 
of 1103 cm2 V−1 s−1.[22] These calculated results suggest that WS2 
has huge potentials as channel materials for high-performance 
FETs.

3. Synthesis

Until now, various kinds of synthesis methods were developed 
for TMDs.[19,61,62] Because vapor phase synthesis is a versatile 
method to achieve large-area high-quality 2D materials, we only 
focus on the vapor phase synthesis techniques for 2D WS2 in 
this review. For other methods, the readers can find some excel-
lent reviews on TMDs.[63–65] In fact, there are diverse kinds of 
vapor phase synthesis methods that have been developed. They 
can be classified into three main classes according to the pre-
cursor sources employed, including the sulfurization of seed 
films, vapor source methods, and solid-state source method. 
The following discussion will be based on this classification 
after the introduction of basic growth mechanisms.

3.1. Basic Growth Mechanisms

The detailed growth mechanisms of 2D materials utilizing 
chemical vapor deposition (CVD), a major type of vapor 
phase synthesis techniques, are intensively studied in the past 
years.[66–68] Generally, the growth of a material there includes 
nucleation and crystal growth. The growth of 2D WS2 also con-
forms this principle; however, there are still some differences 
for synthesizing 2D layered materials. Because of the passi-
vated in-plane surface, the surface adatoms can easily migrate, 
while the adatoms have large possibility to incorporate into the 
2D lattice at the edges. As a result, lateral growth is usually pre-
ferred. However, it is difficult for 2D layered materials directly 
nucleating on a smooth surface due to the weak interaction of 
the passivated in-plane surface with the substrate. Thus, two 
general growth mechanisms are proposed for the growth of 
2D layered materials. The first one is the direct nucleation at a 
substrate in imperfect sites with the subsequent lateral growth 
(growth model 1 in Figure 7).[69,70] The second one is the forma-
tion of nanoparticles, e.g., WO3 nanoparticles, accompanied by 
the formation of a layered material shell, followed by the lateral 

Figure 6. Tunable refractive index of monolayer WS2. a) Refractive index 
under different gate voltage. b) Refractive index as a function of charge 
carrier density. Reproduced with permission.[55] Copyright 2017, American 
Chemical Society.

Adv. Electron. Mater. 2021, 7, 2000688



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000688 (8 of 36)

www.advelectronicmat.de

growth of 2D material (growth model II in Figure 7).[67] These 
difference growth models usually result in the different mor-
phology of the grown films, particularly that nucleation nano-
particles are observed for the growth model II.[67] Furthermore, 
multilayer growth may get initiated if the metal precursor con-
centration is too high, leading to the multilayer domain near 
the center of single-domain flakes.[71] Typically, the presence 
of nanoparticle or multilayer domain can be reduced with the 
introduction of H2 gas due to the etching effect.[72,73] It should 
also be noted that the growth mechanisms introduced here are 
invalid for sulfurization of seed film methods, which depends 
on the seed film formation.

3.2. Sulfurization of Seed Films

The sulfurization of seed films is a convenient method to 
obtain wafer-scale atomically thin 2D WS2 films, with the 
quality of which depends highly on the quality of the seed film 
and sulfurization process. At present, various methods were 
used for the preparation of the seed films. These methods can 
be divided primarily into two types as: vacuum deposition and 
spin-coating. Among the vacuum deposition methods, they 
can be further divided into thermal/electron-beam evapora-
tion, magnetron sputtering, and atomic layer deposition (ALD). 
The following discussion is arranged based on the seed film 
preparation methods, from vacuum deposition to spin-coating 
methods.

3.2.1. Thermal/Electron-Beam Evaporation

Thermal evaporation method is a simple technique for the dep-
osition of metal oxide films with controlled thickness, which 
can be used to deposit WOx as the seed films for the prepara-
tion of WS2 films.[74–78] For example, Elías et al. synthesized 2D 
WS2 by the sulfurization of thermally evaporated WOx films.[74] 
The basic setup for the sulfurization process is shown in 
Figure 8a. With appropriate sulfurization procedures, large-area 
2D WS2 films can be easily obtained (Figure 8b). The thickness 
of WS2 films is mainly determined by the thickness of starting 
WOx seed films. Monolayer, bilayer, and trilayer WS2 film can 

then be obtained through the sulfurization of a 1, 2, and 2.8 nm 
thick WOx films, respectively. The quality of grown WS2 films 
is also closely related with the WOx seed films. Although this 
method is highly scalable, the quality of obtained WS2 films is 
relatively poor with small domain size and many defects. Fur-
thermore, the uniformity of resulting WS2 films is not good as 
well. At the same time, electron-beam evaporation is often used 
for the deposition of metal films. It has the ability to evaporate 
high melting point metals, such as W, due to the high energy 
of electron beam utilized in the process. In this regard, Mutlu 
et al. tried to synthesize WS2 film by sulfurization of W metal 
films deposited by electron-beam evaporation.[79] However, due 
to the island-like morphology of the W metal seed layer, the 
resulting WS2 film is discontinuous with nonuniform thick-
ness. Further optimization is needed.

3.2.2. Magnetron Sputtering

Magnetron sputtering is widely used in the deposition of var-
ious kinds of films, such as metal films and metal oxide films. 
This way, it has also been commonly used for the preparation 
of seed layers for the synthesis of 2D WS2 films.[80–84] Hussain 
et al. realized the wafer-scale WS2 film preparation through the 
sulfurization of a radio frequency-magnetron sputtered WO3 
film.[81] By tuning the sputtering time to change the film thick-
ness of WO3, the thickness of WS2 films could be well con-
trolled from 1.8 to 5  nm. Nevertheless, the obtained WS2 had 
a nanocrystalline structure and composed of different layers. 
Magnetron sputtered W metal films were as well exploited as 
seed layers for the preparation of WS2 films as demonstrated by 
Orofeo et al.[80] The grown film is polycrystalline with domain 
sizes ranging from 20 to 200 nm as shown in Figure 8c. Later, 
Jung et  al. found that the orientation of obtained WS2 films 
was strongly related to the sputtered W metal film thickness as 
given in Figure  8d.[82] The layer orientation of WS2 is vertical 
to the substrate for thick W seed films (15 nm), while it is par-
allel to the substrate for very thin W seed films (2 nm), and the 
mixed orientation of WS2 film is found for intermediate thick 
W seed films (5 nm). These orientation changes of WS2 films 
upon the thickness of W metal films can be understood via the 
competition between surface energy and strain energy. In spe-
cific, there is a significant volume expansion for the conversion 
of W seed to WS2 film due to the insertion of S atoms. When 
the seed layer is very thin and discontinuous, the growth of 2D 
horizontal film is energetically favorable. The reason is that the 
basal planes with low surface energy are exposed for the hori-
zontal grown film, while the high surface energy edge sites are 
exposed for the vertical grown film. Notably, the surface energy 
of the edge sites is almost two orders of magnitude higher than 
that of the basal plane.[85] Furthermore, the horizontal volume 
expansion can be accommodated because the seed layer is 
discontinuous (Figure  8e). For thick continuous W films, the 
horizontal volume expansion cannot be accommodated upon 
sulfurization due to the anchor of the film by the substrate. 
Thus, significant amount of strain is induced in the film, 
which is not energetically favorable. For films with the vertically 
aligned orientation, the volume expansion can be accomplished 
in the vertical direction freely without any strain even though 

Figure 7. General growth model for 2D WS2.
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the surface energy is increased due to the exposure of the edge 
sites. For W films with intermediate thickness, both vertical 
and horizontal growth can occur in order to minimize the total 
energy of the material system (Figure 8f).

3.2.3. ALD

As compared with thermal/electron-beam evaporation and 
magnetron sputtering, ALD gives more precise control on the 
WO3 seed film thickness due to its self-limited growth mech-
anism. As a result, the thickness and uniformity of resulting 
WS2 films can be well controlled.[86,87] Song et  al. used ALD 
to deposit WO3 films and subsequently sulfurization was per-
formed to convert it into WS2 films (Figure  8g).[86] Utilizing 
this method, they could get large-area uniform WS2 films with 
thickness from monolayer to four layers (Figure  8h). Due to 
the high quality of seed layers the resulting WS2 films also 
exhibit good quality although it still had small crystal domains. 

The fabricated top-gated FETs based on these monolayer WS2 
showed an electron mobility of 3.2 cm2 V−1 s−1, which is already 
much higher than the value previously reported for the CVD 
grown WS2 transistor (≈0.01 cm2 V−1 s−1),[88] indicating the 
decent material quality of WS2 here.

3.2.4. Spin Coating

Spin-coating method is widely used for the deposition of thin 
films. For the preparation of seed layers, dissoluble W-con-
taining salts are employed. Currently, there are various kinds of 
W-containing materials suitable for the preparation of precursor 
solutions, such as (NH4)2WS4,[89,90] H2WO4,[91] Na2WO4,[92–95] 
and (NH4)6H2W12O40.[96] Due to the differences of wettability of 
the substrate with different precursors, the seed layer prepara-
tion procedure is somewhat different among various process 
schemes. Kwon et al. found that ethylene glycol is a good coor-
dinated solvent for (NH4)2WS4 to obtain uniform precursor seed 

Figure 8. Sulfurization of seed films. a) Schematic of the setup for sulfurization of WOx films. b) Transmission electron microscopy (TEM), schematic, 
and photograph of the resulting WS2 films. c) Dark TEM image with faked color showing different domains. Inset shows the selected area electron 
diffraction from the labeled areas. d) TEM images of the WS2 grown with different W metal seed film thicknesses. The seed thicknesses of the W metal 
film from left to right are 15, 5, and 2 nm. e,f) Schematics to show the vertical-to-horizontal growth transition initiated with the thin metal seed and 
thick metal seed layers, respectively. g) Schematic for the sulfurization of ALD-deposited WO3 films. h) Photograph of the WS2 films with different 
thicknesses. a,b) Reproduced with permission.[74] Copyright 2013, American Chemical Society. c) Reproduced with permission.[80] Copyright 2014, 
AIP Publishing. d–f) Reproduced with permission.[82] Copyright 2014, American Chemical Society. g) Reproduced with permission.[86] Copyright 2013, 
American Chemical Society.
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films.[89] The SiO2/Si substrate is first cleaned with a piranha 
solution, acetone, isopropyl alcohol, and deionized water for 
10 min in a regular sequence. After that, the substrate is treated 
with O2 plasma and UV-O3 for 15 min. The precursor solution 
is then spin coated onto the substrate. After the formation of a 
uniform seed layer, two-step thermolysis process is performed 
(Figure  9a). The thermolysis at 500  °C under N2 atmosphere 
can convert the spin-coated (NH4)2WS4 seed films into WSx thin 
layers. The complete conversion of WSx into WS2 would occur at 
950 °C with sulfur gas and H2. Through this method, large-area 
WS2 film can be obtained. The obtained film has polycrystalline 
structure with nonuniform thickness distribution as shown in 
Figure 9b. Abbas et al. further optimized the three parameters 
and created uniform large-area atomically thin WS2 layers by 
a two-step thermal decomposition of (NH4)2WS4 spun-coated 
films. In any case, the electron mobility of obtained WS2 film 
is still very low of 10−4 to 10−2 cm2 V−1 s−1.[90] Using the H2WO4 
precursor, Chen et  al. found that the functionalization of the 
substrate is very important for obtaining uniform WO3 films 
by spin-coating method, which significantly affect the quality 
of resulting WS2 films.[91] The synthesis procedure is depicted 
in Figure 9c. The silanization of SiO2/Si substrates is realized 
by decorating a layer of 3-aminopropyltriethoxysilane (APS) on 

the substrates. APS functional groups can act as a buffer layer 
for the H2WO4 precursor, resulting in the formation of uniform 
WO3 seed films. As a result, uniform monolayer WS2 films can 
be synthesized by the sulfurization of these uniform WO3 seed 
films. Furthermore, the obtained monolayer WS2 film has large 
single crystalline domains, approximately tens or even hun-
dreds of micrometers in diameter, indicating the high quality 
of the obtained film. It is worth to mention that the oxidation 
state of W ions in solution-processed films is very important 
for realizing continuous WS2 films as demonstrated by Choi 
et  al.[92] N2H4 is required to be added into the NaWO4 solu-
tion to manipulate the oxidation state of W ions as schemati-
cally shown in Figure 9d. With the increase of the amount of 
N2H4, the film morphology would change from discontinuous 
to continuous manner as illustrated in Figure 9e. It is proposed 
that the pre-reduced tungsten suboxides by N2H4 can directly 
participate in the growth of WS2, ensuring to achieve a full 
coverage of WS2 film on the substrate (Figure 9f). In contrast, 
using H2 as reducing reagent during the conversion of Na2WO4 
films cannot result in continuous films because of the etching 
effect of H2 to WS2. The domain size of WS2 films obtained by 
the use of tungsten suboxide seed film is about 200 μm. But the 
film is not uniform, with multilayer WS2 flakes grown at the 

