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In article number 1805656, Rui Chen, Liyuan Zhang, Youpin Gong, and 
co-workers develop an h-BN/MoTe2/graphene/SnS2/h-BN van der Waals 
heterostructure to realize an ultrahigh-sensitivity broadband (405–1550 nm)  
photodetector, due to its unique advantages for high-efficiency light 
absorption and exciton dissociation. Graphene plays a key role in enhancing 
the sensitivity and broadening the spectral range, providing a viable 
approach toward future ultrahigh sensitivity and broadband photodetectors.
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Photodetectors capable of detecting light in a wide spectrum 
is central to diversified optoelectronic applications in spectros-
copy, remote sensing, imaging and optical communication.[1]

Two-dimensional (2D) transition metal dichalcogenides (TMDs) 
provide a tremendous potential for broadband optoelectronics 
due to their relatively high mobility, appropriate bandgaps, and 
flexibility.[2–18] In particular, TMD layers of different bandgaps 
and doping (p or n types) can be stacked together into van der 

2D atomic sheets of transition metal dichalcogenides (TMDs) have a tremen-
dous potential for next-generation optoelectronics since they can be stacked 
layer-by-layer to form van der Waals (vdW) heterostructures. This allows not 
only bypassing difficulties in heteroepitaxy of lattice-mismatched semicon-
ductors of desired functionalities but also providing a scheme to design new 
optoelectronics that can surpass the fundamental limitations on their con-
ventional semiconductor counterparts. Herein, a novel 2D h-BN/p-MoTe2/
graphene/n-SnS2/h-BN p–g–n junction, fabricated by a layer-by-layer dry 
transfer, demonstrates high-sensitivity, broadband photodetection at room 
temperature. The combination of the MoTe2 and SnS2 of complementary 
bandgaps, and the graphene interlayer provides a unique vdW hetero-
structure with a vertical built-in electric field for high-efficiency broadband 
light absorption, exciton dissociation, and carrier transfer. The graphene 
interlayer plays a critical role in enhancing sensitivity and broadening the 
spectral range. An optimized device containing 5−7-layer graphene has been 
achieved and shows an extraordinary responsivity exceeding 2600 A W−1

with fast photoresponse and specific detectivity up to ≈1013 Jones in the 
ultraviolet–visible–near-infrared spectrum. This result suggests that the 
vdW p–g–n junctions containing multiple photoactive TMDs can provide a 
viable approach toward future ultrahigh-sensitivity and broadband photonic 
detectors.
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Waals (vdW) heterostructures to enable 
broadband optoelectronics,[19–24] which 
has been a major hurdle in epitaxy of 
conventional semiconductors of different 
bandgaps.[25,26] The vdW p–n heterostruc-
ture has several unique advantages: 1) it 
can contain multiple photoactive layers 
with different and complementary optical 
absorption spectra; 2) a p–n junction can 
be formed by stacking a p-type and an 
n-type 2D TMD layers for efficient dis-
sociation of the excitons (photoexcited 
electron–hole pairs) by the vertical built-
in electrical field across the p–n junction; 
and 3) the potential barrier at the p–n 
junction can efficiently inhibit the random 
carriers transport, leading to a low level 
of noise in the device. These advantages 
have motivated a large number of works 
to explore vdW p–n junctions, such as 
MoTe2/MoS2,[14,27] WSe2/MoS2,[28] WSe2/
SnS2,[29,30] black phosphorous (BP)/
MoS2,[31,32] and WS2/MoS2

[33] for photo-
detection. Although these photodetec-
tors exhibit a promising on/off current 
ratio (103−105) and detectivity (D*, up to 
1010−1011 Jones in near infrared (NIR), 
where 1 Jones = 1 cm Hz1/2 W−1), the 

responsivity (Ri) is fairly low (0.01−1.0 A W−1 in NIR).[2] For 
example, photovoltaic MoS2/black phosphorus vertical vdW 
p–n diode can reach an on/off current ratio of ≈103 and D* 
value of ≈109 Jones under 1550 nm laser illumination, respec-
tively, while the tively, while the tively Ri is only ≈153.4 mA W−1 (1550 nm laser).[32]

In addition, most of the reported vdW p–n junction devices 
are narrowband operating primarily in the visible spectrum 
only.[2] It is therefore important to realize both high detectivity 
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by increasing the photoresponsivity and broadband through the 
design of vdW p–n junctions with photoactive 2D layers beyond 
the visible spectrum.

