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Abstract 

Two-dimensional (2D) atomic crystals, such as graphene, black phosphorus and transition metal dichalcogenides (TMDCs) 

are attractive for use in optoelectronic devices, due to their unique optical absorption properties and van der Waals (vdWs) 

force between layers. Heterostructures based on layered semiconductors provide a new platform for broadband high 

performance photodetectors. In this work, graphene-MoTe2-WS2-graphene vdWs heterojunctions are fabricated for 

photodetection. The fundamental electric properties and the band structures of the heterojunctions are investigated and 

discussed. The devices show a high responsivity (≈ 140 mA W-1 at 825 nm), stable and broadband photodetection from 

UV to NIR wavelength range (300 - 1350 nm), fast response time of 186 µs and self-driven photodetectors. The scanning 

photocurrent microscopy maps are also employed to study the mechanism of photocurrent generation in the heterojunction. 

Our results reveal that the vdWs heterojunctions with graphene electrodes offer a new route to broadband detection, optical 

communication and energy harvesting applications. Copyright © 2019 VBRI Press. 

Keywords: Ultraviolet, near-infrared, photodetection, van der Waals heterostructure, molybdenum ditelluride, tungsten 

disulfide.

Introduction 

Broadband photodetector operating in the ultraviolet 

(UV) to near-infrared (NIR) region have great potential 

for optoelectronic and energy harvesting applications, 

such as optical communication, imaging, night vision, 

environmental monitoring, remote sensing [1-5]. 

Transition metal dichalcogenides (TMDCs) and other 

two-dimensional (2D) atomic crystals are attractive for 

use in optoelectronic devices due to their unique 

properties, such as favorable electric bandgap, strong 

light-matter interaction, flexibility, van der Waals 

assembly, and so forth [6-8]. The ability of stacking them 

into van der Waals (vdWs) heterostructures has opened 

a new platform for fundamental research and device 

applications [9, 10]. Molybdenum ditelluride (MoTe2) as 

a member of TMDCs have been extensively discussed. 

Layered MoTe2 possesses two stable phases: trigonal 

prismatic phase (2H) and distorted octahedral phase 

(1T’) [11-14]. Naturally, MoTe2 shows trigonal (2H) 

structure, where Mo atoms are sandwiched between two 

layers of Te atoms, and each Mo is coordinated to six Te 

atoms [13, 15]. Bulk MoTe2 (2H-MoTe2) is a 

semiconductor with an indirect band gap of about 1.0 eV 

[16, 17]. MoTe2 becomes a direct gap semiconductor 

with an optical gap of 1.1 eV when the thickness down 

to monolayer limit [18]. In recent years, the reported 

few-layered 2H-MoTe2 field-effect transistors (FETs) 

shows p-type conducting character under electrical 

gating and high performance in photodetector 

applications, such as very high responsivity up to    

6A W-1 and fast photoresponse of 160 µs [19-23]. In 

order to reduce the response time, graphene sandwiched 

MoTe2 was also fabricated, the device shows a superior 

performance of high photoresponsivity of 110 mA W-1 

and very fast response time 24 µs [24]. High-

performance photovoltaic photodetectors and interlayer 

transition based on MoTe2/MoS2 vertical 

heterojunctions were also demonstrated [25, 26]. 

Tungsten disulfide (WS2) is another typical TMDCs with 

n-type conducting and relatively high carrier mobility 

[27-29]. Similar to MoTe2, WS2 is a semiconductor with 

an indirect bandgap of 1.4 eV and direct bandgap of 2.1 

eV in the bulk and monolayer form, respectively  [30, 

31]. Recently reported results show that WS2 has great 

potential for high performance photodetecting 

applications due to its strong light-matter interaction [27]. 

In addition, the vdW heterostructure photodetectors with 

high performance based on WS2 also have been reported 

recently [32-34]. In order to achieve high performance 
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photodetectors with broadband detection, high 

photoresponsivity and fast response time, p-type MoTe2 

and n-type WS2 were chosen to build the type-II band 

alignment heterojunction photodetector devices. In this 

work, we fabricated the multilayer MoTe2-WS2 vdWs 

heterojunctions with graphene electrodes using dry-

transfer of 2D flakes and site-controllable transfer 

methods. The devices show high responsivities over a 

broad spectral range from 300 to 1350 nm, response time 

down to 186 µs and self-driven photodetectors. Our 

results show that the vdWs heterojunctions with 

graphene electrodes could offer a new route to develop 

broadband and fast photodetectors and next generation 

photoelectronics. 

