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Graphene, with its zero-bandgap electronic structure, is a highly promising ultra-broadband light absorbing material.
However, the performance of graphene-based photodetectors is limited by weak absorption efficiency and rapid recombi-
nation of photoexcited carriers, leading to poor photodetection performance. Here, inspired by the photogating effect, we
demonstrated a highly sensitive photodetector based on graphene/WSe, vertical heterostructure where the WSe; layer acts
as both the light absorption layer and the localized grating layer. The graphene conductive channel is induced to produce
more carriers by capacitive coupling. Due to the strong light absorption and high external quantum efficiency of multilayer
WSe,, as well as the high carrier mobility of graphene, a high photocurrent is generated in the vertical heterostructure. As a
result, the photodetector exhibits ultra-high responsivity of 3.85 x 10* A/W and external quantum efficiency of 1.3 x 107 %.
This finding demonstrates that photogating structures can effectively enhance the sensitivity of graphene-based photodetec-
tors and may have great potential applications in future optoelectronic devices.

Keywords: WSe;, heterostructure, photodetector, photogating effect

PACS: 85.60.—q, 85.60.Gz, 73.40.Lq

1. Introduction

Photodetectors based on transition metal dichalcogenides
(TMDCs) such as MoS, and WSe, have received much atten-
tion due to their flexible structure,[’2! tunable bandgap,[3’4]
and high absorption coefficient.>%! Previous studies have
demonstrated that the photodetection efficiency of monolayer
MoS, and WSe, photodetectors is as low as a few hundred
mA/W, due to the light absorption limitations and the ef-
fects of non-optimal contact at the metal electrode and ma-
terial interface.’”8! Therefore, to obtain high-performance
photodetectors, many researchers have turned to heterostruc-
tures based on graphene/TMDCs to prepare low-resistance

[9-111 Moreover, graphene-based heterostructures re-

devices.
tain the inherent photoelectronic properties of a single ma-
terial due to weak van der Waals forces between layers and
the lack of surface dangling bonds, which can further im-
prove device performance.!'>”!3 For example, Tan et al.
and Yeh et al. reported that the photodetection efficiency of
WSe; and WS, photodetectors increased to 350 A/W and
3.5 A/W, respectively, by using graphene as a transparent con-
tact electrode.!1617]

The tungsten disulfide (WSe;) has a tunable bandgap
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(1.2 eV-1.67 eV), bipolar transport behavior, and excel-
lent photoelectronic properties, and has been widely stud-
ied as a potential candidate for next-generation optoelec-
tronic devices, such as solar cells, photodetectors, and pho-
tonic modulators.!"®2!1 In addition, graphene can achieve
wideband photodetection from ultraviolet to terahertz wave-
lengths due to its unique zero bandgap structure.?>?3! Fur-
thermore, graphene-based photodetectors exhibit super-fast
response speeds due to their ultra-high carrier mobility. >4
Unfortunately, the light absorption efficiency of mono-
layer graphene is only about 2.3% and usually lacks high

(23] To generate higher photocurrent, it is

photoresponsivity.
possible to construct an internal electric field to separate
photo-generated electron—hole pairs, thereby extending the
carrier lifetime.['%2¢] Therefore, by fabricating a vertical het-
erostructure device and combining the advantages of WSe;
and graphene, it is promising to improve the overall perfor-
mance of the photodetector.

In the present research, we fabricated a high photodetec-
tion efficiency photodetector based on a graphene/WSe, verti-
cal heterostructure. The device covered a layer of high light-
absorbing WSe, material on the graphene channel, which sig-
nificantly enhanced the device’s light absorption. At the same
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time, we used the localized grating layer formed by the WSe,
material to regulate the carrier concentration of the underlying
graphene. At room temperature, the external quantum effi-
ciency of the device reached 1.3 x 107%, and the photodetec-
tion efficiency reached 3.85 x 10* A/W, which is 2-3 orders of
magnitude higher than that of the WSe, photodetector. These
results demonstrate that using WSe; material as the localized
grating layer is an effective way to achieve high photorespon-
sivity and high external quantum efficiency.

2. Experimental details
2.1. Device fabrication

The graphene/WSe, vdW heterostructure was fabricated
using mechanical exfoliation technique. First, few layers
Next, the

graphene device was fabricated using layout design software

graphene flake was exfoliated using 3M tape.

(L-edit), electron beam lithography, and electron beam evap-
oration processes. Finally, WSe, thin film material is ob-
tained through mechanical exfoliation and transferred onto
the previously fabricated graphene device, resulting in the

graphene/WSe;vertical device.