In this work, we present the first h-BN/MoTe2/graphene/
SnS2/h-BN vdW p–g–n junction by introducing a graphene 
(g) interlayer using a layer-by-layer dry transfer method and 
demonstrate its ultrahigh-sensitive and broadband photodetec-
tion. MoTe2 is a p-type semiconductor with the 2H structure 
(trigonal prismatic) and a bandgap of ≈1.0 eV while SnS2 is an 
n-type semiconductor with a bandgap of ≈2.2  eV. Therefore, 
MoTe2 and SnS2 are particular suitable candidates for broad-
band vdW p–n heterojunction optoelectronics due to their 
high carrier mobility, complementary bandgaps and chemical 
stability.[9,34–42] Furthermore, the introduction of a graphene-
interlayer in the vdW p–g–n junction may improve the con-
tact between the TMD layers to facilitate electron transport for 
higher Ri and to reduce the interface charge traps for faster 
photoresponse.[16,43,44] In addition, light absorption, mobility, 
and transport distance of photoinduced carriers-to-electrodes 
can be efficiently tuned and optimized by varying the thickness 
of the graphene interlayer, which has an important effect on the 
optoelectronic performance of the vdW p–g–n junction devices 
such as Ri and photoresponse speed. Finally, the h-BN sand-
wich structure provides an additional screening effect to reduce 
or diminish the detrimental impact of the charged impurities 
from the substrate surface or the environment contamination 

on the device response time and noise spectrum. This h-BN/
MoTe2/graphene/SnS2/h-BN vdW heterojunction photo
detector exhibits an unprecedented Ri and D* over a wide 
spectrum ranging from ultraviolet (UV) to short-wave infrared 
(SWIR). In particular, the Ri and the D* of the photodetector 
can reach up to 2.64 × 103 A W−1 and 1.1 × 1013 Jones under 
1064 nm light illumination at room temperature, respectively, 
which surpasses not only the previously reported value in 2D 
vdW vertical heterostructures photodetectors by more than 
two orders of magnitude,[2,5,45] but also are superior to the cur-
rent state-of-the-art commercial infrared photodetectors (≈1012 
Jones) requiring cryogenic cooling.[26] The D* up to 1.06 × 1011 
Jones under 1550 nm SWIR excitation at room temperature is 
also nearly 2 orders of magnitude larger than that of the previ-
ously reported on the 2D vdW vertical junctions[2,32] and even 
comparable with commercial SWIR photodetectors such as 
uncooled Ge-on-Si photodetectors.[46–48]

The operating principle of the h-BN/MoTe2/graphene/
SnS2/h-BN vdW p–n junction photodetector can be understood 
through the 3D device configuration and band diagram of the 
heterostructure shown in Figure  1. The top and back h-BN 
flakes are used to isolate the MoTe2/graphene/SnS2 hetero-
structure from the environment (Figure 1a), which is designed 
to improve the performance of the photodetector. Figure  1b 
presents an optical image of an h-BN/MoTe2/graphene/
SnS2/h-BN heterostructures devices. Few-layer SnS2, MoTe2, 
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Figure 1.  Stacked h-BN/MoTe2/graphene/SnS2/h-BN van der Waals heterostructures for broadband photodetection. a) Schematic h-BN/MoTe2/gra-
phene/SnS2/h-BN device configuration and the experimental setup. b) Optical image of a typically fabricated device. Scale bar, 6 µm. c) Schematic 
band diagram and photoexcited carriers transport of the MoTe2/graphene/SnS2 vdW heterostructures. The Eg–p and Eg–n represent the band gap of 
p-MoTe2 and n-SnS2, respectively. Here, FL-graphene is a semi-metallic property which the Fermi level (at absolute zero) locates at above the bottom 
of the conduction band and below the top of the valence band due to the overlap of the conduction and valence bands.
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graphene and h-BN flakes were obtained by the mechanical 
exfoliation and stacked sequentially as described in the Experi-
mental Section. Atomic force microscopy (AFM) was applied to 
determine the thicknesses of the constituent layers of MoTe2, 
graphene, and SnS2 to be ≈4.3 (5 layers), ≈3.1  nm (7 layers), 
and ≈4.8  nm (5 layers), respectively (Figure S1a, Supporting 
Information). The crystalline quality of the TMDs and vdW 
heterojunction was confirmed by Raman spectroscopy under 
532  nm laser excitation (Figure S1b,c, Supporting Informa-
tion). Figure  1c depicts the band diagram of the MoTe2/gra-
phene/SnS2 vdW heterostructure and the working principle 
of the device upon optical illumination. The Eg–p  = 1  eV and 
Eg–n  = 2.2  eV represent the band gap of p-MoTe2 and n-SnS2 
(Figure S2a,b, respectively, in the Supporting Information), 
corresponding to the absorption band edges of 1240  nm and 
563 nm, respectively. To equilibrate the Fermi level, the energy 
band of the MoTe2/graphene/SnS2 vdW p–n junction is tilted 
toward the n-SnS2 layer (Figure 1c). When the incident photon 
energy is greater than the bandgaps of TMDs, all photoactive 
layers (MoTe2/graphene/SnS2) can absorb photons to gen-
erate the photogenerated carriers, and the electrons will move 
toward the SnS2 while holes to MoTe2. When the wavelength 
of the incident light is longer than 1240  nm, the graphene 
would be the only remaining light absorber. This photo
gating effect (light-induced electric field that causes charge 
doping into a semiconductor) is unique at the interface with 

