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Abstract
Field effect transistors (FETs) are considered as the backbone of electronic industry. In this study, we adopted a simple 
drop cast method for the fabrication of MoS2 and WS2 channel based FET on commercially available pre-patterned OFET 
devices. The synthesis of few-layers thick MoS2 and WS2 nanosheets (NSs) has been done by solvent-assisted exfoliation 
method. FESEM and TEM study reveals that NSs have lateral dimensions in micron and have polycrystalline nature. From 
XPS, it is observed that MoS2 NSs has 2H phase whereas WS2 have hybrid 1T and 2H phase. The frequency difference in 
Raman vibrational mode for MoS2 and WS2 NSs is 24.08 cm−1 and 63.84 cm−1 respectively, confirms that number of lay-
ers is reduced after sonication. UV–visible spectroscopy reveals that the bandgap is 1.7 eV and 1.8 eV for MoS2 and WS2 
NSs respectively. Later, these nanosheets have been drop-casted as the channel material on pre-patterned FETs devices and 
their output and transfer characteristics have been studied. It found that the current On/Off ratio is 104 and 103 for MoS2 and 
WS2-FET device respectively. This facile fabrication of FET devices may provide a new stage for researchers who do not 
have access of lithography facilities for FET fabrication.
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1  Introduction

Nowadays the electronic industry majorly relies on the field 
effect transistors (FETs) and thus it is also known as back-
bone of the industry. FETs have gained tremendous attention 
over the past decades because they enable the upcoming 
applications in nano-electronic [1–5]. Conventional semi-
conductors such as silicon faces the several performance 
limitations such as miniaturization of channel length which 
introduce the short channel effect, drain induced barrier 

limitation (DIBL) etc. [6]. Therefore, search for other mate-
rial is required. In this process, two dimensional (2D) atomi-
cally thin materials offer the superior optical and electronic 
properties, thermoelectric properties, mechanical proper-
ties [7–10] and could be explored for the nano-electronic 
application. 2D materials have MX2 i.e. X-M-X (where M 
is Mo/W-atom & X is S-atom) type structure [2]. The layer 
of TMDs are held together by weak Vander Waal coupling 
as well as strong in-plane covalent bonding [11, 12].

Exfoliation of these materials are still challenging for 
researchers, especially with an atomically thin layers. Sev-
eral synthesis procedures have been so far developed e.g. 
mechanical exfoliation, hydrothermal method, chemical 
vapor deposition (CVD), ion intercalation, and liquid phase 
exfoliation [13–21]. Out of these methods, mechanical exfo-
liation results in high quality of TMD materials, but this pro-
cess could not be used for the industrial scale synthesis and 
does not allow to control the lateral dimension and thick-
ness of flake [22]. Ion intercalation generally changes the 
electronic properties of TMDs by changing their structure 
from 2H polytype to 1T type [19]. Another disadvantage of 
this method is aggregation of nanosheets after removal of 
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ion, safety issue due to lithium-ion and it is time-consuming 
process. CVD gives better quality, but not suitable for the 
device integration due to high temperature synthesis and 
costly instrument [23, 24]. Out of all these methods, liquid-
phase exfoliation is a most promising method as it allows 
the synthesis of a large area of nanosheets and cost efficient. 
So far these exfoliated TMDs have been used for the ser-
val applications such as optoelectronic applications, logic 
devices, energy harvesting, and storage devices [3, 24].

Molybdenum (Mo) and Tungsten (W) sulfides are particu-
larly promising channel material in FETs because of their 
immunity to short channel effect, high mobility, and high on/
off ratio [19, 20]. The earlier reports, on transition dichalco-
genides, suggests that these materials could be employed for 
sensing and energy harvesting devices [25–27]. To date in 
FETs, contacts on the top of MoS2 and WS2 flakes were fab-
ricated by e-beam lithography and photolithography which 
involves multiple processing steps and leaves the residue on 
the surface [28–31]. These residues may affect the quality of 
the channel material and cause alternation in electrical prop-
erties [24, 32]. To overcome this problem, several methods 
have been proposed out of which lithography-free fabrica-
tion is the best approach. Dry transferring of 2D materials 
such as MoS2, phosphorene, HfS2 on the location on the 
pre-patterned substrate to get the desired geometry reported 
in the literature [33–36]. The fabrication of FET devices is 
very tedious and not a cost-efficient. It required a lot of effort 
to setup the fabrication facility which is not accessible for 
every researcher. Therefore, simple approach is required for 
the fabrication of FET for those researchers which do not 
have the sophisticated facilities for the fabrication.

