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A MoSe2/WSe2 Heterojunction-Based Photodetector 
at Telecommunication Wavelengths

Hui Xue,* Yadong Wang, Yunyun Dai, Wonjae Kim, Henri Jussila, Mei Qi, 
Jannatul Susoma, Zhaoyu Ren, Qing Dai, Jianlin Zhao, Kari Halonen,  
Harri Lipsanen, Xiaomu Wang, Xuetao Gan, and Zhipei Sun

van der Waals (vdW) heterojunctions enable arbitrary combinations of 
different layered semiconductors with unique band structures, offering 
distinctive band engineering for photonic and optoelectronic devices 
with new functionalities and superior performance. Here, an interlayer 
photoresponse of a few-layer MoSe2/WSe2 vdW heterojunction is reported. 
With proper electrical gating and bias, the heterojunction exhibits high-
sensitivity photodetection with the operation wavelength extended up to 
the telecommunication band (i.e. 1550 nm). The photoresponsivity and 
normalized photocurrent-to-dark current ratio reach up to 127 mA W−1 and  
1.9 × 104 mW−1, respectively. The results not only provide a promising solution 
to realize high-performance vdW telecommunication band photodetectors, 
but also pave the way for using sub-bandgap engineering of two-dimensional 
layered materials for photonic and optoelectronic applications.

photodetectors are based on Ge and 
InGaAs, which possess obvious obsta-
cles, such as low flexibility, minia-
turization difficulty, and complex and 
expensive fabrication processes. More-
over, integrating Ge or III–V compound 
semiconductors with silicon substrates 
is a long-term technical challenge 
mainly due to the mismatched lattice 
constants and thermal expansion coef-
ficients, which limit such devices in 
various demanding applications.[5] The 
creation of a van der Waals (vdW) heter-
ojunction, formed by stacking different 
individual semiconducting transition-
metal dichalcogenides (TMDs), offers 
a new dimension in making various 
high-performance electronic and opto-

electronic devices.[6] For instance, TMDs are covalently 
bonded in-plane and held together out-of-plane by the 
vdW force, which are easily exfoliated and transferred to 
arbitrary substrates or stacked together to form hetero-
junctions regardless of lattice mismatch.[7] Among the var-
ious vdW heterostructures, type-II band alignment-based  

1. Introduction

Photodetection at telecommunication wavelengths plays 
an important role in photonics and optoelectronics,[1] such  
as optical telecommunication,[2] sensing,[3] and imaging 
applications.[4] Nowadays, most of the commercial 
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heterostructures allow the efficient separation of photon-
excited electron–hole pairs, and thus improve the light to 
electrical signal conversion efficiency.[8] Recently, it has been 
proved that the type-II heterostructures can facilitate the 
interlayer transition of sub-bandgap photons for light detec-
tion at near-infrared (NIR) wavelengths.[9] However, thus far, 
the deomostrated TMDs heterostructure-based photodetec-
tors suffer from a relatively small photoresponsivity (e.g.,  
40 nA W−1 at λ  = 1550  nm in Zhang et  al.[10]) possibly 
because of the high Schottky barrier at the contact regions 
and insufficient band bending in the overlapping regions. 
Therefore, TMD heterostructures-based photodetectors need 
to be further explored, in particular for the sub-bandgap 
photodetection at telecommunication bands.

Here, we demonstrate a high-sensitivity photodetector 
based on a few-layer MoSe2/WSe2 vdW heterojunction that 
exhibits a strong gate-dependent photoresponse. High photo
responsivity of 127  mA W−1 at λ  = 1550  nm is achieved by 
applying a −70  V back gate voltage to decrease the Schottky 
barrier height at the metal-flake region and a −2 V reverse bias 
voltage to increase the band bending at the heterojunction 
region. The normalized photocurrent-to-dark current ratio 
(NPDR) of the device is ≈1.9 × 104 mW−1. Further systematical 
investigation on the photoresponse to 1550  nm light reveals 
that tunneling-assisted transition is a key effect. Our work 
provides a new approach to extend the operation bandwidth 
of layered materials-based photodetectors for long-wavelength 
applications.

