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Abstract
Van der Waals vertical heterojunctions based on MoS2 have garnered wide-
ranging applications in sensing, flexible electronics, and optoelectronic 
detection due to their exceptional electrical, optical, and mechanical properties. 
Herein, we employed a chemical vapor deposition method to achieve 
controllable synthesis of monolayer MoS2 while investigating the underlying 
growth mechanism. Additionally, we fabricated GaSe/MoS2 heterojunctions 
through mechanical transfer techniques and utilize them as the foundation 
for photodetectors and photovoltaic devices. Remarkably, the GaSe/MoS2 
photodetector exhibits a pronounced enhancement in the ultraviolet region 
(300-400nm) compared to MoS2 two-dimensional devices. Under 300nm 
excitation with a light power density of 0.564mW/cm2, the GaSe/MoS2 
photodetector achieves a photo-responsivity of 42.6A/W and a detectivity of 
8.17×1012Jones, surpassing monolayer MoS2 photodetectors by threefold under 
similar conditions. Furthermore, the GaSe/MoS2 heterojunction demonstrates 
a significantly improved light-to-dark current ratio of 5.75 during prolonged 
response, representing a remarkable 72.15% enhancement. Additionally, the 
GaSe/MoS2 photovoltaic device exhibits excellent rectification effects and a 
pronounced photovoltaic response in the ultraviolet region, with a fill factor of 
approximately 0.25 and an energy conversion efficiency of 0.00033% at the 
light wavelength of 350nm. The controllable synthesis of monolayer MoS2 and 
the fabrication of GaSe/MoS2 heterojunctions provide an effective approach for 
vertical heterojunction preparation utilizing two-dimensional materials, thereby 
driving their application in the field of optoelectronic devices.
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1 INTRODUCTION
In recent decades, the emergence of two-dimensional 

layered materials has opened up a realm of opportunities 
in the realm of high-performance photodetection[1-7]. 
These materials offer diverse advantages, encompassing 

wide bandgap coverage[8-12], the absence of dangling 
bonds[13-16], exceptional mechanical flexibility[17-20], 
robust light-matter interactions[21-25], and the intrinsic 
capability for constructing intricate van der Waals (vdW) 
heterostructures[26-31]. Among these prospects, two-
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dimensional transition metal dichalcogenides (TMDCs) 
have attracted substantial attention. Renowned 
for their remarkable attributes such as high carrier 
mobility[32-34], notable quantum efficiency[35,36], and 
strong light absorption[37,38], TMDCs hold significant 
promise in the field. Through rigorous material 
enhancement and precise device structuring, high-
responsivity photodetectors and phototransistors 
have been successfully realized based on TMDCs, thus 
positioning them as favorable candidates for ultra-
sensitive photodetection applications. However, a key 
challenge pertains to the temporal response of TMDC-
based photodetectors and phototransistors, which 
often exhibits limitations on the scale of seconds to 
milliseconds[39,40]. This constraint underscores the need 
for breakthrough solutions to enhance their application 
potential. A prospective avenue lies in heterojunction 
photodiodes, capitalizing on the potent internal electric 
fields at the junction interfaces, thus offering the 
promise of accelerated device response times.

Furthermore, the incorporation of two-dimensional 
(2D) materials within vdW heterostructures has 
garnered substantial attention[41-43]. The unique features 
of 2D materials, including their bond-free surfaces 
and the potential to engage with other 2D or non-2D 
materials via vdW forces, holds the potential to yield 
vdW heterostructures devoid of lattice distortion. In 
this context, a diverse array of vdW heterostructures 
has been established, exemplified by instances such 
as, MoS2/WS2

[44], MoS2/BP[45], WSe2/SnS2
[46], and 

MoS2/Graphene[47]. Previous studies have shown 
that when MoS2 and other 2D layered materials 
form heterostructures, their photoelectric properties 
can be improved[48,49]. For example, Wang et al.[50] 

reported the research on the photoelectric properties 
of GaTe/MoS2 vertical p-n junction, and found that it 
has a light response value of up to 21.83A/W and an 
external quantum effect of up to 61.68%. Yu[51] and 
his team designed and prepared a MoS2/graphene 
vdW heterostructure with face-to-face contact. It 
was observed that the obtained coupling interface 
improved the use efficiency of the edge electrons of 
the heterostructure material and the conductivity of 
the material by providing more edge active sites and 
defects. So far, researchers have assembled various 
vertical heterostructures based on MoS2

[52-54]. However, 
the optoelectronic properties of most heterostructures 
are still far from what is expected. Therefore, it is 
necessary to select appropriate semiconductors to 
build high-performance MoS2-based heterostructures. 
Recently, the heterostructure composed of p-type GaSe 
and n-type MoS2 has aroused extensive interest of 
researchers. Zou et al.[55] synthesized vertical GaSe/
MoS2 p−n heterostructures through a liquid Ga assisted 
chemical vapor deposition (CVD) technology. This work 
demonstrated that high-performance p-n junction 

devices based on the obtained heterostructures have 
excellent rectification performance and significant 
photovoltaic characteristics. He’s team[56] prepared self-
driven GaSe/MoS2 heterostructures using ITO and Ni/
Au as contact electrodes respectively, and the GaSe/
MoS2 heterostructures show high responsiveness to 
visible light to NIR light. They also found that ohmic 
contact between ITO and GaSe/MoS2 heterostructure 
can play a key role in improving rectification ratio and 
optical response performance. The above work provides 
guidance for the development and research of McS2/
GaSe heterostructures.

In this paper, the monolayer MoS2 was obtained 
by CVD in a vacuum tube furnace, and the planar 
polygonal structure and the longitudinal annular 
structure were obtained by adjusting the growth time 
and position, respectively. In addition, GaSe/MoS2 
heterojunction was prepared by transferring few layers 
of GaSe to monolayer MoS2, and all electrodes were 
lapped on MoS2 to form GaSe/MoS2 photodetector. The 
performance of the two devices is compared, and it is 
demonstrated that the GaSe/MoS2 photodetector has 
excellent improvement in optoelectronic performance.

2 MATERIALS AND METHODS 
In this research, MoS2 were synthesized by chemical 

vapor deposition, and the morphology of MoS2 
nanosheets was controlled by controlling the change 
of time and distance. On this basis, MoS2 devices are 
prepared by means of photolithography and evaporation. 
At the same time, few-layer of GaSe nanosheets were 
fabricated by mechanical stripping and transferred to 
monolayer MoS2 to prepare GaSe/MoS2 heterojunction. 
Then GaSe/MoS2 photodetectors and GaSe/MoS2 
photovoltaic devices were prepared according to different 
electrode lap positions and their performance was tested.

2.1 Fabrication of MoS2 
Firstly, 40mg of MoO3 (99.9% purity, Aladdin) is 

placed on the left side of the quartz sheet, and the 
treated silicon wafer is placed on the right side as the 
reaction substrate. The quartz sheet is placed in the 
high temperature zone of the tubular furnace (T-1200, 
Hefei Kejing Material Technology Co., Ltd). The porcelain 
boat with 1g of sulfur powder (99.95% purity, Aladdin) 
is placed outside the low temperature zone of the 
tubular furnace. After the device is closed, 200 sccm of 
argon is introduced for 20min to discharge the air in the 
tubular furnace. In the experiment, the temperature of 
high temperature zone and low temperature zone are 
set at 670°C and 250°C respectively, and the gas flow 
rate is controlled at about 14 sccm. When the specified 
temperature is reached, push the porcelain boat into the 
low temperature zone. The porcelain boat is withdrawn 
from the low temperature zone, when the reaction ends 
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and the temperature drops. Finally, wait for the tubular 
furnace to slowly cool down to room temperature, and 
take out the porcelain boat and the growth substrate.

