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Abstract

Forming van der Waals multilayer structures with two-dimensional materials is a
promising new method for material discovery. The weak van der Waals interlayer inter-
action without atomic correspondence relaxes lattice matching requirement and allows
formation of high-quality interfaces with virtually any combinations of two-dimensional
materials. However, the weak nature of the van der Waals interaction also makes it
challenging to harness emergent properties of such multilayer materials. Previous stud-
ies have indicated that in transition metal dichalcogenide bilayer heterostructures, the
interlayer charge and energy transfer is highly efficient. Therefore, it is important to
understand interlayer coupling in these materials and its role on charge and energy
transfer. Here we show that in a MoSey/WSes /WS, trilayer, the interlayer coupling
is strong enough to form layer-coupled states in the conduction band with the elec-
tron wavefunction extends to all three layers. Density functional theory calculations
reveal that the layer-coupled states in () valley are about 0.1 eV below the individual
monolayer states in K valley, which is consistent with photoluminescence measure-
ments. Transient absorption measurements show that these layer-coupled states pro-
vide a channel for ultrafast interlayer charge transfer between the top WS2 and the
bottom MoSes layers. In this process, electrons from the K valley of the individual
monolayers are scattered to the layer-coupled states in @) valley. Such a partial charge
transfer allows formation of partial-indirect excitons with the holes in one monolayer
while electrons shared by three layers. The formation of layer-coupled states is promis-
ing for harnessing emergent properties of transition metal dichalcogenide multilayer
heterostructures. Our findings also provide new ingredient to understand charge and
energy transfer in transition metal dichalcogenide heterobilayers, as the layer-coupled

states can play important roles in the efficient transfer observed in these systems.
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The discovery of graphene has created an exponentially growing interest in two-dimensional
(2D) materials, especially transition metal dichalcogenides (TMDs).! These atomically thin
materials possess several unique features that make them attractive to both fundamental
research and applications, such as layer-dependent electronic structures,?® enhanced many-
body interactions,? and strong nonlinear optical responses.®® One of the most intrigning
aspects of these 2D materials is that they provide a new route to fabricate multilayer strue-
tures by combining several 2D materials” or with other materials®'! wvia van der Waals
interlayer interaction. Since lattice match is no longer a constrain, a large number of ma-
terials can be chosen from to assemble multilayers with certain properties. Hence, this new
approach can potentially produce a vast number of new functional materials. The interfaces
in such structures are atomically sharp and the junctions can be as thin as two atomic layers
- both reaching the ultimate limits. A number of drawbacks in conventional heterostruc-
tures are, at least in principle, reduced in these van der Waals multilayers, such as interfacial
defects, interlayer atomic diffusion, strain, and disorders.

One key process for achieving emergent properties in van der Waals multilayers is effective
transfer of charge and energy between different layers. As the first step, charge and energy
transfer in heterobilayers formed by TMD and graphene have been studied by femtosecond
transient absorption'?'® and steady-state optical spectroscopy measurements.!” Based on
these studies, the following conclusions appear to be established: First, between two TMD
monolayers (MLs) that form a type-II band alignment, interlayer charge transfer occurs
on a time scale shorter than 100 fs. 21517 Second, efficient charge transfer can occur in
heterobilayers with any twist angles.'®'® Third, energy transfer occurs on a 1-ps time scale,
and makes a minor contribution when charge transfer is efficient. !7:1%:20

The observed highly efficient interlayer charge and energy transfer is encouraging news for
the development of van der Waals multilayers for electronic and optoelectronic technologies.
However, the physics mechanisms of charge and energy transfer are vet to be fully understood.

Several theoretical models have been proposed to account for the ultrafast charge transfer



process: For example, delocalization in momentum space due to strong localization in real
space may help fulfill in-plane momentum conservation requirement.?! Quantum coherence at
the interface can help overcome the Coulomb attraction. 2 The interlayer coupling between
some states can be enhanced by the Coulomb field from initially transferred charges.? More
recently, it was proposed that intervalley scattering of carriers from layer-uncoupled to layer-
coupled states can assist charge transfer.” These models are plausible and have established
a solid foundation for ultimate understanding of this process. However, more experimental
studies that reveal different aspects of charge and energy transfer and identify dominant
mechanisms under different conditions are highly desired.

