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Monolayer molybdenum disulfide (MoS2) has weak light absorption due to its atomically-thin thickness, thus hindering the
development of MoS2-based optoelectronic devices. CdSxSe1�x has excellent photoelectric performance in the visible light range,
and its nanostructure shows great potential in new nanoscale electronic and optoelectronic devices. In this work, a composite
photodetector device with the combination of monolayer MoS2 nanosheets and CdS0:42Se0:58 nanobelts has been successfully
prepared, which can not only maintain the inherent excellent properties of the two blocks, but also play a synergistic role between
them, thus improving the photoelectric performance of the device. The monolayer MoS2 nanosheet /CdS0:42Se0:58 nanobelt
photodetector has a wide spectral response range (400–800 nm), high responsivity (527.22A/W) and large external quantum
efficiency (EQE) (1:06� 105%). Compared with the isolated monolayer MoS2 nanosheet, both the responsivity and EQE of the
hybrid photodetector are increased by 117.4 times under 620 nm illumination. This study provides a way to prepare hybrid
photodetectors with wide spectral response and high responsivity.
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1. Introduction

The photodetector device can utilize the photoelectric effect
to convert light information into electrical signals, achieving
the function of the information transmission.1 It has wide
applications in both civilian and military fields such as optical
communication, biomedical imaging, automation control and
military early warning.2–6 Transition metal dichalcogenides
are typical two-dimensional semiconductors with an X–M–X
structure (M ¼ Mo, W, Nb, Ta, Ti, Re; X ¼ S, Se, or Te),
which possess advantages such as tunable band gaps, high
carrier mobility and luminescent properties and thus have
been extensively studied in photoelectronic devices.7–9

Among them, MoS2 as a representative transition metal
dichalcogenide has been widely explored in field-effect
transistors, photodetectors and solar cells.10–16 Bulk MoS2
has an indirect band gap with a value of 1.3 eV. When tran-
sitioning from bulk to monolayer, the band gap changes from
indirect to direct, resulting in a band gap value of 1.8 eV for
monolayer MoS2.17 With the change of band gap, MoS2 also

exhibits various unique properties. The carrier mobility of
MoS2 decreases with the decrease of the number of layers at
room temperature, and when the number of layers gradually
decreases to a monolayer, the relaxation speed of electrons
between the conduction and valence bands slows down,
leading to increased intensity, reduced full width at half
maximum and enhanced fluorescence efficiency of the pho-
toluminescence (PL) peak.18 Currently, MoS2 photodetectors
have exhibited promising device performance. However, due
to limited light absorption capacity of monolayer MoS2 and
constraints imposed by significant excitonic effects on the
separation of photo-generated carriers, photodetectors based
solely on MoS2 still face many shortcomings. These include
issues like prolonged device response times, relatively low
device currents and responsivity, indicating further work is
needed to improve the device performance. Lopez-Sanchez
et al.12 reported an ultra-sensitive monolayer MoS2 photo-
detector with a high responsivity of 880A/W. However, this
device has a very long response/recovery time, exceeding
100 s. Considering the challenges faced by monolayer MoS2

*This paper was originally submitted to the Special Issue on Ferroelectric Nanoelectronic Devices for Next-Generation Information Technology organized by
Zheng Wen, Shuoguo Yuan, Zhen Fan and Yunya Liu.

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0 (CC
BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

OPEN ACCESS
JOURNAL OF ADVANCED DIELECTRICS
Vol. 13, No. 6 (2023) 2345004 (9 pages)
© The Author(s)
DOI: 10.1142/S2010135X23450042

2345004-1

https://orcid.org/0000-0003-0181-341X
https://orcid.org/0000-0002-7769-4499
https://orcid.org/0000-0003-0041-1793
https://orcid.org/0000-0003-1474-0918
https://dx.doi.org/10.1142/S2010135X23450042


photodetectors, the best solution is to construct hybrid com-
posite structures.19,20