 

Experimental 

To fabricate the graphene contact MoTe2-WS2 vdWs 

heterostructure devices, multiple steps of dry-transfer of 

2D flakes method was used. In order to make the      

p-MoTe2/n-WS2 vdWs heterojunction, the MoTe2 (from 

HQ graphene) flake was mechanically exfoliated using 

adhesive tape from bulk single crystals and subsequently 

transferred onto a polydimethylsiloxane (PDMS) stamp 

which is adhered to a glass slide. Under optical 

microscope, the MoTe2 flake with appropriate thickness 

and shape can be chose by colors. Afterwards, the target 

MoTe2 flake was transferred on the SiO2 (300 nm)/Si++ 

substrate with pre-patterned electrodes by using a site-

controllable transfer method. Using the same method, 

the WS2 flake was transferred on the top of the MoTe2 

flake to fabricate a 2D heterojunction. To reduce the 

contact resistance, few-layer graphene (FLG) were used 

as the electrodes [35]. The whole transfer processes were 

performed in a glove box to make a clean interface. The 

thickness of both MoTe2 and WS2 flakes were measured 

by atomic force microscopy (AFM) (Bruker Multimode 

8). The device was stored in a small vacuum chamber 

with 2 × 10-5 mbar during the whole electric and 

photoelectric measurement processes. 

 Electrical and optoelectrical properties were 

measured using a semiconductor characterization system 

(Agilent Technology B1500A) and a lock-in amplifier 

(SR830) with a light chopper. The UV light illumination 

was applied by Xe lamp and the visible to NIR light 

illumination was provided by a Fianium WhiteLase 

supercontinuum laser source. The output light was tuned 

into monochromatic light by an Omni-λ 300 

monochromator. A convex lens and an infrared 

microscope objective lens (Olympus LMPLN IR10×) 

were used for the UV photoresponse characterization 

and visible to NIR characterization, respectively. For the 

spatially-dependent photocurrent measurement, a 

microscope objective lens (Olympus SLMPLN100×), a 

lock-in amplifier (SR830) with a light chopper and a 

micromechanical stage with a control system were used. 

A home-built measurement system that combined a LED 

(λ = 470 nm) driven by a square-wave signal generator, 

a current amplifier (Stanford research systems Model 

SR570) and a digital oscilloscope (Tektronix TDS 

2022B) was used to monitor the response times of the 

devices. 
 

Results and discussion 

Schematic diagram of the p-MoTe2/n-WS2 

heterojunction with graphene electrodes device is 

presented in Fig. 1(a). The typical AFM image of the 

partial heterojunction is shown in Fig. 1(b). The inset 

shows the flattening date that along a line-cut across the 

heterojunction, indicates the thickness of MoTe2 and 

WS2 flakes are 11 nm and 10 nm, respectively. Fig. 1(c) 

show the current-voltage characteristic of the        

p-MoTe2/n-WS2 heterojunction device. The device 

shows a weak rectification behavior. The rectification 

ratio, defined as the ratio of the forward/reverse current, 

is about 6 at VDS = +1/-1 V. The inset of Fig. 1(c) shows 

the transfer curves of the Au-MoTe2-Au device for drain 

bias value VDS = 1 V, which indicate the MoTe2 is p-type 

conducting materials without gate voltage applied. The 

thickness of the MoTe2 is about 10 nm in the Au-MoTe2-

Au device. The current-voltage characteristic properties 

of the p-MoTe2/n-WS2 heterojunction device at different 

back-gates (VG) are shown in Fig. 1(d).  