semiconductor quantum dots, 2D TMDs, carbon nanotubes 
or other nanostructures due to the strong quantum confine-
ment and therefore significantly enhanced exciton lifetime in 
these low-dimensional nanomaterials.[49–51] With assistance of 
the built-in electric field designed at the interface with these 
low-dimensional nanostructures, excitons dissociate into elec-
trons and holes and one of them can be transfer out across the 
interface. Consequently, the trapped opposite charges generate 
a gating effect, the so-called photogating before the annihila-
tion of the excitons. Obviously, in our devices, the heterojunc-
tions composed of multiple photoactive layers play a key role in 
efficiently separating photoexcited electron–hole pairs into free 
charge carriers which contribute to a strong photoresponse and 
a wide spectral photodetection.

The electrical transport characteristics and photoresponse of 
the devices were measured and the result is shown in Figure 2a 
and Figure S3 in the Supporting Information. The current–
voltage (Ids−Vds) curves across the MoTe2/graphene/SnS2 ver-
tical junction by applying different gate voltage (Vg) on the h-BN 
back-gate dielectric show that the Ids changes with changing 
gate voltage (Figure 2a) with a current on/off ratio near 2 × 102 
(Inset in Figure 2a, Figure S3b in the Supporting Information), 
which demonstrates that the carrier concentration of MoTe2/
graphene/SnS2 junction can be tuned by applying gate volt-
ages (for more details, see the caption of Figure S3 in the Sup-
porting Information). In addition, considering the low-power 
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Figure 2.  Transport properties and optoelectronic characterization of the h-BN/MoTe2/graphene/SnS2/h-BN van der Waals heterostructures. a) Ids−Vds 
curves of the device in the dark measured at various Vg from −5 to 5 V by applying voltage on the h-BN. Inset: Ids−Vg curves of the device in dark and 
under 532 nm laser illumination measured at Vds = 1 V. b) Ids−Vds curves of the devices in dark and under light illumination with different light powers 
at Vg = 0 V. The laser wavelength is 655 nm. The inset shows extracted open-circuit voltage (Voc, left axis) and short-circuit current (Isc, right axis) as 
functions of light illumination power (Vg = 0 V). c) Ids−Vds curves of the devices in the dark and under light illumination with different light powers 
with excitation wavelength at 1550 nm. d) Ip−Vds curves for different light illumination powers with excitation wavelength at 1550 nm, showing a linear 
dependence on the bias (Vg = 0 V).
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requirements of device operation and the gate tunability is 
typically not necessary in photodiodes, Vg = 0 is selected in the 
optoelectronic measurements in this work. Figure  2b shows 
typical Ids−Vds curves of the heterostructures in dark and under 
different illumination powers with excitation wavelength of 
655 nm. An anticipated rectifying behavior for a p–n junction 
was observed, confirming that the expected p–n junction is 
successfully formed in the vertical MoTe2/graphene/SnS2 vdW 
heterostructure.

