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Most of the MoS2 photodetectors 
operate in the range of visible spectrum 
due to interband transition. The band gap 
of MoS2 can be tuned from 1.2 to 1.8  eV, 
according to the number of layers, which 
determines the photoresponse range in 
the visible spectrum.[13–15] The limited 
photoresponse range restricts the appli­
cation of MoS2 in the infrared photo­
detection. Hence, it is essential to extend 
the response range of MoS2 photodetectors 
to near-infrared wavelength. One possible 
solution is to combine MoS2 and other 
narrow band gap materials such as black 
phosphorous, to fabricate photodetectors 
operating near-infrared wavelength.[16] The 
other is to utilize internal photoemission 
effect of Schottky junctions for infrared 
light detection.[17,18] Several MoS2 Schottky 
photodetectors for infrared light detection 
have been reported,[19–22] in which, plas­
monic antenna array electrodes, vertical 
MoS2 Schottky junction, and MoS2 field-

effect transistors were proposed to enhance response to near-
infrared wavelength. However, the problem is that the quantum 
efficiency of the internal photoemission is usually much lower 
than that of interband transition. It is necessary to further 
investigate MoS2 Schottky photodetectors with low dark current 
and high performance for near-infrared operation in a low-cost 
fabrication method.

In this work, a lateral MoS2 Schottky photodetector was pro­
posed and fabricated by firstly transferring multilayer MoS2 on 
metal (Au, Ti) to form Schottky contact with a Van der Waals 
gap and then deposition of Ti on the MoS2 to form Ohmic con­
tact. Ti deposited on surface of MoS2 can form covalent bond 
between S and Ti atoms, rendering good Ohmic contact, as 
previously reported.[23] Due to the multilayer MoS2 lying on Au 
electrode of the Van der Waals contact, the near-infrared light 
would penetrate through the MoS2 flakes to be fully absorbed by 
the metal electrode to excite internal photoemission electrons 
at the contact interface. In this MoS2-on-Au Schottky photo­
detector, a remarkable rectification ratio of 103 at ±0.8 V and an 
excellent dark current of 0.12 nA at −0.5  V bias voltage have 
been realized. Based on internal photoemission mechanism 
and the internal electric field formed by the Schottky junc­
tion, self-powered photodetection characteristics have been 
observed in the MoS2-on-Au Schottky photodetector at near-
infrared waveband. This MoS2-on-Au Schottky photodetector 

2D transition metal dichalcogenides (TMDs) have been widely investigated 
for possible application in field-effect transistors and optoelectronic devices. 
However, due to the wide band gap of most TMDs, photoresponse to infrared 
wavelength is still a big challenge. Here, a lateral molybdenum disulfide 
(MoS2)-on-metal Schottky photodetector operating in internal photoemission 
mode for near-infrared wavelength with high responsivity is reported. With 
moderate Schottky barrier height, a low dark current of 0.12 nA at −0.5 V and 
a remarkable rectification ratio of 103 at ±0.8 V are realized in the MoS2-on-Au 
Schottky photodetector. The maximum responsivity of 1.9 A W−1 at −1 V is 
achieved at 1310 nm due to the photoemission from the underlayering Au elec-
trode, which absorbs most of the incident light through the transparent MoS2 
layers, and the generated photocurrent gain in MoS2 layers. Furthermore, 
the MoS2 Schottky photodetectors are self-powered. The high responsivity of 
0.68 A W−1 and the excellent specific detectivity of 1.89 × 1012 Jones at 1310 nm 
are obtained under 0 V. The excellent performance demonstrates that internal 
photoemission mechanism can be well applied in 2D material Schottky photo-
detectors for infrared wavelengths.
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1. Introduction

2D transition metal dichalcogenides, such as MoS2, tungsten 
diselenide, etc., have been widely investigated for their pos­
sible application in field-effect transistors and optoelectronic 
devices.[1–9] Various structures of MoS2 photodetector including 
p–n junction, metal-semiconductor-metal, and photoconductor, 
etc. showed high performance. The multilayer MoS2 photo­
transistor with a responsivity of 120 mA W−1 and a detectivity of 
1011 Jones for visible light was designed and fabricated.[10] The 
remarkable responsivity of 880 A W−1 at 561 nm was achieved 
for a monolayer MoS2 photoconductor at 8 V bias voltage with 
ultra-high photocurrent gain.[11] Furthermore, a MoS2 p–n junc­
tion has been realized, showing high responsivity of 107 A W−1 
at 650 nm and operating at zero bias voltage.[12]
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exhibits an outstanding specific detectivity of 1.89 × 1012 Jones 
at 1310 nm at zero bias voltage due to not only a very low dark 
current but also a noticeable responsivity of 0.68 A W−1. Finally, 
a MoS2-on-Ti Schottky photodetector was also fabricated and 
exhibited a rectification ratio of 102 as well as a responsivity of 
66.2  mA W−1. It is demonstrated that this fabrication process 
to form lateral MoS2 Schottky junctions might be suitable for 
other kinds of metals and 2D materials.

