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Featured Application: Future NIR optoelectronic devices based on 2D materials.

Abstract: Two-dimensional (2D) materials, such as graphene and transition metal dichalcogenides
(TMDCs), are highly appealing in the fields of electronics, optoelectronics, energy, etc. Graphene,
with high conductivity and high carrier mobility, is an excellent candidate for transparent electrodes.
TMDCs have remarkably strong light absorption in the range of visible to infrared wavelength.
High-performance photodetectors are expected to achieve through the combination of graphene
and TMDCs. Nowadays, near-infrared (NIR) photodetectors play significant roles in many areas.
MoTe2 with bandgap energy of about 1.0 eV in its bulk form is a promising material for cost-saving
NIR photodetectors. Thus far, only a few of the reported studies on NIR photodetectors built
on MoTe2/graphene heterostructures have achieved high responsivity and short response time
simultaneously in one device. In this study, we fabricate graphene–MoTe2–graphene vertical van der
Waals heterostructure devices through chemical vapor deposition (CVD) growth, wet transfer method,
and dry etching technique. Under 1064 nm laser illumination, we acquire responsivity of as high as
635 A/W and a response time of as short as 19 µs from the as-fabricated device. Moreover, we acquire
higher responsivity of 1752 A/W and a shorter response time of 16 µs from the Al2O3-encapsulated
device. Our research drives the application of 2D materials in the NIR wavelength range.

Keywords: near-infrared photodetector; MoTe2; graphene; vertical vdWs heterostructure; chemical
vapor deposition (CVD); two-dimensional (2D) materials

1. Introduction

Over the years, two-dimensional (2D) materials, such as graphene and transition
metal dichalcogenides (TMDCs), have stimulated great research enthusiasm in the fields
of electronics, optoelectronics, energy, etc. [1]. In addition to having ultrahigh carrier
mobility, low resistance, and near-perfect optical transparency, graphene can also form
clean interfaces with other 2D materials, so it can serve as an excellent electrode for
photodetectors [2,3]. Transition metal dichalcogenides (TMDCs), which have remarkably
strong light absorption in the wavelength range from visible to infrared, are promising
candidates for broadband optical detection [3,4].

Nowadays, near-infrared (NIR) photodetectors play significant roles in areas such as
telecommunication, remote sensing, and biomedical imaging. However, commercialized

Appl. Sci. 2022, 12, 3622. https://doi.org/10.3390/app12073622 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12073622
https://doi.org/10.3390/app12073622
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app12073622
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12073622?type=check_update&version=1


Appl. Sci. 2022, 12, 3622 2 of 11

NIR photodetectors have high costs of preparation and require harsh operating envi-
ronments. These factors limit their application. Therefore, there is an urgent need for
alternative materials that possess high absorption in the NIR region in ambient condi-
tions and can be prepared through cost-saving approaches [5–7]. MoTe2, a newly explored
TMDC, with bandgap energy of about 1.0 eV in its bulk form, meets the above requirements
for NIR photodetectors [3,4,8].

To date, there have been several studies reported about NIR photodetectors based
on MoTe2/graphene heterostructures [1–3,8–10]. The highest responsivity and shortest
response time were 970.82 A/W [3] and 6.15 µs [2], respectively, under 1064 nm illumination.
Nevertheless, few of these studies achieve high responsivity and fast response speed
simultaneously [2,8]. Moreover, the MoTe2 flakes prepared by mechanical exfoliation were
used in all these studies, which hampers their large-scale application.

In this study, we fabricate graphene–MoTe2–graphene vertical van der Waals (vdWs)
heterostructure devices. Both the graphene and few-layer MoTe2 were grown via the
chemical vapor deposition (CVD) method. The devices were constructed using the wet
transfer method together with the dry etching technique. The as-fabricated device has an
overall high performance with both high responsivity (635 A/W) and short response time
(19 µs) under 1064 nm laser illumination. Moreover, we acquire higher responsivity of
1752 A/W and a shorter response time of 16 µs from the Al2O3-encapsulated device. Our
research promotes the development of future NIR optoelectronics applications based on
2D materials.