The p–n junction characteristics are further confirmed by 
the photovoltaic effect under various excitation wavelengths 
ranging from 532 nm to 1064 nm (Figure S4, Supporting Infor-
mation). The performance of the broadband photodetection of 
the devices can be evaluated from the photoresponse under 
light illumination with different wavelengths. Figure  2c plots 
the Ids−Vds curves of the heterostructures in dark and under 
light illumination at the excitation wavelength of 1550 nm. In 
order to compare with the reported detector performance, we 
will mainly focus on the optoelectronic performance under the 
small Vds range from 0 to 1 V. The Ids is also nonlinear even at 
low biases in the range of 0−1  V and a strong photoresponse 
is demonstrated in a wide spectrum (also see Figure S5a,c,e, 
Supporting Information), which is attributed to p–n junc-
tion properties. Moreover, the photovoltaic effect is discovered 
when Ids−Vds curves are zoomed into the minimal bias region 
of ±0.1 V (Figure S4a, Supporting Information). The extracted 
open-circuit voltage (Voc, left axis) and short-circuit current 
(Isc, right axis) increase exponentially and linearly, respectively, 
with increasing the incident light power (Inset in Figure  2b, 

Figure S4b−e in the Supporting Information), which is con-
sistent with photovoltaic properties in p–n junctions solar cells. 
It is worth noting that the Voc and Isc are negligible at the 
excitation wavelength of 1550 nm (Figure S4f, Supporting Infor-
mation). This can be explained by the above-mentioned mecha-
nism that only graphene acts as a light absorbing medium 
when the photon energy is smaller than Eg–p  = 1.0  eV, since 
the photoresponse of graphene is mainly through the photo-
conductive mechanism (i.e., linear Ids−Vds) that is distinguished 
from the photovoltaic mechanism.[5] Additionally, the photo-
current (Ip  = Ilight  − Idark is defined as the difference between 
the light-current Ilight and dark-current Idark) exhibits a linear 
dependence on the bias voltage Vds (Figure 2d, and Figure S5d,f 
in the Supporting Information), implying higher photocurrent 
can be readily obtained by increasing the bias voltage. Notably, 
there is one exception in the case of devices under 405 nm light 
illumination, in which the photocurrent depends exponentially 
on the bias Vds (Figure S5b, Supporting Information). This may 
be because that photon energy at UV region is so high that a 
large amount of photoexcited electron–hole pairs are generated 
in a short time and rapidly converted to photocurrent under a 
small bias voltage. This effect is also reflected in the subsequent 
discussion about dynamic photoresponse.