2. Results and discussion

In order to demonstrate the different contact properties 
between MoS2 and metal formed by different fabrication pro­
cesses, three kinds of structures of devices were fabricated, as 
shown in Figure 1a–c. Optical images of the corresponding 
devices are shown in Figure  S1, Supporting Information. 
Here, the electrodes of all devices were made with Ti metal. 
In Figure 1a, both electrodes were deposited on the surface of 
MoS2 by magnetron sputtering. The current depends linearly 
on voltage and is almost symmetric under positive and negative 
bias, as shown in Figure  1d, which indicates that ohmic con­
tact has been formed between MoS2 and Ti. Magnetron sput­
tering is a kind of high energy deposition technology, which 
facilitates the formation of covalent bonds between MoS2 and 
Ti as well as metallization of MoS2 contacting with Ti.[23] The 
transfer technique of the MoS2 flake is carried out to fabri­
cate MoS2 on metal contacts, as shown in Figure  1b. The cur­
rent depends non-linearly on voltage and is almost symmetric 
under positive and negative bias, as shown in Figure  1e, indi­
cating that Schottky contact has been formed between MoS2 
and Ti. The transfer technique of the MoS2 flake is low energy 
so that the original perfect interface of MoS2 and Ti is main­
tained.[24] In Figure  1c, the contacts of MoS2 on and below Ti 
electrodes are formed with above-mentioned processes, respec­
tively. The strong rectification is achieved in the current-voltage 

characteristics, as shown in Figure  1f, indicating that a lateral 
MoS2 Schottky diode is prepared with different contact forms.

In order to further improve rectification ratio and lower 
dark current, higher Schottky barrier height is preferred. We 
choose Au as bottom electrode to contact with MoS2 to expect 
high Schottky barrier height considering its larger work func­
tion. Ti continues to be selected to form ohmic contact. Unless 
otherwise specified, all contacts in this paper will be ohmic 
by magnetron sputtering deposition Ti on MoS2. Because the 
Schottky contact is formed for MoS2 on metals, we call it as 
MoS2-on-metal Schottky photodetector. The 3D schematic and 
optical microscope diagram of the MoS2 Schottky photodetector 
are shown in Figure 2a,b, respectively. The MoS2 flake is trans­
ferred on the top of Au electrode, in which infrared light can 
penetrate through the MoS2 flake to reach the contact inter­
face for completely being absorbed by Au electrode, in con­
trast to the shadow of electrode on MoS2 flakes. This results 
in improvement of efficiency of internal photoemission. The 
thickness of the MoS2 flake we chose is 10 nm, corresponding 
to 15 monolayers, as shown in Figure 2c. The interval of Raman 
characteristic peaks between E2g

1  and A1g is about 25 cm–1, as 
shown in Figure  2(d), indicating that the MoS2 flake is more 
than six layers, in agreement with atomic force microscopy 
measurement.[25]

The current–voltage characteristics of lateral MoS2-on-
Au Schottky photodetector measured in dark are shown in 
Figure 3a and the inset (semi-logarithmic coordinate). The 
strong rectification characteristic is obtained with rectification 
ratio of 103 at ±0.8 V. The dark current is about 1.2 × 10−10 A at 
−0.5 V bias voltage due to the large Schottky barrier. The ideal 
factor and Schottky barrier height can be extracted with the cur­
rent–voltage characteristic curve.

