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Graphene and transition metal dichalcogenides (TMDs), two-dimensional materials, have been investigated wildely
in recent years. As a member of the TMD family, MoTe, possesses a suitable bandgap of ~ 1.0 eV for near infrared (NIR)
photodetection. Here we stack the MoTe, flake with two graphene flakes of high carrier mobility to form a graphene—
MoTe,—graphene heterostructure. It exhibits high photo-response to a broad spectrum range from 500 nm to 1300 nm. The
photoresponsivity is calculated to be 1.6 A/W for the 750-nm light under 2 V/0 V drain—source/gate bias, and 154 mA/W
for the 1100-nm light under 0.5 V/60 V drain—source/gate bias. Besides, the polarity of the photocurrent under zero Vg
can be efficiently tuned by the back gate voltage to satisfy different applications. Finally, we fabricate a vertical graphene—
MoTe;,—graphene heterostructure which shows improved photoresponsivity of 3.3 A/W to visible light.

Keywords: two-dimensional materials, van der Waals heterostructure, transition metal dichalcogenides

(TMDs), graphene, photodetector
PACS: 78.20.Jq, 42.79.Hp, 42.70.Gi

1. Introduction

Two-dimensional (2D) materials, including graphene,
black phosphorene (BP), and transition metal dichalcogenides
(TMDs) and their heterostructures, have been intensively stud-
ied due to their potential applications in next-generation elec-
tronic and optoelectronic devices.!!'"®! Graphene possesses
ultrahigh carrier mobility and excellent mechanical prop-
erties, which gives rise to the discovery of several novel
phenomena.!”-8] However, its zero bandgap limits its applica-
tions in logic and optoelectronic devices. BP and TMDs, on
the other hand, exhibits reasonably high carrier mobility and
suitable bandgap, thus the 2D material become promising can-
didates for photodetectors.[”!%1 For example, Cao et al. pre-
pared a high-performance photodetector based on BP/InSe;
heterostructure with responsivity of 53.8 A/W recently.!!!]
Nevertheless, using graphene as the device electrodes may not
only reduce the electrode contact barriers, but also improve
the separation of photo-generated electron—hole pairs. Thus,
the photodetector configuration that combines TMDs as the
photo-interactive material and graphene as electrodes can ef-
ficiently enhance the photodetection performance. In addi-
tion, recent research shows that graphene—TMDs-based ver-
tical heterostructures can further improve the performance in
photodetection, including high photo-response, large quantum
efficiency, and short response time. 1214

Among various photodetectors, infrared (IR) photode-
tectors are highly demanded in many applications, such
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as telecommunication, biological imaging, and remote
sensing.[1>16] So far, most of photodetectors based on 2D ma-
terials work in the visible-wavelength range because of their
large bandgap above 1.2 eV.!!” On the other hand, as a mem-
ber of TMDs, MoTe, possesses a suitable bandgap of ~ 1.0 eV
in its bulk form, which is a promising candidate for near in-
frared (NIR) photodetector. Recently, MoTe;-based photode-
tectors with various structures have been investigated, how-
ever, most of them focused on detecting visible light instead
of NIR. For example, a graphene—-MoTe, heterojunction with
a responsivity of 0.02 A/W at visible light was fabricated.!!8]
A MoTe; photodetector enhanced by photogating effect shows
a responsivity of 50 mA/W for 637-nm light and 24 mA/W for
1060-nm light.[!8]

Here in this paper, we fabricate a graphene-MoTe,—
graphene heterostructure-based photodetector by using the
few-layer graphene flakes as the source and drain electrode,
which shows good photoresponsivity under both visible and
NIR light with a wide spectrum response from 500 nm to
1300 nm. The photoresponsivity of 1.6 A/W (at Vg3 =
2 V/Vgs = 0 V) and 154 mA/W (at Vgs = 0.5 V/Vys = 60 V)
are reached for the 750-nm and 1100-nm light illuminations,
respectively. Besides, the polarity of the photocurrent under
zero Vys can be efficiently tuned by V. We also fabricate a
vertical graphene—MoTe,—graphene structure by sandwiching
a MoTe, flake between two graphene flakes, which reaches an
improved photoresponsivity of 3.3 A/W to 532-nm light illu-
mination.
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2. Experiment
2.1. Device fabrication

All of the MoTe, and graphene flakes were mechanically
exfoliated from the bulk crystals, which were then transferred
onto a 285-nm SiO,/p-doped Si substrate. All the electrodes
were defined using e-beam lithography. The contacts were
then made by sequentially depositing 100-nm Cr film and 30-
nm Au film on the flake through e-beam evaporation, followed
by a standard lift-off process to complete the device fabrica-
tion.