Figure 9. Solution processed seed films. a) Schematic for the preparation of WS2 films with (NH4)2WS4 precursor solution. b) TEM image and 
selected area electron diffraction of the resulting WS2 films. c) Schematic for the synthesis of WS2 films with APS processed substrate. d) Schematic 
for the conversion of tungsten suboxide films into continuous WS2 films. e) Morphology evolution of the WS2 film with different amount of N2H4. 
f) Schematic illustration for the growth of WS2 films with pre-reduced tungsten suboxide films. a,b) Reproduced with permission.[89] Copyright 2015, 
American Chemical Society. c) Reproduced with permission.[91] Copyright 2017, John Wiley and Sons. d–f) Reproduced with permission.[92] Copyright 
2017, American Chemical Society.
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boundaries of the underlying single-layer WS2 film (Figure 9e). 
The substrate used for the preparation of seed layers is as well 
important for the quality of WS2 films. Lee et  al. showed that 
single-crystal WS2 can be epitaxially grown on BN films by spin 
coating NaWO4 on the single-crystal BN film with subsequent 
sulfurization.[97]

3.2.5. Doping

Sulfurization of seed films is a powerful way to substitute 
doping in WS2 because it only needs the addition of dopants 
in the seed film. For example, Cao et al. realized p-type doping 
by the sulfurization of WOxNy film deposited by ALD method 
(Figure  10a).[98] Accordingly, they could obtain 2 inches (”) 
wafer-scale N-doped WS2 film due to the scalability of ALD 
method (Figure 10b). The N-doped few-layer WS2 film delivered 
an average hole mobility of 5.5 cm2 V−1 s−1, when using Pt as 
device electrodes. Actually, solution precursors can be mixed 
well at the atomic level, leading to the homogenous and con-
trollable doping in resulting WS2 films. In this way, solution-
prepared seed films can be used in the synthesis of doped WS2 
films with precisely controlled doping level.[95,96] Zhang et  al. 
adopted this method for the synthesis of Fe-doped WS2 flakes 
and other doped TMDs (Figure  10c).[96] The Fe dopant atoms 
showed a uniform distribution in the WS2 host lattice, while 
the doping level could be well controlled (Figure  10d). Unfor-
tunately, continuous films have not been realized using this 
method, where further optimization is needed.

3.3. Vapor Source Method

Vapor source methods do not imply that all precursor sources 
are existed in the vapor phase for the synthesis of WS2 films. 
In fact, these methods utilize solid and liquid sources, but they 
are not placed in the chamber directly. They are first converted 
into gas phase and then introduced into the reaction chamber. 
Depending on the source materials used here, the vapor source 
methods can be classified into metal–organic CVD (MOCVD) 
and conventional vapor source CVD. For example, MOCVD 
consumes metal–organic materials as the precursor sources, 
which can be easily evaporated at low temperatures but most of 
them are toxic. In addition, vapor source methods can also be 
categorized into ALD and CVD based on their different growth 
mechanisms. In this case, this section would be divided into 
three sub-sections, focusing on MOCVD, ALD, and conven-
tional vapor source CVD for the growth of WS2 films.

3.3.1. MOCVD

Actually, MOCVD is widely considered as a scalable fabrica-
tion method for the wafer-scale synthesis of numerous thin 
films. Kang et  al. adopted this method for the synthesis of 
atomically thin 2D materials for the first time.[99] With opti-
mized conditions, monolayer WS2 films up to 4” in size can 
be obtained. During the growth, precursor sources of W(CO)6, 
(C2H5)2S (also known as DES) and H2 are employed, where 
they are all diluted in the carrier gas of Ar. The concentration 

Figure 10. Doping in the seed film. a) Schematic for the synthesis of N-doped WS2 using ALD-synthesized WOxNy as the seed film. b) Photograph of 
the 2” large N-doped WS2 film. c) Schematic for the synthesis of doped WS2 by using solution-processed seed films. d) Scanning transmission electron 
microscope images of the Fe-doped WS2 with different doping concentrations. a,b) Reproduced with permission.[98] Copyright 2017, American Chemical 
Society. c,d) Reproduced with permission.[96] Copyright 2020, American Chemical Society.
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of each reactant can be precisely controlled by regulating the 
partial pressure of each reactant. As a result, the nucleation 
density and intergrain stitching are well controlled. With a 
low partial pressure of the W precursor, the WS2 film tends 
to grow in a layer-by-layer mode. In specific, seed nucleation 
is first occurred on the substrate, followed by the subsequent 
growth around the seed edges for the formation of monolayer 
film. After that, seed nucleation is concentrated to take place 
at the grain boundaries for the consequent bilayer growth. 
This way, the edge attachment is the main driving mecha-
nism for the monolayer growth after nucleation, leading to 
the lateral extension of the monolayer grains. Hence, the adja-
cent monolayer grains are always connected by the tilt grain 
boundaries. This layer-by-layer growth mode would be easily 
destroyed when the high W precursor partial pressure is uti-
lized, resulting in a mixture of monolayer, multilayer, and no-
growth regions. It is therefore important to maintain a low 
W precursor partial pressure during the entire growth process 
in order to obtain a uniform monolayer WS2 film. Moreover, 
the grain structures of WS2 films, such as the grain size and 
intergrain connection, are found highly depended on the pre-
cursor concentration of H2 and DES, as well as the amount of 
residual H2O in the reaction chamber. H2 is observed to have 
two functions for the synthesis here. In particular, H2 can 
easily induce decomposition of DES, which in turn increases 
the seed nucleation due to hydrogenolysis. Also, H2 can per-
form etching of the WS2 film, preventing the intergrain con-
nection. On the other hand, the increase of DES and residual 
H2O concentration enhances the seed nucleation density with 
the decreased grain size. In this regard, it is necessary to have 
the optimal concentration of precursors to achieve continuous 
monolayer WS2 with large grains and high-quality intergrain 
stitching. Once the synthesis is relatively optimized, the as-
grown WS2 film can exhibit an average electron mobility of 
5 cm2 V−1 s−1, when they are fabricated into transistors. At 
present, although MOCVD can produce the wafer-scale mon-
olayer films, it still has a very low growth rate, requiring 26 h 
for the full coverage of a 4 in. wafer. Furthermore, the grain 
size is small (about 1  μm) with random orientation. Due to 
the similar lattice symmetry of sapphire with WS2, Grund-
mann et al. found that epitaxy coalesced WS2 layers could be 
obtained by tuning the growth parameters.[100] In any case, 
the conventional hot-wall chamber for MOCVD is highly 
energy consumption. The possible decomposition of precur-
sors before reaching the substrate would make the growth 
process extremely complicated. In order to solve these prob-
lems, Choudhury et  al. employed a cold-wall CVD chamber 
for the synthesis of WS2 films as shown in Figure 11a.[101] In 
contrast to the hot-wall MOCVD, DES is not suitable to be 
used as the S source in a cold-wall MOCVD system because 
it would lead the formation of graphitic carbon, which can 
compete with the growth of WS2, inhibiting the lateral exten-
sion of WS2. Accordingly, the grain size of WS2 is only about 
50  nm (Figure  11b). More importantly, the contamination of 
WS2 films by carbon species would lead to the quenching of 
the measured PL spectrum (Figure  11d). H2S is found to be 
a good S precursor in the cold-wall MOCVD system. Using 
H2S, the fabricated WS2 films have a relatively large grain size 
(≈200  nm, Figure  11c) without any contamination associated 

with carbon species. The obtained WS2 also exhibits a strong 
PL emission (Figure  11d). Even though the required growth 
time for a continuous WS2 film is much reduced down to 
only ≈30 min as compared with that of the hot-wall MOCVD 
system, the film uniformity is still poor.

3.3.2. ALD

ALD has as well been adopted to synthesize atomically thin WS2 
films. There is a distinctive difference between ALD and CVD 
that ALD process relies on the alternative supply of precursors 
one at a time onto the substrate, which leads to a layer-by-layer 
growth mode of thin films.[102] This unique ALD growth mech-
anism would ensure excellent growth control of conformal 
WS2 films at the atomic level and at low temperatures on large-
area substrates, even with features of 3D structures consisting 
of high aspect ratio.[103] Furthermore, the process temperature 
of most of the ALD synthesis is compatible with back-end-
of-line (BEOL) techniques (≤ 450  °C), making ALD attractive 
for many advanced applications.[104] Usually, WF6 and H2S are 
used as the W and S sources, respectively, for the ALD syn-
thesis of WS2 films.[103–106] Because W in WF6 has an oxidation 
state of +6, it needs to be reduced to +4 for the formation of 
WS2. H2 plasma is hence employed as a good reducing agent 
to synthesize WS2.[103–106] In principle, the synthesis of WS2 
films by ALD is based on a ternary reaction cycle as given in 

Figure 11. MOCVD synthesis of WS2. a) Schematic of the cold-wall 
MOCVD system. b,c) AFM image of the WS2 film grown with the precur-
sors of DES and H2S, respectively. d) PL spectra of the WS2 films grown 
with the precursors of H2S and DES. Reproduced with permission.[101] 
Copyright 2018, American Chemical Society.
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Figure 12a: WF6 reaction, H2 plasma exposure, and H2S reac-
tion.[104,105] Detailed investigation reveals that there are actually 
four mechanistic processes for the nucleation of WS2 films by 
ALD (Figure 12b).[104] They are: 1) precursor adsorption on both 
the starting surface and WS2 crystals; 2) adatom diffusion and 
surface reactions; 3) incorporation into existing WS2 crystals; 
and 4) crystal ripening by migration of either adatoms or crys-
tals, followed by coalescence. Notably, the use of H2 plasma 
is essential, which is important for the formation of metallic 
W species or lower oxidation state of W. No WS2 can be syn-
thesized without the use of H2 plasma.[104,105] In addition, the 
growth mode is different on different substrates due to their 
different surface reactivity. For example, the growth mode of 
WS2 films on Al2O3 is layer by layer, while it shows an island-
like growth mode on SiO2.[104] The grain size of obtained WS2 
films is also sensitive to the substrate type, pressure, tempera-
ture, etc., employed for the ALD synthesis (Figure  12c). With 
the optimal synthesis parameters, the grain size of WS2 can 
be as large as 200  nm.[104] Apart from providing the required 
W precursor species, the H2 plasma-assisted ALD is also 
advantageous to achieve the conformal deposition of WS2 on 
3D structures. To be specific, WS2 films can be conformally 
deposited onto narrow fins as shown in Figure 12d. The (0002) 
basal planes of WS2 can grow along the curvature of the SiO2 
fins at both the bottom and top of the trench. The conformal 
deposition of WS2 with basal planes parallel to the fin sur-
face would make it ideal for the utilization in fin-FETs. Except 
using H2 plasma as a reducing agent, Heyne et  al. developed 
an amorphous Si sacrifice layer as a reducing agent in the 
ALD system.[107] Although ALD is powerful in the synthesis 
of atomically thin 2D WS2 films, the fabricated films are poly-
crystalline and nonuniform in thickness with small grain size, 
significantly deteriorating their electronic and optoelectronic 
properties.