2.2. Device characterization

The morphology and thickness of the graphene/WSe,
vdW heterostructure were measured using an atomic force
microscope (AFM). The quality of the heterostructure device
was characterized using a Raman spectrometer with a laser
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wavelength of 532 nm. The photoelectric performance was
measured using a semiconductor parameter analyzer (Keith-
ley 2400 and 2612B) in a dark room at room temperature and
a laser source with a tunable wavelength of 365 nm—-965 nm.

3. Results and discussion

3.1. Device structure and microscopic characterization

1(a)

graphene/WSe; vertical heterostructure device on an Si/SiO;

Figure shows a schematic diagram of the
substrate. The device is obtained by mechanically exfoliat-
ing WSe, thin film material and transferring it onto a pre-
viously fabricated graphene device. Figure 1(b) shows an
optical image of the graphene/WSe, heterostructure, where
WSe, is used as the light-absorbing layer and the localized
grating layer, and graphene as the conductive channel layer.
The built-in electric field between graphene and WSe; can
enhance the separation of electron—hole pairs and reduce the
recombination probability. The morphology and thickness of
the heterostructure device were characterized by atomic force
microscopy (AFM). Figure 1(c) shows the AFM image of
the graphene/WSe, vertical heterostructure device, where the
orange dashed line represents WSe,, the red dashed line rep-
resents graphene, and the scale bar is 10 pm. The thickness
information of the graphene/WSe, heterostructure device was
extracted from the inset, where the thicknesses of WSe; and

graphene were 11 nm and 7 nm, respectively.
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Fig. 1. (a) Schematic structure of graphene/WSe, photodetector; (b) optical microscopy image of the graphene/WSe; heterostructure (red line is
the lower graphene layer, orange line is the upper WSe; layer), scale bar: 10 um; (c) thickness of heterostructure device extracted from AFM image
(the thickness of graphene (WSe;) was 7 nm (11 nm)), the inset is AFM image, scale bar: 5 um; (d) Raman spectra of individual WSe, and the

graphene/WSe; heterostructure region.
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Figure 1(d) shows the Raman spectroscopy characteriza-
tion results of the WSe, and the graphene/WSe, heterostruc-

ture region. For the pristine WSe, material, the Raman

spectrum exhibits three prominent peaks: Epg at 249 em™!,
2LAM) at 257 cm™!, and By, at 308 cm™!, respectively.
The Raman spectrum of the graphene/WSe; heterostructure
region shows an additional characteristic peak of graphene at
1582.5 cm™ 1.

mode, and the two-dimensional (2D) vibration mode’s charac-

This G peak originates from the E», phonon

teristic peak is located at 2715.6 cm™!, corresponding to dou-
ble phonon resonance. In the heterostructure region, the signal
peak of graphene is much weaker than the Raman intensity of
the WSe, material, due to the fact that the WSe, material is
covered on top of graphene, causing it to receive much less

Raman laser power.

3.2. Electrical characterizations of the graphene/WSe;
heterostructure device
Figures 2(a) and 2(b) show the output characteristics of
the WSe,/h-BN heterostructure device at different gate volt-
ages (V). As the V; increases from 0 V to 50 V, the source—
drain current () also increases, and the output characteristics

exhibit a sub-linear behavior due to the Fermi level pinning ef-
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Fig. 2.

20V

fect between the metal electrode and the thin film material, as
shown in the logarithmic coordinate plot in Fig. S1. As the
Vg varies from —60 V to —10 V, the overall magnitude of the
Iys increases with the increase of the V, corresponding to the
transfer characteristic curve shown in Fig. S2, indicating that
the WSe;/h-BN heterostructure device exhibits bipolar semi-
conductor characteristics. The electric field mobility (upg) of
the WSe,/h-BN heterostructure device is calculated using the
following formula:

L 1 1
o 1
H=8my G Vi’ M
Ci = Gh—BN - Csio,/ (Ch-N + Csio, ) ; 2

where 1 is the mobility of the device, L is the channel
length (5.4 um), W is the channel width (8.3 um), € repre-
sents the vacuum permittivity (8.854 x 10'> F/m), & repre-
sents the relative permittivity of the material (3.9 for SiO,
and 3.5 for h-BN), and d represents the thickness of SiO,
(300 nm). Based on Egs. (1) and (2), the electron (hole) mobil-
ity of the WSe,/h-BN heterostructure device at a source—drain
voltage (Vys) of 1 V can be calculated as 7.20 cm?-V~!.s~!
(25.17 cm?-V—1.g71).
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Electrical characteristics of WSe,/h-BN heterostructure device and graphene/WSe; heterostructure device under dark conditions. (a) Output

characteristic curve of WSe,/h-BN heterostructure device with gate voltage ranging from 0 V to 50 V; (b) output characteristic curve with gate voltage
ranging from —60 V to —10 V; (c) output characteristic curve of graphene/WSe, heterostructure device with gate voltage ranging from 0 V to 90 V;

