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ABSTRACT

Two-dimensional molybdenum disulfide (MoS2) has been proved to be a good candidate in photodetectors, and MoS2/graphene (MoS2/G)
heterostructure has been widely used to expand the optical response wavelength of MoS2. To clarify the carrier transfer dynamics in the
MoS2/G heterostructure, time-resolved transient absorption and two-color pump–probe measurements are performed. By comparing
the carrier dynamics in MoS2 and MoS2/G under different pump wavelengths, we find that interfacial excitons are formed in the hetero-
structure, and fast hot carriers transfer (<200 fs) from graphene to MoS2 are observed. The results indicate that the formed heterostruc-
ture with graphene can not only expand the optical response wavelength of MoS2 but also improve the response time of the device in the
near-infrared region.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174742

I. INTRODUCTION

Photodetectors have been widely applied in various fields,
including optical sensing, imaging, optical communications, etc.1–4

Compared with traditional semiconductors, two-dimensional (2D)
materials exhibit outstanding advantages such as atomic thickness,
adjustable bandgap, high photoelectric responsivity, and well flex-
ibility, meeting the needs of future photodetectors with higher
performance and smaller size.5–7 In recent years, 2D molybdenum
disulfide (MoS2) has become a research focus in the field of pho-
todetectors, benefiting from its unique properties of flexible prep-
aration, layer dependent physical properties, and adjustable
photoelectrical response.8–10 For example, Radisavljevic et al. in
2011 prepared a field effect transistor based on high-quality
monolayer MoS2 with a mobility of ∼200 cm2 V−1 S−1 at room
temperature, which is comparable to that achieved in silicon thin
films.11 Yin et al. fabricated a novel phototransistor based on
mechanically exfoliated monolayer MoS2 nanosheets for the first
time, which showed better photoresponsivity than graphene-
based devices.12 Based on the temperature-dependent photocon-
ductivity of MoS2, Di Bartolomeo et al. reported recently that the
photoconductivity of MoS2 transistors increases with increasing
temperature, above room temperature under ambient pressure.13

However, due to the limitation of the intrinsic bandgap of MoS2,
its spectral responsivity is often limited to the visible light
range.14–16

To adjust the absorption spectral range, different methods
including electric field regulation, chemical doping, and construct-
ing heterostructures with other 2D materials have been proposed to
control the bandgap of 2D MoS2 materials. Among these methods,
the MoS2/graphene (MoS2/G) heterostructure proved to be an
effective strategy to improve the performance of MoS2-based
photodetectors due to the unique properties of graphene with
extremely high carrier mobility, very low resistivity,17 and zero-
bandgap.18 Studies of the past few years have demonstrated that
graphene can form junctions with 2D semiconducting materials
that showed rectifying characteristics and behaved as excellent
Schottky diodes.19 In recent years, many studies have achieved
higher responsivity and wider operating wavelength by introduc-
ing graphene into MoS2-based photodetectors. For example,
Vabbina et al. fabricated a MoS2/G photodetector with a
maximum photo responsivity of 1.26 AW−1 and a wide range
of wavelengths from visible region to mid-infrared region.20

Xu et al. prepared a graphene–MoS2 hybrid phototransistor with
a high responsivity of 10 AW−1, which is much higher than that
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of an individual graphene phototransistor or a MoS2-based photo-
transistor.21 The heterostructure can not only expand the absorp-
tion spectrum of the material but also modulate the photophysical
response dynamics because of the charge transfer between different
2D materials. There are some studies about the interlayer charge
transfer in 2D heterostructures, and a femtosecond pump–probe
transient absorption technique is commonly used to study these
processes. For example, Xu et al. have studied the interlayer transfer
dynamics in MoS2/G heterostructures by ultrafast spectroscopy.22

However, there is an initial rapid transfer of electrons from gra-
phene to the MoS2 layer, which cannot be well resolved due to the
relatively lower temporal resolution of the system. Recently, Zou
et al. observed the formation and relaxation of interfacial excitons
in MoS2/G heterostructures and proposed that the hot electrons in
graphene are transferred to MoS2 within 0.5 ps.23 However, direct
evidence of hot electron transfer from graphene to MoS2 has not
been demonstrated, and the charge transfer as well as the relaxation
processes of interlayer carriers in MoS2/G heterostructures still
need further study.