Fig. 1. Schematic diagram and basic properties of p-MoTe2/n-WS2 
heterojunction. (a) Schematic diagram of the p-MoTe2/n-WS2 

heterojunction with graphene electrodes. (b) AFM image of        

p-MoTe2/n-WS2 heterojunction device, scale bar 1 μm. The inset shows 
a line-cut across the heterojunction, indicating the thicknesses of 

MoTe2 (11 nm) and WS2 (10 nm). (c) Current-voltage (I-V) 

characteristics of the device. The inset shows the transfer characteristic 

of the Au-MoTe2-Au device. (d) Current-voltage characteristic of the 

device at different gate voltages. 
 

 To investigate the responsivity of the device 

dependence on the illumination intensities, different 

illumination intensities P ranging from 0 to 5 W cm-2 are 

applied to the heterostructure device. The laser beam is 

focused on the whole device by infrared microscope 

objective lens (Olympus LMPLN IR 10×) and the 

diameter of the spot size is about 160 μm, which is larger 

than the device size. Fig. 2(a) shows the output 

characteristics (IDS-VDS) of the p-MoTe2/n-WS2 

heterojunction under illumination with 825 nm laser at 

various excitation intensities (P = 0, 0.1, 0.25, 0.5, 1, 2.5, 
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5 W cm-2). In Fig. 2(b), the IDS-VDS curves of the device 

with and without laser illumination (825 nm, 5 W cm-2) 

show clear photovoltaic effect with an open-circuit 

voltage of ~ 0.1 V and a short-circuit current ~ 16.5 nA. 

 

 
Fig. 2. Power-dependent optoelectronic characterization at different 
applied voltages VDS. (a) Typical output characteristics (IDS-VDS 

curves) of the p-MoTe2/n-WS2 heterojunction under illumination with 

825 nm laser at various excitation intensities (P = 0, 0.1, 0.25, 0.5, 1, 
2.5, 5 W cm-2). The laser beam is focused by infrared microscope 

objective lens (Olympus LMPLN IR 10×), and the diameter of the spot 

size is about 160 μm, which is larger than the device size. (b) The IDS-
VDS curves of the device with and without laser illumination (825 nm, 

5 W cm-2). (c) Photocurrent as a function of the illumination intensity 

at different VDS (VDS = -1, 0, and 1 V). (d) Responsivities as a function 
of the illumination intensity at different VDS (VDS = 1, 0, and -1 V).  

 

The photocurrent as a function of the illumination 

intensity at different VDS. The explanation can be divided 

into three cases. Under short-circuit state (VDS = 0V), the 

band diagrams of the p-MoTe2/n-WS2 heterojunction is 

shown in Fig. 3(b). The built-in field direction is from n-

type WS2 to p-type MoTe2. Under illumination of 825 

nm laser, the photo-generated electrons and holes in 

MoTe2 are separated by the built-in field and move into 

the graphene electrodes in opposite direction across the 

junction, forming a reversed photocurrent. Under reverse 

bias (VDS < 0 V), the photocurrent IPH (IPH = ILight – IDark) 

