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1. Introduction

Growing number of transistors on the 
chip leads to a serious data transmis-
sion rate bottleneck in chip-to-chip elec-
trical communications, known as the pin 
count limitation in electronic circuits.[1,2] 
Optoelectronic circuits can use the entire 
chip area for inter-chip communication 
through optical interconnects, providing 
high-speed and low-loss data transmis-
sions in data centers and high-perfor-
mance computing infrastructure.[3–5] 
Optoelectronic logic devices are impor-
tant elements in optoelectronic circuits, 
which perform logical processing with 
optical signals and electrical signals.[6–10] 
Compared to traditional electrical logic 
devices, optoelectronic logic devices 
achieve both fast operating speed and 
large bandwidth,[11] and the non-interfer-
ence between the optical input and the 

electrical input ensures parallel information detection and 
processing.[12–14]

In the past decades, various optoelectronic logic devices 
have been demonstrated based on materials including silicon, 
gallium nitride, and carbon nanotubes, etc.[15–17] These opto-
electronic logic devices control the trapping and de-trapping 
of photogenerated carriers by the gate voltage to realize the 
logic switching of the output photocurrent. Unfortunately, the 
architecture of these devices hinders the great improvement of 
their performances. First, external electrical biases are required 
to transfer the photo-generated carriers, which inevitably give 
rise to large dark currents and extra power consumption.[18] 
Second, due to the trapping effect of defects, it is difficult to 
ensure the linear response of the photoelectric conversion.[19] 
Third, the trapping and de-trapping of photo-generated car-
riers are remarkably slow processes, which limit the operation 
speed of the optoelectronic logic devices in the timescale of 
seconds.[17,18,20]

In this work, we demonstrate a self-driven optoelectronic 
logic device based on a van der Waals heterojunction con-
sisting of 2D black phosphorus (BP) and molybdenum telluride 
(MoTe2). Different from the previously reported works,[15–18,21] 
the logic switch of this device relies on the modulation of the 
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photovoltaic effect in the BP/MoTe2 heterojunction. Thanks 
to the ambipolar conduction characteristics of the BP and 
MoTe2,[22–24] the BP/MoTe2 heterojunction can be tuned to 
anisotype (p-N) and isotype (p-P and n-N) by the gate voltage 
for reconfiguring the photovoltaic effect. Meanwhile, the 
photovoltaic effect converts optical signals into current signals 
without external bias, which has been proven to be a practical 
and sustainable self-driven solution for low-energy consump-
tion optoelectronic devices.[25–27] As a result, with an optical 
signal as the “input” and a gate voltage as the “control,” the 
photovoltaic current “output” of the BP/MoTe2 heterojunction 
could be switched to perform a self-driven optoelectronic logic 
function. This fabricated optoelectronic logic device presents 
the decent performance of output dark current <1 pA, on/off 
current ratio >105, switching time < 10 µs, broadband operation 
in the spectral range from 400 to 1600 nm, and linearly adjust-
able output current signal. Our work promises the potential 

of van der Waals heterojunctions in self-driven optoelectronic 
logic devices for high-performance and low-power consump-
tion optoelectronic circuits.

2. Results and Discussions

Figure 1a schematically illustrates the device configuration, in 
which the BP/MoTe2 heterojunction was fabricated on a p-doped 
Si substrate coated with a 300 nm thick SiO2 film. To make the 
vertically stacked BP/MoTe2 heterojunction, a BP layer was first 
mechanically exfoliated onto a polydimethylsiloxane (PDMS) 
film and dry transferred onto the SiO2/Si substrate.[28] In the 
same way, a MoTe2 layer was precisely transferred onto the BP 
layer to overlap at the center of their channels. The gate voltage 
VG was applied through the Si end to adjust the carrier den-
sities in both BP and MoTe2 layers. As a typical device shown 