In this work, we studied the carrier dynamics of monolayer
MoS2 and MoS2/G heterostructure using femtosecond transient
absorption (TA) and time-resolved two-color pump–probe spectro-
scopy. We studied the transfer process of interlayer carriers under
different energy pump lights. Our experimental results show that
when the pump light energy is lower than the bandgap of MoS2,
the electrons in graphene are transferred to MoS2, and the time of
this process is shorter than 200 fs; when the pump light energy is
higher than the MoS2 bandgap, the holes in MoS2 are transferred
to graphene, which takes about 800 fs.

II. MATERIALS AND METHODS

A. Synthesis of MoS2/G heterostructures

The monolayer MoS2 films on sapphire substrates were pre-
pared using the chemical vapor deposition (CVD) method. The
MoS2/G heterostructures were prepared in the following two steps:
the monolayer graphene film was first grown on a copper foil via
the CVD process and then, transferred onto the top of the mono-
layer MoS2 film grown on a 1.0 mm-thick sapphire substrate.

B. Instruments and measurements

UV–vis absorption spectra of the samples were obtained from a
spectrophotometer (UV-2600, China). Raman spectra were acquired
from a Raman system (HR800, France) with 532 nm laser excitation.
X-ray photoelectron spectroscopy (XPS) experiments were carried
out with an x-ray photoelectron spectrometer (ESCALAB Xi+, USA).

TA spectra of the samples were measured using a home-built
femtosecond time-resolved TA setup.24,25 A mode-locked Ti:sap-
phire amplifier system (Vitesse, Conherent) was used (central wave-
length: 800 nm, pulse duration: 50 fs, repetition rate: 1 kHz) as the
laser source. The output was split into two beams: the stronger one
of which was frequency doubled to generate a 400 nm pump light
and the other one was focused into a sapphire plate to generate a
broadband supercontinuum probe light (ranging from 450 to
750 nm). Using an optical chopper, the repetition rate of the pump
pulse was adjusted to 500 Hz and was focused on the sample with

probe light. TA spectra were obtained by comparing the probe light
spectra with and without pump light excitation. By adjusting the
delay time between pump and probe pulses, TA spectra changes as
a function of the delay time were recorded. The TA spectra were
acquired at room temperature and ambient pressure.

Time-resolved two-color pump–probe spectroscopy was per-
formed under ambient conditions at room temperature. The system
used the femtosecond laser mentioned above and an optical para-
metric amplifier (OPA) as the laser source. In the measurements,
an 800 nm fundamental laser and a frequency-doubled 400 nm
laser were used as the pump light, respectively, and the output with
different wavelengths from the OPA was used as the probe light.
The pump and probe pulses were focused into the sample simulta-
neously, and the pump–probe time delay was controlled using a
motorized translation stage. The time-resolved transmission signal
was measured by a photodetector and a lock-in amplifier.

III. RESULT AND DISCUSSION

A. Characterization of materials

The schematic structure of the MoS2/G heterostructure is
shown in Fig. 1(a). The absorption signals of MoS2/G and MoS2
are shown in Fig. 1(b). The spectra reveal strong absorption at
480 nm, and two weak peaks at around 620 and 670 nm in MoS2,
representing the absorption of A (670 nm), B (620 nm), and C
(480 nm) excitons,26–28 respectively. Furthermore, intensity of the
absorption peak of the graphene/MoS2 heterojunction is stronger
than that of pure MoS2. We attribute this to the wide absorption
range of graphene from ultraviolet to terahertz.29

Two characteristic peaks in the Raman spectrum of MoS2/G
are observed in Fig. 1(c). The inset of Fig. 1(c) shows the magnified
view of 300–650 cm−1 given in Fig. 1(c). Two main peaks located at
380.4 and 401.1 cm−1 are attributed to the A1g and E2g vibration
modes in MoS2. The E2g mode can be attributed to the in-plain
vibration of the Mo–S bonds in MoS2, and the A1g mode corre-
sponds to the out-of-plane vibration of S atoms in MoS2.

