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ABSTRACT: Two-dimensional materials, such as graphene
and monolayer transition metal dichalcogenides, allow the
fabrication of multilayer structures without lattice matching
restriction. A central issue in developing such artificial
materials is to understand and control the interlayer electron
transfer process, which plays a key role in harnessing their
emergent properties. Recent photoluminescence and transient
absorption measurements revealed that the electron transfer in
heterobilayers occurs on ultrafast time scales. However, there
is still a lack of fundamental understanding on how this
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process can be so efficient at van der Waals interfaces. Here we show evidence suggesting the coherent nature of such interlayer
electron transfer. In a trilayer of MoS,—WS,—MoSe,, electrons excited in MoSe, transfer to MoS, in about one picosecond.
Surprisingly, these electrons do not populate the middle WS, layer during this process. Calculations showed the coherent nature
of the charge transfer and reproduced the measured electron transfer time. The hole transfer from MoS, to MoSe, is also found
to be efficient and ultrafast. The separation of electrons and holes extends their lifetimes to more than one nanosecond,
suggesting potential applications of such multilayer structures in optoelectronics.
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two-dimensional material

he newly discovered two-dimensional materials with

nanometer thicknesses, such as graphene and monolayer
transition metal dichalcogenides, have shown promising
electronic and optical properties.l_5 In particular, they allow
the fabrication of multilayer heterostructures without lattice
matching restriction.>® However, the van der Waals nature of
the interlayer coupling could result in inefficient hoping-like
interlayer electron transfer, hindering harnessing their emergent
properties. Hence, understanding and controlling the interlayer
electron transfer in van der Waals heterostructures is important
for implementing these materials in logic electronics, thin-film
transistors, and optoelectronics.

Recent efforts on this issue have focused on bilayer
heterostructures. Steady-state optical measurements have
revealed effective charge transfer between different monolayers
from the quenching of photoluminescence.””'* Later, transient
absorption measurements were attempted to time resolve the
charge transfer between two different monolayers. It was found
that this process occurs on an ultrafast time scale that was
beyond the time resolution of these studies.'®™'” Due to the
weak interlayer coupling and the large momentum mismatch
between these atomic layers, such a fast transfer is rather
surprising.”’ Various mechanisms have been proposed, such as
resonant transfer to higher energy states,”® delocalization of the
electron wave function in momentum space,20 coherence
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enhancement,”’ and Coulomb potential enhancement.””
However, a full understanding is yet to be developed.

Here we show evidence on the coherent nature of interlayer
charge transfer in a trilayer of MoS,—WS,—MoSe,. Electrons
excited in MoSe, transfer to MoS,, without populating the
middle WS, layer, in 1 ps at room temperature. Calculations
showed the coherent nature of the charge transfer and
reproduced the transfer time. The hole transfer from MoS,
to MoSe, is also efficient and ultrafast. The separation of
electrons and holes extends their lifetimes to 1 ns, suggesting
potential applications of such multilayer structures in
optoelectronics.

The trilayer sample, which is schematically shown in Figure
la, was fabricated by mechanically exfoliating the monolayers
and transferring them one by one, with the sequence of
MoSe,—WS,—MoS,, on a silicon substrate covered with 90 nm
of SiO,. The monolayer thickness of each layer was identified
by optical contrast and photoluminescence. After transferring
each monolayer, the sample was annealed at 200 °C for 2 h
under a H,/Ar (20 sccm/100 sccm) environment at a pressure
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Figure 1. (a) Schematic illustration of the MoS,—WS,—MoSe, trilayer sample studied. (b) Band alignment of the trilayer sample and the pump—
probe configuration, where a pump pulse excited the MoSe, layer and a probe pulse detects carriers in MoS,. (c) Photoluminescence spectra of the
trilayer (purple) and monolayers of MoS, (black), WS, (red, divided by 50), and MoSe, (blue) under steady excitation of 405 nm and 0.5 yW. (d)
Differential reflection of a 1.88 eV probe pulse (sensing carriers in MoS,) after a pump pulse of 1.57 €V injected carriers in MoSe,. The red curves
are fits. (e) The gray symbols are differential reflection of a 2.00 eV probe (sensing WS, of the trilayer) after a pump pulse of 1.57 eV injected carriers
in MoSe,. The purple symbols are measured from a WS, monolayer sample with a 3.14 eV pump pulse injecting carriers. The blue symbols are
replotted from (d) for comparison. (f) Charge transfer time as a function of injected carrier density.

of about 2 Torr. The sample was kept in an ambient condition
during all the measurements.

