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Abstract 

The Van der Waals (vdWs) hetero-structures consist of two-dimensional materials have received extensive attention, 
which is due to its attractive electrical and optoelectronic properties. In this paper, the high-quality large-size gra-
phene film was first prepared by the chemical vapor deposition (CVD) method; then, graphene film was transferred to 
 SiO2/Si substrate; next, the graphene/WS2 and graphene/MoS2 hetero-structures were prepared by the atmospheric 
pressure chemical vapor deposition method, which can be achieved by directly growing  WS2 and  MoS2 material on 
graphene/SiO2/Si substrate. Finally, the test characterization of graphene/TMDs hetero-structures was performed by 
AFM, SEM, EDX, Raman and PL spectroscopy to obtain and grasp the morphology and luminescence laws. The test 
results show that graphene/TMDs vdWs hetero-structures have the very excellent film quality and spectral charac-
teristics. There is the built-in electric field at the interface of graphene/TMDs heterojunction, which can lead to the 
effective separation of photo-generated electron–hole pairs. Monolayer  WS2 and  MoS2 material have the strong 
broadband absorption capabilities, the photo-generated electrons from  WS2 can transfer to the underlying p-type 
graphene when graphene/WS2 hetero-structures material is exposed to the light, and the remaining holes can 
induced the light gate effect, which is contrast to the ordinary semiconductor photoconductors. The research on 
spectral characteristics of graphene/TMDs hetero-structures can pave the way for the application of novel optoelec-
tronic devices.
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Introduction
The size of traditional silicon-based metal oxide semicon-
ductor (CMOS) transistors become smaller with increase 
in the chip integration, and the preparation processes of 
device become much more complicated, so researchers 
have begun to focus on the ultra-thin hetero-structure-
based optoelectronics [1, 2]. The two-dimensional (2D) 
hetero-structures can be combined by the weak van der 
Waals (vdWs) force between the layers and the strong 
covalent bond of the layer. The layers can be separated 
by breaking the weak van der Waals bond and then 

easily transferred to other substrates [3]. The formation 
of new atomic-level 2D vdWs hetero-structures can be 
achieved by stacking the different 2D materials, and the 
synergistic effects of 2D hetero-structures become very 
important. Meanwhile, there are charge rearrangements 
and structural changes between adjacent crystals in het-
ero-structures, which can be regulated by adjusting the 
relative orientation of each element material. The differ-
ent hetero-structures can not only maintain the proper-
ties of single material, but also produce the new physical 
characteristics under the synergy effect [4–6]. The vdWs 
hetero-structures are the material guarantee for explor-
ing the new physical phenomena and laws, which can 
provide more possibilities for the nano-electronic devices 
with excellent photoelectric properties.
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Since the 2D-crystalline materials have the strong 
interactions against a light, they have attracted exten-
sive attentions as photosensitive materials [7]. Graphene 
is the atomic-level 2D material with excellent electrical, 
optical and mechanical properties, which has the wide 
application in the optoelectronics field [8–10]. However, 
the defect of zero band gap limits the application and 
development of graphene. The structure of 2D transi-
tion metal dichalcogenide (TMDs) materials is simi-
lar to that of graphene, and its band gap width changes 
with the layer number and thickness [11, 12]. The TMDs 
and graphene materials with complementary advan-
tages are superimposed together, which can promote 
the application of graphene and TMDs materials in the 
photoelectric detection field [13–15]. The high mobil-
ity of graphene can ensure the rapid response of device, 
and the Van Hof singularity in electronic state density of 
TMDs materials ensures the strong interaction between 
light and materials, which can effectively enhance the 
absorption of light and the generation of electron–hole 
pairs [16, 17]. The 2D hetero-structures were widely 
used in the new electronic and optoelectronic devices, 
which is due to its transport characteristics of charge 
tunneling or charge accumulation, flexible energy band 
engineering and unique interlayer exciton characteristics. 
Therefore, the interlayer synergy interaction between 
graphene and TMDs materials can effectively control 
the band structure, magnetic properties and the exciton 
properties of hetero-structures. The graphene/TMDs 
hetero-structures have the high photosensitivity and light 
response performance, which is due to the strong quan-
tum confinement effect [18, 19]. At present, there are 
the few studies on the controllable preparation methods 
of the large-area, large-size and high-quality graphene/
TMDs hetero-structures. And the preparation processes 
of hetero-structures are complicated, which is still a big 

challenge in terms of repeatability and controllability [20, 
21]. In addition, it is difficult to understand and grasp the 
spectral characteristics of graphene/TMDs hetero-struc-
tures, which largely hinder the application of graphene/
TMDs hetero-structures in future optoelectronic devices 
[22].