2.2. Characterizations

The electrical characteristics of the MoTe; based de-
vices were inspected by a semiconductor parameter analyzer
B1500 (Agilent, USA) in ambient conditions. The photo-
voltaic properties were measured by using AOTF-Pro laser and
B1500, with tunable output wavelength and power, respec-
tively. The optical power was calibrated by an optical power
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meter PM100D. The Raman spectra were tested by a Ren-
ishaw InVia Raman microscope through using 532-nm laser
source. The atomic force microscope (AFM) images were
taken with a Bruker Dimension Icon.

3. Results and discussion
3.1. Lateral heterostructure

Figure 1(a) shows the schematic diagram of the
graphene/MoTe,/graphene photodetector. The two graphene
flakes are transferred on each side of a MoTe, flake as the
source and drain contact, respectively. Cr/Au electrodes are
further deposited to contact the two graphene flakes. In this
configuration, two graphene—MoTe; junctions are formed and
can be efficiently tuned by applying back gate voltage and
drain—source bias. Figure 1(b) shows the optical image of the
device with a scale bar of 5 um. The thickness of the MoTe;
and two graphene flakes are confirmed by AFM to be 15 nm,

(b)

15 nm

graphene

5 pm

—~

c)

3500 F G
i
S 3000F
]
S 2500
< 2D
> 2000F
X
& 1500t
g
S 1000 F
500 1 1 1 1
1500 2000 2500 3000 3500
Raman shift/cm™!
()
1 L
< 0 ’/_
< Ves/V
S gk L 60 — —40
20 —0
20 ——40
-2
1 [ 60 1
-2 -1 0 1 2
Vas/V

Fig. 1. (a) Schematic diagram of graphene—MoTe,—graphene heterostructure. (b) Optical image of heterostructure, with scale bar being 5 pm.
Thickness of MoTe; and two graphene are measured by AFM to be 15 nm, 5 nm, and 8 nm, respectively. (c) Raman spectra for MoTe;, and (d)
few-layer graphene in the heterostructure. (e) Transfer curve of the heterostructure on a linear scale. Inset shows transfer curve in logarithmic

coordinate system. (f) Output characteristics of device.

117802-2



Chin. Phys. B Vol. 28, No. 11 (2019) 117802

5 nm and 8 nm, respectively. Figures 1(c) and 1(d) show the
Raman spectra of MoTe, and graphene, respectively, which
are consistent with previously reported results.!'8! The trans-
fer curve of the device is tested at a Vys of 2 V and presented
on a linear scale in Fig. 1(e), the inset of which shows the
transfer curve in the logarithmic coordinate system. As the Vg
increases from —60 V to 60 V, the drain—source current (/)
first decreases and then increases, indicating an ambipolar be-
havior. The on-off ratio of the transfer characteristic reaches
10* with an on-state current of 2 pA. Figure 1(f) shows the
output curves of the device under different values of Vg (rang-
ing from —60 V to 60 V), which is slightly asymmetric in the
positive and negative Vys regions, indicating the formation of
the graphene—-MoTe, junctions.

