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Electron Dynamics in MoS,-Graphite Heterostructures

Xinwu Zhang,* Dawei He,“ Lixin Yi,** Siqi Zhao,* Jiagi He,” Yongsheng Wang,** and
Hui Zhao,”

The electron dynamics in heterostructures formed by multilayer graphite and monolayer or bulk
MoS, were studied by femtosecond transient absorption measurements. Samples of monolayer
MoS,-multilayer graphite and bulk MoS,-multilayer graphite were fabricated by exfoliation and a
dry transfer techniques. Ultrafast laser pulses were used to inject electron-hole pairs in monolayer
or bulk MoS,. The transfer of these photocarriers to the adjacent multilayer graphite was time
resolved by measuring the differential reflection of a probe pulse. We found that photocarriers
injected in monolayer MoS, transfer to graphite on an ultrafast time scale shorter than 400 fs.
Such an efficient charge transfer is key to developing high performance optoelectronic devices
with MoS, as the light absorbing layer and graphite as electrodes. The absorption coefficient
of monolayer MoS, can be controlled by the carriers in graphite. This process can be used
for interlayer coupling and control. In the bulk MoS,-graphite heterostructure, the photocarrier
transfer time is about 220 ps, due to the inefficient interlayer charge transport in bulk MoS,. These
results provide useful information for developing optoelectronic devices based on MoS,-graphite

heterostructures.

1 Introduction

Stimulated by the discovery of graphene, a single layer of car-
bon atoms with a hexagonal lattice, in 20041, studies of mate-
rials composed of single layers of atoms or molecules, known as
two-dimensional (2D) materials, have increased dramatically2‘4.
So far, hundreds of 2D materials have been investigated, in-
cluding elementary materials such as phosphorene, antimonene,
silicine, and germanene, as well as compounds of transition metal
dichalcogenides (TMDs), transition metal oxides, and hexagonal
boron nitride. These materials have shown various promising
properties for a broad range of applications.

One of the most intriguing aspects of 2D materials is the pos-
sibility of combining two or more different 2D layers to form
new multilayer materials, the so-called van der Waals heterostruc-
tures®. The van der Waals nature of the interlayer coupling allows
for the arbitrary selection of partnering materials, without the
lattice-matching constrain. This makes it possible to design and
construct new multilayer materials that combines the advantages
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of its component layers, for a targeted application.

Graohene and MoS, are two of the most extensively stud-
ied 2D materials. Naturally, their heterostructures have been a
representative system in this field and have attracted much at-
tention. Indeed, combining graphene or graphite and MoS, is
highly relevant for optoelectronic applications. Graphene and
graphite have exceptional charge transport performance®, while
MoS, has high absorbance in visible range’. Hence, one could
use MoS; as the light absorbing or emission layer and graphite as
the electrodes for various optoelectronic devices. By now, signif-
icant progress has been made in developing photodetectors8-10
and photovoltaic devices11:12, Furthermore, field-effect transis-
tors 13-16 memory devices17, and vertical tunneling transistors 18
based on this material were reported. Low resistance contact be-
tween graphene electrode and Mo$S, has been achieved 1920, Ad-
ditionally, application of MoS,-graphene heterostructures in plas-
monics?! and detection of DNA hybridization?? were explored.
For most research, the samples were obtained by manually stack-
ing MoS, and graphene layers together2324. However, various
techniques for scalable growth of MoS,-graphene heterostruc-
tures have also been developed2°—27,