In this paper, graphene/WS2 and graphene/MoS2 het-
ero-structures were composed of three kinds of semicon-
ductor materials with different dielectric constant, band 
gap width and absorption coefficient. The 2D materials 
were directly grown on the single crystal graphene film 
of  SiO2/Si substrate to form the graphene/TMDs het-
ero-structures, which can ensure the clean interface and 
atomic level transition of hetero-structures. The structure 
of graphene,  MoS2 and  WS2 can be analyzed by the AFM, 
SEM, EDX, Raman and photoluminescence spectros-
copy to master the spectral characteristics of graphene/
TMDs hetero-structures, which can be used to prepare 
the high-speed electron mobility transistors (HEMT) and 
photoelectric detectors [23–25].

Methods
Preparation and Movement of Graphene
The large-area, high-quality graphene film was prepared 
by CVD system, which is composed of the tube furnace, 
gas mixing system and vacuum machine. First, the cop-
per foil with a size of 10  cm × 10  cm was placed into 
1  mol/L hydrochloric acid solution for the 3  min ultra-
sonic cleaning. Then, it was washed with water and etha-
nol in turn. Subsequently, it was dried by blowing argon 
gas. Finally, it was inserted in the middle of the quartz 
tube, and we installed the system and corrected the air 
pressure [26] (Fig. 1).

As we all know, polycrystalline copper foil would affect 
the quality of graphene, it is necessary to anneal the 
copper foil substrate before the growth experiment of 

Fig. 1 a CVD system diagram of graphene growth and b the temperature curve during graphene growth
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graphene. The specific conditions of the annealing pro-
cesses at stage 1 were the following: the annealing tem-
perature, time and the flow rate of hydrogen  (H2) gas 
were 1000  °C, 20 min and 30 sccm, respectively. At this 
time, the surface of copper foil would form the large 
area single crystal domain, and  H2 gas can reduce cop-
per oxide, which can obtain the high-purity copper sub-
strate. The growth temperature remains constant while 
entering stage 2, the flow rate of  H2 gas was adjusted to 
10 sccm, meanwhile 35 sccm methane  (CH4) gas was also 
introduced, the growth time and growth pressure were, 
respectively, maintained for 10  min and 1.08  Torr, and 
the growth rate of graphene was approximately 16 μm/s 
in our CVD experiment, which would ensure the prepa-
ration of relatively uniform monolayer graphene film [27, 
28]. Finally, the tube furnace was quenched to room tem-
perature at a certain rate, which can avoid damaging the 
surface of substrate.

The following describes the transfer-specific processes 
of monolayer graphene material to  SiO2/Si substrate [29]. 
First, PMMA solution with a mass fraction of 4% was uni-
formly spin-coated on the surface of monolayer graphene 
material with a size of 1  cm × 1  cm, the rotation speed 
and time were 3000 R/min and 1 min, respectively. Next, 
the copper foil substrate was etched by the  (NH4)2(SO4)2 
solution with a mass fraction of 3%, and the treatment 
time was 3–4 h. Then, the PMMA/graphene by the glass 
slide was rinsed repeatedly in deionized water 2–3 times, 
and PMMA/graphene was removed to the 50 °C constant 
temperature table by  SiO2/Si substrate, which can remove 
the water vapor between monolayer graphene mate-
rial and  SiO2/Si substrate, and the monolayer graphene 
material can be better attached to  SiO2/Si substrate. In 
this step,  SiO2/Si substrate with a size of 1 × 1  cm2 was 
ultrasonically cleaned with acetone, ethanol and water 
for 15  min, and the surface of  SiO2/Si substrate is very 

clean and uniform, which is conducive to the growth of 
graphene/TMDs hetero-structures. Finally, PMMA/gra-
phene/SiO2/Si was put in acetone solution for 3–4  h to 
dissolve PMMA and repeatedly wash it with alcohol and 
deionized water to ensure that monolayer graphene film 
can be transferred to  SiO2/Si substrate.

The Preparation of Graphene/TMDs Hetero‑structures
In CVD dual temperature zone tube furnace, the gra-
phene/SiO2/Si substrate was used for the growth of  MoS2 
and  WS2 material. The  MoO3,  WO3 and sulfur powders 
were used as the growth molybdenum source, tungsten 
source and sulfur source, respectively. The high-purity 
Ar gas was also used to prepare the graphene/MoS2 and 
graphene/WS2 hetero-structures, respectively. First, the 
quartz boat with 100 mg sulfur powder was placed at the 
upstream of tube furnace. Then, 2 mg  MoO3 powder (or 
 WO3 powder) was filled in another quartz boat, and the 
graphene/SiO2/Si substrate was flipped upside down on 
 MoO3 powder (or  WO3 powder). And then, the quartz 
boat equipped with the graphene/SiO2/Si substrate and 
 MoO3 powder (or  WO3 powder) was inserted into the 
high temperature area of tube furnace. The heating belt 
was wound on the quartz tube to heat the sulfur powder, 
which would ensure that sulfur powder was well con-
trolled and uniformly evaporated, as shown in Fig.  2a. 
Next, the high-purity Ar gas with a flow rate of 50 sccm 
was used as carrier gas, the evaporation temperature of 
sulfur powder was controlled at 150 °C, the growth tem-
perature and growth time of  MoS2 and  WS2 were 750 °C, 
920  °C and 10  min, respectively. Meanwhile, the first-
stage temperature was maintained at 100 °C for 10 min, 
which can remove the water vapor of tube furnace. The 
specific temperature change diagram is shown in Fig. 2b. 
Subsequently, sulfur powder began to sublimate to 
the sulfur vapor, and the sulfur vapor reaches the high 