3.3.3. Conventional Gas Phase CVD

For conventional gas phase CVD, the precursors are introduced 
into the reaction chamber in the gas form with continuous 
feeding. For the synthesis of 2D WS2 films, Park et al. exploited 
WCl6 and H2S as the W and S sources, respectively.[108] WCl6 gas 
is generated in a bubbler-containing WCl6 and then transferred 
into reaction chamber by Ar carrier gas. The reaction is per-
formed at 700 °C. Because of the high reaction temperature, no 
reducing agent is needed. The growth of WS2 is found to obey 
the layer-by-layer growth mode as presented in the morpholog-
ical evolution with increasing growth duration (Figure 13a–d). 
In explicit, the nucleation of WS2 is first occurred, followed 
by the growth of the first layer. Subsequently, the second layer 
growth begins after the first layer is almost completely achieved. 
In this manner, the WS2 film with different number of layers 
can be obtained by varying the deposition time (Figure 13e–g). 
Since gas phase precursors are employed here, this method can 
be used for large-area synthesis as shown in Figure 13h. How-
ever, the grain size is still relatively small of only ≈100 nm. It 
was reported that alkali metal halides had the ability to sup-
press the nucleation and hence enlarge the domain size of 2D 
TMDs.[109] Remarkably, Okada et al. introduced NaCl during the 
CVD synthesis of WS2 using gaseous precursors of WF6 and 
H2S.[110] The size of obtained triangle-shaped WS2 crystals was 
about 10 μm after the introduction of NaCl. Although large WS2 
crystals were obtained, no continuous film was realized. Iri-
sawa et al. synthesized WS2 films by gas phase CVD using WF6 
and H2S as the sources in both hot-wall and cold-wall reaction 
chamber.[111] Wafer-scale WS2 films in the size of 2” could be 
synthesized in both cases. Furthermore, the process tempera-
ture in the cold-wall system can be set as low as 250 °C, which 
widens the applications of 2D WS2, such as the utilization in 
flexible electronics and BEOL transistors. Very recently, Tang 

Figure 12. ALD synthesis of WS2 films. a) Schematic of the ternary ALD reaction cycle required for the formation of WS2. b) Schematic of the nuclea-
tion mechanism for the growth of WS2. c) Evolution of the crystal density and grain size of WS2. d) TEM image of WS2 deposited on Si fins by ALD. 
Reproduced with permission.[104] Copyright 2018, American Chemical Society.
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et  al. designed a vertical furnace for the synthesis of single-
layer WS2 flakes as schematically depicted in Figure 13i.[112] Uti-
lizing this setup, homogenous WS2 single-layer flakes can be 
obtained (Figure 13j). As compared with the conventional hori-
zontal furnace, the vertical configuration with gas flow from top 
to bottom can redistribute the temperature and gas field more 
effectively to eliminate any position dependence in the growth 
chamber, resulting in the more uniform deposition of WS2 
films.

3.4. CVD using Solid-State Sources

In this method, solid-state materials, such as powders and 
pallets, are used as the source materials or in combination 
with other gas phase or liquid phase precursors. Due to the 
diverse solid-state sources, especially for W, there would be a 
wide range of precursor materials and process parameters, 
possibly tuned to create large-area single-crystal 2D WS2 film; 
therefore, this method has been one of the most intensively 

studied techniques. As anticipated, there are many parameters 
that can affect the growth of WS2 here. In order to have a good 
understanding of this method, the following discussion will be 
arranged into several sub-sections: setup configurations, nucle-
ation seed promoters, growth substrate, function of sulfur, 
function of hydrogen, and doping.

3.4.1. Setup Configurations

The basic experimental configurations for the CVD synthesis of 
WS2 using solid-state sources can be classified into four types 
as shown in Figure  14a. Among all, both low pressure CVD 
(LPCVD) and ambient pressure CVD (APCVD) are commonly 
employed for these WS2 growth. Type-I and type-II schemes 
are widely explored in literature owing to their setup simplicity. 
Type-I configuration is beneficial for the wafer-scale synthesis 
of 2D materials, as the substrate size is only limited by the 
diameter of the tube furnace. In fact, wafer-scale uniform 
monolayer WS2 films (Figure  14b) have been realized by Lan 

Figure 13. Conventional gas phase CVD synthesis of WS2. a–d) Morphological evolution of the WS2 film with growth time. e–g) Film thickness evolu-
tion with growth time. h) Photograph of the WS2 films with different thicknesses. i) Schematic of the vertical furnace setup. j) Nucleation density and 
surface coverage of WS2 as a function of position. a–h) Reproduced with permission.[108] Copyright 2015, Royal Society of Chemistry. i,j) Reproduced 
with permission.[112] Copyright 2020, American Chemical Society.
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et al. utilizing the type-I scheme.[49] A schematic of their experi-
mental setup is shown in Figure 14c. In order to independently 
tune the evaporation temperatures of S and WO3 sources as 
well as the deposition temperature, the multi-zone tube fur-
nace was used. LPCVD and high evaporation temperature 
(above 900  °C) are then employed to maintain a high partial 
pressure of WOx for the growth of WS2. For type-II configu-
ration, it is not suitable for the scalable synthesis because the 
substrate size is restricted by the crucible placed below the sub-
strate. The advantage of this configuration is that the W source 
is very close to the substrate such that the high partial pressure 
of W-containing precursor can be achieved even using APCVD 
and relatively low evaporation temperature (≈800  °C).[88,113] 
For type-III configuration, since the melting point of the pre-
cursor of WO3 is very high, the WO3 powder has to be placed 
in the sealed-end of the quartz tube to sustain a higher partial 
pressure of WOx vapor during the growth.[48,114] Furthermore, 
when the WO3 powder is put right next to the growth substrate 
(Figure 14d), very large single-crystal monolayer WS2 films can 
be obtained as demonstrated by Cong et al. (Figure 14e).[48] The 
disadvantage of type-I to type-III configurations is that the W 
precursors easily get sulfurized into WS2 during the growth, 
also known as precursor poisoning, which would subsequently 

block the continuous feeding of W-containing vapor to the 
substrate. As a result, type-IV scheme is proposed, where the 
W precursor and S precursor are independently introduced 
into the chamber without any mixing before reaching the 
substrate.[115–118]

3.4.2. Nucleation Seed Promoters

The direct nucleation of 2D WS2 on smooth substrate is diffi-
cult because of the weak van der Waals interaction between the 
2D WS2 and the substrate. In order to promote the nucleation 
of WS2 on the growth substrate, various kinds of seed materials 
are adopted, such as aromatic materials, WO3, and Au nanopar-
ticles. Perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt 
(PTAS) is a kind of aromatic materials that is widely used as 
a seed promoter for the growth of TMDs.[71,88,119–121] PTAS can 
offer a heterogenous nucleation site for the formation of TMD 
nuclei and hence increases the surface adhesive force of TMD 
molecules, which lead to the nucleation and lateral growth of 
TMDs.[120] Lee et al. illustrated the successful synthesis of high-
quality monolayer WS2 flakes by using the PTAS seed promoter 
as given in Figure 15a.[88] Moreover, WO3 nanoparticles are also 

Figure 14. Setup configurations. a) Schematic illustration of four different experimental setup configurations for the CVD synthesis of WS2 using 
solid-state sources. b) Photograph of the obtained wafer-scale monolayer WS2 film. c) Schematic of the multi-zone furnace for the synthesis 
of WS2. d) Schematic of the setup for the synthesis of large-area single-crystal WS2. e) Optical microscope image of the obtained single-crystal 
WS2 flakes. b,c) Reproduced with permission.[49] Copyright 2018, Springer Nature. d,e) Reproduced with permission.[48] Copyright 2014, John Wiley 
and Sons.
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an effective seed promoter as demonstrated by Lan et al.[122] By 
dip-coating a layer of WO3 nanoparticles, large-area monolayer 
WS2 film could be synthesized as displayed in Figure  15b. 
Likewise, carbon nanoparticles would not only act as a seed pro-
moter but also serve as a reducing agent. In this case, the local 
WOx concentration got enhanced, leading to the formation of 
bilayer nuclei and consequent growth of bilayer WS2 as revealed 
by Liang et al.[123] At the same time, Au nanoparticles could as 
well be used as seed promoters.[124] Importantly, Au nanopar-
ticle arrays could be easily realized through photolithography. 
These Au arrays were utilized as seed promoters for the growth 
of high-quality WS2 patterns as witnessed in Figure 15c,d.

3.4.3. Growth Substrates

The substrate used for the growth can strongly affect the quality 
of obtained 2D WS2 films. Till now, various kinds of substrates 
have been employed for the synthesis of WS2, such as SiO2/Si, 
sapphire, BN, graphene, and Au foils. The most widely used 
substrate is SiO2/Si; however, WS2 flakes grown on SiO2/Si have 
random orientations.[48,88] On the other hand, sapphire, BN, and 
graphene have the hexagonal symmetry, similar to WS2, which 
can enable the epitaxial growth of WS2 on these substrates. 
Unfortunately, it is found difficult to realize the epitaxial growth 
of WS2 on sapphire[122,125,126] because there is a weak interaction 
between WS2 and sapphire as compared with the successful case 
of growing MoS2 on sapphire.[127] As depicted in Figure  16a–c, 
high-quality epitaxial WS2 flakes have been achieved on 
graphite,[128] graphene,[129–132] and BN substrates.[133] When using 
Au foils as growth substrates, very large single-layer WS2 flakes 
can be obtained (Figure 16d).[70,134] The reason for the growth of 
large single-crystal monolayer WS2 flakes is that Au can lower 
the barrier energies for sulfurization of WO3 through the forma-
tion of sulfur atoms.[70] As a result, a very low concentration of 
WO3 and S can lead to the formation of WS2. Furthermore, the 
solubility of W in Au is very low that constrains the segregation 
and precipitation of W at the surface of Au foils, leading to the 
formation of single-layer WS2. After the Au foil surface is fully 
covered by WS2, no additional layers can be formed on WS2 sur-
face owing to the loss of catalytic activity of Au by the passivation 
of WS2. This way, the growth of monolayer WS2 on Au foil is a 
self-limiting process. In addition, the use of Au foil substrates 
would allow the roll-to-roll transfer of fabricated single-layer WS2 
onto flexible substrates as shown in Figure 16e,[70] which is ben-
eficial for applications in flexible electronics and optoelectronics.

3.4.4. Halide Salts

The initial study of adding salts to the powder precursor for 
the synthesis of TMDs is carried out by Li et al.[135] Later, Zhou 

Figure 16. Growth substrates. a) WS2 grown on graphite. b) WS2 grown on graphene. c) WS2 grown on BN. d) WS2 grown on Au foils. e) Roll-to-roll 
transfer of WS2 from Au foils to flexible substrates. a) Reproduced with permission.[128] Copyright 2015, American Chemical Society. b) Reproduced 
with permission.[129] Copyright 2015, Royal Society of Chemistry. c) Reproduced with permission.[133] Copyright 2014, American Chemical Society. 
d,e) Reproduced with permission.[70] Copyright 2015, Springer Nature.