One key issue determining the performance of optoelectronic
devices based on MoS,-graphene heterostructures is efficient
transfer of photoexcited electrons and holes from MoS; to
graphene. However, so far, this process has been rarely studied in
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a time-resolved fashion. In most heterostructures formed by two
TMD monolayers, the band alignments are type-II, where the con-
duction band minimum and valence band maximum are in sepa-
rate layers. Transient absorption measurements have revealed ul-
trafast charge separation and interlayer exciton formation in most
systems studied 26-34, However, since the minima of the conduc-
tion and valance bands of graphite are located in the forbidden
band of most TMDs3°3¢, both electrons and holes excited in TMD
layer are expected to transfer to graphite. Previously, some of us,
with other co-workers, have shown that photocarriers injected in
monolayer WS, can efficiently transfer to monolayer graphene3”.
Here we report a comprehensive study on the dynamics of elec-
trons and holes in heterostructures formed by multilayer graphite
and monolayer and bulk MoS, flakes. We found that electrons
and holes injected in monolayer MoS, transfer to multilayer
graphite on a time scale shorter than several hundred femtosec-
onds. We also found that population of carriers in graphite can
effectively change the absorption of MoS, monolayer, which can
be utilized for interlayer coupling and control of such heterostruc-
tures. In the heterostructure formed by a bulk-like MoS, flake
and multilayer graphite, photocarriers excited in MoS, transfer
to graphite on a much longer time scale of about 220 ps, which
can be attributed to the longer distance the photocarriers has to
travel. This study provides important information on developing
MoS,-graphite heterostructures for optoelectronic applications.

2 Experimental section

The heterostructure samples were fabricated by standard exfoli-
ation and a dry transfer process!2. MoS, flakes were first ex-
foliated from a bulk crystal onto polydimethylsiloxane (PDMS)
substrates using adhesive tapes. A flake containing a large mono-
layer region and a uniform bulk-like region was selected to form
heterostructures, and was transferred to a Si-SiO, substrate.

The thickness of the monolayer region was confirmed by photo-
luminescence, Raman spectroscopy, and atomic force microscopy
(see ESI Fig. S1 and S2). The bulk-like region has a thickness of
about 27 nm, according to atomic force microscopy (see ESI Fig.
S2), and hence contains about 40 layers. Next, a thin graphite
flake was prepared with the same technique. Atomic force mi-
croscopy measurement shows a thickness of about 5 nm (see ESI
Fig. S2), corresponding to about 14 layers. The graphite flake
was transferred to MoS,, such that both the monolayer and the
bulk-like regions are partially covered (see ESI Fig. S1). There-
fore, the sample contains monolayer MoS;, monolayer MoS,-
graphite, bulk MoS,, and bulk MoS,-graphite regions, to facili-
tate their direct comparison. The sample was annealed under a
Ar environment at a base pressure of about 5 Torr at 200°C for 4
hours.

The electron dynamics were studied by transient absorp-
tion measurements in reflection geometry3®. The experimental
scheme is shown in ESI (Fig. S3). A Ti-doped sapphire laser gen-
erates 100-fs and 820-nm pulses at about 80 MHz. Part of the
beam is used to pump an optical parametric oscillator to gener-
ate an output that is tunable around 670 nm, which serves as the
probe beam for the measurements. The other part of the 820-nm
beam is focused to a beta barium borate (BBO) crystal to gen-
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erate its second harmonic at 410 nm. Depending on the sample
and configurations, either the 410- or the 820-nm beam was used
as the pump. Beamsplitters were used to combine the pump and
probe beams and to send both into a microscope objective lens,
which focused both to the sample surface with spot size of about
1 um. Part of the probe beam that is reflected by the sample was
sent to a silicon photodiode. A lock-in amplifier was used to mea-
sure the voltage output of the photodiode, which is proportional
to the probe power, and hence provides a measurement of the
reflectance of the sample at the probe photon energy.

By using a spinning-wheel chopper, the pump intensity reach-
ing the sample was modulated between a set value and zero at
about 2 KHz. This causes the photodiode output to alternate,
at the same frequency, between two values corresponding to the
reflectance of the sample with and without the presence of the
pump beam, respectively. The amplitude of this alternative signal
was detected by using a lock-in amplifier that was synchronized
at the chopping frequency. With this configuration, we obtain the
differential reflection, which is defined as the pump-induced rela-
tive change of the reflectance, AR/Ry = (R —Ry) /Ry, where R and
Ry are the probe reflectance with and without the presence of
the pump, respectively. In most measurements, this quantity was
recorded as a function of the probe delay, which is defined as the
arrival time of the probe pulse with respect to the pump pulse.
All the measurements were performed at room temperature with
the sample exposed to air. No sample degradation was observed
during the entire study.