Fig. 2 a Preparation schematic diagram of graphene/TMDs hetero-structures and b the relationship curve between growth temperature and time
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temperature area of tube furnace, which can be driven by 
Ar gas. It can be fully reacted with  MoO3 and  WO3 pow-
der, and the product was deposited on graphene/SiO2/Si 
substrate. Therefore, the growth rate of graphene/TMDs 
hetero-structures was consistent with that of TMDs 
materials [30]. After the growth of  MoS2 and  WS2 mate-
rial, the tube furnace was naturally cooled to room tem-
perature, and the color of substrate becomes light yellow.

The Test Characterization of Graphene/TMDs 
Hetero‑structures
In this paper, the test and characterization methods of 
graphene/TMDs hetero-structures mainly include the 
optical microscope (OM), Raman and photolumines-
cence (PL) spectroscopy, field emission scanning electron 
microscope (FESEM), energy-dispersive X-ray spectros-
copy (EDX) and atomic force microscope (AFM). First, 
the surface morphology of graphene/TMDs hetero-
structures can be observed by optical microscope, SEM 
and AFM. The layer number of hetero-structures can 
be judged according to the different contrast of hetero-
structure sample. Then, the spectral characteristics of 
graphene/TMDs hetero-structures were tested and char-
acterized. The growth morphology, growth pattern and 
growth mechanism of TMDs materials on graphene sur-
face were analyzed and speculated based on the charac-
terization results [31]. Next, Raman spectroscopy has the 
advantages of quickness, high efficiency and low destruc-
tiveness in terms of characterizing 2D materials. It can 
directly observe the interaction of electron phonons on 
the sample surface, which has a very wide range of appli-
cations in 2D materials. The layer number and crystal 
quality of 2D materials can be effectively judged by ana-
lyzing the characteristic peak position of Raman spectra, 
the characteristic peak position wave number difference 
and other characteristics of graphene/TMDs hetero-
structures. Finally, the PL spectra were also an important 
method for characterizing and analyzing 2D materials. 
When the bulk material is thinned to monolayer mate-
rial, the band gap width of TMDs material changes from 
the indirect band gap semiconductor to the direct band 
gap semiconductor. Meanwhile, the fluorescence effect 
was significantly enhanced, and there are the obvious 
characteristic peaks in the PL spectra. However, if the 
crystal quality of graphene/TMDs hetero-structures was 
not high, the characteristic peak intensity of PL spectra 
would be small even if the sample has few layers or mon-
olayer. Therefore, the layer thickness and crystal quality 
of sample can also be judged by PL spectra. In addition, 
the distribution, element type and concentration percent-
age of graphene/TMDs hetero-structures films can be 
obtained by FESEM and EDX. Meanwhile, the AFM test 

was also used to grasp the surface cleanliness, roughness 
and material thickness of hetero-structures film samples.

Both the PL and Raman spectra were collected by the 
LabRAM HR Evolution high-resolution Raman spec-
trometer, which was produced by HORIBA Jobin Yvon 
(French company) [32, 33]. The range of Raman and 
PL spectra was 300 cm−1–3000  cm−1 and 550–800  nm, 
respectively. And the Raman and PL spectra were 10% 
power and 5% power, respectively. The following were the 
specific test conditions, spectral resolution ≤ 0.65  cm−1; 
spatial resolution: horizontal ≤ 1  μm, vertical ≤ 2  μm; 
532 nm laser, 50× objective lens (beam spot diameter is 
1.25  μm, and 100% laser power equivalent to 7500  μw/
cm2); scan time 15 s, and the cumulative number is 2.