In Fig. 2, we investigate the dynamic photo response of
the device to light illumination of wavelength in a range from
400 nm to 1400 nm under 1-V drain—source bias and 0-V gate
bias. The incident power is fixed at 3.12 nW. Figure 2(a)
presents the dynamic photocurrent of the device under the visi-
ble spectrum illumination in a wave length range from 400 nm
to 750 nm. The larger photocurrent is observed for illumina-

tion wavelength greater than 500 nm, which reaches a peak
value at 700 nm. The dynamic photoresponse of the device
to near-infrared light with wavelength ranging from 800 nm
to 1400 nm is exhibited in Fig. 2(b). Appreciable photore-
sponse is observed for light illumination with a wavelength
shorter than 1300 nm. To further characterize the performance
of the photodetector, we calculate its photoresponsivity from
the equation of R = I, /P, where I, is the photocurrent and
P is incident power focused on the device. Figure 2(c) shows
the plots of the photoresponsivity of the device versus incident
power. In general, the photoresponsivity of the device to visi-
ble light is larger than to NIR, with the maximum responsivity
of 320 mA/W achieved at 750-nm light illumination. Further-
more, the response and recovery time of the device to 750-nm
light illumination are both within 0.1 s as shown in Fig. 2(d).
We also calculate the external quantum efficiency (EQE) of
the device to be 52.8% from the equation of EQE = Rhc/(eA),
where e is the elementary charge, h is the Planck constant, A
is the wavelength of incident light, R is the responsivity of the
device and c is the speed of light in air.
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Fig. 2. Dynamic photoresponse of the device to (a) visible and (b) NIR light. (c) Photoresponsivity of the device versus incident light
wavelength. (d) Response and recovery time of the device to 750-nm light illumination.

Figure 3 shows the further investigation of the photore-
sponse of the device to 1100-nm light illumination under dif-
ferent gate bias. As shown in Fig. 3(a), the photocurrent
of the device varies with back gate voltage when the drain—
source bias and incident light intensity are fixed at 0 V and
3.12 nW, respectively. Negative photocurrent is obtained when
Ves < —20 'V, while the photocurrent shifts to positive value

when Vg5 > —20 V. This phenomenon can be explained by

the energy band alignment between MoTe, and graphene. In
the overlapped region, the energy band of MoTe, bends due
to the difference in work function value between MoTe, and
graphene, which results in the built-in potential to separate
the photo-induced electron-hole pairs. Due to the difference
between the areas of the overlapped regions and the contact
mass, the built-in potential of the MoTe,—graphene junctions

formed at the two sides are asymmetric, resulting in the net
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flow of photocurrent. When Vs < —20 V, the Fermi level of
MoTe; shifts to the valence band, the directions of built-in po-
tential of the two junctions are shown in Fig. 3(c), leading a
net current to flow from source to drain. When Vg > —20 V,
the directions of the built-in potential of the two junctions both
shift to the opposite directions as shown in Fig. 3(d), causing
the reversed net current to flow from drain to source. Fig-
ure 3(b) shows the photocurrent of the device under different
back gate voltages when the drain—source bias is fixed at 0.5 V.
When a positive voltage of Vg is applied to the device, the
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photocurrent remains positive as the Vs sweeps from —60 V
to 60V, the inset of which shows the enlarged area of Vs rang-
ing from —60 V to 0 V. This is because the external electrical
field overcomes the difference between the built-in potentials
on two sides, the schematic of which is shown in Fig. 3(e).
Thus, the polarity and value of photocurrent can be efficiently
tuned by adjusting the gate voltage and drain—source bias to
meet various requirements. The photoresponsivity of the de-
vice reaches a highest value of 154 mA/W under a gate/drain—
source bias of 60 V/0.5 V.
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Fig. 3. Photocurrent versus Vg at wavelength of 1100 nm for Vgs =0 V (a) and 0.5 V (b). (c)—~(e) Band alignment of the graphene-MoTe,—

graphene heterostructure at different values of Vys and Vi biases.

Figure 4 exhibits the photoresponse of the device to the
750-nm visible light. Figure 4(a) shows the output curves
variation with incident light power (Vs = 0). As expected,
the output curve becomes steeper as the light incident power
increases, which means that higher incident power generates
more carriers under the same drain—source bias. According to
Fig. 4(a), the maximum photoresponsivity reaches 1.6 A/W at
adrain—source bias of 2 V and light incident power of 3.12 nW.
Figure 4(b) summarizes the photocurrent and responsivity as a
function of incident light power. With the increase of incident

light, the photocurrent increases but the responsivity drops, for
which the possible reason is that the photo-induced carriers
are gradually saturated as the photon flux increases.*”! Fig-
ure 4(c) shows the photocurrent as a function of applied back
gate voltage. Briefly, the photocurrent remains positive as the
gate bias sweeps from —60 V to 60 V, which is consistent with
the observation in Fig. 3(b). Moreover, the photocurrent in-
creases as the gate voltage increases, which can be attributed

to the reduction of channel conductance at high positive V.