Ternary alloy chalcogenide compounds, such as
CdSxSe1�x nanostructures, have garnered significant global
attention due to their excellent tunable optical properties
based on quantum confinement effects and optical nonlinear
phenomena.21–23 Nanostructures based on CdSxSe1�x, such as
zero-dimensional quantum dots or nanocrystals, one-dimen-
sional nanowires and nanobelts, as well as two-dimensional
nanosheets, exhibit potential applications in fluorescence la-
beling,24,25 in vivo imaging,26 waveguides,27 solar cells28 and
photodetectors.29–31 In recent years, various structures of
CdSxSe1�x ternary alloy-based photodetectors have been
reported, and exhibited exceptional photoelectric perfor-
mance. In 2015, Guo et al.22 designed a broad spectral re-
sponse photodetector based on CdSxSe1�x nanowires with
gradient bandgap, achieving light response from ultraviolet to
700 nm. It exhibited good photocurrent and photoconductivity
at room and low temperatures, with a dark-to-light current
ratio of up to 106. In 2018, Li et al.32 fabricated a single
CdS0:76Se0:24 nanobelt photodetector via thermal evaporation,
offering a new strategy for designing wavelength-controllable
photodetectors. It displayed excellent photoelectric perfor-
mance with a response of 10.4 A/W and an external quantum
efficiency (EQE) of 1:90� 103% under 1V bias and 674 nm
light illumination, and a response time of 1.62/4.70ms. To
enhance the spectral response range of CdSSe-based photo-
detectors, Moger et al.33 deposited n-CdSxSe1�x thin films on
p-Si using thermal co-evaporation in 2021, subsequently
fabricating p-n junction photodiodes and investigating the
effects of composition on the structure, optical and electrical
properties. They found that the photodiode displayed a high
responsivity of 0.11A/W at 635 nm light when x ¼ 0:2. Until
now, there have been few reports on the hybrid photodetectors
based on single-layer MoS2 and CdSxSe1�x nanobelts.

In this study, we have fabricated a hybrid photodetector by
dry transfer CdS0:42Se0:58 nanobelt onto a monolayer MoS2
nanosheet. The hybrid device shows a significant enhancement
in spectral response within the visible light range (400–
800 nm). Compared to the monolayer MoS2 nanosheet device,
the hybrid device exhibits a remarkable increase in respon-
sivity, EQE under 620 nm illumination and 1V bias, with both
improvements of 117.4 times. The enhanced photoelectric
performance of the hybrid device is explained through the
appropriate band alignment of MoS2 and CdS0:42Se0:58, pro-
viding insight into the underlying microscopic mechanisms.
This work offers a potential pathway for the construction of
high-performance visible light photodetectors.

2. Experimental

2.1. Device fabrication

The preparation of monolayer MoS2 nanosheets utilized
MoO3 (99.999% purity) as the molybdenum source and

solid-state sulfur (99.999% purity) as the sulfur source, with
argon gas serving as the work gas. A double-temperature-
zone tube furnace with an 80mm diameter was used. The
MoO3 was heated to 650○C, while sulfur was heated to
180○C, under a growth pressure of 4000 Pa. The growth
process lasted for 10min. This method yielded high-quality
monolayer MoS2 on the substrate. Subsequently, the very thin
Cr/Au electrodes were deposited on it.

The CdS0:42Se0:58 nanobelts were obtained from previous
research work.34 The fabricated CdS0:42Se0:58 nanobelts were
visually inspected under a microscope, the regions with
smooth surfaces as well as thin growth thickness were chosen
and then was scraped into small test tubes with tweezers.
Then, anhydrous ethanol was added and shaken from side to
side. Next, the CdS0:42Se0:58 solution was dropped onto a
1:5 cm� 1:5 cm silicon wafer. Finally, the CdS0:42Se0:58
nanobelts were transferred onto the monolayer MoS2 sub-
strate with pre-deposited electrodes with the help of
PDMS film.

2.2. Performance characterization

Optical properties were measured using Raman spectroscopy
(SR-500i-B2) and PL spectroscopy (IK3301). The photo-
electric performance of the devices was tested using a
semiconductor measurement system (Keithley 4200SCS) and
a monochromator (Newport CS260). Device photocurrent
was measured by changing the incident light vertically
shining on the device. The I-V and I-t curves were measured
using a double-probe technique.