Results and Discussion
The Optical Micrograph and Characterization of Graphene/
WS2 Hetero‑structure
The morphology of hetero-structures can be distin-
guished by the high-resolution microscope of Raman 
spectrometer. Figure  3a shows the optical microscope 
images of graphene/WS2 hetero-structure under the dif-
ferent locations of  SiO2/Si substrate. Since the color of 
graphene film transferred to  SiO2/Si substrate was not 
much different, the graphene film is relatively uniform 
and complete. The surface of graphene/SiO2/Si sub-
strate was clean except for a small amount of particles, 
which indicates the presence of better quality graphene 
film. Meanwhile, the nucleation density of  WS2 became 
maximum when the gas concentration is sufficient in 
the growth experiment of  WS2. And the  WS2 grown on 
graphene/SiO2/Si substrate was the triangular structure 
grain with the uniform grain surface and a side length 
about 120 μm. The shape of  WS2 was regular and com-
plete, and the thickness was uniform, which is much 
larger than the size of mechanical peeling sample [34]. 
In Fig.  3b, since the fluorescence intensity of  WS2 sam-
ple is highly uniformly distributed, the triangular mon-
olayer  WS2 film has the higher quality and lower defects. 
It can be seen from Fig. 3c, d that the morphology of  WS2 
film sample is triangle, and the thickness of  WS2 film is 
0.83  nm, which indicates the preparation of monolayer 
 WS2 film. In addition, SEM was also used to analyze the 
morphology of  WS2 sample film, and the morphology 
was the regular triangular with uniform thickness, as 
shown in Fig. 3e. In Fig. 3f, the dock element, sulfur ele-
ment and carbon element are shown in EDX spectrum, 
which shows that graphene/WS2 hetero-structure mate-
rial is successfully transferred and prepared.

The molecular vibration and rotation information of 
material can be obtained by Raman spectroscopy, which 
are the fingerprint vibration spectra for identifying the 
material structure. The layer number and crystal quality 
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of  WS2 sample can be effectively judged by the character-
istic peak position and wave number difference of Raman 
spectra. Figure 4a shows the Raman spectra of  WS2 sam-
ple at different positions, the  E1

2g and  A1g characteris-
tic peaks were located at 350.4  cm−1 and 416.1  cm−1, 
respectively. When the bulk  WS2 changes to monolayer 
material,  E1

2g and  A1g characteristic peaks appear the 
blue-shifted and red-shifted, respectively. Therefore, the 
layer number can be judged by the wave numbers dif-
ference between two characteristic peaks, and the wave-
number difference was 65.7 cm−1, so the triangular  WS2 
grains were monolayer material. In Fig.  4b, the strong-
est luminescence peak was located at 626  nm, and the 

corresponding band gap was 1.98  eV, which is consist-
ent with the band gap width of monolayer  WS2. As we 
all know, the PL intensity of 2D material is related to the 
crystal quality and layer number. The 2D material has the 
fewer defect and layer number, and the luminous inten-
sity is higher, which indicates that the crystal quality is 
better [35]. The variable power characterization can be 
performed at the nW level to prevent the laser irradiation 
from damaging the sample. It can be found by observ-
ing Fig. 4c that the peak position of  E1

2g plane vibration 
mode remains basically unchanged with increase in the 
excitation power, and the  A1g vibration mode between 
the planes moves to the short wave number direction. 

Fig. 3 a Optical micrograph, b mapping image, c AFM image, d height profile image, e FE-SEM image and f EDX spectrum of graphene/WS2 
hetero-structures on  SiO2/Si substrate
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This is because the  A1g vibration mode has the great rela-
tionship with electron concentration, and the increase in 
electron concentration would lead to the reformation of 
band gap. As shown in Fig. 4d, the PL spectra intensity of 
 WS2 increases with the laser power increases, and there 
exists the fluorescence quenching phenomenon, which 
is due to the reformation of band gap and the interlayer 
interaction of hetero-structures. At the same time, it can 
also be found that the local temperature of material did 
nearly not change with increase in the laser power. This is 
because  WS2 is the atomic layer-level nanomaterial.

The layer number characterization and quality infor-
mation of graphene material can be obtained by Raman 
spectroscopy. In Fig. 5a, the Raman diffraction spectra of 
graphene at different positions has the three main charac-
teristic peaks, D peak, G peak and 2D peak, were, respec-
tively, located at 1330 cm−1, 1583 cm−1 and 2674 cm−1. 
The D peak is related to the disorder of graphene lattice 
structure, and the position of D peak was blue-shifted 

when graphene material has more lattice defects, which 
can reflect the defects and impurity content of crys-
tal. The 2D peak is the two-phonon second-order reso-
nance Raman peak, which can indicate the carbon atoms 
arrangement of graphene material. Besides, the G peak 
is caused by the  E2g mode of first Brillouin zone center, 
the peak height increases almost linearly with the layers 
number of graphene, and the G peak intensity is related 
to the doping of graphene to a certain extent. The rela-
tive ratio of 2D peak and G peak can be used to roughly 
determine the layers number of graphene, and the ratio 
of D peak to G peak would decrease when the defect 
density is increased. The weak D peak appears in the 
Raman spectra of graphene when the growth of  MoS2 
(or  WS2) material was completed, which indicates that 
the graphene domain still maintains the high quality. The 
2D peak intensity of exposed graphene area weakened, 
which is affected by the high-temperature growth pro-
cess. The full width at half maxima (FWHM) of graphene 