Figure 1. a) Schematic diagram of the vertically stacked van der Waals BP/MoTe2 heterojunction device with lateral Au contacts. A top h-BN layer is 
used for the passivation. b) Optical microscope image of the fabricated device, where D1 and D2 (S1 and S2) indicate the metal contacts for the BP 
(MoTe2) channel. Scale bar: 40 µm. c) Band profile of the BP and MoTe2 layer. Built-in electric potential ΦB of the heterojunction is equal to the Fermi 
level position difference between BP and MoTe2. d) Ambipolar transport characteristics of the BP channel (purple curve, measured between D1 and 
D2) and the MoTe2 channel (blue curve, measured between S1 and S2) at the bias-voltage 0.1 V. e,f) Electrostatic gate-dependent tuning of the Fermi 
level position in e) BP and f) MoTe2. The intrinsic Fermi level positions Ei of BP and MoTe2 are indicated.
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in Figure 1b, both the BP and MoTe2 thin layers are in contact 
with two 100  nm thick Au electrodes, forming a BP channel 
(between D1 and D2) and a MoTe2 channel (between S1 and S2). 
Finally, the heterojunction was fully encapsulated with a thin 
h-BN flake to prevent the degeneration from environment[29] 
(more details about the device fabrication are provided in the 
Experimental Section). The thicknesses of the BP and MoTe2 
layers are ≈15 and ≈23  nm, respectively, as identified by the 
atomic force microscope in Figure S1 (Supporting Informa-
tion). Raman spectroscopy was further performed to confirm 
the high quality of the BP layer, MoTe2 layer, and heterojunc-
tion region in Figure S2 (Supporting Information).

Figure 1c shows the energy band diagrams of BP and MoTe2. 
The bandgap and electron affinity of BP (MoTe2) are ≈0.3  eV 
(≈0.9  eV) and ≈4.1  eV (≈3.8  eV), respectively.[30,31] The differ-
ences in bandgaps and electron affinities result in the BP/MoTe2 
heterojunction with a conduction band offset ΔEC ≈ 0.3 eV and 
a valence band offset ΔEV  ≈ 0.3  eV. Figure  1d shows transfer 
characteristic curves of the BP channel (measured between 
D1 and D2) and MoTe2 channel (measured between S1 and S2). 
When the gate voltage VG sweeps from −60 to 60 V, the current of 
the BP channel performs ambipolar with a positive neutral point, 
indicating that the BP layer is intrinsically p-doped. The MoTe2 
channel also exhibits similar ambipolar conduction behavior and 
is intrinsically N-doped. The transfer characteristics of these two 
channels are consistent with the reports for individual BP and 
MoTe2 correspondingly,[22,23] implying the heterojunction region 
almost does not affect the conduction of each channel. There-
fore, the BP/MoTe2 heterojunction can be tuned to isotype (p-P 
and n-N) and anisotype (p-N) configurations by the gate voltage.

To reveal more details about the built-in electric field in the 
BP/MoTe2 heterojunction, we calculated the Fermi level posi-
tions of the two channels under different gate voltages. Based 
on the transfer characteristics, majority carrier concentrations 
for the BP channel can be estimated by

/ T Gn p
C V V

qt
G= −
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where q is the elementary charge, t is the thickness of BP, 
CG  = 1.15  × 10−8 F cm−2 is the capacitance of the 300-nm-thick 
SiO2 gate oxide layer, and VT is the threshold voltage for holes and 
electrons accordingly.[32] This formula can also be used for the 
MoTe2 channel, because of capacitance for MoTe2 around the het-
erojunction ≈CG due to the large BP capacitance (CBP > 50 CG),[33] 
which is also the reason why the heterojunction region almost 
does not affect the conduction of each channel. Figure S3 (Sup-
porting Information) shows the threshold voltages for holes and 
electrons in the BP channel are 10.2 and 15.7 V, respectively, and 
in the MoTe2 channel are −49.8 and 5.2 V, respectively. To sim-
plify the calculations, we treated both BP and MoTe2 as nonde-
generate semiconductors, and the Fermi level positions EF were 
estimated by the following equations

ln

ln

C B
C

V B

E
E k T

n

N

E k T
p

N

F

V

=
+

−








  