2.2 Fabrication of MoS2 Devices and 
GaSe/MoS2 Heterojunction Devices

The MoS2 grown on the substrate was transferred 
to another clean substrate (P-type silicon with an 
oxide layer on one side) using the wet chemical 
transfer method (Figure S1A), and the device 
preparation was started after the successful transfer 
of MoS2 was achieved. The electrode position is 
etched on the substrate by photolithography, and 
then the electrode is vaporized on the designated 
position found by photolithography (Figure S1B).  
To achieve a good contact between MoS2 and the 
electrode, about 5 nm thick titanium is vaporized first 
and then about 20nm gold is vaporized by using thermal 
vaporization method, and MoS2 devices were obtained 
after debinding and drying. For the preparation of GaSe/
MoS2 optoelectronic heterojunction, the monolayer 
MoS2 was first transferred to a clean substrate (SiO2/
Si) as the substrate to be used by wet chemical transfer 
method. The block GaSe was repeatedly torn and 
adhered to the thin PDMS with Scotch tape. The side of 
PDMS film adhered with GaSe is aligned with MoS2 on 
the substrate by using the transfer platform, and after 
pressing for a period of time, the PDMS is slowly lifted, so 
that GaSe remains on the substrate surface to prepare 
GaSe/MoS2 heterostructures. Subsequently, GaSe/MoS2 
optoelectronic heterojunction devices are fabricated 
by using the same electrode lapping method as MoS2 
devices.

2.3 Characterization and Measure-
ment

Specimens were optically characterized using an 
optical microscope (DM-4500, Leica, Germany), and the 
material and thickness were characterized by the tip-
enhanced laser confocal Raman spectroscopy system 
(inVia-Reflex, Renishaw, UK). Field emission scanning 
electron microscopy (Quanta 200FEG, FEI, Netherlands) 
was used to observe the growth morphology of MoS2 at 
different stages. In addition, the electrical properties of 
the devices were tested in three-electrode mode using 
the semiconductor test system (4200-SCS, KEITHLEY, 
USA) and a probe analyzer (CRTTP6-4k, Lake Shore, 
USA) and the optoelectronic properties of the devices 
were tested using the 4200-SCS semiconductor 
parameter tester and a 500W xenon-mercury lamp 
system in conjunction with a probe analyzer. 

2.4 DFT Calculation
In order to further explore the origin of the excellent 

photovoltaic response of the MoS2/GaSe, the band 
structure calculations of monolayer MoS2 and two-

layer GaSe under density functional theory (DFT) 
formalism were carried out. We employed two-layer of 
GaSe for the lowest order approximation of few-layer 
GaSe. The initial configurations of 2H-MoS2 and β-GaSe 
were imported from the software Findit based on the 
Inorganic Crystal Structure Database (ICSD). The cut-
off energy convergence and k-point convergence tests 
of the initial configurations were first conducted, and 
the cut-off energy and k-point used in the calculations 
were selected based on the curves obtained from 
convergence testing. The interaction between ions and 
electrons is described by the projector-augmented 
wave (PAW) method and the plane-wave basis set with 
an energy cutoff of 450eV. The exchange-correlation 
functional adopted an improved Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA 
PBE). To reflect weak interactions in the structure, the 
Grimme method was used for dispersion correction. In 
the geometric optimization process, the self-consistent 
field convergence criterion with 1×10-6eV and the force 
convergence criterion with 0.01eV were set, while the 
maximum force on each atom was specified to be less 
than 0.02GPa and the maximum atomic displacement 
was not more than 0.002 Å during the optimization 
process. When calculating the energy band, the gamma 
center network generated by 0.025 1/Å spacing was 
used for k-point sampling in the Brillouin zone, and 
in order to accurately calculate the energy band, we 
selected the mixed density functional theory screened 
by HSE06.

3 RESULTS AND DISCUSSION
3.1 Preparation, Characterization, 
and Growth Mechanism of MoS2

Figure 1A schematically illustrates the synthesizing 
process of MoS2 through CVD techniques. When MoO3 
is used as a precursor in a closed system under high-
temperature conditions, it undergoes a reaction with 
sulfur vapor that can be represented by the following 
equation:

In the initial stage, MoO3 is subjected to partial 
reduction by sulfur vapor, leading to the formation of 
MoO3-x. Subsequently, in the second stage, further 
reduction of MoO3-x occurs through exposure to sulfur 
vapor, ultimately yielding MoS2. However, the reaction 
kinetics and spatial distribution may vary, with MoS2 
potentially being initially generated, followed by 
adsorption, nucleation, and growth on the substrate 
surface. Alternatively, MoO3-x may first adsorb and 
diffuse on the substrate surface, with subsequent sulfur 
reduction leading to the formation of MoS2. To achieve 
the fabrication of monolayer MoS2 via the chemical 
vapor deposition, precise control of the reaction timing 
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is imperative. Specifically, before reaching the reaction 
temperature of 670℃, MoO3 and a small quantity of 
sulfur-reduced MoO3-x should adsorb and diffuse on 
the substrate surface to form nuclei. Upon reaching 
the reaction temperature, sulfur powder is rapidly 
introduced, thereby enabling the growth of MoS2 in a 
laterally in-plane direction.

To confirm the synthesis of monolayer MoS2, we 
performed a characterization of the MoS2 samples 
obtained after a 15-min reaction at 670℃. As shown in 
Figure 1B, the MoS2 were dispersed on the substrate 
in a triangular morphology, with their growth size 
being affected by the nucleation time, which in turn 
was influenced by the varying degree of MoO3 powder 
diffusion at different locations. In order to obtain 

an accurate measurement of the thickness of the 
synthesized materials, atomic force microscopy (AFM) 
was performed on the MoS2 samples, as shown in 
Figure 1C. The image of atomic force height reveals that 
the triangular MoS2 structure is approximately 0.65 nm 
higher than that of the substrate, which corresponds 
to the thickness of a single layer of MoS2. Additionally, 
the MoS2 surface appeared to be uniform in color and 
exhibited low roughness. Raman spectroscopy was 
used to characterize the synthesized MoS2 samples with 
triangular morphologies, as depicted in Figure S2A.  
The E2g and A1g Raman peaks were found to be at 
approximately 385cm-1 and 403cm-1, respectively, with 
a difference of 18cm-1, which is consistent with the 
theoretical values. Photoluminescence (PL) spectroscopy 
was also conducted on the MoS2 samples, as illustrated 

Figure 1. Controlled Growth of MoS2 Monolayers. A: Schematic diagram of MoS2 synthesis by CVD; B: SEM images 
of MoS2 in a triangular morphology; C: Selected region AFM images of MoS2. Inset is the corresponding height profile along 
the white dashed lines; D: X-ray photoelectron spectroscopy of MoS2; E-G: SEM images of MoS2 with different reaction 
time:10min,13min and 15min.