Fig. 4 Spectral characterization of  WS2. a Raman spectra at different positions, b PL spectra at different positions, c power Raman spectra and d 
power PL spectra
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2D peak gradually increases with increase in the layers 
number, and the peak position of 2D peak is blue-shifted, 
which may be related to the energy band relationship of 
graphene material. The electronic energy band structure 
splits with increase in the layers number, and a variety 
of phonon resonance scattering processes would occur. 
The exciton peak would be excited by absorbing more 
energy, which would lead to the blue shift of 2D peak 
position. The peak intensity of G peak at Point C and E 
is significantly higher than that of 2D peak. The I2D/IG 
ratio decreases with increase in the thickness, and the 
transferred graphene in this experiment was not very 
uniform, which is within the allowable range. Figure  5b 
shows the power Raman spectra of monolayer graphene. 
The G and 2D peak intensity of graphene is gradually 
increasing with increase in the laser power and tempera-
ture, and there is basically no change of the peak position 
and FWHM. The G peak and 2D peak were, respectively, 
located at 1581  cm−1 and 2672  cm−1, and the intensity 
of two characteristic peaks differs greatly. Due to the 
interaction change between graphene and underlying 
 SiO2, the characteristic peak ratio of I2D/IG is decreased. 
Meanwhile, there were no D defect peak of Raman spec-
tra, which indicate that the selected graphene region has 
a high quality and the carbon atoms are highly ordered.

Raman spectroscopy was used to characterize and 
analyze the graphene/WS2 hetero-structure material, 
and there were two spectra of 300 cm−1 ≤ ω ≤ 500 cm−1 
and 1400  cm−1 ≤ ω ≤ 3000  cm−1, which were fit-
ted by the Lorentz function. There were the  E1

2g and 
 A1g modes characteristic peaks of  WS2 in the range of 
300 cm−1 ≤ ω ≤ 500 cm−1. The  E1

2g phonon mode is the 
in-plane displacement of sulfur and tungsten atoms, 
while the  A1g phonon mode is the out-of-plane displace-
ment of sulfur atoms, the above phonon mode locations 

and intervals vary with the layers number. The G and 
2D peaks of graphene appear in the spectra region of 
1400  cm−1 ≤ ω ≤ 3000  cm−1, and the layer number and 
crystal quality information of graphene can be obtained 
according to the intensity ratio and the peak position of 
characteristic peaks.

The frequency difference of two different Davydov 
splitting peaks can reflect the interaction magnitude of 
vdWs hetero-structures. Therefore, the intra-layer vibrat-
ing phonon mode frequency of multilayer 2D mate-
rial also depends on the interlayer coupling and layers 
number. Figure  6a shows the Raman spectra test char-
acterization of graphene/WS2 hetero-structure at differ-
ent points under the 532 nm laser. It can be found that 
the intensity of  E1

2g characteristic peak was higher than 
that of  A1g characteristic peak intensity, and the  E1

2g and 
 A1g characteristic peaks were located at 349.3 cm−1 and 
417.1  cm−1, respectively. The Raman spectra 2D and G 
peaks of graphene/WS2 hetero-structure were, respec-
tively, at 1591.5  cm−1 and 2680.9  cm−1, and the peak 
position of 2D and G peaks rise compared with pure 
graphene, which may be related to the effective inter-
layer coupling of  WS2 nano-sheets and the strain effect 
generated by the high temperature heating during CVD 
growth. The Raman spectra of graphene/WS2 hetero-
structure material is only the sum of the individual sep-
arated  WS2 and graphene spectra, which can confirm 
the formation of vdWs heterojunction interface. The PL 
spectra intensity is related to the crystal quality and layer 
number. Raman spectroscopy focuses on the influence of 
hetero-structures formation on the vibration modes, and 
the electronic band structure of TMDs hetero-structures 
material can be mainly obtained by PL spectra. Figure 6b 
shows the PL spectra of graphene/WS2 hetero-structure 
at different points. The strongest luminescence peak was 

Fig. 5 Spectral characterization of graphene. a Raman spectra at different positions and b power Raman spectra
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located at 624 nm, and the corresponding band gap was 
1.99 eV, which is consistent with the band gap width of 
monolayer  WS2. The graphene/WS2 hetero-structure 
material at different positions has the different inten-
sity and shape of PL spectra, and the crystal quality is 
not very good. Therefore, the preparation processes of 
hetero-structure need to be further improved. The PL 
spectra intensity of graphene/WS2 hetero-structure is 
weaker than that of  WS2. This is because the inter-layer 
coupling of graphene/WS2 hetero-structure changes the 
exciton fluorescence of hetero-structures region, which 
would lead to the separation of electron–hole pairs and 
the reduction in fluorescence. Meanwhile, the peak posi-
tion shifts when the graphene/WS2 hetero-structure is 
formed, and the transfer of charge can cause the shift of 
Fermi surface, which can make the free excitons change 
into the charged excitons. Figure  6c shows the power 
Raman spectra of graphene/WS2 hetero-structure. The 
in-plane phonon mode  E1