2. Materials and Methods
2.1. Fabrication of the Vertical vdWs Heterostructures

The bottom graphene film was grown on Cu foil through the CVD method [11] and
transferred from Cu foil to a 285 nm SiO2/p+-Si substrate with the help of polymethyl
methacrylate (PMMA) and (NH4)2S2O8 aqueous solution (100 g/L). Then, the graphene
film was patterned into a striped array through ultraviolet (UV) lithography and reactive
ion etching (RIE). Next, Pd/Au (10/50 nm) electrodes were fabricated on the graphene
array through UV lithography, electron beam evaporation, and the lift-off process for
measurement purposes. After that, a CVD-grown MoTe2 film [12] was transferred onto
the graphene array with the help of PMMA and deionized water. Notably, in this step, we
did not use hydrofluoric acid, which was commonly used in previous research [13]. Later,
the MoTe2 film was patterned to totally cover the bottom graphene electrodes through UV
lithography and RIE. Finally, the top striped graphene electrode array and corresponding
Pd/Au electrodes were fabricated in the same way as the bottom ones. Here, the top
graphene array was perpendicular to the bottom graphene array.

2.2. Atomic Layer Deposition (ALD) of Al2O3

The Al2O3 that covered the device array was deposited using a Savannah 100 ALD
system (Cambridge NanoTech Inc. (Cambridge, MA, USA), Savannah-100). Trimethyla-
luminum and deionized water served as precursors and N2 served as carrier gas. The
reaction temperature was 200 ◦C. The reaction time was set to achieve an Al2O3 thickness
of 20 nm.

2.3. Characterizations

The optical images were taken using an optical microscope (ZEISS (Oberkochen,
Germany), Axio Imager A2m). The Raman spectra were collected with a micro-zone
confocal Raman system (WITec alpha 300R) under 532 nm laser illumination. The thickness
of the MoTe2 film was measured using an atomic force microscope (Asylum Research
(Abingdon, UK), Cypher S). All the electrical measurement was conducted in a probe
station that was connected to a semiconductor characterization system (Keithley 4200-
SCS). For the NIR photoresponse measurement, the 1064 nm laser was introduced to
the probe station through a multimode optical fiber with normal incidence. The laser
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beam is 2.4 mm in diameter. A mechanical chopper, a fixed resistor (5 kΩ), and a digital
phosphor oscilloscope (Tektronix DPO 2024) were employed to characterize the temporal
photoresponse performance. All the characterizations were performed at room temperature
in ambient conditions.

3. Results

Figure 1 illustrates the fabrication procedures of the graphene–MoTe2–graphene ver-
tical vdWs heterostructure array. Figure 2a–e show the optical images taken after each
main fabrication step. Figure 2f is the optical image of the heterostructure array, which
demonstrates the feasibility of our large-scale fabrication method.
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Figure 2. The optical images taken after each main fabrication step: (a) the striped bottom graphene;
(b) the graphene with Pd/Au electrodes fabricated on two ends of it for measurement purposes;
(c) the optical image taken after the MoTe2 film was transferred and patterned onto the bottom
graphene. Herein, the rectangular MoTe2 was designed to completely cover the exposed bottom
graphene in order to prevent it from the subsequent etching and the short circuit with the top
graphene; (d) another graphene film was transferred onto the top of the MoTe2 and etched into
striped shape that was perpendicular to the bottom graphene; (e) finally, the Pd/Au electrodes
contacting the top graphene were fabricated. In the vertical heterostructure, the bottom and top
graphene layers act as electrodes, and the MoTe2 sheet in between serves as light absorption layer;
(f) the graphene–MoTe2–graphene vertical vdWs heterostructure array, which demonstrates the
feasibility of our large-scale fabrication method. The scale bar in (a–e) is 100 µm. The scale bar in
(f) is 400 µm.