To provide an easy solution of above stated issues, we 
have synthesized a few-layer of MoS2 and WS2 nanosheets 
(NSs) by the LPE method and characterized by field 

emission scanning electron microscopy (FESEM), trans-
mission electron microscopy (TEM) with selected area 
electron diffraction (SAED), High resolution X-ray diffrac-
tion (HRXRD), X-ray photoelectron spectroscopy (XPS), 
Raman spectroscopy, UV–Visible spectroscopy. We have 
demonstrated a simple approach for the fabrication of mul-
tilayer MoS2 and WS2 channel-based FET devices on pre-
patterned OFET substrate which not only produces the high 
yield device but also removes the undesirable steps of wet 
chemistry. This work may provide an alternative option 
for FET fabrication without having a lithography setup at 
research labs.

2 � Experimental Section

2.1 � Synthesis of MoS2 and WS2 Nanosheets

MoS2 and WS2 bulk powder (Alfa Aesar, 90% < 2 µm), 
N-methyl-pyrrolidone (NMP) (Sigma Aldrich) has been 
used for synthesis of 2D-MoS2/WS2 nanosheets by liquid 
phase exfoliation (LPE) route because of their high yield 
and cost-effectiveness. In this process, we take the 10 mg/
ml concentration of bulk powder in NMP in a glass vial. The 
prepared suspension has been sonicated for 8 h in a bath son-
icator. Once the sonication process has been done vials are 
left overnight and solutions are centrifuge at 3000 rpm for 
15 min. The supernatant is collected in the glass vials. The 
supernatants have been characterized by a different char-
acterization technique. These 2DMs have been drop casted 
on the organic field effect transistor (OFET) chips (O-FET 
gen-4 devices, Fraunhofer, Germany). The source/drain are 
40 nm thick of gold, separated by the 230 nm thick dielectric 
layer of silicon dioxide (SiO2), as shown in Fig. 1a.

Fig. 1   a synthesis procedure of 
MoS2 and WS2 nanosheets b 
fabrication of OFET device
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2.2 � Characterization Techniques

Structural and morphological study of the prepared sam-
ples are analyzed by 200 keV, high-resolution transmission 
electron microscopy (HRTEM) with selective area electron 
diffraction (SAED) (JEOL JEM-F200 with Gatan OneView 
Camera), Field emission electron microscopy (FESEM) 
(JEOL, JSM-7610F), High resolution X-ray diffractometer 
(HRXRD) (Bruker D8, 3 kW X-ray generator with Cu tar-
get, LynxEye detector, LiF monochromator), Raman spec-
trometer (Horiba Jobin–Yvon Labram HR) and X-ray pho-
toelectron spectroscopy (XPS) (Omicron Germany EA125 
analyzer with 0.6 eV resolution), respectively. The optical 
properties of prepared sample were studied by the UV–Vis-
ible spectrometer (UV-2401PC UV–Visible spectrometer, 
SHIMADZU). The electrical properties of FET devices have 

been studied by Keithley (2612A) instrument with a four-
probe setup.

3 � Result and Discussion

3.1 � FESEM and TEM Studies

The samples have been prepared by drop-casting the 
nanosheets for FESEM and TEM measurements. The sur-
face topography of MoS2 and WS2 NSs have been shown 
in Fig. 2a, b which is recorded by FESEM. Figure 2a, b 
shows the randomly distributed exfoliated MoS2 and WS2 
NSs. These exfoliated NSs have been agglomerated due 
the drop casting method. NSs have lateral dimensions in 
micron and thickness is upto few layers. In the Fig. 3a, b, 