2g characteristic peak and the 

out-of-plane phonon mode  A1g characteristic peak were, 
respectively, at 356 cm−1 and 418 cm−1, where the above 
characteristic peak is increased with increase in the laser 
power. The peak position and shape of characteristic peak 
were uniform within single crystal, and the electronic 
characteristics of  WS2 on graphene/SiO2/Si substrate 
were uniform. The thickness of  WS2 sheet can be deter-
mined according to the frequency difference between  A1g 
and  E1

2g characteristic peaks, and the average distance 
was 62 ± 0.2  cm−1, which is consistent with the thick-
ness of monolayer  WS2. Compared to the peak positions 
of intrinsic graphene, the G peak and 2D peak positions 
of graphene/WS2 hetero-structure from 1578.7 cm−1 and 
2685.8  cm−1 change to 1582.2  cm−1 and 2689.5  cm−1, 
respectively. Besides, the intensity of G peak becomes 
stronger than that of 2D peak with increase in the laser 
power, and decrease in the I2D/IG ratio, which is caused 
by the interaction change between graphene and  SiO2/
Si substrate [36, 37]. It can be found by observing Fig. 6d 

Fig. 6 Spectral characterization of graphene/WS2 hetero-structure. a Raman spectra at different positions; b PL spectra at different positions; c 
power Raman spectra; and d power PL spectra
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that the PL intensity of graphene/WS2 hetero-structure is 
increased with increase in the laser power, the FWHM of 
PL spectra also increasing, and the shape of PL spectra is 
changed. The reason is that the test temperature around 
hetero-structure is increased, and there is also the strong 
interlayer coupling at the interface of graphene/WS2 
heterojunction.

The Raman spectra of graphene/WS2 hetero-structure 
were significantly different from that of exposed graphene 
region, as shown in Fig. 7a. First, the spectral background 
rises when wavenumber increases, and the background 
comes from the PL spectra of  WS2, which confirms the 
presence of graphene/WS2 hetero-structure. Next,  WS2 
material can suppress the 2D characteristic peak inten-
sity of graphene. Finally, both G peak and 2D peak of 
graphene/WS2 hetero-structure shift upward compared 
with the spectra of bare graphene material. Due to the 
interlayer coupling between graphene and  WS2, the 
2D peak would also shift up, and the mechanical strain 
also has the impact on the Raman shift of graphene. The 
enhancement factor (EF) is the ratio of the maximum 
peak intensity of graphene/WS2 hetero-structure divided 
by the maximum peak intensity of graphene. The maxi-
mum peak intensity of G peak increases from 460 to 830, 
and the maximum peak intensity of 2D peak increases 
from 340 to 1460, and the corresponding EF were 1.8 
and 4.3, respectively. The D peak signal is significantly 
enhanced when the graphene/TMDs hetero-structures 
is formed. Therefore, the ID/IG ratio of monolayer gra-
phene is weaker than that of graphene/WS2 hetero-struc-
ture. This is because the extrusion of  WS2 on graphene 
has the effect on the structure of graphene, which would 
result in the appearance of a small number of defects. In 
Fig.  7b, the PL intensity of graphene/WS2 hetero-struc-
ture is higher than that of bare graphene, which may be 

related to the effective interlayer coupling and the strain 
effect. Meanwhile, the maximum intensity of PL spectra 
is increased from 270 to 1410, and the corresponding 
EF is 5.23. The intensity enhancement of characteristic 
peak can be attributed to the coupling of graphene/WS2 
hetero-structure.

Raman spectroscopy can be used to evaluate the crys-
tal quality and film thickness of 2D materials. The Raman 
spectra comparison of  WS2 and graphene/WS2 hetero-
structure is shown in Fig.  8a. Compared to the Raman 
spectra of  WS2, the  A1g mode characteristic peak position 
of graphene/WS2 hetero-structure was blue-shifted, and 
the intensity of  E1

2g mode and  A1g mode characteristic 
peaks was higher than those of  WS2, and the graphene/
WS2 hetero-structure film has the excellent crystallin-
ity. The reason is that the coupling between layers can 
be enhanced when the two materials are stacked to form 
the hetero-structure, which would generate the interlayer 
interaction forces. The maximum  E1