Figure 15. Nucleation seed promoters. a) Single-layer WS2 prepared 
with the PTAS seed promoter. b) Monolayer WS2 prepared with the WO3 
nanoparticle seed promoter. c) Au nanoparticle arrays and d) WS2 flake 
arrays with the Au particle arrayed seed promoter. a) Reproduced with 
permission.[88] Copyright 2013, American Chemical Society. b) Repro-
duced with permission.[122] Copyright 2015, Royal Society of Chemistry. 
c,d) Reproduced with permission.[124] Copyright 2019, Royal Society of 
Chemistry.
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et  al. extended the method to the synthesis of a huge variety 
of TMD materials.[136] Adding salts can actually reduce the 
melting temperature of metal precursors, or form metal oxy-
chlorides, facilitating the growth of 2D TMDs.[136] For WS2, the 
formation of volatile WO2Cl2 and WOCl4 species is believed 
to be the reason for the reduced synthesis temperature.[135,137] 
Except lowering the growth temperature, the crystal size is 
enlarged as compared with that without using salts,[137] attribut-
able to the increased concentration of gaseous metal species. 
Recently, it was found that adding Na can enhance the kinetics 
for the chemical formation of monolayer MoS2, which can be 
ascribed to the reduction of energy barrier for MoS2 growth.[138] 
Considering the similarity between WS2 and MoS2, it may also 
reduce the growth barrier of growing WS2 by incorporating 
Na. In the same way, fluorine is observed to have the ability 
reducing the energy barrier for WS2 growth, leading to the for-
mation of large single-crystal WS2 flakes.[139] In this regard, the 
elements in the salts, such as Na and Cl, are witnessed to lower 
the energy barrier for the synthesis of WS2, with further inves-
tigations needed.

3.4.5. The Function of Sulfur

For the growth of WS2 with WO3 and S powders, the introduc-
tion time and amount of S vapor are very important for control-
ling the morphology of final products. Rong et  al. found that 
very large single-layer WS2 triangular domains (up to 370 μm) 
could be grown with the suitable S introduction time.[140] Yue 
et  al. achieved high-quality synthesis of large single-crystal 
monolayer WS2 (≈233  μm) by both tuning the introduction 
of S and the distance between the sources and substrates.[141] 
Later, Zafar et  al. carried out systematic investigation on the 
role of introduction time of S and vapor ratio between S and 
W precursors.[142] A conventional CVD using powder sources 
is employed in their work (Figure  17a). The feeding rate of S 
can be controlled by tuning its introduction time (Figure 17b). 
With low feeding rate of S, monolayer WS2 can be synthesized, 
while multilayer WS2 flakes are formed under high feeding rate 
of S as demonstrated in Figure  17b. In explicit, the S source 
would lead to the formation of WO3−x that is volatile and fur-
ther sulfurized into WOxS2−y on the substrate surface. When a 
low concentration of WOxS2−y species is provided to the growth 
of monolayer WS2, only atomic scale WS2 monolayer clusters 
are yielded on the substrate. While a higher concentration of 
WOxS2−y is delivered, multilayer WS2 growth is resulted. Fur-
thermore, the shape of WS2 flakes can be controlled by tuning 
the amount of S used (Figure 17c), which is realized by changing 
the amount of S powder relative to that of W precursor. Triangle 
WS2 flakes are obtained in the S-rich environment, whereas 
hexagonal WS2 flakes are grown in the S-deficient environ-
ment. The geometrical shape of WS2 flakes is found to be asso-
ciated with their different atomic edge arrangements. Usually, 
the WS2 flakes adopt a hexagonal shape with alternative S- and 
W- terminated edges. With the increase of S loading, the proba-
bility of S atoms meeting and bonding with W-edges increases, 
leading to the faster growth of W-terminated edges. As a result, 
the W-terminated edges become shorter and shorter, producing 
triangle WS2 flakes. Also, the size of WS2 flakes increases with 

the S exposure time (Figure  17d), which corresponds to the 
growth duration.

3.4.6. The Function of Hydrogen

Except the etching effect of H2 on WS2 flakes,[99] the use of H2 
can as well manipulate the shape of WS2 flakes during the syn-
thesis as illustrated Zhang et al.[125] Without the introduction of 
H2 flow, the WS2 flakes show the asymmetrical triangular shape 
with jagged edges under pure Ar carrier gas flow as shown in 
Figure 18a. Since (0001) sapphire with hexagonal symmetry is 
used as the substrate, the obtained shape of WS2 flake should 
not be caused by the lattice anisotropy of Al2O3 (0001), but prob-
ably be mediated by a dynamic process. With the introduction 
of H2 gas flow, nearly equilateral triangular and intersecting tri-
angular shaped single-layer WS2 with straight edges is grown 
(Figure  18b). In particular, H2 chemically reduces WO3 into 
volatile WO3−x, making a WO3−x rich environment for the WS2 
growth. Thus, the growth of WS2 with H2 flow is considered to 
be mediated by a kinetic effect, resulting in the thermodynami-
cally stable geometry of a regular triangular shape.

As the (0001) sapphire has the same hexagonal symmetry 
with the WS2 basal plane, it is possible to realize epitaxy growth 
of WS2 flakes on (0001) sapphires. However, the interaction 
between WS2 and sapphire is too weak to achieve the epitaxy 
growth.[127] Ji et al. revealed that high concentrations of H2 gas 
(>40%) during the CVD growth could assist the alignment of 
triangular WS2 grains along the c-plane sapphire substrate.[127] 
The shape evolution of WS2 flakes as a function of H2 concen-
tration is compiled in Figure  18c. Without the introduction of 
H2, the WS2 flakes have a random orientation. Relatively high 
H2 concentrations (>40%) can improve the WS2 alignment. 
Furthermore, the introduction of H2 can reduce the formation 
of multilayer WS2 at the center of each domains due to the 
etching effect of H2. In contrast, WS2 flakes grown with pure 
Ar gas flow show the presence of WO3 and/or WOxSy species 
as compared with the pure WS2 flakes formed with the intro-
duction of H2 gas flow. H2 can etch the unstable defects during 
the synthesis, leading to the formation of pure phase WS2. The 
Al-rich sapphire surface in H2-assisted synthesis is the reason 
for the well-aligned WS2 flakes. DFT calculations further indi-
cate that the WS2-sapphire distance for the Al- and O-termi-
nated surface is 0.15 and 0.29 nm, respectively, suggesting the 
enhanced interaction between WS2 and Al-terminated sapphire 
surface for the above phenomenon observed.

3.4.7. Doping

In CVD, substitutional doping can be realized by adding doping 
precursors in the source materials. Usually, WS2 exhibits the 
n-type conducting behavior due to defects formed during syn-
thesis, such as S vacancies. For practical applications, p-doped 
WS2 is also needed. Among many possible dopants, Nb doping 
is widely studies for the p-type doping in WS2. Gao et  al. uti-
lized the NbCl5 precursor for the growth of Nb-doped mon-
olayer WS2.[143] Due to the low melting point of NbCl5, it is 
placed near the S powder (Figure  19a). As a result, Nb-doped 
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WS2 flakes are grown (Figure 19b). The doping concentration is 
estimated to be about 6.7%. However, this doping scheme had 
a poor control on the doping concentration. In order to have a 
better control on the doping concentration, Jin et al. used WO3, 
NaCl, and NbCl5 mixture as the metal precursors as presented 
in Figure 19c.[144] Except lowering the growth temperature, NaCl 
can also act as a chemical trap of NbCl5, preventing the pre-
mature volatilization of NbCl5 before reaching the growth tem-
perature. In addition, self-reduction reaction of Nb5+ to Nb4+ 
can occur in the presence of NaCl, which leads to the formation 
of SNbS bond at low temperatures due to the small Gibbs 
free energy.[145] In this way, large Nb-doped WS2 flakes can be 
grown with well-controlled doping concentration. Alternatively, 
Feng et al. adopted a three-zone tube furnace and utilized NbO2 
as the doping precursor as illustrated in Figure  19d.[146] The 

doping concentration of Nb in WS2 can be varied from 0% to 
15% by tuning the amount of NbO2 and WO2 powders. Unlike 
the triangular or hexagonal shape of usually observed WS2 
flakes, the as-grown WS2 flakes show the rhomboidal shape 
(Figure  19e). This rhomboidal shape is considered to be origi-
nated from its special growth mechanism, where WO2 is first 
nucleated on the substrates with a rhomboidal shape and the 
shape is maintained during the Nb0.15W0.85S2 growth. WS2 can 
also form alloy with other TMDs by CVD method, which shows 
promising applications in electronics and optoelectronics.[147,148] 
Although much progresses have been made, CVD method 
using solid-state sources still cannot achieve an excellent con-
trol in the doping concentration down to atomic level for WS2 
as compared with other doping schemes in high-performance 
electronics.

Figure 17. The function of S. a) Schematic illustration of the setup. b) Schematic demonstration of the vapor concentration with different introduction 
time of S and different growth modes under different feeding rate of S. c) Shape evolution as a function of S content. d) Size evolution as a function 
of S exposure time. Reproduced with permission.[142] Copyright 2019, John Wiley and Sons.
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The advantages and disadvantages of these vapor-phase 
methods for the large-area 2D WS2 synthesis are compiled in 
Table 2. The development of large single domain size and large 
area WS2 film are shown in Figure 20 as well. Apart from the 
recent advances, there are several unresolved issues, especially 
to achieve the well-controlled thickness for WS2 films, with 
more detailed investigation needed.

4. Applications

4.1. FETs

FETs is the key components in modern integrated circuits 
(ICs). With the continuous scaling down of the characteristic 
length of transistors for ICs, many problems appear, such as 
short channel effect, which will seriously constrain the down 
scaling of transistors. In order to continue the Moore’s law, new 

device structures and new materials are explored. 2D semicon-
ductors are anticipated to be the promising channel materials 
than can solve the problems due to their moderate band gap 
and ultrathin thickness.[149,150] Furthermore, because of the 
ultrathin, transparent, and high mobility characteristics of 2D 
semiconductors, they are also promising in thin film transistors 
for display applications.[151] In this regard, the research on 2D 
semiconductors in FETs is intensively studied. Among many 
candidates, 2D WS2 is predicted to have the superior electron 
mobility than most of the counterparts in TMDs, being advan-
tageous for high-performance transistors.[22,60,152,153] Owing to 
the relatively large band gap of 2D WS2, their transistors always 
show a large ON/OFF current ratio (> 105).[154–156] Nevertheless, 
the measured mobility of WS2-based transistors is still low as 
compared with the theoretical prediction, especially for the 
CVD-synthesized 2D WS2 channel. There are many factors that 
can affect the performance of WS2 transistors, such as defects, 
dielectric, environmental adsorbates, etc. To further improve 

Figure 18. The function of H2. a) WS2 flakes grown without H2 flow. b) WS2 flakes grown with H2 flow. c) Alignment evolution of WS2 flakes as a 
function of H2 concentration. a,b) Reproduced with permission.[125] Copyright 2013, American Chemical Society. c) Reproduced with permission.[127] 
Copyright 2018, American Chemical Society.
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the performance of WS2 transistors, various methods are 
implemented, including contact engineering, dielectric engi-
neering, doping, and so on. In this section, the discussion will 
be divided into sub-sections to go over the details in the area 
of environment effect, material quality engineering, interfacial 
engineering, and contact engineering sequentially.

4.1.1. Environment Effect

Actually, the adsorbates from the environment can signifi-
cantly affect the performance of 2D WS2-based transistors. The 
absorption of H2, O2, and H2O on the surface of WS2 channels 
is observed to result in the p-type doping.[157] Therefore, 2D 
WS2-based transistors operated in air without any passivation 

would give the weak n-type or p-type conducting behavior.[122,155] 
Moreover, the quantity of adsorbates is determined by the 
pressure. Ovchinnikov et  al. studied the pressure-dependent 
electrical behavior of WS2-based transistors in details.[155] The 
transfer curves of a bilayer WS2 transistor under different 
pressures are shown in Figure 21a. Obviously, the conducting 
behavior changes from the weak p-type to the strong n-type as 
the pressure decreases, indicating the strong effect of adsorb-
ates on the electrical properties of 2D WS2 transistors. Due to 
the strong effect of ambient molecules, most of the electrical 
properties of 2D WS2 transistors reported in the literature are 
recorded under vacuum in order to eliminate the impact of 
adsorbates.

