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Abstract: We fabricated a van der Waals heterostructure by stacking together monolayers of
MoS; and ReSe,. Transient absorption measurements were performed to study the dynamics
of charge transfer, indirect exciton formation, and indirect exciton recombination. The results
show that the heterostructure form a type-II band alignment with the conduction band
minimum and valance band maximum located in the MoS, and ReSe, layers, respectively. By
using different pump-probe configurations, we found that electrons could efficiently transfer
from ReSe, to MoS, and holes along the opposite direction. Once transferred, the electrons
and holes form spatially indirect excitons, which have longer recombination lifetimes than
excitons in individual monolayers. These results provide useful information for developing
van der Waals heterostructure involving ReSe, for novel electronic and optoelectronic
applications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The discovery of graphene in 2004 [1] has stimulated intensive research on a broad range of
two-dimensional (2D) materials, among which layered transition metal dichalcogenides
(TMDs) have attracted much attention. Most monolayer TMDs studied so far has a direct
bandgap and thickness-dependent bandgaps. Their ultrathin thickness and superior electronic
and optical properties make them promising materials for optoelectronic and electronic
devices such as photodetectors [2—4], solar cells [5—7] and integrated circuits [8—10].

Among the semiconductors in the family of TMDs, MoS, has attracted the most attention.
Bulk MoS, exhibits an indirect bandgap of about 1.2 eV, while its monolayer form is direct-
gap semiconductor with a bandgap of about 1.8 eV [11,12]. ReSe, is another representative
semiconducting TMDs. Theoretical calculations showed that ReSe, lacks the indirect-to-
direct bandgap transition often observed in TMDs [13-16]. It remains an indirect
semiconductor from bulk to monolayer forms. Optical spectroscopic measurements indicated
that its bandgap increases from 1.26 eV in the bulk to 1.32 eV in the monolayer at 80 K [13].
Monolayer layer ReSe, transistors have been fabricated, with high mobility and high
photoresponsivity [15]. The excitons are strongly polarized with dipole vectors along
different crystal directions, which persist from bulk down to monolayer thickness, as shown
by polarization-resolved photoluminescence and transmission spectroscopy [17]. Unlike most
TMDs with the 2H lattice structure (such as MoS,, MoSe,, WS,, and WSe,), ReSe, crystals
exhibit a distorted 17 lattice structure [15]. Owing to this lattice structure, ReSe, exhibits
strong in-plane anisotropic optical, electronic, and mechanical properties [18-21].

Another research topic of great current interests associated with 2D materials is to develop
van der Waals heterostructures by stacking together different monolayers. Since the van der
Waals interlayer coupling does not require lattice matching of the component materials, this
approach can produce a vast number of new materials [22]. In order to harness desired
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properties, different combinations of 2D materials have been designed and fabricated to tune
the electrical and optical properties of the materials [23—-30]. So far, combinations of the most
common TMDs materials, such as MoS,, MoSe,, WS,, and WSe,, have been the main focus.
The charge transfer properties in these heterostructure have been studied by transient
absorption measurements [31-34]. However, the charge transfer in heterostructure involving
ReSe; has not been investigated so far.

In this work, we fabricated a van der Waals heterostructure by stacking together
monolayers of MoS, and ReSe,. Transient absorption measurements were performed to study
the dynamics of charge transfer, indirect exciton formation, and indirect exciton
recombination. We found evidence of the type-II nature of this heterostructure, which
facilitates the transfer of electrons from ReSe, to MoS, and holes along the opposite direction.
When transferred, electrons and holes form spatially indirect excitons with longer
recombination lifetimes than the excitons in individual monolayers. These results provide
useful information for developing van der Waals heterostructures using ReSe,.
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Fig. 1. Schematics of the differential reflection setup.

2. Experimental

Monolayer ReSe, films were acquired from 6 Carbon Technology Corporation. The films
were fabricated by chemical vapor deposition (CVD) and then transferred to a silicon
substrate, which is covered by a 300-nm thermally grown SiO, layer. Two monolayer MoS,
flakes were obtained by micromechanical exfoliation of a bulk crystal onto
polydimethylsiloxane (PDMS) substrates using adhesive tapes. One of them was transferred
onto the ReSe, film, another onto another Si/SiO, substrate. The samples were annealed at
200 °C for 2 h in an Ar environment at a base pressure of about 5 Torr. Because the ReSe; is
a polycrystalline film, the relative crystalline orientation between MoS, and ReSe, is
unknown.