According to first-principle calculations, this trilayer
forms a ladder alignment in both the conduction and the
valence bands, as schematically shown in Figure 1b. The
conduction band minimum and valence band maximum lie in
the MoS, and MoSe, layers, respectively. Photoluminescence
measurements were performed to probe the quality of the
interfaces, as shown in Figure lc. Without the interlayer charge
transfer, the spectrum of the trilayer would resemble the sum of
the spectra from the three monolayers. However, the WS, A-
exciton peak is about 250 times weaker in the trilayer than the
monolayer. The significant quenching of the MoS, and MoSe,
peaks, which are practically invisible in the trilayer spectrum,
also confirms the high quality of the interfaces between the
monolayers.” "> The strong peak at 1.54 eV observed in the
trilayer is consistent with the charge transfer exciton PL we
previously identified in a MoSe,—WS, heterostructure.””

The interlayer charge transfer in the trilayer sample was
studied by the ultrafast pump—probe technique based on a 80
MHz femtosecond laser system.”® A 1.57 eV and 100 fs pump
pulse is used to selectively excite electrons in MoSe,. Since the
optical bandgaps of MoS, and WS, are 1.88 and 2.01 eV,
respectively, the pump photon energy is not suflicient to excite
these layers. Once excited to the conduction band of MoSe,,
the electrons are expected to transfer to MoS, (Figure 1b). To
monitor the population of these electrons in the conduction
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band of MoS,, the differential reflection of a 1.88 eV probe
pulse (tuned to the MoS, optical bandgap) was measured as a
function of its arrival time at the sample with respect to the
pump pulse. Here, the differential reflection is defined as the
normalized change of the probe reflection due to the pump-
injected carriers, AR/Ry = (R — Ry)/Ry. A few examples of the
measured signal are shown in Figure 1d. The carrier densities
initially injected in MoSe,, as indicated in the label of Figure 1d,
were estimated from the fluences of the pump pulse and the
absorption coefficient of MoSe, (Supporting Information). A
control experiment performed with a MoSe, monolayer yielded
no signal, confirming that the 1.88 eV probe does not sense
carriers in MoSe,. Hence, the signal originates from electrons in
MoS, that have transferred from MoSe,. The rise of the signal
can be modeled, as indicated by the red curves in Figure 1d, by
noticing that the population of electrons in MoS, should follow
N(t) = Ny[1 — exp(—t/7)], where N, is the initially injected
density in MoSe, and 7 the transfer time. From these fits and
others that are not shown, we obtain an average charge transfer
time of 1.5 + 0.2 ps, which shows no significant density
dependence (Figure 1f).

To determine whether the electrons temporarily populate
the conduction band of the WS, middle layer during the
transfer, a 2.00 eV probe was used, which is tuned to the optical
bandgap of WS,. To gauge the probe, we first measured a WS,
monolayer sample. With a pump of 3.18 eV injecting a carrier
density of about 4.3 X 10'° cm ™, a signal of about 4 X 10~ was
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Figure 2. (a) Schematic diagram of energy levels involved in the excited electron dynamics. (b) Decay of population of excited electron states. (c)
Decay of LUMO+4 population fitted by exponential, f(t) = exp(—t/7). (d) Pure-dephasing functions for the charge transfer between LUMO+4 and
LUMO+3. The decay time scale represents the elastic electron—phonon scattering time, fitted by a Gaussian. (e) Fourier transformation of the
energy gaps between the LUMO+4 and LUMO+3 for electron transfer.

observed (purple symbols in Figure le, more data can be found
in Supporting Information, Figure S9). If the electron transfer
from MoSe, to MoS, is an incoherent and sequential process,
the electrons are expected to temporarily populate WS,. With
the 1.57 eV pump injecting a density of 4.3 X 10'° cm™ in
MoSe,, one would expect the detection of a transient signal that
last for about 1 ps and with a peak magnitude similar to the
purple symbols. However, the observed signal (open symbols)
is much weaker than expected and does not show the temporal
feature described above. A detailed investigation on the
magnitude and temporal behavior of this residual signal
shows that it originates from the holes residing in MoSe,
(Supporting Information, Figure S7).

The observation that the electrons do not populate WS, as
they move from MoSe, to MoS, suggests that the transfer
could be a coherent process. To obtain physics insight into this
process, we performed nonadiabatic molecular dynamics
(NAMD) simulations.”””® The molecular structure of the
trilayer system with 108 atoms per unit cell is shown in Figure
2a. Geometry optimization and adiabatic MD simulation were
performed using the Quantum Espresso program” with the
plane-wave basis, ultrasoft pseudopotential, and Perdew—
Burke—Ernzerhof (PBE) exchange-corrleation functional !
The size of the plane-wave basis was chosen to satisfy the 40 Ry
energy and 400 Ry charge density cutoffs. The dispersion
correction was included via the semiempirical London terms
(PBE-D).”* The initially optimized structure was used as a
starting point for the adiabatic MD simulation, where a 50 ps
trajectory of the system was obtained with 1 fs steps. The
Andersen thermostat was employed to control the temperature
of the system at ambient conditions.”