Fig. 2   a FESEM image MoS2 and b nanosheets of WS2 at 100 nm scale

Fig. 3   TEM images of a MoS2 NSs, and b WS2 NSs. The inset images of Fig. 3a show the HRTEM and SAED images. On the other hand, the 
inset images of Fig. 3b show the HRTEM and FFT images
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TEM images show a large number of thin flakes of MoS2 
and WS2, respectively. The HRTEM images of MoS2 and 
WS2 NSs are shown in inset of Fig. 3a, b with 2 nm scale, 
respectively. The HRTEM image of MoS2 nanosheets shows 
that the regular lattice fringes with an interplanar distance 
of ~ 0.251, ~ 0.206 and ~ 0.204 nm correspond to the planes 
(012), (006) and (014), respectively, as indexed in inset of 
Fig. 3a. Similarly, the HR-TEM image of WS2 nanosheets, 
indexed in inset of Fig. 3b, shows the regular lattice fringes 
with an interplanar distance of ~ 0.263 and ~ 0.296 nm cor-
responding to the planes (011) and (004) respectively, which 
belongs to 2H phase of WS2 [29, 30]. The SAED image, 
inset of Fig. 3a, and the FFT image, inset of Fig. 3b, con-
firm the polycrystalline nature of MoS2 and WS2 nanosheets, 
respectively.

3.2 � HRXRD Studies

The structural properties of MoS2 and WS2 have been stud-
ied by X-ray diffraction (XRD) and Raman spectroscopy. 
XRD patterns of MoS2 and WS2 have been shown in Fig. 4 
and reveal that NSs have polycrystalline nature. As shown 
in the figure the peak found for MoS2 NSs at 2θ = 14.30° 
belong to (002), plane, (JCPDF-00-037-1492), whereas 
for WS2 peak occurred at 2θ = 14.25° represent the (002) 
miller plane (JCPDF no. 98-001-6261). The peak at 24.31° 
is of quartz that comes from the substrate. From, XRD pat-
tern it was found that both MoS2 and WS2 spectra have a 
2H-hexagonal structure with a P3mm/c space group [37]. 
The reduction in the intensity of (002) plane reveals that the 
number of the layer in bulk MoS2 and WS2 is reduced to few 
layer [11]. Hence, the structure is stacked along c-axis, and 
a reduction of particle size is allocated on the (002) plane.

3.3 � Raman Spectroscopy

To examine the molecular fingerprint of layered materials 
Raman spectroscopy is commonly used technique. Raman 
spectra of MoS2 and WS2 are shown in Fig. 5. There are 
two modes of vibration that occurred in MoS2 and WS2: 
(i) E1

2g which belongs to the in-plane vibration of S-Mo-S 
atoms in opposite direction and (ii) A1g because of out of 
plane vibration of S-atom [38] shown in the inset of Fig. 4. 
As observed, the in-plane mode (E1

2g) for MoS2 and WS2 
is 383.02 cm−1 and 357.12 cm−1, respectively whereas the 
A1g mode is shifted to 407.60 cm−1 and 420.96 cm−1 respec-
tively. This blue shift in peaks corresponds to the gain in 
energy of a scattered photon from the material. The fre-
quency difference (∆K) between the vibrational mode of 
bulk MoS2 and WS2 is 26.02 cm−1 and 70 cm−1 [23, 39, 40]. 
The noticeable ∆K is 24.08 cm−1 and 63.84 cm−1 for MoS2 
and WS2 respectively [27, 40, 41]. This also suggested the 
reduction in thickness of layered material and confirms that 
the synthesized NSs are few layer thick.

3.4 � X‑ray Photoemission Spectroscopy (XPS)

The elemental composition and oxidation state of MoS2 
and WS2 NSs have been recorded by the XPS measure-
ments. The XPS profile after background subtraction and 
peak smoothing were further processed to closely locate 
the peaks to identify possible valence state of MoS2 and 
WS2. For Mo-3d orbital, S-2p orbital and W-4f orbital XPS 
spectra have been shown in Fig. 6a–d having various peaks 
belongs to singlet of S-2s at 226.1 eV, doublet of Mo4+ (3d) 
at 232.08 eV (Mo4+ 3d3/2), 228.8 eV (Mo4+ 3d5/2), and Mo6+ 
state at 235.2 (Mo6+ 3d3/2) eV, reported [42, 43]. The Mo6+ 

Fig. 4   HRXRD pattern of MoS2 and WS2 nanosheets Fig. 5   Raman spectra of MoS2 and WS2 nanosheets
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is originated from the partial oxidation of Mo atoms at the 
edges or the vacant sites of MoS2 NSs. The S-2p region 
spectra of MoS2 are shown in Fig. 6b, which shows the dou-
blet at 160.4 eV and 161.4 eV have been indexed to S 2p3/2 
and S 2p1/2 [42] which are in good agreement with the bind-
ing energy of Mo4+ and S2− ion in 2H phase of MoS2. Due to 
the atmospheric O2 on the surface, relative ratio of oxidized 
Mo6+ to Mo4+ is increased and which results in the decrease 
in S/Mo ratio (1:1.45), Also increased in the relative Mo6+ 
means that the edge sites are more chemically active. Thus, 
larger flakes tend to more oxidized. Finally, the oxidation at 
the chemically reactive edge site would account for increase 
in the population of Mo6+.