(d) output characteristic curve with gate voltage ranging from —90 V to 0 V.
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Figures 2(c) and 2(d) show the output characteristics of
the heterostructure device as the V, varies from 0 V to 90 V and
from —90 V to 0 V, respectively. The results indicate Ohmic
contact between graphene and the metal electrode without a
Schottky barrier. The concentration of graphene conductive
channel can be controlled by the V,. As the V; increases from
0V to 90V, the Iy, increases. Conversely, as the V; increases
from —90 V to 0 V, the I4s decreases. This is consistent with
the transfer characteristics curve shown in Fig. S3, demon-
strating the bipolar semiconductor behavior of the heterostruc-
ture device.

Based on the above outstanding electrical performance,
we further investigated the photodetection performance of
WSe,/h-BN heterostructure devices. Figure 3(a) shows the
output characteristics of the heterostructure device under vis-
ible light irradiation at 532 nm, with P, values ranging from
1.39 mW/cm? to 10.12 mW/cm?. As can be seen, the het-
erostructure device exhibits a large photocurrent at various
light power densities, and the photocurrent increases with in-
creasing P, values. When P, is 10.12 mW/cm?, the Iy can
reach 5.74 x 107 A, which is more than 5 pA higher than
that under dark conditions. Figure 3(b) shows the depen-
dence of the responsivity of the heterostructure device on the
Vgs and the incident light power density. The results show
that R sharply increases with increasing the Vs, and reaches
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a maximum value of 1535.05 A/W at P, = 2.71 mW/cm?
and Vgo = 2 V. Figures 3(c) and 3(d) show the incident light
power distribution curves of the R and D* of the heterostruc-
ture device, demonstrating good response characteristics of the
WSe,/h-BN heterostructure device at various light power den-
sities. Among them, when P, is 1.39 mW/cm? and the Iy
is 1V, the R and D* can reach the highest values, which are
295.12 A/W and 4.19 x 10° Jones, respectively.

Next, we will delve into the photogating effect in the
graphene/WSe, vertical heterostructure device and its ori-
gin, as shown in Fig. 4(a). Taking the example of the
graphene/WSe; vertical heterostructure device operating at a
gate voltage of V; <0V, when WSe; and graphene come into
contact with each other, due to the difference in carrier con-
centration and Fermi level, the holes in WSe, will diffuse to-
wards graphene under the effect of carrier concentration gra-
dient. Finally, under no external voltage, the diffusion and
drift motions of the charge carriers are balanced, achieving
dynamic equilibrium. In this state, an intrinsic electric field
pointing from WSe; to graphene is generated in the depletion
layer formed between them. By changing the external voltage,
the width of the depletion layer and the strength of the intrin-
sic electric field can be further adjusted, thereby achieving the
tuning of the heterostructure device’s performance.
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Fig. 3. WSey/h-BN heterostructure device: (a) output characteristic curves under different incident light intensities in dark conditions (wavelength A =
532 nm, V; = 0 V); (b) the 2D relationship between photoresponsivity and incident light power density and source—drain voltage (A = 532 nm, V; = 0 V);
the variation of (c) photoresponsivity and (d) specific detectivity with incident light power density.
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Y - v

Fig. 4. Graphene/WSe, vertical heterostructure device. Energy band di-
agrams of graphene/WSe, vertical heterostructure devices under different
gate voltages: (a) Vg <0 V and (b) V; > 0 V (with fixed incident wave-
length of 365 nm, red represents holes and dark blue represents electrons);
the schematic diagrams of (c) generation, (d) transfer, and (e) confinement
of photoexcited electron—hole pairs. The upper layer is made of WSe, ma-
terial, the lower layer is made of graphene material, green circles represent
electrons, red circles represent holes.