4.1.2. Material Quality Engineering

The material quality of WS2 is important for channels of high-
performance transistors. The structural defects, such as S 
vacancy, is the intrinsic reason for drastically reduced carrier 
mobility.[158,159] Thus, the structural defects have to be repaired 
in order to realize high mobility 2D WS2 transistors. Jiang 
et  al. found that the S vacancy can be effectively repaired by 
N2 plasma treatment.[159] With the N2 plasma cure, N atoms 
preferentially fill the S vacancies and form WN bonds due 
to the more stable adsorption energy. As shown in Figure 21b, 
the performance of the multilayer WS2 transistor is much 
enhanced by N2 plasma treatment. The corresponding electron 
mobility increases from 29.7 to 184.2 cm2 V−1 s−1, while the ON/
OFF ratio increases from 103 to 106. In addition, the electrical 
contact quality is improved. The untreated transistor shows 
the obvious Schottky contact with nonlinear IDS–VDS curves 
near 0  V (Figure  21c), whereas the N2 plasma-treated device 
yields the ohm-like contact with linear IDS–VDS curves near 
0  V (Figure  21d). The enhanced contact quality is attributed 
to the changes of Fermi level upon N2 plasma treatment. The 
enhanced carrier mobility can be ascribed to the reduced charge 
scattering from S vacancies and reduced effective electron mass 
with N doping.[159] Moreover, this method is effective for a wide 
range of thicknesses as shown in Figure  21e. Thiol chemical 
functionalization can also be used to repair S vacancies and to 
improve the interface, leading to the significant reduction of 
charge impurities and traps.[158,160] As depicted in Figure  21f, 
the mobility of single-layer WS2 transistor is much enhanced 

Figure 19. Doping strategies for CVD using solid-state sources. a) Sche-
matic of the setup using NbCl5 as the doping precursor. b) Nb-doped 
WS2 triangular flakes. c) Schematic of the setup for doping with NaCl. 
d) Schematic of a multi-zone furnace for Nb doping. e) SEM image of 
the Nb-doped WS2 flakes. a,b) Reproduced with permission.[143] Copy-
right 2016, John Wiley and Sons. c,d) Reproduced with permission.[144] 
Copyright 2019, American Chemical Society. e) Reproduced with permis-
sion.[146] Copyright 2016, Royal Society of Chemistry.

Table 2. Comparison between different synthesis methods.

Methods Single crystal size Thickness control Film uniformity

Sulfurization of seed film Thermal/e-beam evaporation 10–50 nm Good Moderate

Magnetron sputtering 10–50 nm Good Moderate

ALD 10–50 nm Excellent Good

Spin coating 10 nm to 200 μm Moderate Moderate

Vapor source method MOCVD 200 nm Poor Good

ALD 10 nm to 50 μm Good Moderate

Conventional gas phase CVD 100 nm to 10 μm Poor Poor

Solid-state sources CVD 1 μm to 1 mm Poor Good
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after the thiol chemical functionalization.[158] The low temper-
ature mobility increases from 140 to 337 cm2 V−1 s−1, and the 
room temperature mobility increases from 49 to 83 cm2 V−1 s−1.

4.1.3. Interfacial Engineering

The typical mobility of 2D WS2 transistors is always much 
lower than the ones of theoretical prediction and bulk mate-
rials. The defect states in the SiO2 layer on the substrate can 
lead to the localization of charge carriers in TMDs, which is one 
of the main factors limiting the device mobility.[161] Thus, other 
substrates with reduced defect states are preferred. Hexagonal 
BN is an ideal choice here because of its atomically flat surface, 
large band gap, and low density of charge impurities.[162,163] In 

fact, the performance of 2D WS2 transistors is much enhanced 
when using BN as the substrate.[164,165] Iqbal et al. systematically 
studied the effect of BN on the performance of monolayer WS2 
transistors.[165] Generally, three kind of structures were adopted: 
WS2 on SiO2, WS2 on BN, and WS2 sandwiched between two 
BN layers (Figure  22a). Even though the transistors show 
almost the same ON/OFF current ratio, their electron mobility 
values are different accordingly (Figure  22b–d). With only the 
BN substrate, the mobility increases from 80 to 163 cm2 V−1 s−1. 
By sandwiching the WS2 between two BN layers, the mobility 
increases to 185 cm2 V−1 s−1. Temperature-dependent mobility 
also indicates the enhanced mobility with the sandwiched 
structure (Figure  22e). The sandwich structure does not only 
provide a flat and low-defect substrate, but also give a protec-
tion layer to minimize unwanted environmental effects. The 

Figure 20. Schematic of the development of vapor phase synthesis of WS2. The upper side indicates the development of single domain size, the lower 
side indicates the development of the growth of large area WS2 film by various methods. a) Reproduced with permission.[125] b) Reproduced with 
permission.[48] c) Reproduced with permission.[140] d) Reproduced with permission.[134] e) Reproduced with permission.[70] f) Reproduced with permis-
sion.[114] g) Reproduced with permission.[86] h) Reproduced with permission.[122] i) Reproduced with permission.[99] j) Reproduced with permission.[91] 
k) Reproduced with permission.[49] l) Reproduced with permission.[252]

Figure 21. Pressure and WS2 quality-dependent electrical properties of WS2 transistors. a) Pressure-dependent transfer curves of a bilayer WS2 tran-
sistor. b) Transfer curves of multilayer WS2 transistors with and without N2 plasma treatment. c) Output curves of a multilayer WS2 transistor without 
N2 plasma treatment. d) Output curves of a multilayer WS2 transistor with N2 plasma treatment. e) Mobility of WS2 transistors with and without N2 
plasma treatment as a function of thickness. f) Mobility of WS2 transistors with (device A2) and without (device A1) the thiol chemical functionalization 
as a function of temperature. a) Reproduced with permission.[155] Copyright 2014, American Chemical Society. b–e) Reproduced with permission.[159] 
Copyright 2019, John Wiley and Sons. f) Reproduced with permission.[158] Copyright 2015, John Wiley and Sons.
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highest mobility value of the optimal device structure is found 
to be 214 cm2 V−1 s−1. Apart from BN, high-k dielectrics can also 
be used to reduce the interfacial charge traps, leading to the 
increased mobility.[158]

4.1.4. Contact Engineering

The electrical contact property is important for WS2 transistors, 
which determines the efficiency of charge injection/collection 
between electrodes and WS2 channels. For ideal transistors, 
ohmic contact is preferred. However, it is difficult to realize 
ohmic contact in 2D materials-based transistors.[166–169] The 
interfacial states always lead to Fermi pinning, which makes 
it impossible to match the work function of WS2 channels by 
choosing metal electrodes with the appropriate work function. 
In this regard, various methods have been adopted to alleviate 
this problem.

Annealing: Annealing can improve the contact quality 
between 2D materials and metals, reducing the contact resist-
ance with increased carrier mobility. Ovchinnikov et  al. 
found that vacuum annealing can reduce the contact resist-
ance, leading to enhanced carrier mobility.[155] As shown in 
Figure 23a, the mobility of single-layer WS2 devices increases 
with the increasing annealing time for both two- and four-ter-
minal device configuration. The four-terminal mobility reaches 
a saturation value of ≈40 cm2 V−1 s−1 after 60 h annealing, 
whereas the two-terminal mobility continues to improve gradu-
ally. Kim et al. found that more than 5000 times reduction in the 
contact resistance of WS2 transistors with Ti electrodes can be 
realized by the high pressure hydrogen annealing (HPHA).[170] 
After HPHA treatment, the average Schottky barrier height 
(SBH) reduces from 0.18 to 0.13 eV. The possible reason for the 
reduction of SBH is associated with the hydrogenation reaction 
at the Ti–WS2 interface, which results in the Fermi-level depin-
ning like behavior.

Graphene Electrodes: The Fermi energy of graphene can be 
tuned by applying a gate voltage that can be used to obtain 
a low SBH. In addition, graphene is a 2D material free of 

dangling bonds. Thus, the contact of graphene with WS2 
does not induce any interfacial states, preventing the occur-
rence of Fermi level pinning. Aji et  al. used multilayer gra-
phene as electrodes and the performance of such monolayer 
WS2 transistors was much enhanced.[171] As compared with 
Ti/Au electrodes, WS2 transistor with multilayer graphene 
shows much enhanced performance as given in Figure 23b–d. 
The average carrier mobility of the device with multilayer gra-
phene electrodes is 27 cm2 V−1 s−1 with the highest value of 
50  cm2  V−1  s−1. The average mobility of the device with Ti/
Au electrodes is only ≈5 cm2 V−1 s−1. This much-enhanced 
mobility is attributed to the tunable Fermi level of multilayer 
graphene as presented in Figure 23e.

Doping: Doping can move the Fermi level toward conduc-
tion (n-type doping) or valance (p-type doping) band edge. The 
effective barrier height is then reduced when metal contacts 
with the highly doped semiconductor due to carrier tunneling 
in addition to thermionic emission (Figure  23f).[172] Because 
the intrinsic defects of WS2 always lead its n-type conductivity, 
n-type doping is hence widely utilized as a strategy to reduce 
the contact resistance between WS2 channels and metal elec-
trodes.[52,53,172,173] Khalil et  al. used LiF as a n-dopant for few 
layers WS2 and found that the contact resistance of subse-
quently fabricated devices could be much reduced as compared 
with the undoped ones.[52] As shown in Figure 23g, the corre-
sponding contact resistance reduces from 31.3 to 0.9 kΩ  μm. 
Furthermore, the mobility significantly increases from 13.2 to 
34.7 cm2 V−1 s−1 due to the improvement of source–drain cur-
rent. Other dopants, such as KI and Cu,[53,173] can also lead to 
n-type doping that reduces the contact resistance with improved 
mobility.

Metal Interfacial Layer: The direct metal deposition can lead 
to the substantial damage in 2D semiconductors due to the 
kinetic energy transfer or chemical reaction between metal 
atoms and 2D semiconductors, again leading to Fermi level 
pinning.[174–176] In order to reduce the damage caused by direct 
deposition of metal, Wang et al. used low melting point metal 
of In as a buffer layer, which could yield the formation of clean 
interface between In and 2D semiconductors without any 

Figure 22. Interfacial engineering. a) Schematic of the sandwiched monolayer WS2 transistor. b–d) Transfer curves of the WS2 transistors with different 
structures at room temperature. e) Mobility as a function of temperature. Reproduced with permission.[165] Copyright 2015, Springer Nature.
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damage.[174] As a result, the contact resistance is much reduced 
as compared to conventional electrode deposition. The few 
layers WS2 transistor with In electrodes shows much enhanced 
performance over the ones with Ti contact. The device mobility 
increases from 1.2 ± 1 cm2 V−1 s−1 (devices with Ti contact) to 
83 ± 10 cm2 V−1 s−1 (devices with In contact). Furthermore, the 
In metal usually forms stable alloys readily with other metals, 
which can be used to adjust the work function of electrodes in 
order to facilitate efficient carrier injection. Recently, Liu et al. 
found that the deposition of a thin layer of Cu between WS2 
and Ti/Au metals could reduce the contact resistance because 
of the lowering of SBH.[173] This SBH reduction is mainly 
attributed to a synergetic interaction among exchange repul-
sion, covalent bonding, and charge redistribution near the 
interface. Importantly, the localized Cu contact also results in a 
strong n-type doping in WS2 at the contact region, reducing the 
contact resistance.