We first characterized the electrical properties of the graphene and MoTe2 films by
fabricating graphene and MoTe2 field-effect transistors (FETs), as shown in the insets of
Figure 3a,b, respectively. The FETs were fabricated on 285 nm SiO2/p+-Si substrates with
Pd/Au (10/50 nm) source and drain electrodes made on two ends of the channel. The p+-Si
was used as the back gate. Figure 3a,b show the source–drain current–voltage (Ids–Vds)
curve and transfer curve of the graphene FET, respectively. The Ids–Vds curve shows linear
behavior, indicating the ohmic contact between the graphene and the Pd/Au electrodes.
The transfer curve exhibits p-type behavior. Figure 3c,d show the Ids–Vds curve and transfer
curve of the MoTe2 FET, respectively. The transfer curve also exhibits p-type behavior with
good ohmic contact between the MoTe2 and the Pd/Au electrodes.

Figure 4a shows the Raman spectra measured at graphene, MoTe2, and their het-
erostructure regions, labeled by the green, red, and blue dots, respectively, of a representa-
tive device (the upper inset in Figure 4a). The white dashed lines delineate the outlines of
the bottom (vertical) and top (level) graphene. The light-blue area is MoTe2. The Raman
spectrum of MoTe2 shows a maximum at 234 cm−1, which is the Raman characteristic peak
of 2H-MoTe2 [14]. The Raman spectrum of graphene consists of the Raman characteristic
peaks of graphene at 1593 cm−1 and 2681 cm−1 [2,3,15]. In the heterostructure region, the
Raman spectrum shows Raman characteristic peaks of both graphene and MoTe2. The mid-
dle and lower insets in Figure 4a show the Raman mapping images acquired at 234 cm−1

and 2681 cm−1, respectively, taken in the area labeled by the orange box in the upper inset.
It is generally observed that both the overlapping and non-overlapping regions are uniform.
Meanwhile, the Raman intensity of the overlapping region is much (slightly) lower than
that of the non-overlapping region for graphene (MoTe2). In the case of MoTe2, both the top
and bottom single-layer graphene may slightly prevent the effective collection of the Raman
scattering signal from MoTe2. In the case of top graphene, the upper surface of MoTe2
may not be a good reflecting surface for Raman scattering signal collection. In the case of
bottom graphene, the 12 nm thick MoTe2 may be too thick to realize the good transmission
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of weak graphene Raman scattering signal. Figure 4b shows the atomic force microscope
(AFM) image of the MoTe2 and the surface height profile along the white dashed line. The
thickness of the MoTe2 was about 12 nm.
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Figure 3. The optical and electrical characterizations of the graphene and MoTe2 field-effect transistors
(FETs): (a) the source-drain current-voltage (Ids–Vds) curve of a graphene FET. Inset: the optical image
of the graphene FET. The scale bar is 100 µm. The Ids–Vds curve shows linear behavior, indicating
the ohmic contact between the graphene and the Pd/Au electrodes; (b) the transfer curve of the
graphene FET, which exhibits p-type behavior; (c) the Ids–Vds curve of a MoTe2 FET. Inset: the optical
image of the MoTe2 FET. The scale bar is 100 µm. The Ids–Vds curve shows linear behavior, indicating
the ohmic contact between the MoTe2 and the Pd/Au electrodes; (d) the transfer curve of the MoTe2

FET, which exhibits p-type behavior.