3 Results and discussion

3.1 Monolayer MoS,

To better understand the electron dynamics in heterostructures
formed by monolayer MoS, and graphite, we first studied the
monolayer MoS, region of the sample. Figure 1(a) shows the
pump-probe scheme. A pump pulse of 100 fs and 3.02 eV (blue
arrow) excites electron-hole pairs (circles). The differential re-
flection of a probe pulse of 100 fs and 1.85 eV was detected to
monitor these photocarriers. Figure 1(b) and (c) show the sig-
nal measured with a pump fluence of about 1 uJ cm~2, on short
and long time ranges, respectively. The rising of the signal is lim-
ited by the time resolution of the measurement, indicating that
the excited electron-hole pairs can instantaneously induced tran-
sient absorption at the A-exciton resonance of MoS,3%. This is
consistent with previously reported ultrafast thermalization and
cooling of photocarriers in atomically thin MoS, 4°. The fast (sub-
picosecond) drop of the signal right after zero probe delay can be
attributed to exciton formation*!. The rest of the decay can be
fit by a biexponential function, with two time constants of 14 +
2 and 150 =+ 20 ps, respectively. Previously, multiple exponential
decay process of transient absorption signal has been generally
observed in TMD monolayers 4243, The longer time constant can
be attributed to the exciton lifetime.

The measurement was repeated with different values of the
pump fluence. The decay of the signal was found to be indepen-
dent of the fluence, while the change of the peak signal with the
pump fluence is shown in Figure 1(d). The dependence can be

This journal is © The Royal Society of Chemistry [year]



(b) T T T T T
l‘-
3t . 1
LI ]
(a) *‘*-‘h nm
| ]
o~ Wi
MoS, Monolayer S 2t . _"""w_-..—- |
= .
. ) ]
Conduction e J 1t . ]
Band A : 3
0 e’ 1 Fo
. . . . . 10° L— L L . . .
-1 0 1 2 3 4 5 0 100 200 300 400 500 600
Pump Probe Delay (ps) Probe Delay (ps)
Probe
(d , , (e) , , , , ,
4t 1 ar iy |
— t _3r ] ]
»:9 3l i '“E []
Valence :C ;C 2 s |
o = 0.65 nJ cm2 = []
Band o St : A < N [ |
A ~ [
< [
& & L] '
1k | 0'§§§§§§iii Baggal
! i |
0 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 1.75 1.80 1.85 1.90 1.95

Pump Fluence (uJ cm?)

Probe Photon Energy (eV)

Fig. 1 (a) Pump-probe scheme used to study a monolayer MoS, sample, showing the pump (blue) exciting electron-hole pairs (circles), which are
monitored by the probe (red). (b) Differential reflection signal measured from a monolayer MoS, sample with 3.02 eV and 1 uJ cm~2 pump and 1.85
eV probe. (c) Same as (b) but over a larger time range. (d) Peak differential reflection signal as a function of the pump fluence. The red curve shows a
fit to the data. (e) Peak differential reflection signal as a function of the probe photon energy.

fit by a saturated absorption model, AR/Ry = AF /(F + F;), where
A is a dimensionless constant, F the pump fluence, and F;, the
saturation fluence38. The red curve in Figure 1(d) corresponds
to a saturation fluence of 0.65 uJ cm~2. We also repeated the
measurement with different values of probe photon energy. The
results are shown in Figure 1(e). Both positive (photobleaching)
and negative (photoinduced absorption) signals were observed
around the A-exciton resonance, which is consistent with previous
studies38. Despite of the complicated mechanism involved in the
carrier-induced transient absorption process, the results confirms
that the 1.85 eV probe used in (b), (c), and (d) indeed senses the
change of the excitonic resonance of MoS,.

3.2 Monolayer MoS;-graphite heterostructure

Next, we studied monolayer MoS;-graphite heterostructure un-
der the same experimental conditions. It has been shown that
the minima of the conduction and valence bands of graphite are
located in the forbidden band of monolayer MoS,%4. Hence, as
illustrated in Figure 2(a), the pump-injected electron-hole pairs
are expected to transfer to the graphite layer (orange arrow). The
same 1.85 €V probe was used to monitor the exciton resonance
of MoS,. The blue symbols in Figure 2 summarize the results in a
similar fashion as Figure 1. Comparing the two figures, we found
that in the heterostructure sample the signal is larger by about
a factor of 10 and the signal decays single-exponentially with a
time constant of about 10 ps, which is much faster than the 150-
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ps lifetime of excitons in monolayer MoS,. The magnitude of the
signal is proportional to the pump fluence, as shown in Figure
2(d), and thus is proportional to the injected carrier density.