Dielectric Interfacial Layer: Fermi level pinning is difficult to 
be avoided using the conventional metal contact.[176,177] With 
the aim to minimize this adverse effect, an ultrathin dielectric 
interfacial layer is inserted between metals and 2D semicon-
ductors.[178–182] Park et al. used ALD TiO2 as the interfacial layer 

(Figure  23h) and observed that a low SBH could be obtained 
after the introduction of this interfacial layer due to Fermi level 
depinning.[178] Because of this depinning, both n- and p-type 
WS2 transistors can be obtained by simply choosing metals 
with the appropriate work function, such as Ti for n-type tran-
sistors and Pd for p-type transistors.

Edge Contact: Van der Waals 2D materials have layered struc-
tures; therefore, in principle, they have the passivated surface 
without any dangling bonds. A van der Waals gap would exist 
between 2D semiconductors and metals when adopting the 
top contact scheme, which becomes a barrier for charge injec-
tion.[166] In this case, edge contact is preferred because it can 
eliminate the van der Waals barrier owing to the existence of 
covalent bonding between 2D semiconductors and contact 
materials in the lateral direction.[183] In any case, the direct 
realization of clean edge contact for TMDs is difficult because 
of its ultrathin nature.[184] In order to realize this edge contact 
scheme, Guimarães et  al. grew monolayer WS2 between two 
monolayer graphene electrodes by CVD.[185] The contact resist-
ance of the edge contacted monolayer WS2 is only ≈30 kΩ μm 
that is much reduced as compared with that of top contact 
devices.

Figure 23. Contact engineering. a) Electron mobility as a function of annealing time for a single-layer WS2 transistor. b) Transfer curves of monolayer 
WS2 transistor with graphene electrodes. c) Transfer curves of monolayer WS2 transistor with Ti/Au electrodes. d) Electron mobility as a function of 
carrier density for different electrical contacts. e) Schematic of the band alignment evolution with gate voltage. f) Schematic of the band alignment of 
metal with WS2 with and without n-type doping. g) Resistance as a function of channel length. h) Schematic of the WS2 transistor with a TiO2 interfacial 
layer. a) Reproduced with permission.[155] Copyright 2014, American Chemical Society. b–e) Reproduced with permission.[171] Copyright 2017, John Wiley 
and Sons. f) Reproduced with permission.[172] Copyright 2014, American Chemical Society. g) Reproduced with permission.[52] Copyright 2015, American 
Chemical Society. h) Reproduced with permission.[178] Copyright 2016, John Wiley and Sons.
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To have a better understanding of these WS2 transistors, the 
performance parameters are extracted from typical literatures 
as given in Table 3.

4.2. Memristors

A memristor is a two-terminal device, where its resistance 
depends highly on the magnitude and polarity of the applied 
voltage as well as the time period of the applied voltage.[186–188] 
The behavior of a memristor is essentially similar to biolog-
ical synapses in neural networks.[186,189] Thus, it shows poten-
tial applications in neuromorphic computing.[186,190] WS2 has 
been utilized in memristors, which exhibit excellent device 
performance.[191–193] For example, Yan et  al. fabricated mem-
ristors using WS2 flakes that give fast switching time and low 
program current in the ON state.[193] The structure of a mem-
ristor is depicted in Figure  24a, in which the Pd electrode is 
connected to the positive electrode and the Pt electrode is 
grounded. After detailed device measurement, the clear resist-
ance switching behavior is observed (Figure  24b). The device 
has the fast switching speed from high resistive state (HRS) to 
low resistive state (LRS) (within 13  ns) and vice versa (within 
14 ns). Furthermore, the energy consumptions of the device are 
low for both HRS to LRS (299.8 fJ) and vice versa (125.6 fJ). 
Notably, the device can mimic basic biological synaptic func-
tions, showing great potentials in low power neuromorphic 
computing. The resistance switching behavior is proposed 

to be dominated by the generation of S and W vacancies and 
electron hopping between vacancies. The S and W vacancy 
defect states are located at deep levels based on the DFT cal-
culation, which is responsible for the low leakage current. For 
improving the performance of memristors, hybrid structures 

Figure 24. WS2-based memristor devices. a) Schematic of the WS2 
flakes-based memristor. b) Current–voltage sweep. c) Schematic of the 
ZnO-vertical aligned WS2 memristor. d) Schematic of the ZrO2-WS2 mem-
ristor. a,b) Reproduced with permission.[193] Copyright 2019, John Wiley 
and Sons. c) Reproduced with permission.[191] Copyright 2019, John Wiley 
and Sons. d) Reproduced with permission.[192] Copyright 2019, American 
Chemical Society.

Table 3. Performance parameters of typical WS2 transistors.

Thickness Electrode Dielectric/structure Contact resistance 
[kΩ μm]

Room temperature mobility 
[cm2 V−1 s−1]

ON/OFF ratio Ref.

70 nm Ti/Au PMMA/WS2/Al2O3/SiO2 - 29.7 103 [159]

184.2
(N2 plasma processed)

106

Monolayer Ti/Pd SiO2 - 25 - [158]

Al2O3/SiO2 49 -

MPS/Al2O3/SiO2 83 -

Monolayer Al/Au SiO2 - 80 107 [165]

BN/SiO2 163 107

BN/WS2/ BN/SiO2 214 107

Monolayer Au SiO2 - ≈40 105 [155]

Bilayer ≈33

Monolayer Ti/Au SiO2 - ≈5 105 [171]

Graphene 27 108

5.2 nm Cr/Au SiO2 31.3 13.2 4.8 × 105 [52]

0.9 34.7 (doped) 1.0 × 106

Few-layer Ti/Au SiO2 - 1.2 105 [174]

In/Au 2.4 83 106

Few-layer Ni/Au SiO2 0.7 60 (Cl-doped) 107 [172]

Few-layer Ti/Au SiO2 2.2 × 106 4.9 1.6 × 106 [173]

Ti/Au 7.4 × 103 21.9 (Cu-doped) 2.5 × 106

Cu/Ti/Au 103 26.3 9.1 × 106
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are adopted, such as ZnO-vertical aligned WS2 (Figure 24c)[191] 
and Zr2O-WS2 (Figure 24d).[192] In specific, the vertically aligned 
2D layered structure of WS2 confined the generation/redistri-
bution of oxygen vacancies within the well-defined path and 
shape, leading to good cycle-to-cycle (≈104) and device-to-device 
reproducibility.[191] The ZrO2-WS2 stacked structure memristors 
exhibit the highly stable resistance switching and concentrated 
ON and OFF state voltage distribution, high speed (≈10 ns), and 
excellent endurance (>109 cycles).[192] These superior properties 
are mainly ascribed to the different ion transport rates of ZrO2 
and WS2, which limits the rupture/rejuvenation of conductive 
filaments to the bilayer interface region, greatly reducing the 
randomness of conductive filaments of the memristor.

4.3. Optoelectronics

Due to the excellent optical properties of WS2, it shows prom-
ising applications for optoelectronics, such as photodetectors, 
LEDs, lasers, and optical modulators.

4.3.1. Photodetectors

Photodetector is a device that converts light signals into elec-
trical signals, which is one of the key components in optoelec-
tronic systems. Because of the strong light–matter interaction 
and high carrier mobility of WS2, it has attracted much atten-
tion for photodetectors.[194] By reason of the ultrathin nature of 
single-layer WS2, the photoresponsivity of monolayer WS2 pho-
todetector is low, on the orders of several mA W−1.[49,122,195,196] 
Similar to its electrical properties, the photoresponse of mon-
olayer WS2 is also sensitive to environment (Figure 25a,b).[122] 
The photocurrent measured under vacuum is larger than that 

in ambient. This reduced photocurrent in ambient is caused by 
the adsorbates from ambient, which drastically reduces the life-
time of photogenerated carriers. The enhanced photocurrent 
measured under vacuum is associated with the increased 
photo-carrier lifetime. However, the corresponding response 
speed is reduced because the response time is proportional 
to photo-carrier lifetime. In addition, the photocurrent can be 
modulated by gate voltage (Figure  25a), where this modula-
tion of photoresponse is mainly caused by the increased car-
rier mobility and reduced contact barrier at the contact under 
large positive gate voltages.[197–199] Furthermore, photogating 
effect also contributes to the enhanced photoresponse that is 
clearly manifested from the shift of transfer curves under light 
illumination (Figure 25a).[194,200,201] As a result, a large photore-
sponsivity of 22.1 A W−1 can be realized in single-layer WS2 
device.[195] Because the contact barrier constrains the collec-
tion of photo-carriers in a photoconductor, a low contact bar-
rier is highly preferred for WS2-based photodetectors. Unlike 
metal contact, the work function of graphene can be well con-
trolled by electrostatic gating such that graphene can then be 
employed as low contact barrier electrodes for WS2. Tan et  al. 
used graphene as electrodes for monolayer and bilayer WS2 
photodetectors (Figure  25c). It is evident that large photore-
sponsivities could be realized for both monolayer (2.5 A W−1) 
and bilayer (3.5 A W−1) WS2 photodetectors under high illumi-
nation power density of 2.5 × 107 mW cm−2.[202] The contact bar-
rier can as well be lowered under light luminescence for short 
channel photodetectors.[27] Remarkably, only the photo-carriers 
near the contact interface would contribute to fill the traps 
states and lower the Schottky barrier. In this case, the longer 
channel length adds additional series resistance to photode-
tectors, leading to reduced device performance (Figure  25d). 
With a channel length of 200  nm, Fan et  al. achieved a high 
photoresponsivity of 20 A W−1 under a large source–drain bias 

Figure 25. WS2 photodetectors. a) Transfer curves of the monolayer WS2 phototransistor measured under vacuum. b) Transfer curves of the monolayer 
WS2 phototransistor measured in ambient. c) Schematic of the graphene contacted monolayer WS2 photodetector. d) Responsivity as a function of bias 
voltage and channel length. e) Normalized photocurrent as a function of bending cycles. f) Responsivity and detectivity as a function of wavelength. a,b) 
Reproduced with permission.[122] Copyright 2015, Royal Society of Chemistry. c) Reproduced with permission.[202] Copyright 2016, American Chemical 
Society. d) Reproduced with permission.[27] Copyright 2016, John Wiley and Sons. e) Reproduced with permission.[49] Copyright 2018, Springer Nature. 
f) Reproduced with permission.[206] Copyright 2016, Springer Nature.
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(4  V) for monolayer WS2 photodetectors.[27] Originating from 
the good flexibility of monolayer WS2, it is also suitable for flex-
ible photodetectors. Lan et al. found that monolayer WS2 flex-
ible photodetectors yield the excellent robustness to bending, 
which can maintain 89% of their photocurrent after 3000 
bending cycles (Figure  25e).[49] As compared with atomically 
thin WS2, photodetectors with thick WS2 show better photore-
sponse that is partly due to enhanced optical absorption and 
carrier mobility of thick films.[203–206] For example, Zeng et  al. 
showed that the photodetector with the 25 nm thick polycrystal-
line WS2 film exhibited a responsivity of 53.3 A W−1 at 365 nm 
(Figure 25f).[206]

In order to improve the performance of WS2-based pho-
todetectors, various kinds of device structures are adopted. 
Since WS2 is a kind of van der Waals layered material, it can 
be used to fabricate heterostructures without considering the 
limitation of lattice mismatch between WS2 films and sub-
strates.[207] Thus, WS2-based heterostructure photodetectors 
are widely investigated. 2D–2D heterostructures are observed 
to provide the excellent hetero-interface due to both of the pas-
sivated surfaces of each 2D materials, delivering excellent pho-
toresponse.[208–212] For example, Xue et al. developed a scalable 
production technique for WS2-MoS2 stacked heterostructure 
arrays and achieved heterostructure photodetectors (Figure 26a) 
with good performance with a high responsivity of 2.3 A W−1 at 
450 nm.[212] At the same time, graphene has very large mobility, 
which can be used as the carrier transport layer in a photode-
tector. Lan et al. found that graphene-WS2 heterostructure pho-
todetectors indeed exhibited much enhanced photoresponse 
with a high responsivity of 950 A W−1.[130] Furthermore, with 
an ionic gating, the photoresponsivity of graphene-WS2 het-
erostructures is even higher (106 A W−1) with fast response as 
demonstrated by Mehew et  al.[213] The highly mobile ions and 
the nanoscale Debye-length dimension of ionic polymers can 
screen off charge traps and tune the Fermi level of graphene, 
leading to the much enhanced responsivity and speed. Because 

of the passivated surface of WS2, it can integrate with 3D mate-
rials as well, which can combine the excellent optoelectronic 
properties of both materials, leading to enhanced performance. 
Besides, organic–inorganic perovskite materials have excellent 
optical properties.[214–217] Combining the advantages of both 
perovskite materials and WS2 films, high-performance photo-
detector can be achieved. Ma et al. fabricated WS2-CH3NH3PbI3 
heterostructure photodetectors (Figure  26b), where they 
showed excellent photoresponse with the high responsivity 
(17  A W−1), on/off ratio (≈105), and fast response (7.5  ms).[218] 
These enhanced photoresponse are anticipated to come from 
the improve crystallinity of CH3NH3PbI3 directly grown on 
WS2 as well as the efficient interfacial charge transfer.