https://doi.org/10.53964/id.2024003
http://image.innovationforever.com//file/20250520/92204c5b918449f6995e50b5ce4a04a1/SupplementaryMaterials.pdf


Li Z et al. Innov Discov 2024; 1(1): 3

https://doi.org/10.53964/id.2024003 Page 5 / 19

in Figure S2B. A strong peak was observed at 1.83 eV, 
which is consistent with the bandgap structure of a 
single-layer MoS2.After charge correction, the sample 
underwent X-ray photoelectron spectroscopy analysis, 
and the result are presented in Figure 1D. The peak of 
S was composed of two peaks, with binding energies of 
162.6eV and 163.9eV, respectively. Similarly, the peak 
of Mo consisted of two peaks, with binding energies of 
229.8eV and 233.0eV, respectively. After comparing 
the positions and area ratios of the peaks with their 
theoretical values, as shown in Table S1, we observed 
good agreement between the Mo and S peaks and their 
theoretical values. This analysis led us to infer that the 
material possessed a Mo valence state of Mo4+ and an 
S valence state of S2-. Additionally, based on the atomic 
percentage data, we determined that the atomic ratio of 
Mo to S was nearly 1:2, further supporting the synthesis 
of MoS2 via chemical vapor deposition. To investigate 
the growth behavior of MoS2 in the planar direction, we 
further varied the reaction time. Initially, the reaction 
time was controlled at 10min at 670°C, and hexagonal-
shaped MoS2 was obtained. When the reaction time was 
extended to 15min, triangular-shaped MoS2 with larger 
size than the previous hexagonal-shaped MoS2 was 
obtained, as shown in Figure 1E-G. Generally, shape 
differences are mainly determined by the variation in 
growth rates of molybdenum and sulfur atoms on the 
basal plane. According to the crystal growth theory[57], 
the growth rate of a crystal plane is determined by its 
edge free energy. A plane with lower edge free energy 
has a slower growth rate, and eventually becomes 
larger and flatter; conversely, a plane with higher edge 
free energy has a faster growth rate, and eventually 
becomes smaller, sharper, or even disappears. For 
monolayer MoS2, its geometric shape is determined 
by the growth rate of its edge terminations, which is 
mainly dependent on the growth temperature. It has 
been established that some geometric shapes have 
Mo zigzag (Mo-zz) terminations and S zigzag (S-zz)  
terminations, which have the lowest energy[58]. Yang et 
al.[59] applied the Monte Carlo method to simulate the 
growth of MoS2 flakes with different shapes at various 
temperatures. Their simulation focused on the final 
state of molecular dynamics rather than the movement 
process of individual atoms. They found that at growth 
temperatures below 1000K, the S-zz termination with 
lower edge free energy grew more slowly than the Mo-
zz termination.

In Figure 2A-E, by further extending the growth 
time from 15 to 17, 19, and 21min, it can be observed 
that MoS2 gradually transforms from triangular to 
quadrangular, pentagonal, and hexagonal shapes with 
increasing growth time. Moreover, the longer growth 
periods often contain a small number of products 
from earlier stages, indicating the generation of new 
nanostructures during the evolution of the nanosheets. 

The uniformity of the grown materials can be partly 
reflected by spectral mapping. Raman spectroscopy 
was performed on the two different shapes of MoS2 
samples, and the E2g peak positions were chosen for 
characterization, as shown in Figure 2F-I. It is clear 
that the Raman signal intensity of both triangular 
and polygonal-shaped single crystal MoS2 is relatively 
uniform, indicating the high uniformity of the MoS2 
grown by chemical vapor deposition. However, due to 
the limitations of the testing accuracy, the small signal 
changes in the nucleation points and defect regions of 
the crystals are difficult to reflect under the conditions 
of spectral mapping. To accurately determine the 
thickness of the grown materials, AFM was performed 
on the differently shaped MoS2 samples, as shown in 
Figure 2J-M. The AFM images reveal that the surfaces 
of MoS2 crystals, regardless of their triangular or 
polygonal shapes, are highly uniform, and the height 
difference between the measured MoS2 crystals 
and the substrate is less than 1 nm. Therefore, the 
grown materials can be regarded as single-layer 
structures, and the growth occurs laterally. According 
to the crystal growth theory[57], the shape of crystal 
is determined by the growth rate of different crystal 
surfaces. The growth rate of Mo-zz is faster than that 
of S-zz, resulting in the transformation of MoS2 from 
hexagonal domains to triangular shapes. However, as 
the growth time is extended, the difference in growth 
rates results in the instability of boundary expansion, 
even causing inward concavity. The intermediate active 
zone with slower growth rate is easy to nucleate and 
grow into triangular crystal in the same way. As the 
growth rate of the new triangular crystal is faster, it will 
compress and form a grain boundary with the original 
crystal, ultimately resulting in a hexagonal structure of 
the crystal as a whole. In addition to the conventional 
morphology changes resulting from the growth of MoS2 
crystals, their proximity during nucleation can cause 
them to come into contact with each other. SEM image 
and AFM image are shown in Figure S3A and B. Both 
images reveal that the two crystals merged during 
growth, resulting in a uniform monolayer structure with 
a thickness of less than 1nm. During the CVD process, 
the growth of monolayer MoS2 can be well-controlled 
by manipulating the temperature, time, gas flow rate, 
quality of precursor materials, and distance between 
the substrate and the precursor. However, some 
peculiar structures tend to appear in regions close to 
the substrate and molybdenum source, as illustrated 
in Figure 2N. It is noteworthy that the thickness of 
MoS2 in some triangular and polygonal structures is 
non-uniform, with decreasing thickness towards the 
periphery of these structures. The triangular structure 
had a lower thickness, approximately one monolayer, 
whereas the thickness increased gradually from the 
edge towards the center of the nanosheet, reaching a 
maximum at the center. This is due to the formation 
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Figure 2. Characterization of Transverse and Longitudinal Growth of MoS2. A: Schematic diagram of transverse 
growth of MoS2; B-E: SEM images of MoS2 with different reaction time:15min,17min, 19min and 21min; F-I: Raman mapping 
of MoS2 with different reaction time; J-M: Selected region AFM images of MoS2 with different reaction time. N: Selected region 
AFM images of longitudinally stacked MoS2; O: Insets are the corresponding height profile along the white dashed lines and 
the SEM image of MoS2; P: Raman spectra of longitudinally stacked MoS2 in different height. Insets are the Raman mapping of 
MoS2 in the peak of E2g and A1g; Q: PL spectra of longitudinally stacked MoS2 in different height.

of Mo nuclei on the SiO2 substrate before sulfurization, 
where the nuclei that formed closer to the Mo source 
tended to be larger in size. During sulfurization, 
triangular MoS2 nanosheets were formed due to the 
differential growth rate at the edges, and unreacted 
Mo oxide tended to accumulate in the central region. 
As more sulfur was evaporated, the Mo oxide in the 
central region continued to react with the incoming 
sulfur to form triangular structures with a slightly lower 
growth rate, resulting in smaller triangular shapes in 

the center compared to the edges. Finally, a planar 
triangular structure with a higher thickness at the 
edges and a lower thickness at the center was formed.