The photocarrier dynamics in the MoS,-ReSe, heterostructure and the monolayers of
MoS, and ReSe, was studied by a transient absorption technique [35]. Figure 1 shows
schematically the differential reflection setup used in this study. An 80-MHz mode-locked
Ti:sapphire laser generates 100 fs pulses with a central wavelength of 820 nm. This pulse was
divided to two parts by a beamsplitter. One part was used to pump an optical parametric
oscillator to generate a signal output with a central wavelength in the range of 490-750 nm.
The other part was used directly or focused to a beta barium borate crystal to generate its
second harmonic at 410 nm. Different combinations of these three pulses were used as pump
and probe pulses according to the measurement goals. The pump and probe beams were
combined with a beamsplitter and focused to the sample surface through a microscope
objective lens. The reflected beam was detected by a silicon photodiode. Color filters were
used to prevent the unwanted light from reaching the photodiode. A lock-in amplifier was
used to measure the voltage output of the photodiode. A mechanical chopper was placed at
the pump path to modulate its intensity at 2 KHz. The voltage detected by the lock-in
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amplifier synchronized to the chopper is proportional to the differential reflection of the
probe, AR/Ry = (R-Ry)/Ry, where R and Ry are the reflection coefficients of the sample at the
probe wavelength with the pump presence and without it, respectively. The differential
reflection was measured as a function of the probe delay, which is defined as the difference of
the arrival times of the probe and pump pulses at the sample. This was achieved by
controlling the path length of the pump pulse with a linear motor stage. All the measurements
were performed with the samples under ambient condition.
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Fig. 2. (a) Optical microscope image of the ReSe, film and MoS,-ReSe, heterostructure, the
heterostructure is in the red dashed box. (b) Optical microscope image of the monolayer MoS,
flake. (c) The predicted band alignment of the MoS,-ReSe; heterostructure. The numbers are
the energy differences from the vacuum level (in electron volts) according to the calculation.
(d) Photoluminescence spectra of the samples.

3. Results and discussion

Figure 2(a) shows an optical microscope image of the monolayer ReSe, film and the MoS,-
ReSe; heterostructure on a Si/SiO, substrate. The other monolayer MoS, flake on a separated
substrate is shown in Fig. 2(b). According to the predicted band alignment of this
heterostructure [36], as shown in Fig. 2(c), MoS, and ReSe, form a type-II band alignment
with the conduction band minimum (CBM) and valance band maximum (VBM) located in
the MoS, and ReSe, layers, respectively. Note that in this calculation [36] the interlayer
coupling was not included. The band alignment was determined directly from the electron
affinity and ionization potential of individual monolayers of MoS, and ReSe, (which are
labeled in the figure in the unit of eV). Due to this limitation, no values of the band offset are
adopted. Figure 2(d) shows the Raman spectrum of the monolayers ReSe, film. The
monolayer ReSe, have 18 potential Raman modes due to the presence of 12 atoms in each
unit cell of the ReSe, crystal lattice [14]. There more than 10 distinctive Raman peaks have
been detected in the Raman spectrum of monolayer ReSe, film. Raman peak at 125 cm™ is
observed and assigned to the E,-like, as the vibration is mostly in-plane and symmetric [13].
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The peaks located at 160 and 173 cm' are ascribed as Ag-like modes since the main
vibrations are in the one-dimensional vertical direction [13].

Figure 2(e) shows the photoluminescence (PL) spectra measured from the MoS,, ReSe,,
and the MoS,-ReSe, heterostructure regions under the excitation of a 532-nm continuous-
wave laser. The PL yield and the spectral shape of MoS, are both consistent with previously
reported results of monolayer MoS, [37]. With the same experimental conditions, ReSe, film
shows no detectable PL in this spectral range. For the heterostructure region, the PL peak
position is close to that of MoS,. This suggests that the optical bandgap of the MoS, layer is
almost unchanged in the heterostructure. The peak height of the heterostructure is about 50%
of that of the individual MoS, monolayer. This quenching of the MoS, peak is indicative of
charge or energy transfer from MoS, to ReSe,. The small quenching factor is consistent with
results from other heterostructures involving MoS, [32], and can be attributed to the short
exciton lifetime in this material. We also note that the PL from the heterostructure is slightly
broader than monolayer MoS,, which could be due to additional scattering of excitons
introduced by defects in ReSe,. However, more studies are needed to fully understand this
feature.
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Fig. 3. Photocarrier dynamics in individual monolayers. (a) Differential reflection signal of
monolayer MoS, measured with a 410 nm pump and a 672 nm probe pulses. The red line is a
fit by a bi-exponential function. The inset provides a closer look at the data near zero probe
delay. (b) Differential reflection signals of monolayer ReSe, measured with a 672 nm pump
and an 820 nm probe pulses. The red line is a fit by an exponential function.