To expand the photosensitive spectrum, large band gap and 
small band gap materials can be stacked with WS2 to enhance 
its photoresponse to short wavelength and long wavelength irra-
diation. For instance, stacking monolayer WS2 on ZnO films 
can enhance the UV photoresponse several times as compared 
with ZnO photodetectors.[219] This enhanced UV response is 
attributed to the type I heterostructure obtained so that photo-
carriers in ZnO can transfer effectively to the WS2 side and get 
collected by the electrode. Spin coating a layer of PbS quantum 
dots on single-layer WS2 can also expand the response spectrum 
to IR region. Yu et al. demonstrated that WS2-PbS photodetec-
tors (Figure  26c) exhibited a high responsivity of 14  A  W−1 at 
808 nm with a bandwidth of 396 Hz.[220] Integrating 2D mate-
rials with Si as well provides a facile approach to fabricate high-
performance photodetectors by taking the advantages of both 
materials. In this manner, 2D-Si heterostructure photodetectors 
have been intensively investigated.[221] The photodetector based 
on WS2-Si heterostructures (Figure 26d) has been constructed 
by Lan et al., which shows the excellent photodetection perfor-
mance with a maximum responsivity of 5.7 A W−1 at 660  nm 
and a fast response speed of 670 μs.[84]

Moreover, to enhance the photoresponsivity and reduce the 
dark current, floating gate memory structure is proposed for 

Figure 26. Schematic of different kinds of WS2-based photodetectors. a) WS2-MoS2 heterostructure. b) WS2-CH3NH3PbI3 heterostructure. c) WS2 
decorated with PbS quantum dots. d) WS2-Si heterostructure. e) WS2 floating gate photodetector. f) WS2 decorated with In atoms with edge contacted 
graphene electrode. a) Reproduced with permission.[212] Copyright 2016, American Chemical Society. b) Reproduced with permission.[218] Copyright 
2016, John Wiley and Sons. c) Reproduced with permission.[220] Copyright 2017, American Chemical Society. d) Reproduced with permission.[84] Copy-
right 2016, American Chemical Society. e) Reproduced with permission.[222] Copyright 2016, John Wiley and Sons. f) Reproduced with permission.[225] 
Copyright 2019, American Chemical Society.
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building photodetectors.[222] As shown in the device structure in 
Figure 26e, Au nanoparticles are placed between tunneling and 
blocking dielectric layers, which act as a charge trapping layer, 
suppressing the dark current. As a result, the photodetector 
shows the excellent performance with an ultralow dark current 
(10−11 A), a high photoresponsivity (1090 A W−1), and a high 
detectivity (3.5 × 1011 Jones). The optical absorption of WS2 can 
be much enhanced by metal nanoparticle-induced plasmonic 
effect.[223] Thus, the photoresponse of WS2 can be improved 
when incorporated with metal nanoparticles. In particular, Liu 
et  al. found that Au nanoparticles decorated WS2 films exhib-
ited enhanced photoresponse with a high responsivity of 1050 
A W−1 at 590 nm.[224] In order to reduce the contact resistance 
and enhance the photogating effect, Yeh et al. designed a spe-
cial structure (Figure  26f), which consists of edge-connected 
graphene electrodes and In atoms decorated WS2 films.[225] 
This device exhibits a large gain (6.3 × 103), a large responsivity 
(2.6 × 103 A W−1), and an ultrafast response speed (40–65 μs). 

In atoms decorated on WS2 can trap photogenerated holes, 
leading to a large photogating effect.

To have a better understanding of these WS2 photodetectors, 
the performance parameters of WS2 photodetectors and WS2-
based heterostructure photodetectors are extracted from typical 
literatures as given in Tables 4 and 5.

4.3.2. LEDs

Monolayer WS2 is a direct band gap material with large 
exciton binding energy that are ideal for LEDs. Because of the 
extremely large gate capacitance of the ionic liquid gated FET, 
WS2 transistor can be gated into n- and p-type conductivity 
at low gate voltages.[226] In this case, bipolar injection can be 
realized in ionic gated transistors as shown in Figure  27a. 
Under the bipolar injection condition, obvious electrolumi-
nescence (EL) can be observed from the optical microscope 

Table 4. Parameters of some typical photodetectors based on WS2 from literatures.

Thickness Electrode material Vds [V] Vgs [V] L [μm] Environment λ [nm] R [A W−1] D* [Jones] Speed [s] Ref.

Monolayer Al 20 0 30 Ambient 532 2.4 × 10−4 - <4.5 × 10−3 [122,195]

20 0 Vacuum 1.2 × 10−2 - 0.15

20 60 Vacuum 22.1 - 0.19

Monolayer Ti/Au 10 0 2 Ambient 532 5.2 × 10−4 4.9 × 109 <5.6 × 10−4 [49]

5.0 × 10−3 4.0 × 1010 <5.6 × 10−4

Monolayer Graphene 5 0 0.2 Ambient 532 2.5 9.9 × 1010 - [202]

Bilayer 3.5 1.6 × 1010 -

Monolayer Au 4 0 0.2 Ambient 532 20 - - [27]

Monolayer Graphene 5 30 1 Ambient 532 121 - - [256]

6 nm Ti/Au 30 0 50 Vacuum 458 2.2 × 10−5 - 5.3 × 10−3 [76]

20 nm Ti/Au 0.02 −2 1 Ambient 630 0.27 - - [203]

60 nm Pt 9 0 100 Ambient 635 0.51 1.9 × 109 4.4 [205]

Vacuum 0.7 2.7 × 109 9.9

25 nm Ti/Au 5 0 100 Ambient 365 53.3 1.22 × 1011 - [206]

4 nm Cr/Au 0.02 0 1.1 Vacuum 520 1090 3.5 × 1011 10.7 [222]

Table 5. Parameters of some typical heterostructure photodetectors based on WS2.

Heterostructure Spectrum range Responsivity [A W−1] D* [Jones] Speed [s] Ref.

WS2-MoS2 - 2.3 (450 nm) - - [212]

WS2-MoS2 - 2340 (532 nm) 4 × 1011 - [209]

WS2-GeSe 270–740 nm 149 (410 nm) - 3.7 × 10−5 [208]

WS2-graphene 340–680 nm 950 (405 nm) - ≈100 [130]

WS2-graphene 400–689 nm 106 (625 nm) 3.8 × 1011 4.4 × 10−4 [213]

WS2-CH3NH3PbI3 - 17 (505 nm) 2 × 1012 7.5 × 10−3 [218]

WS2-ZnO 340–660 nm 2.42 × 10−3 (340 nm) - 6 [219]

WS2-PbS - 14 (808 nm) 3.9 × 108 2.3 × 10−4 [220]

WS2-Si 340–1100 nm 5.7 (660 nm) - 6.7 × 10−4 [84]
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image (the red point in Figure  27b). It is clear that EL spec-
trum of monolayer WS2 coincides with the PL spectrum 
(Figure  27c). Furthermore, bilayer WS2 shows very weak EL 
as compared with the single-layer WS2, indicating the indirect 
band gap of bilayer WS2. However, ionic gating is not suitable 
for the large-scale device fabrication since this device struc-
ture requires additional energy consumption. In addition, 
the space charge distribution resulted from the electrostatic 
doping is usually inhomogenous.[227] At the same time, the 
p-i-n structure is usually used for organic LEDs, which can 
also be used for WS2-based LEDs.[227,228] Yang et  al. adopted 
the p-i-n structure for the fabrication of WS2-based LEDs 
(Figure  27d).[227] In their work, indium tin oxide (ITO) is 
used as the n-type material, p+-doped Si is used as the p-type 

material, and single-layer WS2 is functioned as the intrinsic 
material, forming a p+-Si/i-WS2/n-ITO heterostructure. The 
EL emission occurs within the region in the vicinity of ITO 
electrode. As shown in Figure  27e, under forward bias, the 
holes from p+-Si are injected into the monolayer WS2. The 
barrier, originating from the difference of electron affinities 
and band gaps of WS2 and Si, would block the injected holes 
from leaking into the n-ITO region. Similarly, electrons are 
injected from n-ITO into monolayer WS2. The injected elec-
trons and holes give rise to efficient radiation recombination 
in the monolayer WS2, leading to light emission. Further-
more, the EL spectra exhibit the current-dependent circular 
polarization (Figure  27f). The degree of circular polarization 
is defined as η  = [I(σ+) − I(σ−)]/[I(σ+) + I(σ−)], where I(σ+) 

Figure 27. WS2-based LEDs. a) Schematic of the ionic liquid gated bipolar LED. b) Optical microscope image of the LED device. The red spot is the 
light emission spot. c) Normalized EL and PL spectra. Black: PL, Red: EL. d) Schematic of the p-i-n LED. e) Schematic of the band alignment under 
forward bias. f) EL spectra under different driven currents at 77 K. g) Polarization degree of the total EL as a function of current. h) Polarization degrees 
of exciton (X0), trion (X−), and defects-related bound exciton (Xb) as a function of current. i) Schematic of an asymmetry LED structure. j) Band align-
ment under positive bias. k) Band alignment under negative bias. a–c) Reproduced with permission.[226] Copyright 2014, American Chemical Society. 
d–h) Reproduced with permission.[227] Copyright 2016, American Chemical Society. i–k) Reproduced with permission.[28] Copyright 2019, American 
Chemical Society.

Adv. Electron. Mater. 2021, 7, 2000688



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000688 (29 of 36)

www.advelectronicmat.de

and I(σ−) are the integrated intensities of σ+ and σ− circularly 
polarized EL components, respectively. The η value of the 
entire EL spectrum decreases with the increasing driven cur-
rent (Figure 27g), whereas the η values of exciton (X0), trion 
(X−), and defects related bound exciton (Xb) components also 
decrease with the increasing driven current (Figure 27h). The 
degree of circular polarization of the total EL is very high 
(81%) at the low driven current of 0.5 μA, indicating the 
promising applications for valley photonics. The origin of 
the current-dependent polarization EL is attributed to the dif-
ferent electron–hole overlap at the K and K’ valleys induced 
by the built-in potential associated with carrier injections and 
the presence of valley-polarized 2D electron gas because of 
carrier injections.[229,230] Due to the easy tuning of the Fermi 
level of graphene by electrostatic gating, Shen et al. designed 
an asymmetric structure by stacking monolayer WS2, gra-
phene and BN to fabricate LEDs (Figure 27i).[28] With this spe-
cial structure, both positive and negative bias can lead to light 
emission (Figure 27j,k).