Here we show that layer-coupled states are formed in a TMD trilayer, and they play a key
role in ultrafast interlayer charge transfer. We found that in a MoSe; /WSea/WSs trilayer,
electrons can transfer from MoSe; to W52 on an ultrafast time scale, despite of the energy
barrier of WSe;. Even more surprisingly, electrons can also transfer efficiently from W55 to
MoSe;, despite of the fact that the K-valley conduction band of MoSe; is higher than WSs.
These observations indicate that the charge transfer is achieved via layer-coupled states that
has energies lower than the individual ML states. Our density functional theory calculations
show that the conduction band states in () valley are coupled, lowering the energy to below
the K-valley states by about 0.1 eV. Intervalley scattering of electrons from K wvalley of
individual layers to these layer-coupled states is therefore responsible for the ultrafast partial
interlayer charge transfer. These layer-coupled states are also identified in photoluminescence
(PL) measurements. The formation of layer-coupled states is an important element for
harnessing emergent properties of TMD multilayer heterostructures.

Figure 1(a) shows the band alignment of the MoSe,; /WSey /WS, trilayer sample, accord-
ing to the ionization potentials and electron affinities of individual MLs from first-principle
calculations.?® That is, the individual layers are assumed to maintain their own electronic
structures, without interlayer coupling. Only the K-valley states are plotted as they are the

lowest energy states.” The key element of this design is that, the conduction band mini-
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Figure 1: (a) Band alignment of the MoSe;/WSes/WSs heterostructure according to the
ionization potentials and electron affinities of individual monolayers from first-principle cal-
culations.® (b) Microscope image of the heterostructure sample. (c) Photoluminescence
spectra of the heterostructure (blue) and the three monolayers of MoSes (red), WSes (dark
blue), and WSs (pink) obtained under the same conditions.

mum (CBM) of MoSe, is lower than WSe, but higher than WS,. Hence, if only the K-valley
states are involved, electrons excited in MoSe; could transfer to WS, by tunneling through
the energy barrier of WSes, while electrons excited in WSs are not expected to transfer to
MoSes. We note that although the magnitudes of the conduction band offsets plotted in
Figure 1(a) are theoretical values,?® it has been shown that MoSe,/WS, forms a type-II
band alignment with the CBM in WS,,41%% while MoSe,/WSe, also forms type-IT band
alignment with the CBM in MoSe;. 23 Hence, the order of the CBM of the three mate-
rials, WSs < MoSes < WSes, has been experimentally established. Furthermore, although
slightly different theoretical values of the electron affinity of TMD MLs have been reported
by different groups,**! these models all agree on the above order of the CBM.

Figure 1(b) shows a microscope image of the sample used for the study, which was fabri-
cated by mechanical exfoliation followed by dry transfer (See Supporting quorm&tion}.m
In addition to the trilayer region, the sample also contains regions of the three individual
MLs as well as three heterobilayers. These regions facilitate their direct comparison with
the trilayer. In all the measurements, the sample was kept at room temperature in ambient
conditions.

To probe the quality of the sample and the interfaces, we first performed PL measure-



ments. Figure 1(c) shows the PL spectra, taken under the same conditions, of the trilayer
and the three ML regions. A linearly-polarized 405-nm continuous-wave laser with a power
of 100 nW was used for excitation. The PL spectra of the individual MLs - both the peak
positions and the PL yields, are consistent with our previous results,* confirming their ML
thickness. In the trilayer, the peak corresponding to MoSe; is quenched by about 7 times.
This can be attributed to the transfer of photoexcited holes from MoSe; to WSes and/or
transfer of electrons to WS, before their recombination in MoSes. The quenching of the
WSes peak is more pronounced, about a factor of 200. No WS; PL can be observed in the
trilayer. The observed PL quenching confirms the high quality of the interfaces of the tri-
layer. 14303944 A new peak at about 1.9 eV is observed in the trilayer, which is about 6 times
lower than the WSs ML peak. At 100 meV below the WSs peak, no transitions between the
K-valley states shown in Figure 1(a) can induce this peak. The origin of this peak will be
discussed later in the paper.