Figure 5a shows the photocurrent (Iph)–voltage (V) curves of a representative het-
erostructure device (device 1) under 1064 nm laser illumination with different illumination
power (P) from 3 nW to 531 nW. The inset in Figure 5a shows the current (I)–V curve of
device 1 under dark conditions. Here, the photocurrent is defined as Iph = Ilight − Idark,
where Ilight and Idark refer to the currents under light illumination and dark conditions,
respectively. The illumination power is calculated by multiplying the power density by
the device’s effective area, i.e., the overlapping area (S, 1600 µm2) of the bottom and top
graphene electrodes. It is shown that Iph increases linearly with V regardless of illumination
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power. In addition, for identical bias, Iph increases monotonically with illumination power.
The Iph and illumination power relation measured at V = 1 V is shown in Figure 5b (the
black line). We can see that Iph increases almost linearly in the lower power range but shows
a saturated trend when illumination power is higher. Similar phenomena have also been
reported before [1,3,4,8,16]. The possible reasons are the increased recombination rate of
photogenerated carriers [16], the reduced number of photogenerated carriers contributing
to photoconduction under higher photon flux [16], and the existence of trap states in the
device [4,16]. As shown by the fitted curve in Figure 5b, the photocurrent and illumination
power present a sublinear relation, which can be expressed as Iph = aPb, where a and b are
fitted constants. According to the fitting results, we acquired b = 0.91 ± 0.07 (R2 = 0.997) in
lower power range. The b value that is smaller than 1 suggests that the photoconduction
gain is influenced by the charge traps in the materials and/or their interfaces [2,4,16–19].
The device’s responsivity (R) and illumination power relation measured at V = 1 V is
shown in Figure 5b (the green line). The responsivity is defined as R = Iph/P [4,20]. As
illumination power increases, the responsivity decreases monotonically, which corresponds
to the saturated trend of the photocurrent. A maximum responsivity of up to 635 A/W is
acquired with 3 nW illumination power. Specific detectivity (D*) is another important pa-
rameter for a photodetector, which is used to evaluate the capability of weak light detection.
When the shot noise from the dark current is the major source of the total noise, specific
detectivity can be expressed as D* = RS1/2/(2eIdark)1/2 [4,20,21], where e is the electron
charge. Assuming the shot noise from the dark current is the major noise in our case, the
specific detectivity of device 1 was calculated to be 2.26 × 109 Jones (cm Hz1/2 W−1) at
V = 1 V and 3 nW illumination power. However, it is worth mentioning that, besides shot
noise, flicker noise may be of some importance in MoTe2-based devices [22]. Apart from
responsivity and specific detectivity, response time is also an important parameter for a
photodetector. Figure 5c shows the normalized photocurrent waveform under chopped
1064 nm laser illumination. With a chopping frequency of 3989 Hz, the device presented
a stable and repeatable photocurrent response. The rise (fall) time tr (tf) is defined as the
time needed for photocurrent to rise (fall) from 10% (90%) to 90% (10%) of the maximum
photocurrent in a single response cycle [16,23–25]. A rise (fall) time of 19 µs (34 µs) can be
acquired from Figure 5d. It is worth noting that, considering the intrinsic response time of
the mechanical chopping process (~10 µs) [8], the real response and recovery time of the
device should be even shorter.

In an attempt to improve the device performance, we deposited a 20 nm thick Al2O3
layer on the as-fabricated devices via the ALD method to protect the devices from ambient.
Figure 6a,b show the responsivity-related curves of an encapsulated device (device 2).
Similarly, Iph shows a saturated trend when illumination power gets higher (the black
line in Figure 6b). Moreover, as illumination power increases, the responsivity decreases
monotonically (the green line in Figure 6b). Notably, we obtained an ultrahigh responsivity
of up to 1752 A/W at 3 nW illumination power. Meanwhile, assuming the shot noise
from the dark current is the major noise, the specific detectivity of device 2 was calculated
to be 5.68 × 109 Jones (cm Hz1/2 W−1) at V = 1 V and 3 nW illumination power. The
higher responsivity of device 2 in the lower power range may owe to a passivation effect
on the surface state-related recombination centers brought by the Al2O3 layer [20,26–28],
which consequently reduced the recombination of photogenerated carriers and results
in enhanced responsivity. According to the fitting results for Iph and illumination power
relation, we obtained b = 0.31 ± 0.02 (R2 = 0.998) in the lower power range. The smaller
b value indicates that the trap states play a larger role in the photoconduction gain [29].
Figure 6c,d show the temporal photoresponse performance of the device. The device
presented a stable and repeatable photocurrent response under light illumination, with a
chopping frequency of 3984 Hz and underestimated rise (fall) time of 16 µs (42 µs).
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The possible reasons are the increased recombination rate of photogenerated carriers [16], the 

reduced number of photogenerated carriers contributing to photoconduction under higher 

photon flux [16], and the existence of trap states in the device [4,16]. As shown by the fitted 

curve in Figure 5b, the photocurrent and illumination power present a sublinear relation, 

which can be expressed as Iph = aPb, where a and b are fitted constants. According to the fitting 

results, we acquired b = 0.91 ± 0.07 (R2 = 0.997) in lower power range. The b value that is smaller 

than 1 suggests that the photoconduction gain is influenced by the charge traps in the 