(2)

where n/p is the number of electrons/holes per unit volume, 
NC/V  = 2(2πm*kBT/h2)3/2 is the effective density of states 
in the conduction/valence band, m* is the effective mass 
of the electron/hole, kB is the Boltzmann constant, and T is 
the temperature (300 K, in this case). Figure S3 in the Sup-
porting Information shows the values of n and p in BP and 
MoTe2 under different gate voltages. Combined with the 
effective mass ( 0.42 , 0.26e

*
0 h

*
0m m m m= =  for BP,[34,35] and 

0.55 , 0.67e
*

0 e
*

0m m m m= =  for MoTe2,[36] where m0 is the mass of 
free electron in vacuum), the effective density of states in the 
conduction band and valence band are NC = 6.8 × 1018 cm−3 and 
NV  = 3.31  × 1018 cm−3 for BP, and NC  = 1.02  × 1019 cm−3 and 
NV = 1.37 × 1019 cm−3 for MoTe2, respectively. The Fermi level 
positions of the BP and MoTe2 layers at different gate voltages 
were then calculated as shown in Figure  1e,f. At VG  =  −60, 0, 
and 60 V, the Fermi level positions of the BP(MoTe2) are −4.4, 
−4.35, −4.13 eV (−4.5, −3.96, −3.85 eV), respectively. According 
to the energy band diagram in Figure  1c, the intrinsic Fermi 
level positions (Ei) of BP and MoTe2 are both about −4.25  eV. 
The intersections of the fitted curves and Ei corresponds to 
the neutral point of the ambipolar transfer curves. From the 
results, the neutral points for BP and MoTe2 are VG ≈ 15 V and 
VG ≈ −35 V, respectively.

To investigate the properties of the built-in electric field in 
different configurations (p-P, p-N, and n-N type), we measured 
the electrical characteristics over the heterojunction between 
electrodes D1 (in contact with BP) and S1 (in contact with 
MoTe2) under different gate voltages, as shown in Figure  2a. 
According to the device structure, the transport properties of 
the BP/MoTe2 heterojunction device are mainly affected by the 
Au–BP and Au–MoTe2 contacts, the BP and MoTe2 channel 
conductance, and the BP/MoTe2 heterojunction. The Au–BP 
and Au–MoTe2 contacts were confirmed as ohmic contacts, as 
shown in Figure S4 (Supporting Information), indicating that 
the rectification effect of metal–semiconductor contacts can 
be safely ignored. Consequently, the rectification character-
istic of the device is dominantly by the built-in electric field 
of the BP/MoTe2 heterojunction. As shown in Figure  2a, the 
ID–VD curves of the device show remarkably different rectifi-
cation properties under different VG. To further clearly show 
that, we plot the forward current IF under VD = 1 V, the reverse 
current IR under VD  =  −1  V, and the rectification ratio IF/IR 
at different VG, as shown in Figure  2b. When VD varies from  
−30 to 10  V, the BP layer and MoTe2 layer maintain their 
intrinsic doping types as p-type and N-type, respectively. The 
p-N type BP/MoTe2 heterojunction exhibits strong current 
rectification property with a rectification ratio of up to 103, 
which is consistent with p-N type van der Waals heterojunc-
tions reported previously.[26,37,38] When VG ≥ 20 V, the BP layer 
becomes n-type doped. The BP/MoTe2 heterojunction trends to 
n-N type and the rectification ratio drops by an order of magni-
tude. For the cases of VG ≤ −40 V, both the BP layer and MoTe2 
layer are p-doped, and the BP/MoTe2 heterojunction tunes to 
p-P type. The ID–VD curves of p-P type BP/MoTe2 heterojunc-
tion show obvious symmetric linear conductivity behavior, and 
the rectification ratio is close to 1.