increases with increasing the light intensity P, and can be 

enhanced by increasing the reverse bias. It can be 

explained by the increased electrical field in the 

heterojunction (Fig. 3(c)), which decreases the carrier 

transit time, thus reducing the recombination of the 

photo-generated electrons and holes. Under forward bias 

(VDS > 0 V), the high injection of majority carriers across 

the heterojunction and the decrease of the barrier in the 

interface of heterojunction lead to a bigger photocurrent 

(Fig. 3(d)). In Fig. 2(c), the photocurrent IPH shows a 

sublinear dependence on the incident light intensity P 

which follows a power law of IPH ∝ Pα, where α = 0.75, 

0.62, and 0.17 at source-drain voltages VDS = -1, 0, and 

1 V, respectively. The shorter carrier transit time leads to 

bigger α under reverse bias, while longer carrier transit 

time leads to a smaller α under forward bias. The similar 

sublinear behavior has also been reported for other 

nanomaterials, such as ZnO and GaN nanowires, 

WSe2/graphene, MoS2/WS2, WS2/GaSe, InSe/GaSe, 

WS2/GaSe heterostrctures [29, 36-41]. Fig. 2(d) shows 

the photoresponsivity (R = IPH/PS, where P is the 

incident light intensity on the device, S is the in-plane 

area (200 µm2) of the device) as a function of the 

illumination intensity at different VDS (VDS = 1, 0, and   

-1 V). The photoresponsivity decreases with increasing 

the illumination intensity, which is consistent with the 

sublinear behavior of the photocurrent. A maximum 

responsivity R ≈ 140 mA W-1 is obtained at VDS = 1 V 

with an illumination intensity P = 0.1 W cm-2 and 

wavelength λ = 825 nm. The corresponding external 

quantum efficiency (EQE) is up to 21 %, where EQE 

(EQE = hcR/eλ) is defined as the ratio of the number of 

carriers collected by the electrodes to the number of 

incident photons, h and c are Plank constant and speed 

of light. The photoresponsivity is comparable to most of 

similar vdWs heterojunction photodetectors reported 

very recently, such as 110 mA W-1 in Graphene/ 

MoTe2/Graphene and 4.36 mA W-1 in MoS2/WS2    

[24, 33]. 

 

 
Fig. 3. Schematic band diagrams at the interface of the p-MoTe2/n-WS2 
heterojunction. (a) Band diagram of the isolated p-MoTe2 and n-WS2, 

electron affinities of p-MoTe2 and n-WS2 are about -3.77 eV and -3.92 

eV, respectively. (b-d) Schematic band alignment at the interface of the 
heterojunction at different applied voltages VDS (zero bias (b), reverse 

bias(c), and forward bias (d)).  

 

 Fig. 3(a) shows the band diagram of the isolated  

p-MoTe2 and n-WS2. The electron affinities of p-MoTe2 

and n-WS2 are about -3.77 and -3.92 eV, respectively 

[42, 43]. The conduction minimum (CB) of p-MoTe2 lies 

above that of n-WS2 by ∆Ec = 0.15 eV whereas the 

valence band (VB) edge of n-WS2 lies below (∆Ev = 0.75 

eV) that of p-MoTe2, resulting in a type-II band 

alignment. The built-in potential is formed when stack 

them into heterostructure as shown in Fig. 3(b). Fig. 3(c) 

shows the electrical field in the heterojunction is strongly 

enhanced under reverse bias. Fig. 3(d) shows the barrier 

in the interface of p-MoTe2/n-WS2 heterojunction is 

decreased under forward bias.  
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Fig. 4. Photoresponse of the p-MoTe2/n-WS2 heterojunction. (a) Room 
temperature photoresponsivity (R) as a function of illumination 

wavelength (λ) at zero bias and illumination intensity P = 0.01 W cm-

2. (b) Optical microscope image of the heterojunction, component 
materials are outlined in different colors. (c-d) Scanning photocurrent 

microscope images of the p-MoTe2/n-WS2 heterojunction at VDS = 0.5 

V (c) and -0.5 V (d) with illumination wavelength 550 nm (PS = 1 μW) 
respectively. The blue dotted and solid lines outline the bottom and top 

of graphene electrodes, the black solid line outlines the MoTe2 sheet 

and dark orange solid line outlines the WS2 sheet, respectively. The 
laser beam is focused by microscope objective lens (Olympus 

SLMPLN100×) and the diameter of the spot size is about 2 μm.  

 

 The spectral dependent photoresponsivity of the  

p-MoTe2/n-WS2 heterojunction shown in Fig. 4(a) 

which illustrate a high photoresponsivity over the range 

of λ = 300 - 1350 nm, from UV to NIR, under zero bias 

with illumination intensity P = 0.01 W cm-2. At zero bias, 

the device has a maximum photoresponsivity (R) of    

R = 48 mA W-1, and the corresponding external quantum 

efficiency (EQE) is up to 7.2% at λ = 825 nm. The device 

can work in special environment as a self-driven 

photodetector with broadband photodetection.       

In order to explore the origin of the photoresponse, 

scanning photocurrent microscope image method is 

employed at both forward and reverse biases.       

The scanning area is shown in Fig. 4(b) with the   

optical microscope image of the heterojunction.     