3. Results and Discussion

Figure 1(a) shows the optical image of the prepared MoS2
nanosheets, in which triangularly distributed MoS2 nanosh-
eets are observed on a silicon dioxide substrate, exhibiting a
smooth surface, with a maximum side length of approxi-
mately 30�m. Figure 1(b) presents the Raman spectroscopy
of the MoS2 nanosheets obtained under 532 nm laser exci-
tation. The spectroscopic analysis serves as strong evidence
for determining the material’s monolayer nature. Two distinct
characteristic peaks can be observed, i.e., A1g and E

1
2g modes,

whichcorrespond to out-of-plane vibrational modes of sulfur
atoms and in-plane optical modes, respectively. The differ-
ence between these two peaks is related to the number of
layers in the MoS2 structure.35 In Fig. 1(b), the observed peak
separation is 18.4, highly consistent with previous literature
reports,36,37 confirming the monolayer nature of the MoS2
nanosheets. Figure 1(c) displays the PL spectrum of the MoS2
nanosheets excited by a 532 nm light source. A single
emission peak is observed at 676 nm, corresponding to an
optical bandgap of 1.83 eV, in good agreement with other
experimental results.37 This further indicated that the pre-
pared MoS2 nanosheets are indeed a monolayer structure.
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Figure 1(d) depicts the optical image of the prepared
MoS2 nanosheet device. The yellow regions represent Cr/Au
electrodes with a spacing of 10�m, the deep blue portion
corresponds to the silicon dioxide substrate, and the teal-blue
triangular morphology represents the MoS2 nanosheets. The
rectangular dashed box outlines the designated measurement
region for the device, with an area of 2:0� 10�6 cm2. Fig-
ure 1(e) illustrates the composite device consisting of
CdS0:42Se0:58 nanobelt transferred onto monolayer MoS2
nanosheet using a transfer platform. The pink regions with
belt-like morphology represent CdS0:42Se0:58 nanobelt and
the composite device has an area of 2:6� 10�6 cm2.

Figures 2(a) and 2(b) show the I-V curve of a monolayer
MoS2 nanosheet device under 620 nm light illumination with
a light power density of 0.110mW/cm2. At a bias voltage of
1V, the photocurrent is measured to be 3:48� 10�10 A,
while the dark current is 2:82� 10�12 A, resulting in an on/
off ratio of 1:24� 102. This on/off ratio is quite consistent
with previously reported monolayer MoS2 nanosheet photo-
detectors.38 It is evident that due to the thickness limitation of
the monolayer MoS2 nanosheet, the photocurrent of the de-
vice is extremely small.

We next investigated the variation of photocurrent with
light power density for the device under 620 nm illumination,
as shown in Figs. 2(c) and 2(d). It is observed that the pho-
tocurrent continuously increases with increasing light power
density under bias voltages of −1–1V. The maximum pho-
tocurrent is achieved at a light power density of 0.110mW/
cm2, while the minimum is observed at 0.014mW/cm2. This
behavior indicates that the efficiency of photogenerated
charge carriers is directly proportional to the absorption

efficiency of photons. Figure 2(e) presents the relationship
between the photocurrent of MoS2 nanosheet photodetector
and light power density at different levels. The fitted exponent
value θ of the formula Ip ¼ APθ is found to be 0.539. This
suggests that the monolayer MoS2 nanosheet device under-
goes complex processes involving the generation, separation,
capture and recombination of electron-hole pairs.38 To further
explore the device’s photoelectric performance, we conducted
calculations and analysis for key parameters such as
responsivity (R) and EQE. The calculation formulas are as
follows:

R ¼ Ip � Id
P� A

; ð1Þ

EQE ¼ 1240
λ

� R; ð2Þ

where Ip and Id represents the photocurrent and dark current,
P stands for light power density, A denotes the device area
and λ (nm) is the wavelength of the incident light. Figure 2(f)
illustrates the relationship between spectral response and
EQE of the monolayer MoS2 nanosheet photodetector under
620 nm illumination as a function of light power density. It is
observed that with increasing light power density, the spectral
response and EQE of the device gradually decrease, indi-
cating the presence of non-negligible recombination losses in
the system. Additionally, it can be observed that at a light
power density of 0.014mW/cm2 and a bias voltage of 1V, the
device achieves its maximum responsivity (R) and EQE,
reaching maximum values of 4.49A/W and 899.64%,
respectively. Response speed is one of the crucial
parameters for describing the performance of a photodetector.