Raman spectroscopy is a powerful tool for assessing 
the crystallinity of MoS2, which exhibits two prominent 
Raman modes, E12g and A1g. The E12g mode is known to 
be sensitive to long-range interlayer coupling, and the 
dielectric tensor is expected to increase with the number 
of layers. Conversely, the A1g mode is less sensitive to 
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interlayer interactions, and is highly sensitive to surface 
adsorbates and electronic doping[60]. The A1g mode 
exhibits a strong electron-phonon coupling, which 
manifests itself as a red-shift and broadening of the 
peak with increasing doping level. Thus, the differences 
in the Raman mode frequencies and shifts can be 
utilized to determine the number of layers in MoS2. 
We performed Raman spectroscopy at three different 
positions (1, 2, and 3) on a circular MoS2 flake, as 
shown in Figure 2O, to investigate the layer thickness. 
As shown in the figure, the E12g mode undergoes a 
red-shift and the A1g mode undergoes a blue-shift 
with increasing layer thickness. The changes in the 
A1g mode are more pronounced than those in the E12g 
mode. We further performed Raman mapping at the 
E2g (384cm-1) and A1g (403cm-1) positions, as shown in 
Figure 2P. The uniform color and small peak shift of the 
E12g mode indicate a homogeneous growth of the MoS2 
flakes. However, the non-uniform color and large peak 
shifts of the A1g mode suggest a significant variation 
in the thickness of the MoS2 flakes. It is apparent 
that the A1g mode is more sensitive to changes in 
the thickness of MoS2 flakes than the E2g mode. In 
addition, photoemission spectroscopy (PL) is used to 
analyze the above locations, as shown in Figure 2Q. 
It can be found that with the decrease of thickness, 
PL peak of MoS2 has a blue shift, which is due to the 
decrease of thickness. Due to the small size effect of 
nanomaterials, its band gap will increase in accordance 
with the rule of 1/d2[61]. When the nucleation points 
are located close to each other, contact between MoS2 
nanosheets can occur. SEM and AFM were utilized to 
characterize this contact, as shown in Figure S4A and B, 
and it was found that the thickness of the nanosheet at 
the contact location was higher than that at the edge. 
Unlike the lateral growth contact of MoS2 nanosheets 
discussed earlier, the nanosheets in this case contact 
each other and terminate to form grain boundaries. 
Although chemical bonds have formed and terminated 
at the grain boundaries, diffusion of the precursor 
molybdenum source, which is more plentiful closer 
to the molybdenum source, remains active in the 
region where the defects are more active, resulting in 
excessive growth of the grain boundary surface and 
formation of a second-layer structure. 

3.2 Preparation and Characterization 
of GaSe and Comparative Study of 
Photoelectric Properties between 
GaSe and MoS2

After preparing MoS2, it is necessary to obtain few-
layer GaSe to prepare the GaSe/MoS2 heterostructure. 
The mechanical exfoliation method was used to prepare 
few-layer GaSe. Due to the strong covalent bonding 
within the bulk GaSe layers and weak vdW forces 
between the layers, GaSe is easy to separate between 
layers under external force and transform from bulk 

to few-layer structure. Figure 3A shows the optical 
microscopy image and AFM image of GaSe. It can be 
observed that the colors vary slightly on the same small 
piece of material, which is due to the uneven thickness 
of the material obtained by mechanical exfoliation. The 
thinner the material, the better the transparency, and 
the color will be closer to the substrate. The thickness 
of GaSe was measured by AFM as shown in Figure 3B. 
It was found that the thickness of GaSe material ranged 
from thin to thick, with values of 12nm, 21nm, 37nm, 
and 70nm. PL spectroscopy was used to analyze the 
above materials, as shown in Figure 3C. It was found 
that the PL peak of GaSe exhibited a blue shift, with 
a shift of about 4meV to higher energy, due to the 
decrease in thickness. Similarly, Raman spectroscopy 
analysis, as shown in Figure 3D, revealed that it was a 
β-type crystal. The excitation peaks A1g, E2g, and E1g were 
observed in GaSe with different thicknesses. Two A1g  
peaks were observed at wave numbers of 134cm-1  

and 308cm-1. One of the two E2g peaks was located 
near 213cm-1, and the other E2g peak was theoretically 
expected to appear at 19cm-1, but due to the limitations 
of the Raman testing system, this low-frequency peak 
could not be observed. The intensities of the two E1g 
Raman peaks were the weakest among all the Raman 
peaks. One E1g peak appeared at 59cm-1, and the other 
appeared at 249cm-1, but the peaks were weak and 
difficult to discern in the Raman spectrum. Combining 
the Raman spectrum with the thickness of the material, 
it was found that with the increase in GaSe thickness, 
the A1

1g peak exhibited a blue shift, while the A2
1g peak 

exhibited a red shift. In addition, the E1
1g peak and 

E1
2g peak became more pronounced. The number of 

GaSe layers could be determined to be 4 based on the 
changes in the peak positions of the Raman spectrum.

Additionally, before fabricating the heterojunction, 
we fabricated individual two-dimensional devices of 
MoS2 (Figure 3E) and few-layer GaSe (Figure 3G), 
and compared their electrical properties. Under no 
illumination, the MoS2 device exhibited field-effect 
transistor behavior under gate voltage modulation, 
as shown in the transfer curve in Figure 3F, obtained 
under a source-drain bias of 1V. The transistor was in 
the on-state under positive gate bias, with a threshold 
voltage Vth of approximately -5V, indicating the 
N-type transport properties of the monolayer MoS2, 
where electrons are the majority carrier, as expected. 
Moreover, under a large negative gate voltage (≤ -40V),  
a slight hole current was observed, due to the channel 
inversion under the large negative voltage. The band 
structure of the monolayer MoS2 was induced to bend 
by the gate voltage, with few densities of states. The 
Schottky barrier formed between the metal electrode 
and MoS2 had a smaller effect on electrons and a larger 
effect on holes, leading to a large electron current and 
a small hole current. In contrast to the MoS2 device, 
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Figure 3. Characterization of Few-layer GaSe and Two-Dimensional Devices. A: Selected region AFM images of 
few-layer GaSe. Inset is the optical image of GaSe; B: Corresponding height profile along the dashed lines of GaSe; C: PL 
spectra of few-layer GaSe in different height; D: Raman spectra of longitudinally stacked GaSe in different height; E: Sche-
matic diagram of two-dimensional MoS2 device; F: Transfer curve of two-dimensional MoS2 device. Inset is the optical image of 
the MoS2 device; G: Schematic diagram of two-dimensional GaSe device; H: Transfer curve of two-dimensional GaSe device. 
Inset is the optical image of the GaSe device.
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the gate voltage, and Ids is the source-drain current. 
By calculating the data of the maximum slope of 
the exponential transfer curve (-20V~ -10V), we 
obtain a threshold voltage swing value of 9V/s for a 
monolayer MoS2 field-effect transistor with a silicon 
dioxide dielectric layer. Although the MoS2 field-effect 
transistor can be effectively controlled over a range 
of gate voltages from -60V to 60V, with a large on-off 
ratio of 4.34×105 and a wide control range, its carrier 
mobility is relatively small and its threshold swing is 
relatively large. It is clear that the device’s electrical 
transport performance is average and is not particularly 
sensitive to changes in gate voltage, making it unable 
to respond as quickly as possible under gate voltage 
control. Similarly, according to formulas (2) and (4), the 
carrier mobility and threshold swing of the GaSe device 
can be calculated. It can be found that although the on-
off ratio of the GaSe device is only about 103, its carrier 
mobility μ is 0.08cm2V-1s-1 and the threshold swing SS is 
approximately 3V/s. Compared to MoS2, GaSe has more 
excellent carrier transport performance.