The different materials are outlined by different lines   

and colors. The blue dotted and solid lines outline the 

bottom and top of graphene electrodes, the black solid 

line outlines the MoTe2 sheet and dark orange solid line 

outlines the WS2 sheet, respectively. The laser beam is 

focused by microscope objective lens (Olympus 

SLMPLN100×) and the diameter of the spot size is about 

2 μm. The corresponding photocurrent mapping at 

forward and reverse biases with illumination wavelength 

of 550 nm (PS = 1 μW) are presented in Fig. 4(c) and 

Fig. 4(d), respectively. The most sensitivity of 

photoresponse is found in the overlapping region of the 

p-MoTe2 and n-WS2 flakes, which indicates that the p-n 

junction can play a critical role in photoresponse.  

 
Fig. 5. Temporal photoresponse and photo-switching of the p-

MoTe2/n-WS2 heterojunction. (a), (b) Normalized time response and 

rise time (τR) and decay time (τD) at VDS = -0.5 V under light diode 
illumination. The red solid lines are fits to the experimental date. (c), 

(d) Source-drain current IDS as a function of time with photoswitching 

at VDS = 0 V and -0.5 V under illumination with different wavelengths 
425, 575, 675, and 825 nm (P = 0.01 W cm-2). 

 

 The response time is an important factor to 

characteristic the performance of a photodetector. For 

investigate the respond speed and stability of the device, 

the device was illuminated by a LED (λ = 470 nm) driven 

by a square-wave signal generator and the dynamic 

response of the photocurrent was obtained by a current 

amplifier and a digital oscilloscope. Fig. 5(a) shows the 

normalized time response of the p-MoTe2/n-WS2 

heterojunction at the reverse bias VDS = -0.5V. The 

dynamic response of the photocurrent is described well 

by the equations I(t) = I0[1- exp(-(t-t0)/τR)] and I(t) = 

I0exp[-(t-t0)/τD], where τR and τD are the rise time and 

decay time constants, t0 is the time laser on/off, I0 is the 

constant. In Fig. 5(b), τR and τD is calculated to be 285 

μs and 186 μs by fitting the rising and falling edges, the 

red solid lines are fitting results. The response time is 

comparable to most recently reported similar vdWs 

heterojunction photodetectors, such as 50 ms in 

GaSe/MoS2, 670 μs in WS2/Si, 100 μs in 

WSe2/MoS2.[44-46] At zero bias, τR and τD is calculated 

to be 3.03 ms and 3.07 ms using the same method. The 

shorter response time at VDS = -0.5 V is attribute to the 

stronger electric field at the interface of the p-MoTe2/n-

WS2 heterojunction in reverse bias. Fig. 5(c) and (d)    

show that the photocurrent can be switched on and    

off stably and repeatedly with a square-wave modulation 

light intensity for different laser wavelength (λ = 425, 

575, 675, and 825 nm) at an illumination power P = 0.01 

W cm-2. In Fig. 5(c), the p-MoTe2/n-WS2 heterojunction 

device can generate a self-powered photocurrent at zero 

bias voltage, due to the type-II band alignment and the 

graphene electrodes. It is worth noting, the device 

exhibits a stable and fast photoresponse to the incident 

laser with a considerable ON/OFF ratio up to 103. 

 



Research Article 2019, 10(5), 329-333 Advanced Materials Letters 

 
Copyright © 2019 VBRI Press  333 
 

Conclusion  

In conclusion, we have fabricated the MoTe2-WS2 vdWs 

heterojunctions with graphene electrodes by using   

dry-transfer of 2D flakes method. The devices exhibit 

high responsivity over a broad spectral range of     

300 - 1350 nm and can work in special environment as a 

self-driven photodetector. A maximum responsivity 

R≈140 mAW-1 is obtained with an illumination intensity 

P=0.1 W cm-2 and wavelength λ = 825 nm. The 

corresponding external quantum efficiency (EQE) is up 

to 21 %. The device also shows a fast response time of 

186 µs. The scanning photocurrent microscopy maps 

show the most sensitivity of photoresponse area is the 

overlapping region of the p-n heterojunction. Our work 

suggests that vdWs heterojunction with graphene 

electrodes has promising applications in next generation 

broadband photodetectors. 
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