Fig. 1. (a) The optical microscope image, (b) Raman spectrum and (c) PL spectrum of the prepared MoS2 nanosheets, (d) Optical image of the
monolayer MoS2 nanosheet device and (e) Optical image of the monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt device.
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The rise/fall time is defined as the time required for the
photocurrent to transition from 10%/90% to 90%/10% of the
saturation value. Figure 3(a) presents the photo-switching
behavior of the monolayer MoS2 nanosheet photodetector,
indicating good switching stability of the device. From
Fig. 3(b), it can be inferred that the rise/fall time of the device
is approximately 43.3/77.6ms. Figure 3(c) presents the
spectral response graphs of the monolayer MoS2 nanosheet,
CdS0:42Se0:58 nanobelt and monolayer MoS2 nanosheet/

CdS0:42Se0:58 nanobelt composite devices. It can be observed
that the spectral response of the device significantly enhances
in the wavelength range of 400–800 nm after the monolayer
MoS2 nanosheet combined with the CdS0:42Se0:58 nanobelt.
Particularly, the device exhibits notably higher response
values under 560 nm and 620 nm light irradiation.

Figures 4(a) and 4(b) show the I-V curves of monolayer
MoS2 nanosheet/CdS0:42Se0:58 nanobelt photodetector under
620 nm light illumination at bias voltages of −1–1V and a

(a) (b)

(c) (d)

(e) (f)

Fig. 2. The photoelectric performance of the monolayer MoS2 nanosheet photodetector under 620 nm. (a) I-V curve and (b) I-V logarithmic
curve at a light power density of 0.110mW/cm2, (c) I-V curves of the device at various light power densities and (d) corresponding I-V
logarithmic curves, (e) The relationship between the photocurrent and light power density and (f) The spectral response and EQE as a function
of light power density.
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light power density of 0.110mW/cm2. At a bias voltage of
1V, the photocurrent and dark current are measured to be
6:26� 10�8 A and 2:99� 10�10 A, respectively, resulting in
an on/off ratio of 2:09� 102. Compared to the monolayer
MoS2 nanosheet device, both the photocurrent and dark

current of the composite device have increased by around two
orders of magnitude, leading to little change in the device’s
on/off ratio. From Figs. 4(c) and 4(d), it can be observed that
the photocurrent of the device increases with the increment of
light power density under 620 nm illumination. The I-V curve

(a) (b) (c)

Fig. 3. (a) Periodic I-t curve and (b) individual I-t curve of the MoS2 nanosheet photodetector under 620 nm light with a power density of
0.110mW/cm2; (c) Spectral response of the monolayer MoS2 nanosheet, CdS0:42Se0:58 nanobelt and monolayer MoS2 nanosheet/CdS0:42Se0:58
nanobelt composite devices.

(a) (b)

(c) (d)

Fig. 4. The photoelectric performance of the monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt photodetector under 620 nm. (a) I-V curve
and (b) I-V logarithmic curve at a light power density of 0.110mW/cm2; (c) I-V curves of the device at various light power densities and (d)
corresponding I-V logarithmic curves; (e) The relationship between the photocurrent and light power density and (f) The spectral response and
EQE as a function of light power density.
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exhibits linearity and the photocurrent is almost symmetric
at −1Vand 1V bias, indicating good Ohmic contact between
the nanobelt and the electrodes. By fitting the formula
Ip ¼ APθ, the fitted exponent θ is determined to be 0.638
(see Fig. 4(e)). This suggests the presence of trap states in the
monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt hybrid
device, leading to significant recombination losses. Fig-
ure 4(f) depicts the relationship between R and EQE of the
monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt device
with changing light power density. At a light power density of
0.014mW/cm2, the device’s R, and EQE are measured to be
527.22A/W and 1:06� 105%, respectively. In comparison to
the monolayer MoS2 nanosheet device under the same bias
and light power density, the composite device exhibits sig-
nificant improvements in its R and EQE value, which both
have a 117.4-fold improvement. These results highlight a
significant enhancement in the photoelectric performance of
the monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt com-
posite device.