To gain further insights in the performance of the 
h-BN/MoTe2/graphene/SnS2/h-BN vdW heterostructure 
photodetectors, the light illumination power dependence of 
the photocurrent at various wavelengths from UV to SWIR is 
illustrated in Figure  3a and Figure S6 (Supporting Informa-
tion). The responsivity Ri is an important parameter to evaluate 
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Figure 3.  Photoresponse of the h-BN/MoTe2/graphene/SnS2/h-BN van der Waals heterostructures. a) Power dependence of photocurrent at wave-
lengths of 1064 and 1550 nm. b) Responsivity (left axis) and external quantum efficiency EQE (right axis) versus light illumination power with excitation 
wavelength at 1064 nm, showing the high sensitivity of the devices, with direct measurement of 0.1 pW. Inset: responsivity as functions of light power of 
the device at the excitation wavelength of 532 nm. Vg = 0 V and Vds = 1 V. c) Ri (left axis) and EQE (right axis) versus light illumination power at excitation 
wavelength of 1550 nm at Vg = 0 V and Vds = 1 V. d) Temporal photocurrent response under various wavelengths at 0.5 V bias from UV region (405 nm) 
to NIR (1064 nm) with the same order of magnitude optical power (42−62 nW). Inset: temporal photocurrent response under 1550 nm wavelength.
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the performance of a photodetector and the Ri results of the 
photodetectors are shown in Figure 3b,c. The Ri can be calcu-
lated by Ri = Ip/Pin, where Pin is the incident light power received 
by the actual device with unit of W. Under the light illumination 
at both 1064  and 1550 nm laser wavelengths, the photocurrent 
at Vds  = 1  V increases monotonically with increasing illumi-
nation power at lower light powers up to 21 nW and reaches 
saturation at higher power (Figure  3a). Figure S7 (Supporting 
Information) shows that the Ri is tunable, that is, the higher 
Ri can be conveniently obtained by increasing bias voltage and 
decreasing light illumination power. Remarkably, the Ri of 
the devices reaches the values in exceeding 2.6 × 103 AW−1 at 
Vds = 1 V under low light illumination power for both 532 and 
1064  nm excitation wavelengths, which is at least two orders  
of magnitude larger than that of the previous reports and 
represents the best so far achieved on the 2D/2D vdW p–n 
junctions NIR photodetectors (Table S1, Supporting Informa-
tion). It is worth mentioning that the operating spectrum of the 
photodetectors reported in this work can extend to the telecom-
munication wavelength of 1550  nm with Ri up to 11.7 AW−1 
at 1  V bias (Figure  3c), which is comparable to the state-of- 
the-art commercial SWIR photodetectors.[25,46,47] In addition, 
the photodetectors demonstrates a high sensitivity with a direct 
measurement of 0.1 pW under 532 nm (inset in Figure 3b) and 
1064  nm light illumination (Figure  3b), which indicates that 
the built-in electric field in the MoTe2/graphene/SnS2 vdW het-
erostructure can efficiently separate excitons into photocurrent. 
The contribution of the built-in amplification mechanism in 
the p–g–n junctions is further clarified by calculating the EQE. 
The EQE is defined as the ratio of the number of photoexcited 
electron–hole pairs to the number of incident photons: EQE = 
(Ip/e)/(Pin/hν), where h is Plank’s constant, e is the electronic 
charge, and ν is the frequency of incident light. Similar to the 
dependence of the Ri on the bias voltage, the EQE increases 
as the incident light power decreases, and reaches the values 
ranging from 106% to 105% in a wide spectrum (from UV light 
to 1064 nm NIR) and close to 103% in the 1550 nm wavelength 
respectively (the right axis in Figure  3b,c). The EQE higher 
than 100% implies a large gain in the devices, which may be 
due to the driving of carriers by external voltage in the vertical 
device structure. Photoconductive gain could occur as a conse-
quence of the photogating effect (one type of charge trapped at  
the interface due to 1–2 order of magnitude enhanced exciton 
life time), in combination of the short charge transit time of the 
opposite charge carriers in high mobility 2D materials. Consid-
ering this process is similar to that in photoconductors because 
the applied forward bias voltage Vds (1 V) is much larger than the  
open-circuit voltage Voc during the operation of the devices, 
the equation G  = τc/τt was employed to estimate the gain, 
where τc is the lifetime of photogenerated carriers that reside 
in the photoactive layers, and τt is the drift transit time of car-
riers across source–drain separation distance L. τt, quantified 
by τt  = L2/(µVds), is governed by the external bias voltage. For 
our MoTe2/graphene/SnS2 vdW p–g–n heterostructure devices, 
the τt is on the order of 1 µs based on µ  = 1−2 cm2 V−1 s−1  
from the data in the inset of Figure 2a, L = 12–30 µm depended 
on different devices and Vds = 1 V. Thus, this leads to the large 
gain G values between ≈104 and ≈103 by using τc  = 54  ms 
(405  nm) and τc  = 20  ms (1064  nm), respectively, from the 

data obtained by a best fitted using a biexponential function in 
Figure 3d,[52,53] which is in good agreement with the measured 
gain values. In our vertical p–g–n junction devices, the combi-
nation of the strong exciton binding energy, the short carrier 
transit distance, interlayer inelastic tunneling effect[54,55] and 
the vertical built-in electric field across the p–g–n junction leads 
to the efficient excitons separation and rapid carrier transport 
(increased τc and reduced τt), which contribute the gain. (more 
details are discussion in the caption of Figure S7 in the Sup-
porting Information).