2. Results and Discussion

A schematic illustration and optical image of the demonstrated 
MoSe2/WSe2 heterostructure device are shown in Figure 1a,b, 
respectively. Few-layer MoSe2 and WSe2 flakes are mechanically 
exfoliated from their bulk materials, which are then transferred 
onto a 280 nm SiO2/Silicon substrate.[11] An overlapping region 
is formed for the heterojunction by precisely controlling their 
locations. Ti/Au and Pd/Au (5  nm/50  nm and 5  nm/50  nm) 
metal electrodes are then patterned onto the MoSe2 and WSe2 
flakes, respectively (Figure 1b). Here, different metal electrodes 
are chosen to facilitate the transport of charge carriers.[12] The 
thicknesses of the MoSe2 and WSe2 flakes, measured by atomic 
force microscopy, are ≈4 and ≈7  nm (Figure  S1, Supporting 
Information), corresponding to ≈5- and ≈7-layer, respectively. 
Raman and photoluminescence spectroscopy is employed to 
confirm the high quality of our device after the fabrication pro-
cesses (Figure S2a,b, Supporting Information).

The device is electrically characterized at room temperature 
by applying drain to source voltage (Vd) and back-gate voltage 
(Vg) in the configuration shown in Figure  1a. Note that, the 
‘forward’ bias means applying a positive bias to the WSe2 side, 
and the reverse bias means applying a negative bias to the 
WSe2 side. The current–voltage curves (Id–Vd) for the device 
(Figure 1c) exhibit typical feature as a field effect transistor with 
a p-type channel, clearly revealing that the current can only 
pass through the device when p-type WSe2 is positively biased 
(forward bias,, i.e., Vd > 0 V).[13] Moreover, due to the ultrathin 

Figure 1.  The MoSe2/WSe2 heterostructure device and its electrical properties. a) Schematic illustration of the heterojunction device together with 
the electrical connections used to characterize the device. b) Optical microscope image of the device. c) I–V characteristics measured with variable  
back-gate voltages in dark. Inset: I–V characteristics on the logarithmic scale. d) The schematic band diagrams of the device, where φ is the work 
function of metal; χ is the electron affinity of the flakes; Ef is the Fermi level, and Eg is the bandgap.
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nature of the heterostructure, the rectification ratio can be well 
tuned by the gate voltage, which increases as the gate voltage 
decreases. The rectification ratio of the device, defined as the 
ratio of forward and reverse current (Id), reaches 104, indicating 
the formation of a p-n junction at the MoSe2/WSe2 interface. 
The asymmetry of Id, obtained with forward and reversed bias 
when Vg < 0, indicates that the transport of carriers mainly 
depends on p-type WSe2. To further understand the operation 
mechanisms of the device, a corresponding schematic band 
diagram is depicted in Figure 1d. Pristine metal contacts (i.e., 
Ti and Pd) and semiconductor layers (i.e., MoSe2 and WSe2) 
have different Fermi levels. Once in contact, according to 
Anderson’s rule,[14] the ideal band formed in our heterostruc-
ture device consists of two Schottky junctions and one type-II 
heterojunction. The bottom of conduction band and the top 
of the valence band of WSe2 (MoSe2) are 3.61  eV (3.91  eV) 
and 5.25  eV (5.47  eV) and thus the offsets of the conduction 
band (ΔEc) and valence band (ΔEv) are about ≈0.3 and 0.22 eV, 
respectively.[12a,15]