The ideal factor (n) is described as[26]

n
q

k T S· · ·In(10)
= � (1)

Figure 1.  a) The device structure diagram with both Ti electrodes deposited on the surface of MoS2, b) with MoS2 transferred on the surface of both 
Ti electrodes, c) with one Ti electrodes on and the other below MoS2 layers. d,e) Current–voltage characteristics of the corresponding devices in (a–c), 
respectively. The insets show the current–voltage characteristics in logarithmic coordinates.
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where q is electron charge, k is Planck constant, T is tempera­
ture of 300 K and S is the slope of the linear region of the curve 
at forward bias voltage in semi-logarithmic coordinate. The 
Schottky barrier height (ΦB) is described as[26,27]

k T

q

A A T

I
Φ =













∗·
In

· ·
B

2

0

� (2)

where A is the cross-sectional area of MoS2 flake, A* is Rich­
ardson constant of 54 A cm−1 K−2 for MoS2,[28] I0 is saturation 
current. The extracted ideal factor and effective Schottky barrier 
height are 1.55 and 0.53 eV, respectively. It is expected that the 
extracted Schottky barrier height should be higher than it actu­
ally is, due to the resistance of Van de Waals gap to the thermal 
electrons.

Figure 2.  a) The 3D schematic view of the lateral MoS2 Schottky photodetector. b) Optical microscope diagram of MoS2-on-Au Schottky photodetector. 
c) The thickness of the MoS2 flake. The inset shows the AFM image of the MoS2 flake. d) The Raman spectra of the MoS2 flake.

Figure 3.  a) Dark current of MoS2-on-Au Schottky photodetector. The inset shows the dark current of (a) in semi-logarithmic coordinate. Variable power 
measurement of photoresponse of the MoS2-on-Au Schottky photodetector at b) 690 nm, c) 1000 nm, and d) 1310 nm.
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Electrical characterization was repeated under various illu­
mination intensities in the 0.084 to 0.94  mW cm−2 range 
at 690  nm, 1.69 to 9.09  mW cm−2 at 1000  nm, and 8.09 to 
42.30 mW cm−2 at 1310 nm, as shown in Figure 3b,c,d respec­
tively. The remarkable photoresponse was observed for the 
device at reverse bias and the photocurrent at reverse bias 
voltage increases monotonously with the increase of optical 
power. The ratio of photocurrent to dark current is about 103 
for wavelength of 690  nm and 102 for the infrared region. 
Because the band gap of multilayer MoS2 is about 1.3  eV, the 
cutoff wavelength due to interband transition is about 950 nm. 
The photoresponse at 690 nm can mainly be attributed to inter­
band transition, as well as internal photoemission. Because the 
quantum efficiency of interband transition is much larger than 
that of internal photoemission and the light firstly penetrates 
into MoS2, the carriers should be mainly generated in the MoS2 
multilayers to form large photocurrent. For the photoresponse 
with wavelength longer than 950  nm, the photoresponse 
mechanism cannot be attributed to the interband transition. 
Benefit from the structure of the Schottky junction formed 
by the MoS2 located on Au electrode, the infrared light could 
penetrate through the MoS2 flake to reach the contact interface 
and completely be absorbed by Au electrode to excite internal 
photoemission electrons into MoS2 flakes.[18] It is worth noting 
that there is a significant zero shift of the current under illu­
mination, which should be attributed to the built-in electric 
field of the Schottky junction. The remarkable photocurrent at 
zero bias indicates that the MoS2 Schottky photodetector can 
be operated by self-powered in the range of visible and near-
infrared wavelength.

The band diagram of the MoS2 Schottky photodetector is 
shown in Figure 4a. MoS2 on Au forms a Schottky barrier with 
a Van der Waals gap and Ti on MoS2 flake is Ohmic contact. 
Due to Van der Waals gap, the band of MoS2 only bends at 
the edge of the electrode and no electrons can directly tunnel 
through the Schottky barrier. The thermal electrons need to not 
only jump across the Schottky barrier but also tunnel through 
the Van der Waals gap to get into the semiconductor. Hence, 
the dark current is quite small and exhibits prominent Schottky 
characteristics. Figure  4b shows interband transition, marked 
as ①, and internal photoemission, marked as ②, processes in 
the MoS2 on Au Schottky photodetectors under illumination. 
When light with wavelength shorter than 950  nm is illumi­
nated into MoS2, electrons in the valence band are excited by 
photons to the conduction band and electrons and holes are 