The photocurrent switching is an important feature of the 
photodetectors that determines the photoresponse speed. On 
the h-BN/MoTe2/graphene/SnS2/h-BN vdW heterostructure 
photodetectors, the temporal photoresponse of the devices 
under modulated input light was measured at room tem-
perature (Figure  3d, and Figure S8 in the Supporting Infor-
mation). The rise (on) and fall (off) times can be obtained 
between 10% and 90% of the maximum photocurrent at the 
light on and off, respectively. Interestingly, the symmetry of 
rising time and falling time is different under light illumina-
tion with different excitation wavelengths. For 405  nm light 
illumination, the rise time and fall time are 17.6 and 72.3 ms, 
respectively, while they are 24.1   and 28.6  ms in response to 
NIR light (1064  nm) on and off respectively. Obviously, the 
dynamic photoresponse to light on and off are much more 
symmetric under the 1064 nm NIR illumination as compared 
to under UV light, which is consistent with previous analysis 
on the dependence of photocurrents on the bias. It is worth 
mentioning that the response speed of the h-BN/MoTe2/gra-
phene/SnS2/h-BN vdW heterostructure photodetectors is com-
parable to and even faster than the recent reports on MoTe2-
based NIR photodetectors with the same order of magnitude 
Ri (Table S1, Supporting Information).[38] The fast and sym-
metric switching response for NIR light in our photodetectors 
may be attributed to: 1) the p–n junction generates a vertical 
built-in electric field that reduces the charge trapping effect,  
2) zero-bandgap graphene improves the interface contact of the 
semiconductor MoTe2 and SnS2 and reduces interface charge 
traps, which can rapidly transfers carriers separated by the 
built-in electric field, and 3) the screening effect of the h-BN 
sandwich structure on intrinsic or extrinsic charge traps. Note 
that an exception occurs, that is, the response speed under the 
1550 nm illumination is suddenly slowed down to a few sec-
onds (inset in Figure  3d). This is not surprising because the 
1550 nm excitation wavelength exceeds the cutoff wavelength 
of both of MoTe2 and SnS2, in which case only graphene can 
absorb photons to produce carriers. Therefore, the response 
under 1550 nm illumination is essentially a graphene photo-
detector. Compared to the previously reported single graphene 
photodetectors,[5] the responsivity of our devices has increased 
by several orders of magnitude despite the slower response, 
which can be attributed to the following two aspects: on the 
one hand, the built-in electric field derived from the p–n junc-
tion composed of MoTe2 and SnS2 significantly increases the 
exciton separation efficiency to generate a large photocurrent, 
which enhances the responsivity; but on the other hand, the 
distance from the carrier to the two electrodes is significantly 
increased because the 2D materials are inserted between the 
electrode and graphene, which slows the response speed.

Adv. Mater. 2019, 31, 1805656
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To characterize the ultimate sensitivity of the photodetectors, 
we measured the spectra of current noise power density (In

2) 
under the dark at room temperature, as shown as in Figure 4a. 
Obviously, the In

2 as a function of the frequency (f) contains two 
typical regions. For the region of f < 1 kHz, the current noise 
can be fitted by In

2 ∝ 1/f, which indicates that 1/f noise domi-
nates the noise behavior of the photodetectors. The 1/f noise 
results from the random fluctuations of local electronic states 
affected by the surface quality of the materials such as defects 
or nonuniformity which exists in almost all detectors.[26] While 
in the area of f  >1  kHz, the generation–recombination (g–r) 
noise originated from the random fluctuation of average car-
rier concentration dominates the noise behavior of the photo
detectors, in which the current noise starts to maintain a level 
at low frequencies and then suddenly drops to a frequency. 
The noise equivalent power (NEP) is the optical input power 
required for the signal-to-noise ratio to be unity at the detector 
output. The NEP can be calculated by NEP / RMS( )/2 1/2

i R i Rn i n i= =  
with unit of W Hz−1/2, where RMS( )in  is the root mean square 
noise current with a value of 6.68 × 10−14 A Hz−1/2 calculated 
from the spectra of noise power density. The current noise of 
the heterostructure photodetectors is quite low, which may 
be attributed to that the potential barrier at the p–n junction 
inhibits efficiently the random carriers transport,[56] as well as 
the dielectric shielding effect of h-BN on the substrate and sur-
rounding environment. Correspondingly, the calculated NEP 
values locate in the range of ≈10−17−10−16 W Hz−1/2 at 1 V bias 
voltage under low light illumination power with the excitation 

wavelengths of 405−1064 nm (Figure 4b, and Figure S9a–c in 
the Supporting Information), while the NEP has one order of 
magnitude increase (10−15 W Hz−1/2) for the communication 
band of 1550 nm (Figure 4b, and Figure S9d in the Supporting 
Information). It should be pointed out that the NEP in our 
h-BN/MoTe2/graphene/SnS2/h-BN vdW p–g–n junction is at 
least 2−3 orders of magnitude lower than that of the previously 
reported in vdW p–n junctions.[2,5,56]

Another important figure of merit related to the perfor-
mance of a photodetector is the specific detectivity D* that 
is independent of device area A (here A is 23.3 µm2), which 
is expressed as * / /1/2 1/2 2 1/2