To model the relaxation of the photoexcited electrons, it is
important to adequately describe spontaneous transitions
between different electronic states. NAMD implemented in
the PYXID code”””® as an extension of MD with using fewest-
switch surface hopping within the time-dependent Kohn—Sham

1625

theory®* can simulate such transitions well. The time-
dependent Schrodinger equation, iZdl¥W)/dt = HI¥), was
solved along the nuclear trajectory R(t). The transition
probability between states li) and lj) was then given by the
time-dependent amplitudes {c;,(f)} of a basis set representation
in the total wave function, ly(t,R)) = Z,(t)li(R)), and from the
magnitude of the nonadiabatic coupling d; = (ild/dtlj), which
can be computed numerically using the approximation d,(t +
dt) =~ 1/(2dt)[(i(®)lj(t + dt)) — (i(t + dt)lj(t))]. The current
simulations employed the adiabatic basis {li)}. A detailed
discussion of NAMD methodology can be found elsewhere.*>*°
In our simulations, we assumed that the photogenerated
electron—hole pairs rapidly dissociate so that we can neglect the
electron—hole interaction. Computation of the latter requires
significantly more demanding computational methods. Quan-
tum decoherence effects were investigated using the optical
response theory and a semiclassical correction to the NA
dynamics.”” The electronic structures of configurations taken
from the MD trajectory were computed with only the I" point.
Here, a more accurate screened Coulomb hybrid functional
HSE06 implemented in the Vienna ab Initio Simulation
Package (VASP) was used to compute the electronic
structures.”®

Figure 2a shows wave functions of the states near the band
edges, based on the configuration of the MD trajectory at 1 ps.
The highest occupied molecular orbital (HOMO) is entirely
localized in MoSe,, while the lowest unoccupied molecular
orbital (LUMO) is mostly localized in MoS, but slightly
extends to the other two layers. Among higher excited states,
the LUMO+1, LUMO+2, and LUMO+3 states exhibit similar
wave function distributions as LUMO, whereas only LUMO+4
shows significant distribution in the MoSe,. Hence, the 1.57 eV
pump excites electrons initially from HOMO to LUMO+4,
where the electrons are delocalized between MoSe, and MoS,.
The initially excited LUMO+4 can be viewed as a donor state
while the four lower LUMO states can be viewed as acceptor
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states. The strong donor—acceptor interaction results in the
electron transfer from MoSe, to MoS,. More importantly, in
both acceptor and donor states, molecular orbitals are mostly
localized in MoSe, and MoS,, indicating that electrons can
coherently transfer from MoSe, to MoS, without populating
WS,. Results of more accurate computations based on the
HSE06 functional, particularly the electronic structure
computation for configurations at different time in the
trajectory, reaffirm the computational results (Supporting
Information, Figures S1—S4).

Figure 2b shows the simulated dynamics of the electron
population at various LUMO levels. From an exponential fit
(Figure 2c), an electron transfer time of about 0.9 ps was
obtained, in good agreement with the experiment. In particular,
the time evolution of the population indicates that the initially
excited state (LUMO+4) relaxes to LUMO+3 due to the
electron transfer between LUMO+3 and LUMO+4. To
quantitatively characterize the phonon-induced loss of elec-
tronic coherence, the pure-dephasing functions for charge
transfer from LUMO+4 to LUMO+3 are plotted in Figure 2d,
and the computed decay time is about 58 fs from the Gaussian
fitting. Compared with the decay time for charge transfer from
LUMO+4 to LUMO+2, the loss of coherence between LUMO
+4 and LUMO+3 is slower (Supporting Information, Figure
SS). The longer coherence results in faster electron dynamics
between LUMO+4 and LUMO+3, suggesting electrons in
LUMO+4 relax to LUMO+3 first, then to LUMO+2. The
much longer decay time for LUMO+3 to LUMO+2 further
supports this sequence of relaxation process (Supporting
Information, Figure S6). In any event, because the LUMO+3
and LUMO+2 states have little distribution in WS,, the middle
WS, layer is never populated during the charge relaxation
process, which is again consistent with the experiment.

To reveal the charge transfer promoted by phonons, Figure
2e shows the computed spectral density obtained from Fourier
transformation of the energy difference between LUMO+4 and
LUMO+3. The phonons involved in the LUMO+4-to-LUMO
+3 process have higher frequencies, compared with those in
LUMO+4-to-LUMO+2 and LUMO+3-to-LUMO+2. Specifi-
cally, the LUMO+4-to-LUMO+3 charge transer process is
coupled with phonons with 210, 625, and 835 cm™" frequencies
(particularly with the 625 cm™'), whereas the LUMO+4-to-
LUMO+2 and LUMO+3-to -LUMO+2 processes are mainly
coupled with the phonons of 415 cm™". Clearly, phonons with
higher frequencies cause stronger nonadiabatic coupling and
lead to faster charge transfer from LUMO+4 to LUMO+3.”