materials and/or their interfaces [2,4,16–19]. The device’s responsivity (R) and illumination 
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Figure 4. The Raman and atomic force microscope (AFM) characterizations of the graphene and
MoTe2: (a) the Raman spectra measured at graphene, MoTe2, and their heterostructure regions,
labeled by the green, red, and blue dots, respectively, of a representative device (the upper inset).
The white dashed lines delineate the outlines of the bottom (vertical) and top (level) graphene. The
light-blue area is MoTe2. The Raman spectrum of MoTe2 shows the Raman characteristic peak of
2H-MoTe2 at 234 cm−1. The Raman spectrum of graphene consists of the Raman characteristic peaks
of graphene at 1593 cm−1 and 2681 cm−1. In the heterostructure region, the Raman spectrum shows
Raman characteristic peaks of both graphene and MoTe2. The middle and lower insets show the
Raman mapping images acquired at 234 cm−1 and 2681 cm−1, respectively, taken in the area labeled
by the orange box in the upper inset. The scale bar is 30 µm. It is generally observed that both
the overlapping and non-overlapping regions are uniform. Meanwhile, the Raman intensity of the
overlapping region is much (slightly) lower than that of the non-overlapping region for graphene
(MoTe2); (b) the AFM image of the MoTe2 and the surface height profile along the white dashed line.
The thickness of the MoTe2 is about 12 nm. The scale bar is 5 µm.

Table 1 lists the main performance parameters and corresponding measuring condi-
tions of some reported NIR photodetectors that have similar structures. The maximum
responsivity and the response time of our devices are comparable to the best parameters
shown in Table 1. Moreover, our devices have higher responsivity and shorter response
time simultaneously, whereas only a few other studies have achieved that [2,8]. In our
previous research [8], we employed the mechanically exfoliated n-type MoTe2, which
formed Schottky contact with p-type graphene. Therefore, the photodetector worked in
a photovoltaic mechanism. In this study, we employed the CVD-grown p-type MoTe2.
The photodetector works in a photoconductive mechanism. The high responsivity and
high speed of our heterostructure devices are because of the excellent optical and electrical
properties of graphene and MoTe2, as well as the vertical channel of the heterostructure.
Compared with photodetectors that have lateral channels, the vertical heterostructure
guarantees a large photosensitive area, together with a shorter carrier transit path. Thus,
the vertical heterostructure can overcome the common trade-off between high responsivity
and high speed of photodetectors. It is worth noting that even higher responsivity can
be expected in our vertical heterostructure devices if we use lower incident illumination
power, apply larger V, or enlarge the effective photosensitive area. In addition, our vertical
heterostructure devices have low energy consumption in view of the ultrahigh responsivity
acquired at the low V (no more than 1 V) and low illumination power (as low as several
nanowatts). Moreover, in this study, we demonstrated a practical approach to fabricating
photodetector arrays using large-area CVD-grown MoTe2 and graphene, showing the
application potential of our devices in integrated circuits.



Appl. Sci. 2022, 12, 3622 8 of 11

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 12 
 

defined as R = Iph/P [4,20]. As illumination power increases, the responsivity decreases 

monotonically, which corresponds to the saturated trend of the photocurrent. A maximum 

responsivity of up to 635 A/W is acquired with 3 nW illumination power. Specific detectivity 

(D*) is another important parameter for a photodetector, which is used to evaluate the 

capability of weak light detection. When the shot noise from the dark current is the major 

source of the total noise, specific detectivity can be expressed as D* = RS1/2/(2eIdark)1/2 [4,20,21], 

where e is the electron charge. Assuming the shot noise from the dark current is the major 

noise in our case, the specific detectivity of device 1 was calculated to be 2.26 × 109 Jones (cm 

Hz1/2 W−1) at V = 1 V and 3 nW illumination power. However, it is worth mentioning that, 

besides shot noise, flicker noise may be of some importance in MoTe2-based devices [22]. 