To study the photoresponse characteristics of the device, 
scanning photocurrent measurements (Iph = Id–Idark, where Idark  
is the source current measured in dark) are carried out with a 
confocal optical microscope (Objective 100X, NA = 0.75). The 
spatially resolved photocurrent mapping with a λ  = 1550  nm 
laser (Vd = −1 V, Vg = −70 V, and Plaser = 600 µW) reveals pro-
nounced photocurrent generation in the overlapped region 
(Figure  2a). Importantly, photocurrent is negligible (<100 pA) 
when the device is forward biased even at high laser power,  

because of the decreased band bending induced by the forward 
bias (see discussion below). Note that the inhomogeneous photo
response in the heterostructure region can be attributed to the 
non-uniform contacts between the MoSe2 and WSe2 flakes.[16] 
All the following measurements are carried out by locating the 
laser spot at the position where the largest photocurrent is gen-
erated. We then measure the Id–Vd characteristics of the device 
at various Plaser, ranging from 6.75 µW to 7.42 mW, with a fixed 
gate voltage (Vg = −70 V), shown in Figure 2b. The obvious Isc 
and Voc can be seen from Figure  2b. This possibly indicates 
that apart from photoconductive effect, photovoltaic effect also 
contributes to the photocurrent generation.[17] The magnitude 
of the generated photocurrent strongly depends on Vd due to 
the increased carrier drift velocity, suggesting that higher pho-
tocurrent can be readily achieved by applying a larger drain 
to source voltage. The photocurrent as functions of the laser 
power and the gate voltage at Vd = −2 V is plotted in Figure 2c. 
It is clear that the magnitude of photocurrent decreases with 
the gate voltage and increases with the incident laser power. For 
example, when Plaser = 6.75 µW, the photocurrent is remarkable 
only when Vg < −62 V, revealing that larger band bending leads 
to a larger photocurrent.

To evaluate the performance of the photodetector, several 
figures of merits are calculated as follows. Responsivity (R) is 
typically calculated according to the equation R = Iph/Plaser.[1b,18] 
Figure  2d shows the relationship between photoresponsivity 
and gate voltage at Plaser = 6.75 µW and Vd = −2 V. It is obvious 
that photoresponsivity decreases with Vg, indicating that higher 

Figure 2.  Photoresponse of the MoSe2/WSe2 heterojunction device at 1550 nm. a) Photocurrent mapping of the heterostructure. The white dotted 
regions represent the flakes in Figure 1b. b) Iph–Vd of the MoSe2/WSe2 heterojunction. c) Photocurrent dependences on the Vg and Plaser. d) Responsivity 
dependence on the back-gate voltage. The scale bar is 10 µm.
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photoresponsivity can be readily achieved by applying a larger 
negative gate voltage.

We also measure the photoresponses at wavelengths of 532 
and 980  nm for comparison (see Supporting Information). 
The response at the wavelength of 980 nm is similar to that at 
1550  nm (see Figure  S6, Supporting Information). This indi-
cates that there is almost flat absorption at 980 and 1550  nm 
in multilayer WSe2 and MoSe2 flakes, which is confirmed by 
our absorption results (see Figure S3, Supporting Information). 
To compare the photoresponsivity at the same bias conditions 
under 532, 980, and 1550 nm laser excitations, the responsivity 
versus the laser powers are measured with the same bias and 
gating conditions, as shown in Figure 3a. It suggests that, the 
photoresponsivity decreases with the increased optical power 
for all three wavelengths, which might be caused by the satu-
ration of electron–hole pair generation at higher incident laser 
powers and the increased surface recombination in the under-
lying SiO2.[19] The maximum responsivity of our photodetector 
is 2 A W−1 at 532 nm (Plaser = 100 nW), 150 mA W−1 at 980 nm 
(Plaser = 50 nW), and 127 mA W−1 at 1550 nm (Plaser = 50 nW), 
when Vg = −70 V and Vd = −2 V. The responsivity at 532 nm is 
around 40 times higher than that at 1550 nm under the same 
incident laser power condition (according to the fit curves in 
Figure  3a). This can be attributed to higher absorption of the 
heterostructure at 532 nm than that at 1550 nm.