The ladder arrangement of the valence bands in the sample
allows hole transfer from MoS, to MoSe,, opposite to the
electron transfer direction. To study this process, a 1.88 eV
pump excites MoS, while a 1.57 eV probe monitors MoSe,.
The result is shown by the blue symbols in Figure 3a. Although
undesired for the sake of investigating hole transfer, the pump
also inevitably injects carriers in MoSe,, which has a smaller
optical bandgap. The total carrier density injected in the two
layers is about 1.3 X 10"! cm™ To isolate the contribution of
the holes directly injected in MoSe,, we changed the pump to
1.75 €V, so that it injects carriers in MoSe, only, with a density
of about 4.4 X 10'° cm™ It is not energetic enough to excite
MoS,. As the excited electrons transfer to MoS,, the signal
observed (red symbols in Figure 3a) is induced by holes in
MoSe,. Since the signal is proportional to the hole density, we
can deduce the signal corresponding to a hole density of 1.3 X
10" cm™ by multiplying the observed signal with a factor of 3.
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Figure 3. (a) Differential reflection signal of the 1.57 eV probe after
the trilayer sample is pumped by 1.88 (blue) and 1.75 eV (red) pumps,
respectively. (b) Differential reflection signal at a probe delay of 3 ps as
a function of the pump photon energy. The two data points
corresponding to panel a are plotted with the corresponding colors.

The result (gray symbols) is in excellent agreement with blue
symbols. This comparison confirms that holes injected in MoS,
transfer to MoSe, with a near unity efficiency. This
interpretation is further confirmed by the systematic variation
of the signal measured at 3 ps as the pump photon energy is
changed, shown in Figure 3b. Since the temporal profiles of the
two signals are identical, both rising to maximum on a time
scale limited by the time resolution of the instrument, the hole
transfer process is at least as fast as the instrument response
time of 0.3 ps (Supporting Information, Figure S8) and is faster
than the electron transfer.

After the charge transfer, the electrons and holes settle in
different layers and are separated by a middle layer, which is
expected to extend the carrier lifetime. To probe the lifetime of
the electrons in MoS, after their transfer from MoSe,, the
differential reflection of the 1.88 eV probe was measured over a
long time range after the 1.57 eV pump injected a carrier
density of 1.1 X 10'® cm™ in MoSe,. As shown by the blue
symbols in Figure 4a, the lifetime of these electrons is about
950 ps. This is significantly longer than the 30 ps photocarrier
lifetime in MoS, monolayer (open symbols), determined by
measuring a monolayer MoS, sample with the same probe but a
3.14 eV pump. We also probed the lifetime of holes in MoSe,

107 10’
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Figure 4. (a) Blue solid symbols show the differential reflection of a
1.88 eV probe after a 1.57 eV pump pulse injected carriers with a peak
density of 1.1 X 10" cm™ in the MoSe, layer of the trilayer sample.
Open symbols represent results from a MoS, monolayer, with the
same probe, but with a 3.14 eV pump pulse that injects carriers with
the same density. The red curves are exponential fits. (b) The
differential reflection of a 1.57 eV probe after a 2.00 eV pump pulse
injected carriers in the trilayer (blue solid symbols) and a MoSe,
monolayer (open symbols) with a density of 9.5 X 10" cm™2. The red
curves are exponential fits.
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by using the 1.57 eV probe. As shown in Figure 4b, the lifetime
is also significantly extended compared to MoSe, monolayer
and is reasonably consistent with the lifetime of electrons in
MoS, of the trilayer (Supporting Information, Figure S9).

In summary, we time-resolved the transfer of electrons from
MoSe, to MoS, monolayers that are separated by a WS,
monolayer. The transfer time is about 1.5 ps. Considering the
thickness of these monolayers of about 1 nm, such a transfer
time corresponds to a speed on the order of 1000 m s
Surprisingly, the electrons do not populate the middle WS,
layer during the transfer, which suggests that the transfer could
be a coherent process. Our first-principle calculations
reproduced both the transfer time and the coherent nature of
the transfer. However, we note that our measurement does not
directly monitor the coherence of the transfer due to the
incoherent nature of the probe technique. We also observed
efficient and ultrafast transfer of holes from MoS, to MoSe,.
The spatial separation of electrons and holes by the WS, layer
enhanced their lifetime to about 1 ns. These results on efficient
charge transfer and long carrier lifetime suggest potential
applications of van der Waals multilayers as new electronic and
optoelectronic materials.
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