transported to electrodes to form photocurrent. When light 
with wavelength longer than 950 nm  penetrates through the 
MoS2 flake to reach the contact interface, the light-excited elec­
trons in Au can jump across the barrier as well as tunneling 
through the Van de Waals gap into MoS2 and collected by the 
Ti electrode. Due to the random direction of momentum of 
the excited electrons, the quantum efficiency of internal photo­
emission effects is always lower than that of interband transi­
tion by several orders of magnitude. If there are carrier traps 
in the MoS2, the carrier lifetime is extended so that the high 
gain, as well as the high responsivity, can be obtained.[29–31] 
From the response spectrum shown in Figure S2, Supporting 
Information, it can be seen that the responsivity in the visible 
spectrum is as high as hundreds A W−1 and the responsivity in 
the near-infrared spectrum is about several A W−1, which dem­
onstrates the high photocurrent gain. Anyway, the responsivity 
in infrared spectrum is still high enough compared with those 
based on conventional semiconductors.[32] The difference in 
quantum efficiency between interband transition and internal 
photoemission should be responsible for the difference of 
responsivity in the visible or infrared spectrum.
Figure 5 shows responsivity and specific detectivity of the 

MoS2 Schottky photodetector under different optical power at 
690 nm. The specific detectivity (D*) is extracted with the equa­
tion of[33,34]

D
A R

qI

·
2 D

=∗ � (3)

where A is the area of the device, R is the responsivity, q is elec­
tron charge, and ID is the dark current. The responsivity and 
specific detectivity decrease with the increase of optical power. 
The maximum responsivity of 1252 A W−1 is obtained for the 
device at −0.5 V reverse bias voltage. The outstanding respon­
sivity of 151 A W−1 and an amazing specific detectivity of 4.2 × 
1014 Jones are achieved at zero bias voltage.

The responsivity and specific detectivity under different 
optical power at 1310 nm were measured, as shown in Figure 6a. 
Basically, the responsivity and specific detectivity decrease with 
the increase in the optical power, except the responsivity and 
detectivity at the minimum power. Maximum value of the 
responsivity at −1  V is 1.9 A W−1, which corresponds to the 
specific detectivity of 2.3 × 1011 Jones. More importantly, the 
responsivity of 0.68 A W−1 and detectivity of 1.89 × 1012 Jones 
are extracted for the photodetector at zero bias voltage, which 

Figure 4.  a) Band diagram of the MoS2-on-Au Schottky photodetector. b) Interband transition process and internal photoemission process in band 
diagram of the MoS2-on-Au Schottky photodetector.
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is comparable with interband transition mechanism dominated 
conventional semiconductor photodetectors for near-infrared 
operation. Those results demonstrate that the MoS2 Schottky 
photodetectors can be operated by self-powered with high per­
formance. Figure  6b shows the dependence of photocurrent 
of the MoS2 photodetector under zero bias voltage on incident 
optical power at 1310 nm. The five test points in the Figure are 
fitted linearly to obtain the relationship: IPh  ∝ Pα, where α is 
equal to 0.73, less than 1, indicating the existence of defects at 
the contact interface.

The high performance of self-powered MoS2-on-Au Schottky 
photodetectors for near-infrared operation has been dem­
onstrated thoroughly in terms of responsivity and specific 
detectivity at zero bias. In order to prove this method for fab­
rication of MoS2 Schottky photodetector validation in general, 
electrical and photoresponse characterization of MoS2-on-Ti 
Schottky diodes, as referred at the beginning, are also carried 
out. The optical microscope diagram of the device is shown in 
Figure S1c, Supporting Information. Raman spectroscopy and 
thickness measurement are shown in Figure S3, Supporting 
Information. Figure 7a shows the current–voltage characteris­
tics and photocurrent of the MoS2-on-Ti Schottky photodetector 

at 690, 1000, and 1310  nm, respectively. The dark current is 
about 10−10 A at −0.5 V reverse bias voltage and a rectification 
ratio of 102 at ±1  V is achieved. Similarly, the ideal factor of 
3.1 and the effective Schottky barrier height of 0.51  eV were 
extracted from the dark current curves, respectively. The ideal 
factor is much larger than that in the MoS2 on Au Schottky 
diode, implying more defects at the MoS2–Ti interface. Com­
pared to MoS2-on-Au Schottky contact, the slight change in 
Schottky barrier height suggests that despite the existence of 
Van de Waals gap, Fermi level pinning effect still works. Under 
illumination of light at 690, 1000, and 1310  nm, the obvious 
photoresponse and zero shift in the bias voltage are observed. 
It is indicated that the stronger the photocurrent is, the larger 
the zero shift is in a certain range, regardless of wavelength. 
The zero shift is also observed in the variable optical power 
measurement at 1310 nm, as depicted in Figure 7b. The photo­
current significantly increases with the increase of incident 
power density and at zero bias remarkable photocurrent is 
observed, indicating the photodetector can work in self-pow­
ered mode. The responsivity and specific detectivity under 
different optical power at 1310  nm were shown in Figure  7c. 
The responsivity and detectivity increase with the increase 
of incident power density in the test range for the MoS2-on-
Ti Schottky photodetector under −0.5  V reverse bias, while 
decrease under zero bias. It is implied that external reverse 
bias enhances the electrical field at the Schottky junction 
and electron transportation. The built-in electrical field in the 
device at zero bias itself is not strong enough to transport the 
photoemission electrons under high incident power. On the 
other hand, lots of carrier traps at the MoS2 on Ti interface 
may play an important role in this case. On the contrary, the 
responsivity of MoS2 on Au Schottky photodetectors decreases 
with increase of incident power either at −0.5 V or 0 V bias, as 
shown in Figure 6a, indicating strong built-in electrical field at 
MoS2 on Au interface and less effect of carrier traps.