D A NEP R A ii n= = . Particularly, an 
enhanced D* is anticipated from the enhanced Ri or reduced 
NEP in our h-BN/MoTe2/graphene/SnS2/h-BN vdW p–g–n 
junction. Therefore, we calculated the D* values at various exci-
tation wavelengths ranging from 405  to 1550 nm at Vds = 1 V 
(Figure  4c). The low NEP leads to a predicted high detection 
sensitivity. Similar to the relationship between NEP and excita-
tion wavelength (inset in Figure 4c), the D* shows a relatively 
homogeneous value of up to ≈1013 Jones under the excitation 
wavelengths from 405 to 1064  nm, while it declines to ≈1011 
Jones at the excitation wavelength of 1550 nm. Remarkably, the 
D* value is as high as up to 1.1 × 1013 Jones at excitation wave-
lengths of 1064  nm at room temperature, which represents 
not only nearly 2 orders of magnitude larger than that of the 
previously reported on 2D vdW vertical heterostructures photo
detectors (Table S1, Supporting Information),[2,5,45] but also is 
superior to state-of-the-art commercial NIR detectors such as 
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Figure 4.  Broadband photodetection of the h-BN/MoTe2/graphene/SnS2/h-BN van der Waals heterostructures at the wavelengths ranging from ultra-
violet region to NIR (communication band). a) Spectra of current noise power density (In

2) at Vds = 1 V. The solid red line (f < 1 kHz) is a linear fit for 
the 1/f noise trend. b) NEP versus light illumination power with excitation wavelengths at 1064 nm (red) and 1550 nm (blue) at Vds = 1 V. c) D* and 
NEP (inset) at broadband ranging from 405  to 1550 nm at Vg = 0 V and Vds = 1 V. d) Ri and response time under 405 nm illumination of the MoTe2/
SnS2 and the MoTe2/graphene/SnS2 devices with various layer numbers of graphene interlayer. Inset: graphene thickness dependence of the Ri and 
response time under 1550 nm illumination. Measurements were carried out at Vg = 0 V.
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InGaAs photodetector with D* of ≈1012 Jones while requiring 
cryogenic cooling at 4.2 K.[26] The D* value of 1.06 × 1011 Jones 
under 1550  nm excitation wavelengths is also nearly 2 orders 
of magnitude larger than that of the previously reported on 
the 2D vdW vertical junctions[2,32] and even comparable with 
commercial SWIR photodetectors such as uncooled Ge-on-Si 
photodetectors.[46–48] Further compared with the single MoTe2-
based NIR detector and single SnS2-based visible light detector, 
the D* of our devices surpasses the previously reported value 
in both photodetectors by at least two orders of magnitude 
(Table S1, Supporting Information).[9,38,57,58] For conventional 
3D semiconductors used as NIR and SWIR photodetection, 
they need to work at low temperatures because the noise at 
room temperature reduces their detectivity to an unacceptable 
level.[25] Therefore, in recent years, Ge thin films were epitaxi-
ally grown on Si instead of single-crystal bulk Ge for making 
uncooled detectors for application in optical communica-
tions.[46,47] In this work, the structure of the photodetector is a 
vertical 2D vdW heterojunction that combines two features: 1) 
it is a p–n junction and 2) it exists the dielectric shielding effect 
of back and top h-BN on the substrate and surrounding envi-
ronment. As previously discussed, these two points play a key 
role in suppressing room-temperature noise. Therefore, our 
device can obtain a high D* values in a wide spectrum even at 
room temperature. It is foreseeable that the performance of our 
device may be further improved if the temperature is cooled 
down during working. The extraordinary D* in a wide spec-
trum ultimately demonstrates that our h-BN/MoTe2/graphene/
SnS2/h-BN vdW heterostructure is a broadband photodetector 
with ultrahigh sensitivity.