2g and  Alg character-
istic peak intensity increases from 3400 and 1100 to 6500 
and 2950, respectively. And the enhancement factors 
(EF) are 1.9 and 2.7, respectively. In addition, monolayer 
 WS2 and multilayer  WS2 are the direct band gap semi-
conductor and indirect semiconductor materials, respec-
tively. Therefore, the PL spectroscopy can be used to 
identify the layer number of  WS2 sample. In Fig. 8b, the 
above two materials show that the strongest PL emission 
was around 626 nm, and that the band gap was approxi-
mately at 1.98  eV, which is consistent with band gap of 
the mechanically peeled monolayer  WS2. The PL inten-
sity of graphene/WS2 hetero-structure was stronger than 
that of monolayer  WS2. The reasons are the following: 
First, the work function between graphene and  WS2 does 
not match. Second, the internal field was formed. Third, 
the photoelectrons from  WS2 can transfer to graphene. 

Fig. 7 a Raman spectra and b PL spectra characteristics comparison of graphene before and after  WS2 growth
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Forth, the  WS2 material retains holes. The maximum 
intensity of strongest peak increases from 7450 to 19,320, 
and the EF of PL spectra are 2.6. The increase in peak 
intensity is due to the coupling between graphene and 
 WS2 materials.

Optical Micrograph and Characterization of Graphene/
MoS2 Hetero‑structure
The optical microscope pictures of graphene/MoS2 het-
ero-structure on  SiO2/Si substrate are shown in Fig. 9a. 
We found that the color of the graphene transferred to 
 SiO2/Si substrate was not much different from the origi-
nal one. The surface was relatively clean except for a few 
particles in some areas. These results indicate that the 
graphene film is uniformly and completely formed. The 
 MoS2 thin film covers graphene/SiO2/Si substrate, which 
can be connected into the continuous graphene thin film 
across the grain boundaries. The prepared graphene/
MoS2 hetero-structure was continuous and intact, and 
the sample surface was relatively clean, which has the 
good surface uniformity. The local fluorescence intensity 
distribution is not uniform when there are many defects. 
Figure 9b shows the in-plane fluorescence intensity dis-
tribution of triangular monolayer  MoS2 film. The crystal 
lattice of sample has the fewer defects. In Fig. 9c, d, the 
surface condition of the material is observed by AFM, 
and the height difference between the edge of the mate-
rial and the graphene/SiO2/Si substrate is measured to 
judge the material thickness, the thickness of monolayer 
 MoS2 material is about 0.81 nm. It can be found by the 
SEM test result that the morphology of  MoS2 film sam-
ple is the triangular flake, as shown in Fig. 9e. It can be 
found by observing Fig. 9f that the molybdenum, sulfur 
and carbon elements are uniformly distributed in the 
EDX spectrum, which indicates that the graphene/MoS2 
hetero-structure has been successfully prepared.

The interlayer interaction weakens with decrease in 
the film thickness. The  A1g mode characteristic peak 
is red-shifted, whereas the characteristic peak of  E1

2g 
mode is blue-shifted. As a result, the frequency dis-
tance between  A1g and  E1

2g vibration modes becomes 
smaller, which can be used to identify the thickness of 
2D materials. Figure  10a shows the Raman spectra of 
 MoS2 at different positions. The characteristic peaks 
of  E1

2g mode and  A1g mode were at 381.2  cm−1 and 
400.5  cm−1, respectively. And the peak spacing was 
19.3  cm−1, which indicates the presence of monolayer 
 MoS2. Due to the Van der Waals force between the lay-
ers, the frequencies of two vibration modes moving 
in the same or opposite directions between adjacent 
atoms in the layers are slightly different. The PL spec-
tra are used to obtain the light emission characteris-
tics of  MoS2 film, as shown in Fig. 10b. As we all know, 
the luminous intensity of monolayer  MoS2 was much 
greater than that of multilayer, and the electronic band 
structure changed from indirect band gap to direct 
band gap when the layer number of  MoS2 material 
changed from multilayer to single layer. Therefore, there 
was only the strong emission peak of monolayer  MoS2. 
In addition, the strongest PL peak was at 678.5 nm, and 
the corresponding direct band gap was 1.83 eV, which 
is close to the band gap value of mechanically peeling 
 MoS2 film. It can be found by observing Fig.  10c that 
the characteristic peak intensity of Raman spectra is 
increased with increase in the laser power and that 
the peak positions of  E1

2g and  A1g mode characteristic 
peak were blue-shifted. This is because the Raman peak 
line would have a certain frequency shift with increase 
in the temperature and laser power. Figure  10d shows 
the power PL spectra of  MoS2, the luminous intensity 
increasing accordingly with increase in the laser power, 
and the strongest PL peak position was blue-shifted.