Apart from responsivity and specific detectivity, response time is also an important parameter 

for a photodetector. Figure 5c shows the normalized photocurrent waveform under chopped 

1064 nm laser illumination. With a chopping frequency of 3989 Hz, the device presented a 

stable and repeatable photocurrent response. The rise (fall) time tr (tf) is defined as the time 

needed for photocurrent to rise (fall) from 10% (90%) to 90% (10%) of the maximum 

photocurrent in a single response cycle [16,23–25]. A rise (fall) time of 19 µs (34 µs) can be 

acquired from Figure 5d. It is worth noting that, considering the intrinsic response time of the 

mechanical chopping process (~10 μs) [8], the real response and recovery time of the device 

should be even shorter.  

  

(a) (b) 

  

(c) (d) 

Figure 5. The photoresponse performance of device 1: (a) the photocurrent (Iph)–voltage (V) curves
under 1064 nm laser illumination with different illumination power (P) from 3 nW to 531 nW. Inset:
The current (I)–V curve under dark conditions; (b) the Iph and illumination power relation (the
black line), and the responsivity (R) and illumination power relation (the green line) measured at
V = 1 V. The red line is the fitted curve with the equation Iph = aPb, where a and b are fitted constants;
(c) the normalized photocurrent waveform under chopped 1064 nm laser illumination. The chopping
frequency is 3989 Hz; (d) a single normalized response cycle. The rise (fall) time tr (tf) of 19 µs (34 µs)
is acquired.



Appl. Sci. 2022, 12, 3622 9 of 11

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 12 
 

Figure 5. The photoresponse performance of device 1: (a) the photocurrent (Iph)—voltage (V) curves 

under 1064 nm laser illumination with different illumination power (P) from 3 nW to 531 nW. Inset: 

The current (I)—V curve under dark conditions; (b) the Iph and illumination power relation (the 

black line), and the responsivity (R) and illumination power relation (the green line) measured at V 

= 1 V. The red line is the fitted curve with the equation Iph = aPb, where a and b are fitted constants; 

(c) the normalized photocurrent waveform under chopped 1064 nm laser illumination. The 

chopping frequency is 3989 Hz; (d) a single normalized response cycle. The rise (fall) time tr (tf) of 

19 µs (34 µs) is acquired. 

In an attempt to improve the device performance, we deposited a 20 nm thick Al2O3 

layer on the as-fabricated devices via the ALD method to protect the devices from 

ambient. Figure 6a,b show the responsivity-related curves of an encapsulated device 

(device 2). Similarly, Iph shows a saturated trend when illumination power gets higher (the 

black line in Figure 6b). Moreover, as illumination power increases, the responsivity 

decreases monotonically (the green line in Figure 6b). Notably, we obtained an ultrahigh 

responsivity of up to 1752 A/W at 3 nW illumination power. Meanwhile, assuming the 

shot noise from the dark current is the major noise, the specific detectivity of device 2 was 

calculated to be 5.68 × 109 Jones (cm Hz1/2 W−1) at V = 1 V and 3 nW illumination power. 

The higher responsivity of device 2 in the lower power range may owe to a passivation 

effect on the surface state-related recombination centers brought by the Al2O3 layer [20,26–

28], which consequently reduced the recombination of photogenerated carriers and 

results in enhanced responsivity. According to the fitting results for Iph and illumination 

power relation, we obtained b = 0.31 ± 0.02 (R2 = 0.998) in the lower power range. The 

smaller b value indicates that the trap states play a larger role in the photoconduction gain 

[29]. Figure 6c,d show the temporal photoresponse performance of the device. The device 

presented a stable and repeatable photocurrent response under light illumination, with a 

chopping frequency of 3984 Hz and underestimated rise (fall) time of 16 µs (42 µs). 

  

(a) (b) 

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 12 
 

  

(c) (d) 

Figure 6. The photoresponse performance of an Al2O3 (20 nm thick)-encapsulated vertical 

heterostructure device (device 2): (a) the Iph—V curves under 1064 nm laser illumination with 

different illumination power from 3 nW to 531 nW. Inset: The I—V curve under dark conditions; (b) 

the Iph and illumination power relation (the black line), and the responsivity and illumination power 

relation (the green line) measured at V = 1 V. The red line is the fitted curve with the equation Iph = 

aPb, where a and b are fitted constants; (c) the normalized photocurrent waveform under chopped 

1064 nm laser illumination. The chopping frequency is 3984 Hz; (d) a single normalized response 

cycle. The tr (tf) of 16 µs (42 µs) is acquired. 