30 The dif-
ference between the E2g peak and the A1g peak (20.7 cm−1) is less
than 21 cm−1, indicating that the MoS2 film is monolayer.31,32 The
peaks located at around 1350, 1560, and 2750 cm−1 correspond to
the D, G, and 2D peaks of graphene in the MoS2/G heterostructure,
respectively. The intensity ratio between the 2D and G bands is
about 2, which is consistent with the Raman spectroscopy results
of graphene in Fig. 2(d), indicating that graphene is single-layer
with high quality.33 The chemical composition and elements of
MoS2/G heterostructures are further determined using XPS. The C
spectrum of MoS2/G shows three peaks [Fig. 2(e)], located near
284.8, 285.3, and 287.3 eV, belonging to the C–C, C–O, and C–S
bonds, respectively.34 These C-peaks demonstrate a strong interac-
tion coupling between MoS2 and graphene in the heterojunction
structures.30 Figure 2(f ) shows the S2p and Mo3d spectra of
MoS2/G. The 2p3/2 peak at 161.9 and 2p1/2 peak at 163.1 eV are
attributed to the −2 valence state of the S atom and the S peak at
226 eV is ascribed to S2s in MoS2.

35 The high-resolution XPS
spectra of Mo show three peaks at 228.9, 232, and 235 eV, corre-
sponding to Mo3d5/2, Mod3/2, and Mo6+ of MoS2, respectively.

36

Furthermore, the existence of Mo6+ demonstrates that the Mo
edge in MoS2 is oxidized during the preparation process.
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B. TA spectra of MoS2 and MoS2/G

The charge transfer dynamics in the monolayer MoS2 film
and the MoS2/G heterostructure were studied using femtosecond
time-resolved TA spectroscopy. The typical time-resolved TA
spectra of the monolayer MoS2 film under 400 nm excitation are
shown in Fig. 2(a). The TA spectra show five characteristic signal
peaks. The two dips at 660 and 610 nm correspond to the decrease
of A and B exciton absorption [as shown by the UV–vis spectra
given in Fig. 1(b)], respectively.37 When the probe light irradiates
MoS2 films, electrons in the valence band absorb the incident
photons to form electron–hole pairs of bound states (A and B exci-
tons). In the pump–probe measurement, the electrons in the
exciton are excited to the conduction band after pump light irradia-
tion, causing bleaching of the exciton states and two dips at 660
and 610 nm in the TA spectra. The three positive peaks are located
at 670, 640, and 480 nm, which may be attributed to peak shift and
broadening of A/B/C exciton states, respectively.38 The spectra of
MoS2/G heterostructures under 400 nm excitation are shown in
Fig. 2(b), which shows the same characteristic TA peaks as mono-
layer MoS2. To confirm the charge transfer between the MoS2 and
graphene layers in the heterostructure, we selected 800 nm wave-
length pump pulses to excite pure MoS2 film and MoS2/G hetero-
junction, respectively. As the excitation energy is lower than the

bandgap of MoS2, no signal can be observed in the pure MoS2 film
[as shown by the inset of Fig. 2(c)]. As graphene can be excited by
800 nm light, significant TA signals can be observed in the MoS2/G
heterojunction [as shown in Fig. 2(c)], indicating that the excited
carrier is able to be transferred from graphene to MoS2. Figure 2(d)
displays the decay process of the absorption change of MoS2/G at
480 nm under different excitation wavelengths. However, the
signal-to-noise ratio of the curve under 800 nm excitation is too
low to compare the detailed decay processes under different excita-
tion conditions.