XPS spectra of core-level of W4f7/2, W4f5/2 and S-2p 
have been shown in Fig. 6c, d which is an efficient way 
to distinguish the metallic 1T’ and 2H phase of WS2. The 
peaks located at 35 eV and 36 eV ascribed to a doublet of 
W4f7/2 and W4f5/2 belongs to 1T metallic phase of WS2 NSs 
whereas the two strong peaks at 32.4 eV and 33.8 eV belong 
to the 2H structure of WS2 NSs as shown in Fig. 6c. This 

confirms that the synthesized WS2 has a mixed phase of 
1T and 2H. Meanwhile, the peaks occurred to 37.2 eV and 
30.5 eV (W 5p3/2 and W 4f7/2) originated from amorphous 
WOx-clusters on the surface of synthesized WS2 NSs [44]. 
Figure 6d shows the deconvulated peaks corresponds to the 
S 2p1/2 and s 2p3/2 at 163.2 eV and 162.1 eV respectively. 
These value match coherently with the previously reported 
value for WS2 nanosheets [41].

3.5 � UV–Visible Spectroscopy

The optical properties of MoS2 and WS2 have been stud-
ied by UV–visible spectrometer. The absorbance spectra 
and tauc plot of MoS2 and WS2 are shown in Fig. 7a, b. In 
the absorbance spectra of MoS2 NSs, four excitonic peaks 
occurred at (a) 668 nm, (b) 610 nm, (c) 446 nm, and (d) 
394 nm and excitonic peaks for WS2 occurs at (1) 634 nm, 
(2) 526 nm, and (3) 464 nm which match with the literature 
[20, 45, 46]. The peak (a), (b), and (1) occurred due to the 
direct excitonic transition at K-point in the Brillouin zone 

Fig. 6   a, b XPS spectra of the MoS2 Mo-3d and S-2p orbital. c, d XPS spectra WS2 of W-4f and S-2p orbital
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and the two peaks appeared due to spin–orbit splitting at 
K-point [20, 45]. Rest peaks at (c) and (d) for MoS2 NSs and 
(2), (3) for WS2 NSs occurred due to the direct transition at 
M-point in the Brillouin zone. Also, the von-hove singular-
ity that occurred in crystalline solids at non-smooth points 
is responsible for these peaks [20]. The optical bandgap of 
the material is calculated by Tauc equation [47], which is 
given below:

where α, h, A, t, Eg, and ν are the absorption coefficient, 
Planck’s coefficient, optical path length, optical bandgap, 
and the optical transition frequency, respectively. The value 
of n can be taken ½ for the direct bandgap. The bandgap of 
MoS2 and WS2 NSs have 1.7 eV and 1.8 eV respectively [35, 
45]. The bandgap of MoS2 and WS2 is higher than their bulk 
counterpart which is due to the quantum confinement effect 
and increases in the surface to volume ratio [39].

3.6 � Electrical Properties

The nanosheets have been used as the channel material in 
commercially precurred pre-patterned FET device (schematic 
shown Fig. 1b). Figure 8a, b shows the FESEM image of field-
effect transistor of MoS2 and WS2 (fabrication of devices have 
been described in the experimental section). The device is 
annealed at 473 K in a vacuum oven before measurement for 
the removal of residual contamination. The electrical char-
acterization has been perfromed in an ambient environment 
using a probe station with Keithley (2612A). The gold elec-
trode on the top acts as drain and source and Si-substrate acts 
as gate electrode which controls the channel current. The MoS2 

(1)(�h�)1∕n = A
(

h� − Eg

)