The maximum value of responsivity of MoS2-on-Ti Schottky 
photodetectors at −0.5  V reverse bias is about 66.2  mA W−1 
at 1310  nm, which is much smaller than that of MoS2-on-Au 
Schottky photodetectors. The responsivity and specific detec­
tivity of MoS2-on-Ti Schottky photodetectors at zero bias are 
about 19.2 mA W−1 and 1.09 × 1010 Jones.

Figure 5.  Responsivity and specific detectivity of the MoS2 Schottky 
photodetector under different optical power at 690 nm.

Figure 6.  a) Responsivity and specific detectivity of the MoS2-on-Au Schottky photodetector under different optical power at 1310 nm. b) Dependence 
of photocurrent of the MoS2-on-Au Schottky photodetector on optical power density at 1310 nm.

Adv. Electron. Mater. 2021, 7, 2001138



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2001138  (6 of 8)

www.advelectronicmat.de

The photocurrent of the MoS2-on-Ti Schottky photodetector 
under variable optical power at 1310 nm is shown in Figure 7d. 
The dependence of photocurrent on optical power is fitted by 
the equation IPh ∝ Pα with α of 0.64. The value of α is lower 
than that for the MoS2-on-Au Schottky photodetector, also 
implying more defects at the MoS2-Ti interface. In addition, 
variable power measurements of photoresponse are also per­
formed at 690 and 1000 nm, as shown in Figure S4, Supporting 
Information. The responsivity and specific detectivity under dif­
ferent optical power at 690 and 1000 nm are shown in Figure 
S5, Supporting Information.

The large difference of device performance between MoS2-
on-Au and Ti may be attributed to the difference of photoemis­
sion efficiency of Au and Ti, defect or trap density at the MoS2 
and metal interface, built-in field of Schottky junction, as well 
as interface roughness. Anyway, Au or other metals with high 

work function may be more suitable for high-performance 
Schottky photodetectors with 2D materials in this method.
Table  1 lists the previously reported MoS2 photodetectors 

operating at near-infrared wavelength for comparison. The 
maximum responsivity of 5.2 A W−1 at 1070 nm was achieved 
for the bilayer MoS2 photodetector with hot electrons gener­
ated from plasmonic antenna array.[19] However, the large dark 
current and weak rectification property limit the overall per­
formance of the devices. The MoS2 vertical Schottky junction 
shows a low dark current of 10−12 A and good responsivity of 
1 A W−1 at 1000  nm, near the cutoff wavelength of multilayer 
MoS2, and fails to extend to longer wavelengths.[20] A broad­
band MoS2 field-effect phototransistor with excellent photore­
sponse at 454 and 980 nm was achieved. However, due to the 
large dark current, available photoresponse characteristics 
were not realized at longer wavelength.[21] Very recently, the Au 

Figure 7.  a) Photoresponse measurement of MoS2-on-Ti Schottky photodetector at 690, 1000, and 1310 nm. b) Variable optical power measurement 
of MoS2-on-Ti Schottky photodetector at 1310 nm. c) Responsivity and specific detectivity of the MoS2-on-Ti Schottky photodetector under different 
optical power at 1310 nm. d) Photocurrent of the MoS2-on-Ti Schottky photodetector at 1310 nm under different optical power.

Table 1.  Comparison of Device Performance of MoS2 based Photodetectors for near-infrared operation.

Device Materials Operating wavelength [nm] Responsivity [A W−1] Dark current [nA] Detectivity [Jones] Self-powered Refs.