In the transient absorption measurements, we first investigated the individual monolayers
of MoS, and ReSe, samples. Figure 3(a) shows the differential reflection signal of MoS,. In
this measurement, a 410 nm pump pulse with a fluence of 5.6 pJ cm™ was used to inject
photocarriers in the sample. A 672 nm probe pulse was used to study their temporal
dynamics. The rise of the signal can be fit by the integral of a Gaussian function with a full
width at half maximum of 370 fs, as indicated by the blue curve over the data points in the
inset of Fig. 3(a). The decay of the signal can be fit by a bi-exponential function, as indicated
by the red line in Fig. 3(a), with a short and long time constant of about 0.4 and 4.8 ps,
respectively. By repeating the measurement with other pump fluences, we found that the
decay time constants are independent of the pump fluence while the magnitude increases
linearly with the fluence. The short time constant can be attributed to the exciton formation
process, based on previous studies [38,39]. The long time constant reflects the recombination
lifetime of the excitons [35]. This relatively short lifetime is controlled by nonradiative
recombination of excitons. Figure 3(b) shows the differential reflection signal from the
monolayer ReSe,. A 672 nm pulses with a peak fluence of 76 pJ cm™ and an 820 nm pulses
were used as the pump and probe, respectively. The decay of the signal can be fit by a single
exponential function, as indicated by the red line, with a time constant of about 15 ps.
Similarly, this time constant is attributed to the nonradiative recombination lifetime in ReSe,.



Vol. 27, No. 13 | 24 Jun 2019 | OPTICS EXPRESS 17855

Optics EXPRESS

We note that due to the relatively low signal-to-noise ratio of ReSe,, no multiple exponential
fits were attempt.
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Fig. 4. Electron transfer from ReSe, to MoS,. (a) Black squares show the differential reflection
signal from the MoS,-ReS, heterostructure sample with an 820 nm pump and a 672 nm probe
pulses. The red line is a fit. The purple circles and the blue triangles are signals from the MoS,
and ReS, monolayer samples under the same conditions, respectively, showing lack of signal
from these samples, as expected. (b) Same as (a) but over a shorter time range to show the
initial dynamics.

Next, we performed transient absorption measurements with different pump-probe
configurations to study the MoS,-ReSe, heterostructure. We first studied the electron transfer
from ReSe, to MoS,, with a pump-probe configuration shown in the inset of Fig. 4(a). We
selectively excite electrons in ReSe, with an 820 nm pump pulse (blue vertical arrow). The
pump photon energy is not enough to excite the MoS,; layer, which has an optical bandgap of
1.85 eV. After been excited, the electrons in ReSe, are expected to transfer to MoS, across the
van der Waals interface (violet dashed arrow). A 672 nm probe pulse is tuned to the optical
bandgap of the MoS, to monitor the electron transfer process (red vertical arrow). The black
symbols in Figs. 4(a) and 4(b) show the obtained signal on long and short time ranges,
respectively, with a pump pulse fluence of 22 uJ ecm™. For comparison, no signal was
observed from the two monolayer samples, as shown by the purple circles and blue triangles.
The lack of signal from these two samples are expected: For MoS,, the pump pulse has no
sufficient energy to excite carriers, while for ReSe,, the probe photon energy is too high
compared to its bandgap to effectively detect carriers. Hence, the signal from the
heterostructure can only be attributed to the electrons that are excited in ReSe, and
sequentially transferred to MoS,. We found that the signal reaches a peak on an ultrashort
time scale, which is limited by the time resolution of this measurement. This indicates that the
electron transfer is a sub-100 fs process. The decay of the signal can be fit by bi-exponential
function, as indicated by the red line in Fig. 4(a), with the short and long time constants of
about 0.5 and 21 ps, respectively. The long time constant reflects that the lifetime of the
transferred electrons in MoS; is about 4 times longer than the exciton lifetime in monolayer
MoS,, due to the charge separation: Since electrons and holes populate the MoS, and ReSe,
layers, respectively, their recombination is suppressed. The short time constant could be
attributed to the formation of indirect exciton of electrons in MoS, and holes in ReSe,.
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Fig. 5. Hole transfer from MoS, to ReSe,. (a) Differential reflection signals of the
heterostructure sample measured with a 672 nm pump and an 820 nm probe pulses. The red
line is a fit by an exponential function. (b) The same as (a) but in a shorter time range. (c) Peak
differential reflection signal from the heterostructure as a function of the pump wavelength
(black squares) and the PL spectrum of the MoS, (blue curve).