The NPDR, defined as NPDR = R/Idark, is an important 
parameter that characterizes photodetector performance. The 
maximum NPDR is ≈2 × 109 mW−1 at 532 nm, 2.5 × 104 mW−1 
at 980 nm and 1.9 × 104 mW−1 at 1550 nm, respectively, which 
could be attributed to no current flow through the device under 
reverse bias (Figure  1c). These high values of NPDR suggest 
that our device will be less limited by dark current shot noise, 
and potentially offers higher sensitivity.[20] By fitting the results 
in Figure 3b with the equation of R ≈ Pβ, the term β is obtained 
as −0.9 for 532 nm, −0.88 for 980 nm, and −0.86 for 1550 nm. 
This non-linear relationship is similar to the results reported 
with other IR photoconductors.[21] The deviation of β from 
1  indicates the loss of photon-excited carriers, possibly due to 
the defects at the interface of the heterojunction. We also com-
pare the responsivity of our device with previously published 
2D material based photodetectors at λ = 1550 nm in Figure 3b 

(the comparison of photodetection at λ  = 532  nm is shown 
in Figure  S5, Supporting Information). Note that, the size of 
the heterojunction is around 80 µm2; the spot size (S) of the 
532 nm light on our device is 0.59 µm2, and that of the 1550 nm 
light on our device is 4.9 µm2. The performance of our sub-
bandgap photodetector is comparable with the devices consti-
tuted by narrow bandgap materials (e.g., black phosphorus (BP) 
and Bi2Te3 working at the telecommunication bands), and also 
shows promising performance in the visible spectral region.

To rule out the other photocurrent generation mechanisms, 
such as photothermoelectric effect, Iph (measured at Vd = −2 V, 
Vg = −70 V, and Plaser = 1 mW) as a function of time under mod-
ulated light excitation is depicted in Figure S7 (Supporting Infor-
mation). It is obvious that the photoresponse to the 1550 nm light 
shows a stable and repeatable photocurrent, yielding an Ion/Ioff 
of 100. To specify the mechanisms of our device, the schematic 
band diagrams and photocurrent mapping at λ = 532 nm of the 
heterostructure are plotted. Figure  4a–c depicts the band dia-
gram at zero, revers, and forward biases, and Figure 4d–f shows 
the corresponding photocurrent mapping results at λ = 532 nm. 
When there is no bias (i.e., Vd = Vg = 0 V) and an external light 
excitation is applied (e.g., 532 nm light), electron–hole pairs are 
generated (Figure  4a). At the heterojunction region, with the 
effect of the built-in electric field, the photon-excited electrons 
move toward MoSe2 and holes move toward WSe2 separately, 
resulting in positive Voc and negative Isc (inset of Figure S4b in 
the Supporting Information). Corresponding spatial mapping of 
the photocurrent at this condition, as shown in Figure 4d, sug-
gests the heterojunction produces its maximum photocurrent. 
To the contrary, there is negligible photocurrent in the metal-
flake contacting regions due to the relatively low built-in electric 
field at this region. Note that the photocurrent mapping results 
only indicate the region where the dominate photocurrent is 
generated. Small photocurrent (e.g., ≈700 pA in Figure 4d) can 
also be observed in other parts of the device.

However, when the device is reverse biased (Vd  =  −1  V) at 
Vg =  −70 V, the photo-generated electrons move to the MoSe2 
region and holes move to the WSe2 region (Figure 4b). More-
over, the Schottky diode of the source contact is forward biased 
and the direction of the built-in electric field is the same as 
that of the external field. As a consequence, large photocurrent 

Figure 3.  Photoresponsivity of the MoSe2/WSe2 heterojunction device. a) Summary of responsivity dependence of laser power at the wavelengths of 
532, 980, and 1550 nm. b) Responsivity comparison of this work and typical published results (i.e., Bi2Te3,[22] Graphene,[23] WS2/Bi2Te3,[24] WSe2/BP/
MoS2,[25] SnTe/Si,[26] MoTe2/MoS2,[10] and BP[27]) at the wavelength of 1550 nm.
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appears near the source contact (Figure  4e). While the device 
is forward biased with a large negative gate voltage (e.g., Vd = 
1 V and Vg = −70 V), the photo-generated electrons move to the 
WSe2 region and holes move to the MoSe2 region (Figure 4c). 
Also, at the drain contact, the direction of the built-in electric 
field is the same as that of the external field. Therefore, when 
the light is incident on this region, photon-excited carriers will 
be dissociated more efficiently, resulting in the photocurrent 
enhancement near the drain electrode (Figure 4f).