In the following, we argue that the enhanced and fast-decaying
signal originates from photocarriers that are excited in MoS; and
then subsequently transfer to graphite. To establish this, we first
ruled out the transient absorption from the graphite layer as the
origin of the enhanced signal by measuring the signal as a func-
tion of the probe photon energy. As shown in Figure 2(e), the
magnitude of the signal depends strongly on the probe photon
energy, and drops to about zero when tuned away from the exci-
ton resonance of MoS;. This result shows that the signal is domi-
nated by the change of the absorption of the MoS, layer, instead
of the graphite layer. Indeed, previous studies*>#® have shown
that transient absorption signal from graphite with pump fluences
on the order of 1 uJ cm~2 is on the order of 10—, which is much
smaller than the signal observed here.

Since the signal originates from the absorption change of MoS,
exciton resonance induced by the pump-injected carriers, the 10-
fold enhancement would not have been observed if the carriers in-
jected in MoS,; remain in that layer. When populating MoS,, they
do not yield such a large transient absorption, as shown in Figure
1. One reasonable interpretation is that these carriers transfer to
graphite after their injection. Once in graphite, they produce a
larger transient absorption at the exciton resonance of MoS;.

Generally speaking, the presence of electron-hole pairs or ex-
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Fig. 2 (a) Pump-probe scheme used to study a monolayer MoS,-graphite heterostructure sample, showing the pump (blue) exciting electron-hole pairs
(circles) that transfer to graphite (orange arrow). (b) Differential reflection signal measured with 3.010 (blue) and 1.505 eV (purple) pumps, respectively,
and 1.85 eV probe. (c) Same as (b) but over a larger time range. The red line is an exponential fit. (d) Peak differential reflection signal as a function
of the fluence of the 3.010 eV (blue) and 1.505 eV (purple) pumps. The red lines show linear fits to the data. (e) Peak differential reflection signal as a

function of the probe photon energy for the 3.010 eV pump.

citons can induce a change of the absorption around exciton
resonance, that is, transient absorption, via phase-space filling
and bandgap renormalization’. In 2D materials, due to the en-
hanced Coulomb interaction between the electrons and the holes,
it can be expected that screening of this interaction by photocar-
riers can play an important role in inducing transient absorption.
Since a significant portion of the electric field lines between elec-
trons and holes extend beyond the 2D layer, the carriers in an
adjacent layer can effectively alter the electron-hole interaction
by screening effect, and thus inducing transient absorption of the
layer that they do not populate. Due to the smaller effective mass
and the higher mobility of carriers in graphite, it is reasonable
that the screening effect is larger for carriers in graphite than in
MoS,.

The above hypothesis can be tested by selectively injecting car-
riers in the graphite layer only, by using a pump photon energy
that is smaller than the optical bandgap of MoS,, as shown by the
purple arrow in Figure 2(a). Since MoS, is not excited and the
carriers excited in graphite do not have enough energy to trans-
fer to MoS,, no carrier population is expected in the MoS; layer.
Hence, any transient absorption signal would be due to carriers
in the graphite layer. The purple symbols in Figure 2 show the re-
sults of such a measurement, with a pump photon energy of 1.505
eV. A signal was indeed detected, with similar time and pump flu-
ence dependences as the 3.010 eV pump. The signal is about 6
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times weaker than the 3.010 eV pump under the same conditions,
which can be attributed to the smaller absorbance of the sample
at 1.505 €V due to the lack of absorption by MoS,. Finally, since
both curves shown in Figure 2(b) have similar rising times, we
can conclude that the transfer of electron-hole pairs from MoS;
to graphite occurs on a time scale shorter than the time-resolution
of the measurement, which is about 400 fs. The 10-ps decay of
the signal can then be attributed to the lifetime of electron-hole
pairs in graphite, which is also consistent with previous reports
for multilayer graphite 4849,