3.3 Study on the Photoelectric Het-
erojunction Performance of GaSe/
MoS2

The MoS2/GaSe vertical heterojunction was constructed 
by transferring MoS2 and GaSe using a transfer platform, 
and the schematic diagram of the heterojunction is shown 
in Figure 4A. Then UV-Vis absorption spectroscopy was 
carried out and compared with the results of the MoS2 film, 
as shown in Figure 4B. The figure shows that the optical 
absorption of MoS2 with covered GaSe is slightly enhanced 
compared to the MoS2 film, and the enhancement is more 
significant in the ultraviolet region. To test the response 
of the photodetectors to monochromatic light of different 
wavelengths, monochromatic light of different wavelengths 
obtained by passing through a spectrometer with a xenon 
lamp as the light source was vertically irradiated on the 
surface of the photodetectors. According to the above 
results of ultraviolet absorption, the wavelengths of the 
monochromatic excitation light used were 300nm, 350nm, 
400nm, 450nm, 500nm, 550nm, 600nm, 650nm, and 
700nm, respectively. By controlling the light source current, 
slit width, and aperture size, the power density of each 
monochromatic light obtained by the spectrometer can 
be ensured to be basically the same, which is 0.528mW/
cm2. Figure 4C and Figure 4D show the light response 
curves of the single-layer MoS2 photodetector under 
excitation by light of different wavelengths. Under the 
condition of no light illumination, the current only reached 
about 0.1nA after applying a voltage of 5V to the single-
layer MoS2 photodetector. Under the excitation of 700nm 
wavelength, the current change was not obvious relative 
to other wavelength conditions, which also corresponds to 
the above ultraviolet absorption results. With the decrease 
of the wavelength, the current under 5V applied voltage 
gradually increased from 0.1nA to nearly 50nA, indicating 

as shown in Figure 3H, the output current of the GaSe 
device decreased with increasing gate voltage, and 
the device was in the on-state under negative gate 
bias, with holes as the majority carrier, indicating the 
typical P-type transport properties of GaSe, laying 
the foundation for the subsequent construction of the 
GaSe/MoS2 P-N junction. For a field-effect transistor, 
the conductance (gm), electron mobility (μ), on/off 
current ratio, and threshold voltage swing (SS) are all 
important metrics for assessing its electrical transport 
performance. The conductance primarily describes the 
strength of current transmission ability of the field-
effect transistor under the regulation of forward gate 
voltage for opening. The formula for its calculation is 
as follows:

Where Ids is the source-drain current and Vg is the 
gate voltage. Based on the linear portion of the trans-
fer curve, we determined the conductance of a sin-
gle-layer MoS2 FET to be 1.32nS. The electron mobility 
describes the directed drift velocity of electrons under 
the influence of an external electric field. Combined 
with the previously obtained gm, it can be calculated 
using the following formula:

Where μ is the electron mobility, L and W denote 
the length and width of the device channel material, 
respectively, and Ci represents the capacitance of 
the dielectric layer. The vacuum permittivity is ε0  

8.854×10-12F·m-1, while the dielectric constant of 
silicon dioxide, εr, is 3.9. The thickness of the silicon 
dioxide dielectric layer, d is 300nm. Consequently, the 
calculated electron mobility value for a single-layer 
MoS2 FET is 0.008cm2V-1s-1. The current on-off ratio is 
defined as the ratio of the maximum current in the on-
state to the minimum current in the off-state under 
the modulation of gate voltage. The on-off ratio of the 
monolayer MoS2 field-effect transistor can be calculated 
from the exponential transfer curve shown in Figure 3F, 
which is 4.34×105. To meet the practical requirements 
of high-performance integrated digital logic circuits, an 
on-off ratio greater than 104 is a basic requirement, 
and the on-off ratio of the monolayer MoS2 field-effect 
transistor obviously satisfies this requirement. In 
addition, the threshold voltage swing (SS) is defined as 
the voltage required for the current to increase by one 
order of magnitude. It can be calculated using the data 
from the maximum slope of the exponential part of the 
transfer curve as follows:

Where SS is the threshold voltage swing, Vg is 
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that it has a wide range of light response intervals, i.e., 
from ultraviolet light (300nm) to visible light (650nm) 
with strong response. In addition, in order to investigate 
which smaller wavelength range in the ultraviolet region 
is more sensitive for the single-layer MoS2 photodetector, 
the wavelength range was adjusted to 300-400nm using 
a spectrometer, and tests were conducted every 10nm of 
wavelength, while still controlling the light power density 
at around 0.528mW/cm2 by adjusting the aperture, 
slit, and power supply current. The light response 
results are shown in Figure S5A-B. Observations reveal 
that the ratio of illumination current to dark current 
under 5V reached only 47 when the response was 
weakest (400nm), while it was as high as 367 when 
the response was strongest (330nm). Therefore, even 
though the single-layer MoS2 photodetector has a strong 
response in the 300-400nm ultraviolet region, there is a 
significant difference in different small segments within 
it, and such a fine differentiation is a very important 
characteristic for exploring a photodetector specific to 
a certain wavelength. In Figure 4E-F, by analyzing the 
output curves, we observe that the current-voltage 
relationship in the devices fabricated on the GaSe/
MoS2 heterojunction remains linear under low voltage, 
indicating a non-rectifying Ohmic contact between the 
electrode and the material. Notably, the current increases 
with a higher rate under 300-350nm excitation than 
other wavelengths, and eventually reaches saturation. 
Under a voltage of 5V, the output current for the 300-
400nm range is more than 10 times greater than for the 
400-700nm range, as observed in the single-layer MoS2 
photodetector. However, the GaSe/MoS2 photodetector 
exhibits an overall higher output current than MoS2. For 
single-layer MoS2 photodetectors, the photocurrent is 
intricately influenced by various factors, including the 
excitation wavelength, source-drain voltage, and the 
power density of the incident light. Figure 4G elucidates 
the intricate relationship by presenting the output 
curves of a single-layer MoS2 photodetector under 
different power densities of 350nm excitation light. A 
comprehensive analysis of these curves in comparison to 
the dark state output curve reveals a discernible trend: 
as the light power density escalates, the photocurrent 
exhibits a steeper slope with respect to the source-drain 
voltage. In Figure 4H, as the light intensity increases, the 
photocurrent exhibits a linear growth, in contrast to the 
MoS2 photodetector, which approaches a saturation state 
at higher light powers. This disparity can be attributed 
to the excitation of a larger number of charge carriers 
under higher light power conditions. Consequently, the 
inhibitory effect of the GaSe/MoS2 heterojunction on 
electron-hole recombination is magnified, leading to a 
substantial amplification of the photocurrent. 