4.3.3. Lasers

Both passive mode-locking and Q switching fiber lasers have 
attracted interest in both industry and scientific research.[231] 
The most popular schemes for such pulsed lasers is the 
use of saturable absorbers (SAs). Although the band gap 
of WS2 is larger than the optical communication band, it 
still shows the excellent saturable absorption in that band 
(Figure  28a).[232–234] The possible reasons for the saturable 
absorption for photons below the band gap of WS2 are 
defect-induced band gap reduction and coexistence of semi-
conducting and metallic states.[232,235,236] The most common 
setup for mode-locking and Q switching fiber lasers with 
WS2 SAs is shown in Figure  28b. The laser cavity consists 
of a gain fiber (such as Er-doped fiber) and a standard single 
mode fiber. A pump light is injected into the cavity via a 

wavelength division multiplexer. The cavity birefringence is 
adjusted by two polarization controllers. By tuning the bire-
fringence in the laser cavity, the wavelength position of the 
spectral loss can be varied so that the loss of Q-switching or 
mode locking can be tuned. As a result, Q-switching or mode-
locking lasers can be realized.[237] The repetition rate of the 
pulsed laser in mode-locking operation is determined by the 
cavity length, whereas the repetition ratio of the Q-switching 
pulse is determined by pump power (Figure  28c).[238] For 
mode-locking mode, using different gain fibers, the pulsed 
laser operated at different wavelengths are achieved, such as 
1.06,[235] 1.55,[232] and 1.91  μm.[234] In addition, WS2 SAs can 
be used to generate dark solitons in Er-doped fiber lasers 
as demonstrated by Liu et  al.[239] The generated dark soli-
tons have a center wavelength of 1530 nm (Figure 28d) with 
a repetition rate of 116.5  Hz. Furthermore, the pulsed laser 
shows the good signal-to-noise ratio, which is better than 
94  dB. Recently, Du et  al. found that the graphene-WS2 het-
erostructure showed the better performance than WS2 acting 
as SA for the mode-locking laser.[233] The pulse duration of 
graphene-WS2 SA-based pulsed laser is 660 fs (Figure  28e), 
which is smaller than that of WS2 SA-based pulsed laser 
(Figure  28f). Q-switching lasers based on WS2 SAs also 
exhibit the excellent performance.[240–242] For instance, Wang 
et  al. reported that Q-switching pulsed laser with WS2 SA 
had a pulse of 430 ns, a pulse energy of 5.4 μJ, and a repeti-
tion rate from 64 to 90 kHz operating at 1.9 μm.[240] All these 
results indicate that WS2 is an attractive material for good 
SAs and has promising applications in pulsed lasers.

Except serving as a saturable absorber in pulsed lasers, 2D 
WS2 can also act as a gain medium in lasers. Since monolayer 
WS2 is a semiconductor with direct band gap and strong exci-
tonic features, the exciton in monolayer WS2 can allow the 
formation of long-lived population inversion, which leads to 
optical gain and possible stimulated emissions.[243] The first 
report on monolayer WS2-based excitonic laser was reported 
by Ye et al.[243] For single-layer TMD-based lasers, high optical 

Figure 28. Pulsed lasers based on WS2. a) Normalized transmission of WS2 saturable absorbers (SA). b) Typical setup for passive Q-switching and 
mode-locking pulsed lasers. c) Repetition frequency as a function of pump power for the Q-switching laser. d) Dark soliton spectrum of the mode-
locking laser. e,f) Autocorrection trace of the mode-locked pulses for graphene-WS2 and WS2 SA-based lasers, respectively. a) Reproduced with per-
mission.[232] Copyright 2015, Springer Nature. b,c) Reproduced with permission.[237] Copyright 2015, Optical Society of America. d) Reproduced with 
permission.[239] Copyright 2016, Chinese Laser Press. e,f) Reproduced with permission.[233] Copyright 2020, Optical Society of America.
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mode confinement and high-quality factor (Q) microcavities is 
crucial.[244,245] This way, WS2 is embedded between two dielec-
tric layers (i.e., Si3N4/WS2/hydrogen silsequioxane), forming a 
micro-disk cavity. Due to the strong light confinement and large 
modal gain, lasing can be achieved at 10 K with an emission line 
at 612.2 nm when the device is optically pumped with an ultra-
fast laser at 473 nm. The low temperature operation of the laser 
is not suitable for practical applications whereas the room tem-
perature operation is highly desired. Shang et al. achieved the 
room-temperature low-threshold lasing from monolayer WS2 
activated vertical-cavity surface emitting laser.[246] The structure 
of the laser is shown in Figure 29a. Dielectric oxides are used to 
fabricate the half-wavelength-thick cavity and distributed Bragg 
reflectors. Monolayer WS2 is embedded in the center of the 
cavity as the gain medium. The cavity photon mode locates at 
639.5 nm with a width of 1.0 ± 0.2 nm, indicating a typical Q 
value of ≈640. Once the device is pumped by a continuous-wave 
532  nm laser, lasing at 637.5  nm is achieved for the pumping 
power density exceeding 6 nW. The typical emission spectrum 
is depicted in Figure  29b. In addition, the lasing emission is 
mainly from the cavity surface from the z-direction-dependent 
light intensity obtained from confocal PL measurements 
(Figure  29c,d). In order to increase the active region and the 
lasing beam quality, Ge et  al. designed the photonic crystal 
surface-emitting laser (PCSEL) cavity.[247] The schematic of 
the PCSEL cavity is illustrated in Figure  29e. Monolayer WS2 

is directly transferred onto the cavity surface as shown in the 
inset of Figure 29e. The fundamental cavity mode of the cavity 
locates at 637 nm with a linewidth of 0.25, corresponding to a Q 
value of 2500. Under optical pumping (450 nm), the transition 
from spontaneous emission to lasing can be obviously observed 
from the light-in light-out curve (Figure 29f). The resonant peak 
locates at 637  nm and the linewidth narrows down to 0.2–0.3 
above 144 W cm−2 of the pump power density (Figure 29f). Due 
to the PCSEL structure, the emission is surface-normal emis-
sion in the far field (Figure  29g). Although much progresses 
have been made, the realization of compact and electrically 
pumped laser is still a big challenge.

4.3.4. Optical Modulators

As demonstrated above, the optical refractive index of 2D WS2 
can be tuned by electrical gating even at the optical commu-
nication band. Datta et  al. utilized this property to fabricate 
a phase modulator based on single-layer WS2.[56] A Mach–
Zehnder interferometer (MZI) structure is used for the phase 
modulator. A capacitor of TMD-HfO2-ITO is formed on the SiN 
waveguide. It is found that only the phase of TE mode, of which 
the electrical field is in plane with WS2, can be adjusted. With 
applied voltage on one arm of the MZI, the interference pattern 
at the MZI output is changed. The modulation efficiency (VπL) 

Figure 29. Lasers based on monolayer WS2. a) Schematic of the 2D semiconductor-embedded microcavity on the SiO2/Si substrate. b) PL spectrum 
with an excitation power of 100 nW. c) Normalized integrated intensities of the lasing emission (LE) and the leaked spontaneous emission band (LSE) 
at various Z-positions. d) Schematic of the emission. e) Schematic of the PCSEL cavity with surface-normal emission from the active region. The insets 
show the cross-section view of the WS2 integrated cavity. f) Light-in light-out curve. g) Simulated and measured emission profile depending on the 
collection angle of θ. a–d) Reproduced with permission.[246] Copyright 2017, Springer Nature. e–g) Reproduced with permission.[247] Copyright 2019, 
Springer Nature.
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of the phase modulator is estimated to be 1.33  V cm. Impor-
tantly, the modulator performance can be further enhanced 
by capping the arm with high-index SU-8 photoresist, leading 
to increased optical mode overlap with monolayer WS2. As a 
result, the change of refractive index of the composite wave-
guide increases and the modulation efficiency reduces to 0.8 V 
cm. In this case, the modulation efficiency already outperforms 
state-of-the-art LiNbO3 modulators with VπL in the range of 
1.8–2.4 V cm.[248,249] In addition, the modulation efficiency can 
as well be increased by reducing the dielectric thickness and 
embedding the monolayer WS2 within the waveguide mode.[56]

5. Summary and Outlook

In summary, the comprehensive review on the fundamental 
properties, wafer-scale synthesis methods, and various kinds 
of electronic and optoelectronic applications of 2D WS2 have 
been presented in a systematic and thorough approach. This 
review does not only serve as a design guideline to enhance and 
elevate the material quality of 2D WS2 films via enhanced syn-
thesis approaches, but also provides valuable insights to various 
strategies to improve their device performances. Even though 
there has been some progress achieved in the area of synthesis 
and device applications, there are still significant challenges 
and opportunities for the further development of the synthesis 
methods of WS2 and devices.

At first, the vast practical applications require the reliable 
production methods of 2D WS2. However, wafer-scale synthesis 
of high-quality 2D WS2 with controlled thickness is still a big 
hurdle. At the moment, large-area monolayer WS2 film can be 
readily obtained by different CVD methods. But, the quality of 
these CVD grown WS2 films is still not sufficient for indus-
trial deployment. Wafer-scale single-layer WS2 merged from 
large single domain flakes with aligned orientation is highly 
desired. Despite the thickness of WS2 can be roughly controlled 
by the seed layer sulfurization technique, MOCVD or ALD, 
the required film uniformity for large-scale devices is not yet 
achieved. Also, the domain size obtained from those methods 
is small, restricting the carrier mobility of WS2. Therefore, the 
deep understanding of growth behaviors of WS2 is urgently 
needed, especially to develop a strictly layer-by-layer growth 
scheme with the large single-crystal domain size.

Second, high temperature is always needed for the synthesis 
of high-quality WS2 films, where this required temperature 
is not necessarily compatible with the standard COMS tech-
nology. In this case, it is essential to develop low temperature 
synthesis techniques or effective process schemes to transfer 
WS2 from growth substrates to target substrates. Although 
there have been low temperature synthesis methods developed, 
such as ALD, the quality of obtained 2D WS2 is regrettably poor, 
which is not suitable for most of the device applications. For-
tunately, transferring high-quality WS2 from growth substrates 
to target substrates is feasible at present. Among various estab-
lished transfer methods, the dry transfer method is preferred 
due to the little damage and contamination resulted to the 2D 
materials.[250] Nevertheless, the effectiveness of this particular 
method is highly depended on the adhesive force between sub-
strates and 2D materials.[251] The strong interaction between 

WS2 films and substrates is vital for the transfer of high-quality 
WS2.[127] Thus, developing effective, nondestructive, and con-
tamination-free transfer methods is critical.

Third, the effective contact scheme between metal electrodes 
and 2D WS2 films is not maturely developed, where the reliable 
electrical contact is important for all device applications. Until 
now, there are several contact schemes explored for reducing 
the contact resistance between metal electrodes and WS2 chan-
nels. It is still a challenge to achieve reliable and ohmic contact 
for WS2 devices. Developing a versatile and universal electrical 
contact scheme is a must.

Moreover, although the light–matter interaction of 2D WS2 
is strong, the light absorption is inevitably low owing to its 
atomic thickness, restricting its photodetection performance. 
The incorporation of plasmonic and/or photonic structures 
can enhance the light absorption of WS2 device with improved 
photodetection performance. Nonetheless, the enhanced spec-
trum range is limited arising from the characteristics of cor-
responding plasmonic and/or photonic structures. Introducing 
defects to induce photoconductive gain would also lead to 
enhanced photodetection. But the response speed becomes low 
and the response with light intensity becomes nonlinear, which 
is not beneficial for practical applications. New device struc-
tures have to be investigated to substantially elevate the pho-
toresponsivity with wider spectrum and faster response.

The research of 2D WS2 for applications in memristors, 
LEDs, lasers, optical modulators, and other optoelectronic 
devices is indeed in their infancy. Based on the existing find-
ings, it is evident that 2D WS2 materials have the bright poten-
tials for next-generation high-performance electronics and 
optoelectronics. More works are urgently needed to be done 
in order to develop WS2 toward practical applications with 
enhanced functionalities in the near future.
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