C. Charge transfer between MoS2 and graphene

In order to further study the transfer of excited carriers, a
time-resolved two-color pump–probe spectroscopy with higher
sensitivity is used for measurements. Here, a 480 nm laser from the
OPA is used as the probe, and the fundamental 800 nm and
frequency-doubled 400 nm light are used as the pump light, respec-
tively. The 400 nm (3.1 eV) pump pulse is used to excite both
MoS2 and graphene, while the 800 nm (1.55 eV) pump pulse is
used to excite only graphene in the heterostructure.

Figure 3(a) shows the decay process of carrier dynamics in
monolayer MoS2 and MoS2/G heterostructure. The pump and
probe wavelengths were 400 and 480 nm, respectively. The decay

FIG. 1. (a) Schematics of the MoS2/G heterostructure. (b) Steady-state absorption spectra of MoS2 and MoS2/G films. (c) Raman spectra of MoS2 (blue) and
MoS2/G (black) heterostructures. The inset of (c) shows the magnified view of the 300–650 cm−1 region of MoS2/G heterostructure Raman spectra. (d) Raman spectra of
monolayer graphene. (e) XPS spectra of C element in the MoS2/G heterostructure. (f ) XPS spectra of S2p and Mo3d in MoS2/G.
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FIG. 2. (a) Femtosecond TA spectra of monolayer MoS2 with 400 nm excitation. (b) Femtosecond TA spectra of the MoS2/G heterostructure with 400 nm excitation.
(c) Femtosecond TA spectra of the MoS2/G heterostructure with 800 nm excitation. The inset of (c) shows the femtosecond TA spectra of monolayer MoS2 with 800 nm
excitation. (d) Comparison of carrier dynamics of MoS2/G under different excitation wavelengths.

FIG. 3. Normalized time-resolved TR experiment results of monolayer MoS2 (black squares) and MoS2/G (red circles) heterostructures under 400 nm excitation. (b)
Zoomed-in area of (a) for the first 100 ps delay time. (c) Illustration of hot holes in MoS2 transferred to graphene after excitation at 400 nm and forming interfacial excitons
with electrons in the MoS2 conduction band.
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signals of MoS2 and MoS2/G are well-fitted using a multi-exponential
decay function (green curves). There are two carrier relaxation pro-
cesses in MoS2. The fast relaxation time (29 ps) with an amplitude of
∼88% could be attributed to intraband carrier–carrier interactions and
the slow relaxation time (135 ps) with an amplitude of ∼12% corre-
sponds to interband carrier–phonon interactions.39 Notably, the life-
time of the MoS2/G heterostructure was markedly longer than that of
the monolayer MoS2 film.

There are also two carrier relaxation processes in the MoS2/G
heterostructure. Corresponding fitting parameters are summarized
in Table I. The fast relaxation time (47 ps) with an amplitude
of ∼87% is attributed to the hole relaxation of graphene and intra-
band carrier–carrier interactions of MoS2. The slow relaxation
time (169 ps) with an amplitude of ∼13% is obviously longer than
that in pure MoS2. We believe that the slow relaxation process in
MoS2/G heterojunctions includes not only the carrier–phonon
interactions within MoS2 but also the relaxation process occurring
in the interface excitons between MoS2 and graphene. Since the
photon energy of the pump pulse is above the bandgap of MoS2,
both MoS2 and graphene in MoS2/G can be excited. The pump
light injects electron–hole pairs into MoS2 and graphene. The pho-
togenerated holes on the top valence band of MoS2 can transfer to
the valance band of graphene.23,40 Therefore, the holes remaining
in the conduction band of MoS2 and the electrons in the valence
band of graphene form interfacial excitons. By analyzing the relaxa-
tion time of carriers in the MoS2 and MoS2/G heterojunctions

mentioned above, the carrier dynamics in the MoS2/G heterojunc-
tion under 400 nm excitation are plotted in the schematic diagram
shown in Fig. 3(c).