To better compare the response of the monolayer 
MoS2 photodetector under monochromatic light of 
different wavelengths, we used the photocurrent at 

a source-drain voltage of 1V as the criterion. The 
photocurrent is defined as the difference between the 
photocurrent and the dark current, that is：

Figure 4I shows the photocurrent of the photodetec- 
tors under different monochromatic light irradiation 
at 1V. It can be seen that the photocurrents at a 
wavelength of 300-400nm is significantly higher than 
that at a wavelength of 400-650nm, by an order of 
magnitude, and the illumination current at a wavelength 
of 350nm is also significantly higher than that at 
300nm and 400nm. Therefore, the photodetectors 
have the largest response in the ultraviolet region, 
mainly detecting light with a wavelength of 300-400nm. 
However, in the previous ultraviolet absorption test, 
the position of the highest light absorption intensity 
was in the range of 400-450nm, which deviates from 
the corresponding result here. Thus, light absorption 
of the material can only be a prerequisite for light 
response, but the result of light absorption cannot fully 
reflect the change in light response. Generally, the 
light response value (R) and the detectivity (D*) are 
important indicators for evaluating the photodetection 
performance of the photodetectors. The light response 
value (R) can be defined as the photocurrent generated 
per unit power and per unit area, calculated by the 
following formula:

In the above equation, R represents the photore-
sponsivity, Iph is the photocurrent, P is the power of the 
incident light, and S is the effective area of the photo-
active channel in the detector. The performance of a 
photoactive material is generally influenced by three 
types of noise: dark current noise, Johnson noise, and 
thermal noise. Among them, dark current noise usually 
has the greatest impact, so the detectivity (D*) is typi-
cally calculated using the following equation:

Where D* represents the detectivity, R represents 
the responsivity, A represents the effective photoactive 
area of the phototransistor, e represents the ele- 
mentary charge, and Id represents the dark current. 
According to Equations (9) and (10), the responsivity 
and detectivity of photodetectors in the wavelength 
range of 300-700nm at a source-drain voltage of 
1V were calculated and the results are shown in 
Figure 4J-K. It can be observed that the GaSe/MoS2 
photodetector exhibited enhanced performance in 
terms of photocurrent, responsivity, and detectivity 
compared to the single-layer MoS2 photodetector, with 
a more significant improvement in the wavelength 
range of 300-400nm. Specifically, under excitation 
at 300nm, the GaSe/MoS2 photodetector achieved 
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a responsivity of 42.6A/W and a detectivity of 
8.17×1012Jones, which is three times that of the 
MoS2 photodetector. The improved optoelectronic 
performance can be attributed to the band structure 
coupling of MoS2 and GaSe, which can promote the 
separation of electrons and holes and prevent their 
recombination, leading to an increase in the number of 
carriers and an effective increase in the photocurrent. 
Additionally, the absorption characteristics of GaSe 
in the ultraviolet wavelength range enhances the 
response of the GaSe/MoS2 photodetector in the range 
of 300-400nm. To elucidate the intricate interplay 
between photocurrent and light power density, we 
extracted the photocurrent data corresponding to 
a source-drain voltage of 1V under varying light 
power densities (Figure 4I). Remarkably, the data 
unequivocally demonstrates a linear increase in 
photocurrent with low light power densities (below 
0.564mW/cm2). However, as the light power density 
surpasses this threshold, the photocurrent growth 
tapers, ultimately reaching a saturation state. Further 
investigation involved calculating the response value (R) 
and detectivity (D*) at different light power densities, 
as shown in Figure 4M-N. Both the response value 
(R) and detectivity (D*) display a diminishing trend 
as the light power density escalates, indicative of 
defect scattering between the single-layer MoS2 and 
the dielectric layer. At the same time, we observed 
consistent trends in the variations of the light 
response value and detectivity in both photodetector 
configurations, with a gradual decrease as the light 
power density escalates. Notably, the GaSe/MoS2 
photodetector outperforms its counterpart, exhibiting 
superior optoelectronic properties. Notably, at a light 
power density of 0.008mW/cm2, the GaSe/MoS2 
photodetector attains an impressive light response 
value of 52.2A/W and detectivity of 1×1013Jones.

Furthermore, it is imperative to subject the device 
to long-term performance testing, as the presented 
results are based on short-term light illumination 
and applied voltage conditions. The response speed 
assumes paramount importance as a key indicator of 
photodetection device quality. It is defined as the time 
required for the current to reach 80% of its maximum 
value upon activating or deactivating the excitation 
light. To evaluate the response speed and stability of 
the single-layer MoS2 photodetector, we conducted 
thorough testing under various conditions. Figure S6A-C 
present the I-t curves for 350nm, 450nm, and 550nm 
wavelength illuminations, with an applied voltage of 1V. 
Each cycle consisted of a controlled light illumination 
and dark period, both lasting 300sec. Comparing the 
previous findings on light response, a clear pattern 
emerges as the wavelength decreases. Remarkably, 
under nearly identical dark current conditions, the 
single-layer MoS2 photodetector exhibits a substantial 
enhancement in photocurrent upon light excitation, 

accompanied by a noticeable reduction in current 
during the dark period. This observation suggests that 
the recombination of charge carriers is facilitated more 
efficiently in the higher current state. Consequently, 
relative to other wavelengths, the single-layer MoS2 
photodetector displays heightened sensitivity in the 
ultraviolet range, particularly at shorter wavelengths. 
However, it is important to note that although the 
light-dark cycling ensures waveform stability and 
reproducibility, the 300sec light exposure is insufficient 
to achieve current saturation, and the subsequent 
300sec dark period does not reduce the current to 
the initial dark current level. Thus, the response time 
of the device extends to the order of hundreds of 
milliseconds, indicating a relatively slow response 
speed. This characteristic can be attributed to inherent 
defects within the material arising from the chemical 
vapor deposition growth technique. These defects 
impede the immediate and efficient excitation of most 
charge carriers upon light activation. Furthermore, 
during the light-off state, certain defects act as “traps” 
that impede the recombination of electrons and holes, 
necessitating a sufficiently long time for the current to 
return to its baseline level. Additionally, the testing was 
conducted under ambient conditions where the MoS2 
surface readily adsorbs oxygen and water vapor, leading 
to charge trapping and consequently compromising the 
optoelectronic properties. Despite the relatively slow 
response speed of the single-layer MoS2 photodetector, 
hindering instantaneous light-on and light-off 
transitions, visual analysis reveals excellent repeatability 
and stability of the device. To evaluate the long-term 
response at different wavelengths, an alternative metric, 
the light-to-dark response ratio, proves insightful. 
This ratio quantifies the stable light-induced current 
relative to the dark current during the light-dark cycle. 
Notably, the light-to-dark response ratio for the single-
layer MoS2 photodetector at excitation wavelengths 
of 450nm and 550nm remains below 2, while at 
350nm, it reaches approximately 3. These findings 
corroborate the rapid response exhibited by the single-
layer MoS2 photodetector at 350nm. In Figure S7A-D,  
To investigate the response speed and stability of the 
single-layer MoS2 photodetector at different light power 
densities, we conducted a comprehensive analysis using 
350nm monochromatic light with fixed 300sec durations 
for both the light-on and light-off states. Consistent 
with previous observations, we found that the 300sec 
duration was insufficient to reach current saturation 
during the light-on state or restore the current to its 
baseline level during the light-off state, indicating a 
relatively slow response speed. However, a closer 
examination of the obtained curves revealed intriguing 
insights into the device’s behavior. Particularly, at lower 
light power densities, specifically at 0.008mW/cm2,  
we observed a smaller increase in current during the 
300sec light-on period, even diminishing by an order 
of magnitude. This finding suggests that the single-
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Figure 4. Fabrication and Properties of GaSe/MoS2 Photodetectors.  A: Schematic diagram of GaSe/MoS2 photodetec-
tor; B: UV-Vis absorption spectroscopy of GaSe/MoS2 heterojunction and monolayer MoS2. Insets are the optical images of the 
GaSe/MoS2 photodetector; C-D: Output curves of MoS2 photodetector under 300-700nm monochromatic light with intensity 
of 0.564 mW/cm2; E-F: Output curves of GaSe/MoS2 photodetector under 300-700nm monochromatic light with intensity of 
0.564mW/cm2; G-H: Output curves of MoS2 and GaSe/MoS2 photodetectors under different light intensities at 350nm wave-
length; I-K: Performance of MoS2 and GaSe/MoS2 photodetectors under 300-700nm monochromatic light with intensity of 
0.564mW/cm2; (I) photocurrent; (J) photoresponsivity; (K) detectivity; L-N: Performance of MoS2 and GaSe/MoS2 photode-
tectors under different light intensities at 350nm wavelength:(L) photocurrent; (M) photoresponsivity; (N) detectivity; O-P: I-t 
curves of MoS2 and GaSe/MoS2 photodetectors under different light intensities at 350nm wavelength:(O) 0.564mW/cm2; (P) 
1.215mW/cm2.