The different rectification properties in the three configu-
rations of the BP/MoTe2 heterojunction can be attributed 
to the difference of the built-in electric field, which can be 
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simply estimated by the built-in electric potential ΦB of the 
heterojunction

(MoTe ) (BP)B F 2 FΦ = −E E
 

(3)

where EF(BP) and EF(MoTe2) are the Fermi level positions of BP 
and MoTe2 layers shown in Figure 1e,f, respectively. The calcu-
lated values of the built-in electric potential ΦB in the BP/MoTe2 
heterojunction under different gate voltages are depicted in 
Figure  2c. It is well known that the built-in potential of the 
heterojunction is proportional to the rectification ratio. For ani-
sotype (p-N) heterojunction (gate voltage in the range from −35 
to 15 V), the ΦB varies from 0.08 to 0.39 eV (the maximum value 
obtained at VG = 9.6 V), which is consistent with the maximum 
rectification ratio at VG  = 10  V in Figure  2b. Three configura-
tions can also be illustrated with the band structure, as sketched 
in Figure 2d–f. For p-P type as VG increases from −60 to −35 V, 
the built-in potential varies from −0.1 to 0.08  eV. The small 
built-in potential in the p-P type heterojunction results in a 
weak rectification effect. As VG increases from −35 to 15 V, the 
Fermi level of the heterojunction approaches the valence band 
of BP and the conduction band of MoTe2, leading to a typical 
p-N heterojunction. With the further increase of VG from 15 to 
60 V, the Fermi level approaches the conduction bands of both 
BP and MoTe2, forming an n-N heterojunction. The rectifica-
tion ratio is lowered but still in one order because of the large 
built-in electric potential around 0.3 eV.

Determined by the gate-tunable band diagram and built-in 
electric field, various photovoltaic characteristics are expected 

from the different configurations of the BP/MoTe2 heterojunc-
tion. The short-circuit current ISC and open-circuit voltage VOC 
are two important quantities especially relevant in the photo-
voltaic characteristics of the heterojunction, which are gener-
ated from the spontaneous separation of electron-hole pairs 
driven by the built-in electric field.[25–27] By focusing a laser 
with the wavelength of 532 nm onto the heterojunction, ID–VD 
curves under illumination in the gate range of −60 to 60 V are 
plotted in Figure 3a. As shown in the inset of Figure 3a, the ISC 
has negative values and VOC has positive values at VG > −35 V 
but both decayed close to zero at VG  ≤  −35  V. The results are 
in good agreement with the different built-in electric field in 
three configurations (p-P, p-N, and n-N type) of the BP/MoTe2 
heterojunction shown in Figure 2. When VG ≤ −35 V, the disap-
pearance of the ISC and VOC can be attributed to the weak built-
in electric field in the p-P heterojunction. However, when the 
heterojunction is tuned to p-N or n-N type at VG > −35 V, the 
photogenerated electron-hole pairs are separated by the strong 
built-in electric field to produce the short-circuit current ISC 
and the open-circuit voltage VOC, as indicated by the colored 
squares in Figure 2e,f. With the decrease of built-in electric field 
decreases when VG > 0 V, both ISC and VOC decrease accordingly.

To characterize the gate-switchable photovoltaic effect 
deeply, the dependence of the short-circuit current ISC on the 
gate voltage is further examined by varying the laser incident 
power, as shown in Figure  3b. The photovoltaic effect in the 
BP/MoTe2 heterojunction is considered to be turned “ON” at 
VG > −35 V, where ISC increases accordingly as the increased 
incident laser power PLaser. When VG = 0 V, the ISC is higher 