Under dark conditions, the majority of the I in het-
erostructure devices comes from holes in graphene. When a
365-nm wavelength laser is irradiated on the heterostructure
device, photo-generated electron—hole pairs are excited in both
WSe, and graphene materials, as shown in Fig. 4(c). Due to
the formation of a built-in electric field from graphene to WSe;
at the interface, the photogenerated electron—hole pairs are
separated and move towards each material under the influence
of the built-in electric field. Specifically, the holes in WSe; are
transferred to the underlying graphene layer, while the photo-
generated electrons in graphene are transferred to the upper
WSe; layer, as shown in Fig. 4(d). This process increases the
hole concentration in the graphene conductive channel, and the
holes drift under the influence of the Vg, contributing to the in-

crement of the photocurrent. In addition, due to the existence

of the built-in electric field in the heterostructure device, the
electrons transferred from graphene are confined to the WSe;
layer, as shown in Fig. 4(e). This confinement of electrons
in the WSe; layer produces a modulation effect similar to the
gate voltage. Under this strong coupling effect, electrons in the
WSe, layer induce more holes to be generated in the graphene
layer, thereby increasing the carrier concentration in the chan-
nel and improving the photo-detection performance of the het-
erostructure device by an order of magnitude.

Based on the research of the electrical characteristics
of heterostructure devices and the photoelectric properties of
WSe, transistors, we continued to test the photo-detection per-
formance of graphene/WSe; heterostructure devices under dif-
ferent conditions. When the Vg was 0 V, we tested the output
characteristic curve of the heterostructure device under dark
conditions and 365-nm incident wavelength light illumination,
as shown in Fig. 5(a). With the increase of the Vjg, the photo-
electric current of the heterostructure device also increased, in-
dicating that the collection efficiency of photo-generated car-
riers gradually improved. At the same time, we also tested
the transfer characteristic curve of the heterostructure device
under dark conditions and 365-nm incident wavelength light
illumination with a fixed Vg5 of 1 V, as shown in Fig. 5(b). It
can be seen that the photoelectric current of the heterostructure
device under the V, regulation shows a trend of decreasing first
and then increasing, indicating that the heterostructure device
has bipolar semiconductor characteristics consistent with the
experimental results under dark conditions.
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Fig. 5.

Graphene/WSe, vertical heterostructure device: (a) output characteristics under dark and 365-nm wavelength light illumination (Vg = 0 V);

(b) transfer characteristics under dark (Vgs = 1 V); (c) extracted photocurrent as a function of Vg, (Vz =0V, A = 365 nm); (d) the relationship between
responsivity R, (e) detectivity D*, and (f) external quantum efficiency (EQE) with V.
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Figures 5(d) and 5(e) show the curves of R and D* of the
graphene/WSe; vertical heterostructure device as a function of
source—drain voltage (Vs ), respectively. The results indicate
that the R and D* values of the device also increase with the
increase of V5. The R and D* of the heterostructure device can
be expressed by the following equations:?7-31]

I

R=_"™ 3
PoA’ 3)

D*:ﬂ, 4)
V2e - Lgark

where P, A, and e are the incident optical power density, ef-
fective illuminated area, and electron charge.

When the device is illuminated with 365-nm wavelength
light at a power density of 16.75 mW/cm? and the source—
drain voltage is 1 V, R and D* reach 1.34 x 10* A/W and
2.21 x 10” Jones, respectively. When the source—drain voltage
is further increased to 2 V, the R and D* of the device are im-
proved to 3.85 x 10* A/W and 6.62 x 10° Jones, respectively.
In addition, to further improve the photoresponsivity of the
heterostructure device, the gate voltage of the device can be
increased to adjust the carrier concentration in the conductive
channel. Furthermore, figure 5(f) demonstrates the variation
of external quantum efficiency (EQE) with different source—
drain voltages. The EQE is a dimensionless quantity that rep-
resents the ratio of collected electrons to incident photons in a
device, and can be calculated using the following formula:

R-h-c

e\’
where R is the photoresponsivity, 4 is the Planck constant
(6.63x 10734 J-5), A represents the wavelength of the inci-
dent laser, and c is the speed of light in vacuum. For the het-
erostructure device, the EQE reaches 4.6 x 10%% at a source—
drain voltage of —2 V. Continuing to increase the voltage to
—2 'V, the EQE increases to 1.3 x 107 %, indicating that the
light absorption efficiency can be improved by changing the
source—drain voltage of the device. Finally, This is also com-
parable to those in previous works (supporting information,
Table S1).

EQE =

4. Conclusion

In summary, we demonstrated a graphene/WSe; vertical
heterostructure based highly sensitive photodetector, where
the WSe; layer plays a dual role of both the light absorp-
tion layer and the localized grating layer. The graphene con-
ductive channel is induced to produce more charge carriers
by capacitive coupling. Under the strong photogating effect,
graphene/WSe; vertical heterostructure exhibits excellent op-
toelectronic properties at room temperature, with a detectiv-
ity and external quantum efficiency of 6.62 x 10 Jones and
1.3 x 107 %, respectively. Furthermore, the photoresponsivity
reaches 3.85 x 10* A/W, which is two to three orders of mag-
nitude higher than that of theWSe, photodetector.
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