layer MoS2 photodetector exhibits enhanced detection 
performance only when the incident light intensity 
exceeds a certain threshold. This phenomenon can be 
attributed to the complex interplay between charge 
carrier generation, recombination, and trapping 
dynamics, which become more prominent at higher 
light power densities. Furthermore, the reduced 
number of electrons transitioning to the conduction 
band at lower power densities was counteracted by 
the slower electron-hole recombination, resulting in 
a gradual convergence towards a stable state with a 
smaller decrease in current during the light-off state. 
This behavior elucidates the observed increase in peak 
current over time and highlights the intricate charge 
carrier dynamics involved in the device’s operation. 
Additionally, a comparative analysis of the I-t curves 
across the four different light power densities revealed a 
progressive enhancement in the light-to-dark response 
ratio with increasing power densities. Notably, at an 
illumination intensity of 1.215mW/cm2, the light-to-dark 
response ratio reached an impressive value of 3.34. 
These findings underscore the significant role of higher 
light power densities in improving the photodetection 
performance of the single-layer MoS2 photodetector, 
particularly in terms of its light-induced response 
relative to its dark current characteristics.

Based on the conclusive data obtained from the 
preceding experimental analysis, it is unequivocally 
evident that the GaSe/MoS2 photodetector exhibits a 
robust and discernible response within the ultraviolet 
spectral region. Consequently, we delved into an in-
depth investigation of the photodetector’s stability 
under varying light intensities at a precise excitation 
wavelength of 350nm. The I-t characteristics of both 
the GaSe/MoS2 and MoS2 photodetectors under 

two meticulously selected light intensities, namely 
0.564mW/cm2 and 1.215mW/cm2, are meticulously 
portrayed in Figure 4O-P. The GaSe/MoS2 photodetector 
demonstrates comparable response time to the MoS2 
photodetector. Despite the fact that the 300sec light 
exposure does not rapidly elevate the device’s dark 
current to a saturated state, an improvement in 
response speed is observed. Particularly noteworthy 
is the enhanced performance in terms of light-to-dark 
current ratio. Within the same 300sec duration, the 
photodetector effectively raises the low dark current to a 
higher level under illumination and reduces the elevated 
current back to its original dark current level. Notably, at 
a light power density of 0.564mW/cm2, the light-to-dark 
current ratio increases from 3 to 5.57, while at a power 
density of 1.215mW/cm2, it increases from 3.38 to 5.75.

Based on the previous electrical performance tests, 
it is evident that the MoS2 synthesized by chemical 
vapor deposition is an n-type material, whereas the 
mechanically exfoliated GaSe is a p-type material. 
Consequently, the photovoltaic device formed by these 
two materials also functions as a vertical P-N junction 
as shown in Figure 5A-B. To evaluate the photovoltaic 
performance of the GaSe/MoS2 device, we conducted 
photodetection experiments under varying wavelengths 
(300nm, 350nm, 400nm, 450nm, and 500nm) of 
incident light at a density of 0.564mW/cm2. Figure 5C 
presents the output characteristics of the device under 
dark and different light wavelengths. The rectification 
effect, indicating directional conductivity, is evident in 
the GaSe/MoS2 heterojunction device, resembling the 
electrical characteristics of a photodiode. Additionally, 
a photovoltaic effect is observed in this device when 
the output voltage and current are both zero, as 
shown in the inset in Figure 5C. This phenomenon is 
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absent in traditional two-dimensional material-based 
photodetectors. The P-N junction serves not only as 
a fundamental unit in diodes and photodetectors but 
also as a crucial component in solar cells. Therefore, 
the subsequent investigation will primarily focus on 
the photovoltaic effect of the GaSe/MoS2 vertical 
heterojunction. Under dark conditions, the device 
exhibits minimal current when the output voltage is 
0. However, when illuminated with ultraviolet light in 
the range of 300-400nm, the device demonstrates 
noticeable open-circuit voltage (Voc) and short-circuit 
current (Isc). For wavelengths between 300nm and 
400nm, the Voc values are measured as 0.124mV, 
0.131mV, and 0.118mV, while the Isc values are 
-0.003nA, -0.007nA, and -0.001nA, respectively. 
Photovoltaic devices offer a promising avenue for 
the conversion of solar energy into electrical power. 
The quantification of converted power (Pel) can be 
accomplished using the equation:

Where Pel represents the electrical power, Ids denotes 
the source-drain current, and Ids signifies the source-
drain voltage. By analyzing the curve presented in 
Figure 5C, the device’s output current under varying 
applied voltages can be determined. Subsequently, 
employing the aforementioned equation enables precise 
calculation of the electrical power, facilitating a rigorous 
evaluation of the GaSe/MoS2 vertical heterojunction 
device’s solar energy conversion efficiency. The 
Figure 5D illustrates the computed power curves for 
different excitation light intensities. Remarkably, at the 
wavelength of 300nm, the maximum electrical power 
reaches 9.361×10-5pW, while at 400nm, it amounts 
to 3.163×10-5pW. Notably, the peak electrical power 
is achieved at the wavelength of 350nm, with a value 
of 2.157×10-4pW. Upon acquiring measurements for 
short-circuit current, open-circuit voltage, and electrical 
power, fill factor (FF) can be calculated. The fill factor 
represents the ratio of the electrical power (Pel,m) to the 
product of the short-circuit current (Isc) and open-circuit 
voltage (Voc). It can be expressed using the following 
equation:

Employing this equation, the fill factors at different 
wavelengths, namely 300nm, 350nm, and 400nm, 
are determined as 0.25, 0.24, and 0.27, respectively. 
These results suggest that the fill factor of the GaSe/
MoS2 vertical heterojunction device exhibits negligible 
dependence on the wavelength within the ultraviolet 
range. Another vital performance indicator for 
characterizing the photovoltaic capability is the energy 
conversion efficiency (ηpv), which quantifies the device’s 
ability to convert incident light energy into electrical 
energy. The energy conversion efficiency can be 
calculated using the following formula:

Herein, ηpv represents the energy conversion 
efficiency, Pel,m denotes the maximum electrical 
power, and POPT signifies the applied optical power. 
Given the fixed optical power density of 0.564mW/
cm2, the energy conversion efficiency of the GaSe/
MoS2 vertical heterojunction device can be evaluated 
by considering the illuminated area. However, even at 
the wavelength of 350nm, where the output electrical 
power is maximized, the energy conversion efficiency 
remains at a modest 0.00028%. This indicates that 
there is considerable room for improvement in the 
performance of this heterojunction device. To further 
explore performance variations, particularly regarding 
the relatively high energy conversion efficiency 
observed at the 350nm wavelength, the device was 
subjected to changes in light intensity. Figure 5E 
illustrates the output characteristics of the GaSe/
MoS2 vertical heterojunction device at light intensities 
of 0.292mW/cm2, 0.564mW/cm2, 0.903mW/cm2, 
and 1.215mW/cm2. It becomes apparent that as 
the light power density increases, both the open-
circuit voltage (Voc) and short-circuit current (Isc) 
demonstrate an upward trend. Additionally, the 
electrical power under different applied voltages was 
computed, as shown in Figure 5F. The maximum 
output electrical power rises with increasing 
light intensity, reaching values of 1.158×10-4pW,  
2.157×10-4pW, 2.837×10-4pW, and 5.421×10-4pW, 
respectively. The fill factor consistently hovers around 
0.25 for different light intensities, suggesting no 
significant correlation. However, concerning energy 
conversion efficiency, the values remain approximately 
0.00028% for lower light powers. Interestingly, when 
the light power density reaches 1.215mW/cm2, the 
energy conversion efficiency experiences a modest 
improvement, reaching 0.00033%, an increase of 
approximately 18%. These results indicate that a 
discernible trend emerges when the light power density 
reaches a certain threshold.

Furthermore, understanding the electronic properties 
and charge dynamics in heterostructures is crucial for the 
development of next-generation optoelectronic devices. 
We investigated the band alignment and photocurrent 
generation in GaSe/MoS2 heterostructures. As evidenced 
by the calculation results, it is evident that monolayer 
MoS2 behaves as a direct bandgap semiconductor with 
a bandgap value of 2.16eV as shown in Figure 6A, while 
few-layer GaSe exhibits characteristics of an indirect 
bandgap semiconductor with a bandgap value of 2.29eV 
as shown in Figure 6B. These findings are in accordance 
with previous reports[55]. Figure 6C illustrates the band 
alignment between monolayer MoS2 and two-layer GaSe 
relative to the vacuum level. It is visually apparent that 
the GaSe/MoS2 heterostructure forms a type-II band 
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Figure 5. Fabrication and Properties of GaSe/MoS2 Photovoltaic Device. A: Schematic diagram of GaSe/MoS2 pho-
tovoltaic device; B: Optical image of the GaSe/MoS2 photovoltaic device; C: Output curve of GaSe/MoS2 photovoltaic de-
vice under 300-500nm monochromatic light with intensity of 0.564mW/cm2; D: The curve of electric power as a function 
of source-drain voltage under 300-500nm monochromatic light with intensity of 0.564mW/cm2; E: Output curves of GaSe/
MoS2 photovoltaic device under different light intensities at 350nm wavelength; F: The curve of electric power as a function of 
source-drain voltage under different light intensities at 350nm wavelength.

A B

C D

E F

alignment, with ΔEc of approximately 0.29eV and ΔEv 
of around 0.16eV. Upon closer examination of Figure 6D,  
it becomes clear that when MoS2 and GaSe come into 
contact to form a heterojunction, the disparity in the 
Fermi energy levels of the two materials results in 
a concentration gradient of the main carriers at the 
interface. To achieve equilibrium in the Fermi energy 
levels, free electrons diffuse towards the GaSe side, 
leading to an increase in the number of holes on the 

MoS2 side. Simultaneously, under external illumination 
conditions, the holes and electrons generated undergo 
recombination at the MoS2/GaSe interface. Consequently, 
the GaSe side, which predominantly contains holes, 
experiences a reduction in hole count, while the majority 
of the recombined electrons assume a negative charge 
state. Conversely, the MoS2 side, which predominantly 
contains electrons, loses electrons, resulting in a net 
positive charge at the macro level. As a result of these 
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Figure 6. Electronic Band Structures and Photocurrent Mechanism of the GaSe/MoS2 Heterostructure. A: Energy 
band diagram for monolayer MoS2; B: Energy band diagram for few-layer GaSe; C: Band-edge positions of few-layer GaSe 
and monolayer MoS2 relative to the vacuum level; D: Energy band diagram of the GaSe/MoS2 heterojunction.

A B

C D

factors, at the junction of GaSe and MoS2, where both 
materials have lost their respective charge carriers, a 
depletion layer is formed—a region comprised solely of 
positive and negative ions. This depletion layer arises 
due to the aforementioned reasons. The aforementioned 
phenomena lead to the MoS2 side exhibiting a positive 
charge due to the loss of electrons, while the GaSe 
side manifests a negative charge due to the reduction 
in holes. This charge separation engenders an internal 
electric field between the two dissimilar semiconductors, 
with the N region of the electric field pointing towards 
the P region. Driven by a robust built-in electric field, 
electrons in the vicinity of the GaSe side drift towards 
the MoS2 direction, while holes near MoS2 migrate 
towards the GaSe direction. Subsequently, the separated 
electrons and holes are collected by the electrode, 
generating a substantial amount of photocurrent under 
short-circuit conditions.

4 CONCLUSIONS
In summary, we demonstrate the controllable 

synthesis of monolayer MoS2 through chemical 
vapor deposition, offering a viable approach for the 
fabrication of MoS2/GaSe heterojunctions. Leveraging 
this synthesis technique, we construct photodetectors 
and photovoltaic devices based on GaSe/MoS2 
heterojunctions that exhibit exceptional performance. 
The photodetector surpasses its monolayer MoS2 

counterpart, achieving a remarkable photo-responsivity 
of 42.6A/W and a detectivity of 8.17×1012Jones 
under 300nm excitation with a light power density of 
0.564mW/cm2, representing a threefold improvement. 
Furthermore, the photovoltaic device demonstrates 
a pronounced photovoltaic effect in the ultraviolet 
region, with a fill factor consistently around 0.25 and 
an energy conversion efficiency of 0.00033% at 350nm 
wavelength. Our findings present an effective strategy 
for the controlled synthesis of heterostructures using 
two-dimensional materials and offer selectable insights 
for future advancements in optoelectronic device 
applications.
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