Fig. 8 a Raman spectra and b PL spectra characteristics comparison between  WS2 and graphene/WS2 hetero-structure
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A high-frequency layer vibrating phonon mode of mon-
olayer 2D material would split into the N corresponding 
high-frequency modes in an N-layer 2D material, which 
would lead to the Davydov splitting. Figure  11a shows 
the Raman spectra of graphene/MoS2 hetero-structure, 
and there were the G, 2D peaks of graphene and the  E1

2g 
and  A1g peaks of  MoS2, which indicates the formation of 
layered graphene/MoS2 hetero-structure material. The 
 E1

2g and  A1g Raman characteristic peaks of  MoS2 were 
located at 375.5 cm−1 and 394.4 cm−1, respectively. And 
the peak spacing was 18.9 cm−1. Compared with intrinsic 
graphene, the G peak and 2D peak positions of graphene/
MoS2 hetero-structure shift to large wavenumbers, and 

G peak and 2D peak move from 1581 and 2672 cm−1 to 
1587 and 2674 cm−1, respectively. In addition, the inten-
sity of G peak is stronger than that of 2D peak. The rise 
of the 2D and G peaks position is related to the effective 
interlayer coupling and the strain effect. Compared with 
the Raman spectra of  MoS2 material, the spectra of gra-
phene/MoS2 hetero-structure material are significantly 
shifted due to the enhancement of interlayer atomic 
interaction, and the peak intensity can also be signifi-
cantly enhanced. It can be found from Fig. 11b that the 
graphene/MoS2 hetero-structure has two absorption 
peaks at 621  nm and 683  nm and that the correspond-
ing band gaps were 1.99 eV and 1.82 eV according to the 

Fig. 9 a Optical micrograph, b mapping image, c AFM image, d height profile image, e FE-SEM image and f EDX spectrum of graphene/MoS2 
hetero-structure on  SiO2/Si substrate
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conversion relationship between wavelength and electron 
volt. The luminous intensity of graphene/MoS2 hetero-
structure was lower than that of intrinsic  MoS2. The rea-
sons of these phenomena are that the graphene material 
has the weakening effect on the fluorescence of  MoS2 
material and that the electronic energy band and elec-
tronic distribution can be changed due to the interlayer 
coupling, which can greatly change the PL and Raman 
spectra.

Figure  11c shows the power Raman spectra of gra-
phene/MoS2 hetero-structure, the Raman peaks inten-
sity of G, 2D, E1

2g, and  A1g increasing with increase in the 
laser power. The peak position difference between  E1

2g 
and  A1g is gradually enhanced with increase in the layer 
number of  MoS2 material. The characteristic peak posi-
tions of  E1

2g and  A1g were 377.2  cm−1 and 396.7  cm−1, 
respectively. And the peak position difference was 
19.5  cm−1, which can be judged that  MoS2 material is 
the monolayer. Meanwhile, the G and 2D peaks of gra-
phene were red-shifted and blue-shifted, respectively. 
This is because graphene material is doped with  MoS2. It 
can be found by observing Fig. 11d that there were two 

PL peaks of graphene/MoS2 hetero-structure. These PL 
peak corresponding to the compound transition of A and 
B excitons, wherein the light emission corresponding to 
the direct band gap exciton recombination was 1.84 eV, 
whereas the peak corresponding to the indirect band 
gap exciton recombination was at 2.0  eV. The luminous 
intensity of strongest peak is increased with increase in 
the laser power, and the peak position of the strongest 
PL spectra is red-shifted. This is due to the p-type con-
ductivity of the graphene and the change of band struc-
ture when graphene and  MoS2 materials were stacked. In 
addition, the arrangement of energy bands at the inter-
face allows the electrons from electron-rich  MoS2 to 
transfer to p-type graphene material.

Conclusion
Graphene/TMDs-based hetero-structures, where  WS2 
and  MoS2 were used as TMDs material, were success-
fully synthesized directly on graphene films by using 
APCVD. The morphology, spectral characteristics and 
luminescence law of hetero-structures can be obtained 
by AFM, SEM, EDX, Raman and PL spectroscopy, and 

Fig. 10 Spectral characteristics characterization of  MoS2. a Raman spectra at different positions, b PL spectra at different positions, c power Raman 
spectra and d power PL spectra
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the hetero-structures show the excellent photosensi-
tivity. Compared with intrinsic graphene material, the 
G and 2D peak positions of graphene/TMDs hetero-
structures are the blue-shifted, the intensity of G peak 
is stronger than that of 2D peak with increase in the 
laser power and decrease in the I2D/IG ratio. Due to 
the presence of internal electric field, the photo-gen-
erated electron–hole pairs can be effectively separated 
at the interface of graphene/TMDs hetero-structures, 
which could greatly improve the light response. This 
research could effectively guide the preparation process 
improvement in large-area, high-quality hetero-struc-
tures, and it could also pave the way for the application 
of graphene/TMDs hetero-structures in the optoelec-
tronic devices field.
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