To shed some lights on the roles of the sandwiching graphene 
and the origin of the high performances, the devises of the 
MoTe2/SnS2 and the MoTe2/graphene/SnS2 with various layer 
numbers of graphene interlayer were also fabricated by using 
the same stacking method. The Ri and response time of these 
devises under 405  nm illumination are shown in Figure  4d 
(main panel) and Figure S10 in the Supporting Information. To 
avoid other factors as much as possible, we mainly investigated 
the characteristics at an excitation wavelength of 405 nm which 
lies within the cutoff wavelength of all materials (MoTe2/SnS2 
without graphene has no light response at 1550 nm; the cutoff 
wavelength of SnS2 is 563  nm). The Ri of MoTe2/graphene/
SnS2 with two-layer graphene interlayer is comparable to that 
of the MoTe2/SnS2, while the rise time of the former is slightly 
slower than the latter. This implies that the thin graphene inter-
layer improves the interface quality between the TMD layers 
and reduces the interface charge traps for faster photoresponse 
although thin layer (<3 layers) graphene does not significantly 
increase Ri due to limited enhanced light absorption. Notably, 
both the Ri and rise time increase dramatically with further 
increasing layer numbers of graphene interlayer. For example, 
the Ri and rise time are ≈9 A W−1 and ≈20 ms with 2-layer gra-
phene, ≈102−103A W−1 and ≈60−90 ms with 5–7-layer graphene, 
and ≈105 A W−1 and tens of seconds with 16-layer graphene 
interlayers, respectively. This indicates that the thickness of gra-
phene interlayer has an important effect on the optoelectronic 
performance of the MoTe2/graphene/SnS2 devices including 
the light absorption and the interface engineering. The light 
absorption of single-layer graphene is only ≈2.3%, which means 

the light absorption can be multiplied by increasing the layer 
numbers of graphene and is hence advantageous for enhancing 
the photoresponse of the device. Nevertheless, an increase in 
the layer number of graphene interlayer extends the transport 
distance of photoinduced carriers-to-electrodes and reduces the 
mobility, which could slow down the photoresponse. Thus, the 
higher Ri for the devices with 16-layer graphene interlayer are at 
the cost of slower photoresponse. On the contrary, the MoTe2/
graphene/SnS2 devices with too thin graphene interlayer 
(<3 layers) would result in a very small Ri due to an ultrashort 
carrier lifetime and low light absorption (2.3−4.6%), while the 
response speed is very fast. The graphene thickness depend-
ence of the responsivity and response time under 1550 nm illu-
mination (inset of Figure  4d) actually shows a similar feature 
with that under 405 nm illumination, although the responsivity 
and response speed of the former is significantly lower than 
the latter. Therefore, the optimized device structure of h-BN/
MoTe2/graphene/SnS2/h-BN is the device containing 5−7-layer 
graphene, which has a large photoresponse (≈102−103 A W−1) 
and a relatively fast photoresponse speed (tens of milliseconds).

In summary, we have developed a novel h-BN/MoTe2/
graphene/SnS2/h-BN vdW p–g–n junction using a layer-by-
layer dry transfer method for uncooled broadband UV–vis–
NIR photodetection. This device has several unique designs 
including 1) pairing p-type MoTe2 (bandgap of ≈1.0  eV) with 
n-type SnS2 (bandgap of ≈2.2  eV) for broadband light absorp-
tion; 2) insertion of a graphene interlayer between the MoTe2 
and SnS2 to reduce the charge traps and to improve the inter-
face quality, light absorption, as well as charge transport in 
the vdW p–g–n junction; and 3) implementation of an h-BN 
sandwich structure to screen the detrimental impact of the 
charged impurities from the substrate surface or the environ-
ment contamination on the device response time and noise 
spectrum. Moreover, the graphene interlayer plays a critical 
role in realizing both high photodetectivity and the photo
responsivity in a wide spectral range, and an optimized struc-
ture of the vdW p–g–n device containing 5−7-layer graphene 
interlayer have been achieved. The combined effect of these 
device designs is profound as illustrated in the extraordinary 
broadband Ri exceeding 2.6 × 103 A W−1 and D* up to ≈1013 
Jones. In particular, the D* is up to 1.1 × 1013 Jones under 
1064 nm NIR illumination at room temperature, which repre-
sents not only nearly two orders of magnitude larger than that 
of the previously reported on the MoTe2-based NIR detectors, 
but also an enhancement of one order of magnitude over that 
of the state-of-the-art commercial InGaAs NIR detectors oper-
ated at extremely low temperatures near 4.2 K. Moreover, the 
D* value of 1.06 × 1011 Jones at 1550  nm excitation is com-
parable with commercial SWIR photodetectors. Our study 
therefore illustrates that the vdW p–g–n junctions contained 
multiple photoactive 2D materials provide a viable route toward 
future ultrahigh-sensitivity and broadband optoelectronics.

Experimental Section
The detailed experimental process is stated in the Supporting 
Information, including the growth of MoTe2 and SnS2 bulk single 
crystals, the fabrication of the h-BN/MoTe2/graphene/SnS2/h-BN  
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vdW heterostructure photodetectors, and the characterization of 
optoelectronic performance.

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