Figures 5(a) and 5(b) show the variation of photocurrent
with time for the monolayer MoS2 nanosheet/CdS0:42Se0:58
nanobelt photodetector. It can be observed that the device
maintains good stability in terms of both photocurrent and
dark current. The rise/fall time of the device is approximately
38.9/82.7ms. Compared to the rise/fall time of around 43.3/
77.6ms for the monolayer MoS2 nanosheet photodetector,
the response time of the device has no significant change.

The performance of the as-fabricated monolayer MoS2
nanosheet/CdS0:42Se0:58 nanobelt photodetector was com-
pared with the reported MoS2-based photodetectors, and the
key parameters were summarized in Table 1. It is evident that
the monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt pho-
todetector exhibits certain advantages in terms of EQE and R,
compared to other MoS2-based photodetectors.

To elucidate the mechanism behind the enhanced perfor-
mance of the monolayer MoS2 nanosheet/CdS0:42Se0:58
nanobelt photodetector, we analyzed it from the perspective
of the energy band alignment of the two materials. Before the

MoS2 nanosheet and CdS0:42Se0:58 nanobelt contact, the
electrons are excited to the conduction band while leaving
holes in the valence band when the incident light energy is
greater than the band gap of the material. Under bias,

(a)

(b)

Fig. 5. (a) Periodic I-t curve and (b) individual I-t curve of the
monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt photodetector.

(e) (f)

Fig. 4. (Continued )
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electrons and holes flow in opposite directions, and generate
photocurrent. However, after the combination of MoS2
nanosheet and CdS0:42Se0:58 nanobelt, they form a type-II
band alignment structure based on the previous literature
reported,42,43 which facilitates the effective separation of
photo-generated charge carriers. Under illumination, the
photoexcited electrons transfer from the conduction band of
CdS0:42Se0:58 to the conduction band of MoS2, and con-
versely, holes transfer from the valence band of MoS2 to the
valence band of CdS0:42Se0:58, is illustrated in Fig. 6. This
achieves the separation of electrons and holes, leading to an
increase in photocurrent. Consequently, the photoelectric
performance of the monolayer MoS2 nanosheet/CdS0:42Se0:58
nanobelt photodetector is enhanced compared to the mono-
layer MoS2 nanosheet device.

4. Conclusions

In summary, monolayer MoS2 nanosheets and CdS0:42Se0:58
nanobelts were first prepared using the chemical vapor de-
position method. Subsequently, a composite device com-
prising monolayer MoS2 nanosheet/CdS0:42Se0:58 nanobelt
was fabricated through a dry transfer process. This composite
device exhibited enhanced spectral response within the range
of 400–800 nm. A comparison with the monolayer MoS2
nanosheet device and the composite device showed signifi-
cant improvements in R and EQE, which increased by 117.4
times. The enhanced photoelectric performance of the

composite device is attributed to the type-II band alignment
formed between MoS2 and CdS0:42Se0:58. Under illumination,
photo-generated electrons transferred from the conduction
band of CdS0:42Se0:58 to that of MoS2, and conversely, holes
transferred from the valence band of MoS2 to that of
CdS0:42Se0:58. This facilitated the separation of electrons and
holes, resulting in increased photocurrent. As a result, the
performance of the monolayer MoS2 nanosheet/CdS0:42Se0:58
nanobelt photodetector was enhanced compared to using a
single material alone, providing a promising strategy for
constructing high-performance photodetectors.
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