40} (a) < L ()
=] \

20l g 20 \
<(C: o 16 %
< 0 = \
3 — dark 2 12} '
~ _20} — 3.12 nW S ho

—7.18 nW g S| =
a0k —12.090W | &
) — 20,47 nW 4F, L
—2 —1 1 2 2 6 10

Vas/V

Incident power/nW

fra7 L2t (¢) ——y=02V
B = 1.0}
L~
11.3 § E 08}
-
ﬁé % 0.6}
11.2 0.4t
\ End B
RREISN & =02t
1 1 Lo 1.1 m A~ 0 1 1 1 1 1 1 1
14 18 22 —60—-40—-20 0 20 40 60

Ves/V

Fig. 4. Photoresponse of the device to 750-nm light. (a) Output characteristics of the device under 750-nm light illumination with different incident powers.
(b) Photocurrent and responsivity as a function of incident power. (c) Photocurrent as a function of the back gate voltage.
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3.2. Vertical heterostructure

We further fabricate a vertical heterostructure of
graphene—MoTe,—graphene by sandwiching a MoTe, flakebe-
tween two graphene flakes, the schematic of which is shown in
Fig. 5(a). It is guaranteed that the top graphene flake does not
contact the bottom one. Two Cr/Au electrodes contact the top
and bottom graphene flake, respectively. The optical image of
this device is shown in Fig. 5(b), with a scale bar of 5 um.
Figure 5(c) shows the AFM image of the heterostructure. The
thickness of MoTe,, bottom and top graphene are measured to
be 40 nm, 8 nm, and 15 nm, respectively, as shown in Figs. 5(c)
and 5(d). The Raman spectra of the MoTe; and graphene
flakes are exhibited in Figs. 5(e) and 5(f), respectively. The
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Bég mode of bulk MoTe; is weaker than that of few-layer
MoTe; as reported byYamamoto et al.[>!] The transfer curves
of the device under dark and light illumination at a drain—
source bias of 0.2 V are shown in Fig. 5(g), exhibiting an am-
bipolar transport behavior. The device can be hardly turned off
due to the atomically short channel (thickness of MoTe, flake).
Under 550-nm light illumination with an incident power of
204 nW, the transfer curve shifts upward forabout 2 pA due
to the increasing of transport carriers induced by the incident
light, while the voltage of charge neutral point does not change
under the illumination. Figure 5(h) shows the dynamic pho-
toresponse of the device at a Vg of 0.2 V. The curve shows
good repeatability of the photoresponse, and exhibits a promi-
nent photoresponsivity of 3.3 A/W.
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Fig. 5. (a) Schematic diagram of graphene—-MoTe,—graphene vertical vdWs heterostructure. (b) Optical image of heterostructure. The scale
bar is 5 pm. (c) AFM image of vertical heterostructure. (d) Height profile of MoTe, and graphene flakes, measured at red lines marked in
panel (c). Raman spectrum of (e) MoTe; and (f) graphene in vertical heterojunction. (g) Transfer curve of the device under dark and 550-nm
light illumination. (h) Dynamic photoresponse of heterojunction at Vgs = 0.2 V.
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4. Conclusions

In this work, we fabricatd a graphene-MoTe,—graphene
heterostructure photodetector with a nice performance of de-
tecting light in a wide wavelength range from visible to near-
infrared. The device shows a responsivity of 154 mA/W to the
1100-nm light under a gate/drain—source bias of 60 V/0.5 V,
and 1.6 A/W for the 750-nm light under a gate/drain—source
bias of 0 V/2 V, respectively. Besides, the polarity and value
of the photocurrent can be tuned by the Vg and Vg, to satisfy
different requirements for applications. A vertical graphene—
MoTe,—graphene device structure is also demonstrated in this
work, which shows increased photoresponsivity of 3.3 A/W to
visible light with a wavelength of 532 nm under 0.2-V drain—
source and zero voltage bias.
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