(2)� = (2.303 ∗ A)∕t

and WS2 nanosheets assembled on Si/SiO2 substrate results in 
conducting channel between 2.5 µm wide gold electrode. Fur-
ther, the high magnification FESEM image of these devices is 
shown in Fig. 8a, b. The electrical response of FET deviecs is 
shown Fig. 8c–f. The linear relationship between Ids and Vds 
in the plot show good electrical contact between the channel 
material and Au-contact. Also, there is a clear transition from 
linear to cut-off region in the output characterstics. The transfer 
characteristics of MoS2 and WS2 channel-based FET devices 
have been shown in Fig. 8d, f. As, gate voltage could not pass 
throug the oxide layer, therefore the control performance of 
devices is not obvious. As observed in FESEM image (Fig. 8a, 
b), it seems that the channel alignment problem arised from 
the drop cast method which affects the electrical performance 
of FET devices due to which the contact resistance is high. 
The back gate voltage (Vgs) is sweeped from Vgs 1 V to − 5 V 
at constant Vd = 0 V for MoS2 and for WS2, Vgs = − 6 V to 
6 V at constant Vd = 0 V. The on/off ratio and threshold volt-
age is (Vth) of the device is 104 and − 1.74 V respectively, for 
MoS2-FET. The maximum on-state drain current is the order 
of 10−9A, while the off-state current is 10−12A. The on/off 
ratio and threshold voltage is (Vth) device is 103 & − 0.47 V 
for WS2-FET devices, respectively. The current on/off ratio 
of the devices is lesser than the reported literature shown in 
Table 1. The leakage current for both FETs is higher because 
of different charge state present in MoS2 and WS2 which can 
be visualized from XPS. These valance state act as the charge 
trap state which contribute to the leakage current. The indirect 
nature of exciton is consistence and under the biasing, disso-
ciation of exictions occur and generate the ‘e’ and ‘h’ [48] and 
inevitable oxidation states confimed from the XPS could leads 
to the uneven distribution of potential across the plane of chan-
nel materials, which leads to change in the local charge density. 
This local change in density of charge carrier is reponsible 
for the drain currrent when Vd = 0 V in WS2-FET. The both 

Fig. 7   a Absorbance spectra of the MoS2 and WS2 nanosheets b Tauc plot of MoS2 and WS2 nanosheets
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MoS2 and WS2 FETs exhabit bipolar nature, in which hole and 
electron conduction is shown on the right and left side of the 
dirac point respectively, in the transfer characterstics of both 
FETs (Fig. 8d, f) similar behaviour is reported by Fu et al. in 
2021 in which they have transfer the graphene over the pattern 
substrate [49]. Despite, the conductivity is lowest but still it is 
not zero. The increase current on/off ratio suggest that MoS2 
have better carrier mobility [50] but due to the contribution 
of several flakes we are not able to predict the current density 
and mobility of these devices. Also, change in Vth is due to the 

different workfunction of the MoS2 and WS2. This fabrication 
method shows a simple approach for the fabrication of MoS2 
and WS2 device.

4 � Conclusion

MoS2 and WS2 2DMs as a channel have been actively 
explored for FET application. MoS2 and WS2 NSs have 
been synthesized via liquid-phase exfoliation method by 

Fig. 8   a, b FESEM image of MoS2 and WS2 nanosheets channel-based FET devices c–f transfer and output characteristics of MoS2 and WS2 
nanosheets channel-based FET devices
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using NMP as a solvent. Morphological and structural study 
reveals that the prepared MoS2 has a few-layer thick 2H 
semiconducting phase whereas WS2 has mixed 1T and 2H 
phases. From Raman spectra, it was found that the frequecny 
difference between the vibration mode for MoS2 and WS2 
is 24.08 cm−1 and 63.84 cm−1 respectively, which confirms 
the reduction in number of layer of 2D materials. Mo-3d and 
W-4f doublet peaks have been observed in MoS2 and WS2 
elemental analysis by XPS. From the optical studies, we 
have found that the bandgap of MoS2 and WS2 NSs is 1.7 eV 
and 1.8 eV, respectively.These exfoliated NSs have been cast 
off as the channel material for the OFET chips. The metal-
semicondcuctor interface is formed at the contact and have 
schottky diode like behavior which is shown in the trasfer 
chacterstics of FET devices and both devices exhabits the 
bipolarity in nature. The electrical properties reveal that the 
current on/off ratio for MoS2 is 104 while for WS2 it is 103.
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