Since the bandgap of ReS, is smaller than MoS,, the observation of electron transfer from
ReS, to MoS; indicates the band alignment is type-II, with the CBM and VBM located in the
MoS, and ReS, layers, respectively, which is consistent with theory. Such an alignment
should allow transfer of holes from MoS, to ReS,. To observe this process, we excite the
heterostructure sample with a 76 uJ cm™ and 672-nm pump pulse, and probe the ReS, layer
of the heterostructure with an 820-nm probe. Figures 5(a) and 5(b) show the differential
reflection signal in long and short time ranges, respectively. Since the experimental
conditions are identical to the measurement of the individual ReS, monolayer, as shown in
Fig. 3(b), the two samples can be directly compared. We find that the signal from the
heterostructure is about 3 times higher than the monolayer ReS,. For the MoS,-ReSe,
heterostructure, the pump excites electrons and holes in both layers. Since electrons excited in
ReS,; transfer to MoS,, if holes do not transfer from MoS, to ReS,, the carrier population in
ReS, of the heterostructure would be lower than that of the individual ReS,, and hence the
signal would be smaller. Therefore, the observed increase of the signal in the heterostructure
shows that holes can transfer from MoS, to ReS,. The decay of the signal from the
heterostructure can be fit by a bi-exponential function, as indicated by the red line in Fig.
5(a), with time constants of about 1.5 and 34 ps, respectively. The short time constant could
be associated with cooling of hot holes. Note that in this measurement the probe is not tuned
to the excitonic resonance of ReSe,, and hence is not expected to be sensitive to the exciton
formation process. However, since holes transfer to ReSe, with large energy, their energy
relaxation from the states being probed to the top of the valence band causes a decrease of the
signal. The long time constant reflects the lifetime of the carriers, which is about twice longer
than of individual monolayer ReSe,. Similarly, the extended lifetime can be attributed to the
separation of electrons and holes due to charge transfer.
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In this configuration to study hole transfer, we intend to excite MoS, with the 670-nm
pump. However, since ReS; has a smaller bandgap, the pump also excites ReS,. Therefore,
the 820-nm probe senses holes that could be either injected directly in ReS, or transferred
from MoS,. To separate the two contributions, and thus further confirm existence of hole
transfer, we studied how the signal changes when we tune the pump wavelength around the
optical bandgap of MoS,. The results are plotted in Fig. 5(c) along with the PL spectrum of
MoS, for comparison. The strong dependence shows clearly the important role of the
transferred holes, since the carrier density excited in ReSe, is not expected to have a strong
dependence on the pump wavelength in this small range. In particular, when the pump
wavelength is significantly longer than the PL peak energy, the signal is about 1.2 x 107,
This can be viewed as the contribution from the holes excited in ReSe, since the MoS, is not
excited. At shorter pump wavelengths that can excite MoS,, the signal reaches to about 3 x
107, due to the additional contribution to the hole population in ReS, from the transfer.

4. Conclusions

We have studied charge transfer in a van der Waals heterostructure composed of monolayers
of MoS, and ReSe,. Transient absorption measurements show strong evidence of ultrafast
electron transfer from ReS, to MoS, and hole transfer from MoS, to ReS,. These results show
that the band alignment of this heterostructure is type-II with the conduction band minimum
located in MoS; and valence band maximum in ReS,. Separation of electrons and holes in
different layers prolonged their recombination lifetime. These results introduce ReSe, as a
new building block to construct van der Waals heterostructure with good charge transfer
properties, which can be used in electronic and optoelectronic devices.
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