Figure 2. a) Current–voltage (ID–VD) curves of the BP/MoTe2 heterojunction at different gate voltages under dark condition (measured between 
contacts D1 and S1). b) Forward current, reverse current, and rectification ratio versus VG in semi-log scale, corresponding to three types of hetero-
junction configurations. c) Gate-dependent built-in electric potential of the BP/MoTe2 heterojunction. Negative values mean that the direction of the 
built-in electric field is reversed. Dotted line represents the difference between the fitted curves in Figure 1e and f. Equilibrium energy band diagrams of  
d) p-BP/P-MoTe2, e) p-BP/N-MoTe2, and f) n-BP/N-MoTe2 heterojunctions.
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than 100 nA with 9 µW incident power, and the photo-
voltaic responsivity R is estimated to be ≈10.8  mA W−1 by  
R = ISC/PLaser. However, the photovoltaic effect is turned “OFF” 
when VG ≤ −35 V, where the ISC is less than 1 pA regardless 
of the laser power. The gate-switchable photovoltaic effect can 
also be depicted with the gate-dependent external quantum 
efficiency, as shown in Figure S5 (Supporting Information). 
Figure 3c shows ISC as a function of PLaser at VG = −40, 0, 40 V. 
As can be seen from the good agreement between the fit and 
the experimental plots, the short-circuit current depends lin-
early on the incident power, which confirms the dominating 
mechanism of the photovoltaic effect. VOC as a function of 
PLaser is also shown in Figure S6 (Supporting Information). 
To verify the consistency of the gate-switchable photovoltaic 
effect in the entire heterojunction area, we performed the 
spatial mapping of ISC in a home-built optical microscope. 
Figure  3d displays the photovoltaic current maps measured 
at VG  = 0  V and VG  =  −40  V, respectively. A strong photore-
sponse is observed in the BP/MoTe2 heterojunction area at 
VG  = 0  V, indicating spontaneous charge separation occur-
ring at the heterojunction area. In contrast, the photovoltaic 
current is switched “OFF” in the entire junction region when 
VG = −40 V. The uniformity of the photoresponse in the entire 
BP/MoTe2 heterojunction region provides a scalable optical 
signal access area for the optoelectronic devices. Results of the 
other seven BP/MoTe2 devices with different layer-thicknesses 
are shown in Figure S7 (Supporting Information), verifying 

the repeatability of the gate-switchable photovoltaic effect in 
BP/MoTe2 heterojunction devices.

Based on the gate-switchable photovoltaic effect, we further 
develop a self-driven optoelectronic logic device based on the 
BP/MoTe2 heterojunction, as schematically shown in Figure 4a. 
The device operates with an input signal (light) and a control 
signal (gate voltage) and yields an output signal (source-drain 
current), which is equivalent to the integration of a photo-
diode and a transmission gate. Figure 4b illustrates the opera-
tion conditions of the logic device in the form of ID-VG curves. 
The input signal is in the input-OFF state (represented by “0”) 
when no light is shined on the device and it is in the input-ON 
state (represented by “1”) when the device is illuminated with a 
5 µW laser. The gate voltage is used as the control signal: con-
trol-OFF state (“0”) for VG = 0 V and control-ON state (“1”) for 
VG = −60 V. The output state of the device will depend on the 
source-drain current level of the device: output-OFF state (“0”) 
for ID < 10−12 A and output-ON state (“1”) for ID > 10−12 A. The 
logic device exhibits an output on/off ratio of up to 105 under 
a weak input signal and an ultra-low output dark current of  
<1 pA, which enables the applications in photoelectronic logic 
circuits with high performance and low power consumption. It 
should be noted that the gate voltage to control the optoelec-
tronic logic device could be greatly reduced by using a high-κ 
dielectric layer or a thinner dielectric layer to improve modu-
lation efficiency.[39,40] To test the parallel detection and pro-
cessing functions of the self-driven optoelectronic logic device, 

Figure 3. a) Current–voltage (ID–VD) curves at various gate voltages under 532 nm laser illumination. The inset is the short-circuit current ISC and 
open-circuit voltage VOC at different gate voltages. b) Short-circuit current ISC as a function of gate voltages under varying incident laser power. The 
short-circuit current is switched to an “OFF” state when the BP/MoTe2 heterojunction is turned to p-P type by gate voltages. c) Short-circuit current 
ISC as a linear function of the incident laser power at VG = −40, 0, 40 V. d) Photocurrent maps of the device presented in Figure 1b at VG = −40 and 0 V 
with 532 nm laser excitation. The BP and MoTe2 area are indicated by red and blue dashed lines, respectively. Scale bar, 3 µm.
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Figure 4c shows the typical time trace of the output state for dif-
ferent logic states of input and control. In the control OFF-state 
(“0”) at VG = 0 V, the input optical signal is converted into the 
electrical signal, and in the control ON-state (“1”) at VG = −60 V, 
the optical signal is shielded. The device realizes the functional 
integration and parallel operation of reading and decoding the 
input optical signal in the optoelectronic circuit.