Therefore, the gate-tunable photodetection at telecommu-
nication wavelength can be explained utilizing these band 
bending mechanisms. The device shows high response to 
1550 nm light, though the bandgap alignment of the two indi-
vidual flakes and the calculated interlayer bandgap of the het-
erostructure is far beyond 0.8  eV. With a properly gating and 
biasing condition, the band bending at the heterojunction 
interface can be increased. This increased bending can poten-
tially transfer the photon-excited electrons, with energy lower 
than that of the intrinsic bandgap of WSe2, to the conduction 
band of MoSe2. In our device, a built-in electric field, back-
gate voltage, together with a reverse bias, contribute to a high 
electrostatic field, leading to the edges of conduction band and 
valence band being tilted along the direction of the electric 
field, and thus the wave functions have a tail extending into 

the bandgap region. Since the absorption coefficient is propor-
tional to the magnitude square of the overlap integral of the 
e–h wave functions, the tunneling tails significantly enhance 
the e–h interactions with sub-bandgap photons,[28] contrib-
uting to the tunneling-assisted transition in the band-bending 
heterojunction area.[29] In our device, when a 105–106  V cm−1  
electrical field is applied together with the high built-in elec-
tric field, the tunneling-assisted transition occurs, resulting in 
the sub-band response.[29a] Zhang et  al.[30] have reported that 
the orientations of individual layers in the heterojunctions can 
affect their photodetection performance. We randomly stack 
a few WSe2 and MoSe2 heterostructure devices, which show 
similar photoresponses. This indicates that the flake orienta-
tions in the heterojunction do not affect the photoresponse of 
our heterostructures. Nevertheless, we think that the relation-
ship between the flake orientations in the heterojunction and 
the photoresponse deserve further investigation.

3. Conclusion

In summary, we report a few-layer MoSe2/WSe2 heterojunction- 
based sub-bandgap photodetector. By controlling the electro-
static gating, the device shows high photodetection performance 

Figure 4.  Operation principle of our heterojunction device. a–c) Band diagram of heterojunction and Schottky junctions, where (a) Vg = Vd = 0 V,  
(b) Vg = −70 V and Vd = −1 V and (c) Vg = −70 V and Vd = 1 V. The red arrows indicate the carrier movement direction. The blue arrows indicate the 
electron–hole pairs separation process. The pink rectangle regions indicate the position of the strongest built-in electric field. d–f) Photocurrent 
mapping of the heterojunction under different bias conditions. The dashed lines outline the flakes and heterojunction.
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at telecommunication wavelengths, with a maximum photore-
sponsivity of 127  mA W−1 and an NPDR of 1.9  ×  104  mW−1. 
Such a high performance can be attributed to the tunneling-
assisted transition by properly gating and biasing the device. 
Our novel heterojunction photodetector shows an attractive 
platform for practical applications of utilizing few-layer TMDs-
based heterojunctions, as well as paving a new way for novel, 
high-performance optoelectronics devices.

4. Experimental Section
Few-layer MoSe2 was first mechanically exfoliated from the bulk material, 
which was then transferred onto a 280  nm SiO2/Silicon substrate. The 
few-layer WSe2 was then exfoliated and transferred onto the MoSe2 to 
achieve the vdW heterojunction. The standard e-beam lithography process 
was used to define drain electrode on WSe2 part. Pd/Au (5 nm/50 nm) 
was then be evaporated as metal contacts followed by a liftoff process. 
Another e-beam lithography process was repeated to define source 
electrode on the MoSe2 part. Ti/Au (5 nm/50 nm) is then be evaporated 
as metal contacts followed by a liftoff process. The electric measurements 
were performed using to Keithley 2400 sourcemeters. All the electrical and 
optical measurements were performed in the ambient atmosphere.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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