We further study the carrier transfer process in the MoS2/G
heterostructure upon 800 nm excitation. As the excitation energy is
below the bandgap of MoS2, the pump injects electron–hole pairs
directly into graphene only. We still observed the relaxation signal
of MoS2 exciton at 480 nm probe, as shown in Fig. 4(a) (blue trian-
gles). This indicates that the MoS2/G heterostructure also responds
in the near-infrared band and has a wider absorption range than
the monolayer MoS2. In this case, we consider that the hot elec-
trons are rapidly transferred from the conduction band of graphene
to the conduction band of MoS2, and interfacial excitons are
formed with holes in the valence band of graphene, as shown
in Fig. 4(c).

There are two carrier relaxation processes in MoS2/G under
800 nm excitation. The fast relaxation time (6 ps) with an
amplitude of over 36% is attributed to the relaxation process of
hot electrons in the conduction band of graphene and MoS2. The
slow relaxation time (107 ps) with an amplitude of ∼64% is
mainly due to the relaxation process of interfacial excitons, and
trap states induced recombination at the interface of graphene
and MoS2 could also contribute. The aforementioned MoS2/G
heterostructure carrier dynamics process under 400 nm excitation
is shown in Fig. 4(a) (red circles). We compare the rising time
of the two signals, as shown in Fig. 4(b). We found that the
rising time of the heterostructure signal under 800 nm excitation
(∼200 fs) is significantly shorter than that under 400 nm
excitation (∼800 fs). Because of the high carrier mobility
(103–105 cm2 V−1 S−1)41–44 and narrow bandgap of graphene, we
believe that the fast-rising time in the MoS2/G heterostructure
under 800 nm excitation is attributed to the hot electron transfer
from the graphene conduction band to the MoS2 conduction
band. Therefore, the formed heterostructure with graphene can
not only expand the optical response wavelength of the
MoS2-based photodetectors but also improve the response time of
the device in the near-infrared region.

TABLE I. Fitting results for the two-color pump–probe experiment under different
excitation wavelengths.

Sample
Arising time (ps) Delay time (ps)

τarising τdecay1 τdecay2

MoS2 (pump at 400 nm) — 29 (88%) 135 (12%)
MoS2/G (pump at 400 nm) 0.8 47 (87%) 169 (13%)
MoS2/G (pump at 800 nm) 0.2 6 (36%) 107 (64%)

FIG. 4. Normalized time-resolved TR experiment result of the monolayer MoS2/G heterostructure under 400 (red circles) and 800 nm (blue triangles). (b) Zoomed-in area
of (a) for the first 20 ps delay time. (c) Illustration of hot electrons in graphene transferred to MoS2 after excitation at 800 nm and forming interfacial excitons with holes in
the graphene valence band.
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IV. CONCLUSION

In summary, we have investigated the charge transfer dynam-
ics in MoS2/G heterostructures using femtosecond time-resolved
TA and time-resolved two-color pump–probe spectroscopy tech-
niques. We studied the response time and mechanism of carrier
transfer by adjusting the excitation wavelength. Upon excitation
above the MoS2 bandgap, hot holes in MoS2 are transferred to gra-
phene, resulting in the formation of interfacial excitations with
electrons in MoS2. The ultrafast hole transfer time and the forma-
tion time of interfacial excitons is about 800 fs. When the pump
energy is below the bandgap of MoS2, hot electrons in graphene are
transferred to MoS2, resulting in the formation of interfacial excita-
tions with electrons in MoS2 and holes in graphene. The measured
ultrafast electron transfer time is shorter than 200 fs, which could
improve the response time of MoS2-based photodetectors. This work
is helpful to understand the ultrafast dynamic of photogenerated car-
riers in the MoS2/G heterostructure, which is very important for the
application of MoS2-based heterostructures in high-performance
optoelectronic devices such as broadband, high-response, and high-
speed photodetectors.
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