Table 1 lists the main performance parameters and corresponding measuring 

conditions of some reported NIR photodetectors that have similar structures. The 

maximum responsivity and the response time of our devices are comparable to the best 

parameters shown in Table 1. Moreover, our devices have higher responsivity and shorter 

response time simultaneously, whereas only a few other studies have achieved that [2,8]. 

In our previous research [8], we employed the mechanically exfoliated n-type MoTe2, 

which formed Schottky contact with p-type graphene. Therefore, the photodetector 

worked in a photovoltaic mechanism. In this study, we employed the CVD-grown p-type 

MoTe2. The photodetector works in a photoconductive mechanism. The high responsivity 

and high speed of our heterostructure devices are because of the excellent optical and 

electrical properties of graphene and MoTe2, as well as the vertical channel of the 

heterostructure. Compared with photodetectors that have lateral channels, the vertical 

heterostructure guarantees a large photosensitive area, together with a shorter carrier 

transit path. Thus, the vertical heterostructure can overcome the common trade-off 

between high responsivity and high speed of photodetectors. It is worth noting that even 

higher responsivity can be expected in our vertical heterostructure devices if we use lower 

incident illumination power, apply larger V, or enlarge the effective photosensitive area. 

In addition, our vertical heterostructure devices have low energy consumption in view of 

the ultrahigh responsivity acquired at the low V (no more than 1 V) and low illumination 

power (as low as several nanowatts). Moreover, in this study, we demonstrated a practical 

approach to fabricating photodetector arrays using large-area CVD-grown MoTe2 and 

graphene, showing the application potential of our devices in integrated circuits. 

  

Figure 6. The photoresponse performance of an Al2O3 (20 nm thick)-encapsulated vertical het-
erostructure device (device 2): (a) the Iph–V curves under 1064 nm laser illumination with different
illumination power from 3 nW to 531 nW. Inset: The I–V curve under dark conditions; (b) the Iph and
illumination power relation (the black line), and the responsivity and illumination power relation
(the green line) measured at V = 1 V. The red line is the fitted curve with the equation Iph = aPb, where
a and b are fitted constants; (c) the normalized photocurrent waveform under chopped 1064 nm laser
illumination. The chopping frequency is 3984 Hz; (d) a single normalized response cycle. The tr (tf)
of 16 µs (42 µs) is acquired.
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Table 1. Comparison of our graphene–MoTe2—graphene vertical vdWs heterostructure photodetec-
tors and other MoTe2-based NIR photodetectors in the literature.

Materials Responsivity
(mA/W)

Response Time
(µs)

Wavelength
(nm) References

MoTe2 with symmetric graphene contacts 6.35 × 105 19 1064

This workMoTe2 with symmetric graphene contacts
(Al2O3-encapsulated) 1.75 × 106 16 1064

MoTe2 with symmetric graphene contacts 154 1100 [10]

MoTe2 with asymmetric graphene contacts 66 6.15 1064 [2]

MoTe2 with asymmetric graphene contacts 110 24 1064 [8]

MoTe2/Graphene 9.7082 × 105 7.8 × 104 1064 [3]

MoTe2/Graphene 2 × 104 975 [9]

MoTe2 with Cr/Au contacts 24 1060 [4]

4. Conclusions

In conclusion, we fabricated graphene–MoTe2–graphene vertical vdWs heterostructure
devices through CVD growth, wet transfer method, and dry etching technique. Under
1064 nm laser illumination, the responsivity of as high as 635 A/W and response time of as
short as 19 µs were obtained from the as-fabricated device. Moreover, we acquired higher
responsivity of 1752 A/W and a shorter response time of 16 µs from the Al2O3-encapsulated
device. Both the responsivity and response time are comparable to the best results reported
in relevant research (Table 1). We attributed the overall high performance of our devices to
the merits of both graphene and TMDCs materials and the novel vertical device structure,
which guarantees the large photosensitive area and the short carrier transit channel. Our
research promotes the development of future NIR optoelectronics applications based on
2D materials.
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