The response times of optoelectronic logic devices reported 
elsewhere are in the order of seconds owing to the defects-related 
processes.[17,18,20] For the self-driven optoelectronic logic device 
demonstrated here, the switch time of the output photocurrent 
is determined by the photovoltaic process, which therefore prom-
ises a fast switching response. The photovoltaic response time τR 
of the BP/MoTe2 heterojunction device can be described by

R Drift
2

Diff
2

RC
2τ τ τ τ= + +  (4)

where τDrift is the drift time of photogenerated carriers in the 
heterojunction, τDiff is the diffusion time of photogenerated car-
riers in the BP and MoTe2 channels, τRC is the equivalent cir-
cuit RC time constant of the heterojunction device. The existing 
study showed that the τDrift of photogenerated carriers in the 
built-in electric field region of the heterojunction can reach 
picosecond level.[41] From the dynamic operation results shown 
in Figure  4d, the turn-off and turn-on times of the output 
photocurrent are calculated as 9.6 and 11.3 µs, respectively. The 

time for switching the photovoltaic current is less than 10 µs, 
which can be further accelerated by reducing the length of the 
BP and MoTe2 channels to shorten the τDiff and τRC.

To evaluate the performance of the demonstrated logic device 
based on the BP/MoTe2 heterojunction, we compare the output 
dark current and switch time with those from the reported opto-
electronic logic devices, as shown in Figure 5a. Because of the 
required external bias, dark currents of all those reported logic 
devices are at higher levels than the pA achieved in this work, 
which inevitably results in extra power consumption. Besides, the 
operations of optoelectronic logic in those devices were realized 
via the trapping and de-trapping of photo-induced carriers, which 
limits the response time significantly. In Figure 5a, our device is 
not the fastest but shows a potential logic switching speed. As 
a result, the self-driven BP/MoTe2 heterojunction optoelectronic 
logic device exhibits high-performance with ultra-low output 
dark current and fast switching speed. In addition, the proposed 
BP/MoTe2 heterojunction could respond to the optical illumi-
nation in a wide spectral range because of the narrow bandgap 
of the BP layer, enabling the broadband operation of the logic 
device. Figure 5b shows the wavelength-dependent photorespon-
sivity of the BP/MoTe2 heterojunction in the ON- and OFF-states 
with the illumination of light in the range from 400 to 1600 nm, 
where the ON- and OFF-states are controlled by the gate voltage 
at 0 and −60 V, respectively. When VG = −60 V, the light respon-
sivity is lower than 10−6 A W−1. The variable photoresponsivity 

Figure 4. a) Schematic demonstration of the self-driven optoelectronic logic device based on the BP/MoTe2 heterojunction, which is equivalent to the 
integration of a photodiode and a transmission gate. The gate voltage is used to logically control the optoelectronic conversion from the optical input to 
the electrical output. b) A typical set of operations determining the “0” and “1” logic states for input, control, and output conditions, as determined by 
the dark currents and photocurrents. c) Output of the self-driven optoelectronic logic device for different input and control logic states as a function of 
time. d) Output switch on/off time of the device, defined as the photocurrent increased/decreased from 10/90% to 90/10% of the stable photocurrent.
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is caused by bad signal-to-noise ratio at OFF-state, and measure-
ment errors as well. The large responsivity difference between 
the ON- and OFF-states at different laser wavelengths implies 
the optoelectronic logic device could also support the wavelength 
multiplexing in a wide spectral range of the input optical signal.