Au/MoS2/Ti 1310 0.68@0V
1.9@-1V

≈10–4@0V
0.12@-1V

1.89 × 1012

2.3 × 1011

Yes This work

Au(RWs)/MoS2/Au(NRWs) 1070 5.2@0.8V ≈103@3V No [19]

Au/MoS2/ITO 1000 ≈1@0V ≈10–3@0V ≈1010 Yes [20]

Au/MoS2/Au 980 2.3@0.2V  ≈103@1V No [21]

Au/MoS2(with Au NPs)/Au 980 0.064@15V 1.6@5V No [22]

We report a lateral self-powered MoS2-on-metal Schottky photodetectors operating in the internal photoemission mode for near-infrared wavelength with high responsivity. 
In the MoS2-on-Au Schottky photodetectors, the high responsivity of 0.68 A W−1 and the excellent specific detectivity of 1.89 × 1012 Jones at 1310 nm are obtained for the 
devices under 0 V.
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nanoparticles decorated few-layer MoS2 photodetector was pro­
posed for operation at 980 nm, the responsivity was low, even at 
high bias voltage.[22] In this work, the responsivity of 0.68 A W−1 
and detectivity of 1.89 × 1012 Jones at 1310 nm under 0 V bias 
are achieved, which is comparable with the performance of 
the photodetectors dominated by interband transition for near-
infrared operation.

3. Conclusion

Self-powered MoS2-on-metal Schottky photodetector with 
high responsivity and remarkable detectivity has been 
proposed and fabricated for near-infrared detection. The 
different contact forms of MoS2 and metal fabricated by dif­
ferent processes show Schottky or Ohmic properties. With 
the MoS2-on-Au Schottky photodetector operating in inter­
band transition mode, the low dark current of 0.12 nA and 
high responsivity of 1252 A W−1 at −0.5  V reverse bias are 
achieved at 690 nm. The maximum responsivity of 1.9 A W−1 
at 1310  nm is achieved for the MoS2-on-Au Schottky photo­
detector operating in internal photoemission mode at −0.5 V 
bias. The high responsivity of 0.68 A W−1 and specific detec­
tivity of 1.89 × 1012 Jones at 1310  nm are achieved for the 
photodetector at zero bias. The similar properties of MoS2 
on Ti contacts suggest that this simple method to fabricate 
Schottky photodetector with 2D material is in general to 
extend the photoresponse to infrared regions. The excellent 
performance of the self-powered MoS2-on-Au Schottky pho­
todetector for near-infrared operation provides the possibility 
for MoS2 photodetector to work in the near-infrared photo­
detection and optical memory devices.

4. Experimental Section
Device Fabrication and Characterization: Heavily doped p-type Si 

substrate covered by 90 nm SiO2 was cleaned by acetone, ethyl alcohol, 
and deionized water. Then, maskless laser direct lithography was carried 
out to define the pattern of electrode, followed by deposition of Au or 
Ti of 50 nm on the target substrate and lift-off to fabricate the bottom 
electrode. The MoS2 flakes were mechanically exfoliated from bulk MoS2 
and transferred to a surface of 300 nm SiO2 covering on a Si substrate. 
Then, a home-made alignment-transfer system was used to transfer 
the MoS2 flakes on the metal electrodes to form Van der Waals contact. 
Firstly, through spinning polymethyl methacrylate (PMMA) on the Si 
substrate covered by 300  nm SiO2 and etch of silicon dioxide layer in 
diluted hydrofluoric acid solution, the mechanically exfoliated MoS2 
flakes were separated from the initial substrate and held by the PMMA 
film. Then, the MoS2 flakes held by the PMMA film were transferred 
onto polydimethylsiloxane (PDMS). After this step, the PMMA film was 
dissolved in hot acetone. Subsequently, the MoS2 flake on PDMS was 
transferred on the substrate of premade bottom electrode and align with 
bottom electrode to form Van der Waals contact. After that, PMMA was 
spun on the surface of MoS2 flake again followed by defining the pattern 
of the top electrodes by maskless laser direct lithography. Finally, 50 nm 
thick Ti was deposited on the sample by magnetron sputtering, followed 
by the lift-off process in 50 °C hot acetone to define the Ti electrodes. 
All devices were thermally annealed at 300 °C in vacuum for 2 h after 
fabrication. All the electrical and optoelectronic measurements were 
performed on the Keithley 2611B at room temperature. A Halide lamp 
was employed as a light source and a monochromator was used for 
splitting light.
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