3.3 Bulk MoS,-graphite heterostructure

Finally, we studied the heterostructure formed by the bulk-like
region of MoS; flake and graphite. First, pump-probe measure-
ments were performed on the region of the flake that was not
covered by graphite. The experimental procedures and condi-
tions are the same as those used to study the monolayer MoS,
region. The first row of Figure 3 summarizes the results. Sim-
ilar to the monolayer sample, the signal reaches a peak rapidly
[Figure 3(a)]. The decay of the signal is much slower than mono-
layer. A single exponential fit [red curve in (b)] yielded a decay
time constant of about 1 ns, which shows the extended photocar-
rier lifetime in bulk MoS, >°. Pump-fluence dependence shown in
Figure 3(c) corresponds to a saturation fluence of 6 + 1 pJ cm~2,
which is much larger than the monolayer sample. The magnitude

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Differential reflection signal measured with 3.010 eV and 1.85 eV pump and probe pulses from the bulk MoS, sample. (b) Same as (a) but
over a larger time range. The red line is an exponential fit with a time constant of 1 ns. (c) Peak differential reflection signal as a function of the pump
fluence. (d) Peak differential reflection signal as a function of the probe photon energy. (e) - (h) are the same as (a) - (d), but for the bulk MoS,-graphite
heterostructure. Blue and purple symbols are for the 3.010 and 1.505 eV pumps, respectively.

of the signal shows a derivative-like dependence on the probe
photon energy near the exciton resonance, indicating the domi-
nant role of the shifting of the resonance by carriers38.

The blue symbols in the bottom row of Figure 3 show the re-
sults of the same measurement performed with the region of the
bulk-like MoS, flake that is covered by graphite. The signal is
slightly larger, by about 30 %, in the heterostructure. Hence, the
graphite layer still enhanced the signal, but compared to the het-
erostructure formed by monolayer MoS, and graphite, the effect
is much smaller. This can be attributed to the larger thickness of
the MoS, layer: For most layers of MoS,, the graphite layer is
further away and hence the screening effect is smaller. As shown
in Figure 3(f), the signal in bulk MoS,-graphite heterostructure
decays faster, with a time constant of about 220 ps. The signal
is proportional to the pump fluence (g) and shows similar depen-
dence on the probe photon energy (h).

To interpret these features, we first establish that the differen-
tial reflection of this sample mostly monitors the population of
the photocarriers in MoS,, instead of graphite as in the mono-
layer heterostructure. Otherwise, the signal would decay with a
10-ps time constant - the lifetime of carriers in graphite - instead
of 220 ps. This is further supported by the fact that the signal is
only slightly larger in the heterostructure than bulk MoS,. The
decay of the signal thus reflects the decrease of the photocarrier
density in MoS,. Since the photocarrier lifetime in bulk MoS, was
measured to be 1 ns, the faster decay can only be attributed to the
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transfer of carriers from bulk MoS; to graphite. The much slower
transfer can be understood as the consequence of the longer dis-
tance an average carrier must travel due to the increased thick-
ness of MoS,. To test these interpretations, we changed the pump
photon energy to 1.505 €V and repeated the measurements. The
purple symbols in the bottom row of Figure 3 summarize the re-
sults. The signal is about 6 times smaller than the 3.010 €V pump,
due to the smaller absorption of MoS,. The decay of the signal is
graphite-like, with a time constant of about 10 ps.

4 Conclusion

We have time resolved, for the first time, electron dynamics in
heterostructures formed by multilayer graphite and monolayer or
bulk MoS,. We found that photocarriers injected in monolayer
MoS, transfer to multilayer graphite on an ultrafast time scale
shorter than 400 fs. Such an efficient charge transfer shield light
on the mechanism of high performance optoelectronic devices
with MoS, as light absorbing layer and graphite as electrodes.
We also found that the absorption coefficient of MoS, can be ma-
nipulated by carriers in graphite - a process that can be utilized
to achieve interlayer coupling and control. In heterostructures
formed by bulk MoS;, and graphite, the charge transfer time is
about 220 ps, due to the inefficient interlayer charge transport in
bulk MoS,. These results provide useful information for devel-
oping high performance optoelectronic devices based on MoS,-
graphite heterostructures.
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