Another figure of merits of an optoelectronic logic device 
is the linear response on the “input” signal strength. Due to 
the photovoltaic effect of BP/MoTe2 heterojunction, the output 
photocurrent is indeed linearly dependent on the input optical 
power, as shown in Figure  5c. Owing to the highly linear 
response of output current signal, the “optical input-electronic 
output” logic gate is capable of multilevel operation by using a 
single optical pulse with different light intensities. We also test 
the repeatability of the switching ON/OFF process, as shown 
in Figure  5d. By switching the VG between 0 and −60  V for 
2000 cycles, the deviation from the average value of the output 
current for each cycle is less than 10%, indicating a highly 
reproducible switching logic operation. These decent charac-
teristics of the BP/MoTe2 optoelectronic logic device show its 
potential for practical applications.

3. Conclusion

In summary, we have successfully fabricated a van der Waals 
heterojunction device with BP and MoTe2 2D materials 

and demonstrated that the device can function as a high-
performance self-driven optoelectronic logic device attributed to 
the gate-switchable photovoltaic effect. Specifically, an ultra-low 
output dark current less than 1 pA and an output current on/off 
ratio exceeding 105 are achieved at room temperature. More 
importantly, the self-driven optoelectronic logic device exhibits 
a wide selectable wavelength range of input optical signals and 
a linear relationship between the output current signal and the 
input optical signal. Based on the decent performance of the 
self-driven optoelectronic logic device, we believe that it offers 
great potential to develop future optoelectronic logic devices for 
high-performance and low-power-consumption optoelectronic 
circuits.

4. Experimental Section
Device Fabrication: The heterojunction of BP and MoTe2 was 

achieved by a dry transfer method in a glove box (Ar atmosphere).[28] 
The bulk crystal of BP and MoTe2 were purchased from HQ Graphene 
Corporation. First, a multilayer BP flake was mechanically exfoliated 
onto a PDMS film and transferred onto the SiO2/Si substrate on a 
transfer platform equipped with a micromanipulator and a microscope. 
In the same way, the MoTe2 flake was precisely transferred onto the 
surface of the BP flake to overlap at the middles of their channels. After 
the alignment to the proposed position, the PDMS film was pressed on 
the SiO2/Si substrate about 3 min, then slowly lift up to transfer MoTe2 
onto the BP flake. 100 nm-thickness Au electrodes were prepared on a 

Figure 5. a) Comparison of output dark current and switch time of different optoelectronic logic devices made of SOI,[15] GaN,[16] CNT,[17] CNT/Si,[18] 
MoS2,[21] and p-Si/HfO2

[43] that require external bias. b) Responsivities for input light at different wavelengths at VG = 0 V and VG = −60 V. c) Linear 
relationship between the output current and the input optical signal. d) Cycling tests of the output currents at VG = 0 V and VG = −60 V. Red and black 
color bars present deviation from the average value of the output currents.
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silicon substrate using a shadow mask by thermal evaporation, which 
were then mechanically peeled off by PDMS and transferred onto the 
channel ends of both BP and MoTe2 flakes.[42] Finally, an h-BN flake 
was transferred onto the heterojunction area to encapsulate the device.

Electrical and Optoelectronic Characterizations: The BP/MoTe2 
heterojunction device was first annealed in a tube furnace (BTF-
1200C, BEQ) filled with inert gas (95% Ar and 5% H2) at 200 °C for 
2 h. The electrical transport characteristics of the fabricated devices 
were measured at room temperature in ambient. All the direct-
current electrical characterizations were performed using a Keysight 
B2912A dual-channel digital source meter. The photocurrents of the 
heterojunction were measured in a home-built microscope. The incident 
laser was a supercontinuum laser equipped with an acousto-optic 
tunable filter for obtaining light with different wavelengths. The laser 
beam was focused by the objective lens and the spot size of the 532 nm 
laser was about 3 µm in diameter. A galvo-mirror system was employed 
for the spatial mapping of the photocurrent. The transient response of 
the device was measured by an oscilloscope (wavePro740Zi-A, LeCroy) 
with the gate voltage applied by a signal generator (AFG3101, Tektronix). 
The modulation of the laser was realized by a mechanical chopper.
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Supporting Information is available from the Wiley Online Library or 
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