We used a femtosecond pump-probe technique to study the dynamics of charge transfer
in the heterostructures (See Supporting Information).*® Figure 2(a) shows the pump-probe
confisuration intended to study electron transfer from MoSe; to WS2. A 1.60-eV pump
pulse with an energy fluence of 16 pJ em~—2 injects electrons (-) and holes (+) in MoSes. The
estimated excited carrier density is about 4 x 10'! em~2, using an absorption coefficient %
of 10" m~!. Since the photon energy is smaller than the optical bandgaps of WSe; (1.66 €V)
and WSs (2.01 eV), no carriers are excited in these two layers. We monitor the population
of carriers in WSs by measuring the differential reflection of a 1.97-eV probe pulse, which
iz defined as the normalized change of the reflection coefficient of the sample induced by
the pump, AR/Ry = (R — Rp)/ Ry, where R and Ry are the reflection coefficient with and
without the presence of the pump beam, respectively (See Supporting Information).*® The
blue squares in Figure 2(b) and (d) show the observed differential reflection signal from the
MoSes /WSez /WSs region over short (b) and long (d) time ranges. The rising part of the

signal can be fit by the integral of a Gaussian function with a full-width at half maximum
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Figure 2: (a) Pump-probe configuration: A 1.60-eV pump pulse (red arrow) excites electrons
(-} and holes (+) in MoSes. The holes are expected to transfer to WSey (gray arrow). The
electrons may tunnel to WSs (orange arrow) or transfer to (pink arrow) the layer-coupled
states (dashed line). The possible presence of electrons in WSs is monitored by a 1.97-eV
probe pulse (blue arrow). (b) Differential reflection signal measured from MoSe,; /WSey /WS,
(blue squares), MoSe;/ WS, (orange circles), and MoSe; (red triangles) regions of the sample.
(c) Normalized peak differential reflection signal from the trilayer region as a function of
probe photon energy (black squares) and the normalized PL spectra of W5; ML (pink
curve) and trilayer (blue curve). (d) Same as (b) but over a larger time range.

(FWHM) of 400 fs, as indicated by the blue curve over the data points. We repeated the
measurement in the region of MoSes /WSs, i.e. without the middle WSe; layer. As shown
by the orange circles, the magnitude and the rising time of the signal are very similar to the
trilayer, with a slightly shorter rising time corresponding to a Gaussian FWHM of 350 fs
[orange curve in Figure 2(b)]. The fact that the rise times of the signal are limited by the
time resolution of the setup indicates that the charge transfer times in both the trilayer and

the bilayer regions are much shorter than 350 fs and the WSes barrier does not influence the



transfer noticeably. The decay of the signal in the trilayer is significantly slower than the
bilayer, as shown in Figure 2(d), indicating different exciton recombination dynamics. 7%

To understand the observed features, we first recall that the result from the MoSe, /WS,
bilayer (orange circles) is consistent with the ultrafast charge transfer process that has been
observed in several TMD heterostructures. 121517 Hence, the signal can be attributed to
the electrons that transfer from the CB of MoSes; to that of WSs. Since the magnitude
of the signal from MoSe;/WSes /WS, trilayer is similar to MoSes/WSs, we can conclude
that nearly all electrons excited in MoSe; transfer to W5,;. The similarly short rising time
of the signal in trilayer shows that the electron transfer from MoSe; to WS, occurs on a
similarly ultrafast time scale, despite of the WSe,; energy barrier. We note that the holes
are expected to transfer from MoSe; to WSe; on an ultrafast time scale (gray arrow), as
have been observed in previous studies of MoSes/WSes heterostructure. 2203 Residing in
the middle WSe; layer, these holes are not expected to contribute significantly to the signal
observed.

The above interpretation is based on an assumption that the 1.97-probe, tuned to the
optical bandgap of W53, main senses carriers in WSs. To confirm this assumption, we
repeated the measurements of the trilayer and bilayer regions on the WS5s ML region under
the same conditions. As shown by the red triangles in Figure 2(b) and (d), no signal above
the noise floor was observed. This rules out the possibility that the signal was due to
interaction of the probe with higher energy states in MoSes. To further confirm that the
probe monitors the WSs layer, we measured the differential reflection signal as a function of
the probe photon energy. The peak signal depends strongly on the probe photon energy in
this spectral range, as shown as the blue squares in Figure 2(c). This resonant feature would
not have been observed if the signal was due to the probe interacting with the other two
layers. We note that for an individual WSs ML sample, the differential reflection signal peaks
near the PL peak of WSy ML at about 2.00 eV, according to our previous measurements.

Since the differential reflection peaks at about the half-height position of the PL peak of the



trilayer (blue curve) and drops to almost zero at the PL peak, it is likely to be induced by
a shift of the resonance in the trilayer that is responsible for the PL. This feature will be
discussed along with the nature of the trilayer PL peak later.

The minimal effect of the WSe; barrier on electron transfer from MoSe; to WS, strongly
suggests that the tunneling mechanism indicated by the orange arrow in Figure 2(a) is not
the main channel of charge transfer. We can roughly estimate the expected tunneling time
by treating this process as tunneling of an electron with an energy of 26 meV (thermal
energy at room temperature) through a square energy barrier of 1 = 0.4 eV (the band
offset) and L = 0.9 nm (ML thickness). The tunneling probability T' = {1+ [(E/Vj)(1 —
E/Vy)sinh*(kL)] "'}, where k = \/2m(V; — E)/h. By using m = 0.7mg, where my is the
rest mass of an electron,®” we obtain k = 2.5 x 10° /m, and therefore T' = 0.0022. Using the
velocity of the 0.026-eV electron of v = 1.2 x 10° m s, the rate of incidence is R = v/2L =
0.67 x10™ s~1. Hence, the transfer time due to tunneling is (RT)~! = 7 ps, which is much
longer than the observed transfer time. On the other hand, the transfer via layer-coupled
states (the pink arrow) could explain the observed feature. In this model, we assume that
some states in the CBs of the three MLs form layer-coupled states that expand across the
entire trilayer. If these layer-coupled states are lower in energy, as indicated as the purple
dashed line in Figure 2(a), electrons excited in the K valley of MoSe; can scatter to these
states via intervalley scattering. The intervalley scattering time has been estimated as about
50 fs in TMD heterostructures,”® which is reasonably consistent with the charge transfer
time observed here.

To find more evidence on the charge transfer process via layer-coupled states, we next
used the configuration shown in Figure 3(a). Here, the pump of 2.00 eV and 1.9 pJ em~2 (red
vertical arrow) excites WiS;. The excited holes are expected to transfer to WSe, (gray arrow).
The 1.57-eV probe is tuned to the excitonic resonance of MoSes, and hence senses carriers
in that layer. Since the CBM of MoSes is higher than WSs, if only the K-valley states are

considered, the electrons are not expected to transfer to MoSes layer. As such, observation
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Figure 3: (a) Pump-probe configuration: A 2.00-eV pump pulse (red arrow) excites electrons
(-} and holes (+) in WSs. The holes are expected to transfer to WSey (gray arrow). The
electrons may transfer to the layer-coupled states (dashed line). The presence of electrons
in MoSes is monitored by a 1.57-eV probe pulse (blue arrow). (b) Differential reflection
signal measured from the regions of MoSe; /WSe; /WS, (blue squares), MoSe; /WS, (orange
cricles), MoSe;/WSe, (black diamonds), and MoSe, (red triangles). Curves are fits (see
text). (c) Same as (b), except that a pump of 1.77 eV was used. (d) Same as (b) but over a
large time range.

of electron transfer from W52 to MoSe; would provide evidence on the involvement of the
layer-coupled states.

Unlike the configuration shown in Figure 2, where the pump only excites the targeted
layer of MoSe;, here, the pump inevitably excites all three layers. Hence, to separate the
contributions of the directly injected carriers and transferred carriers, the same measurement
was repeated on control samples of MoSes, MoSes/WSes, and MoSes /WSs. The signal of
MoSes ML, shown as the red triangles in Figure 3(b) and (d), rises to a peak following the

integral of a Gaussian function with a width of 0.50 ps (red curve). This time constant is
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slightly longer than the instrument response time, which could be attributed to the time it
takes for the initially injected hot carriers to relax to the band edges.-** For MoSes/WSes
(black diamonds) and MoSe; /WS, (orange circles), the rising times are also 0.50 ps (curves),
confirming the ultrafast transfer of electrons from WSe; to MoSe; and the ultrafast hole
transfer from WS; to MoSe,, respectively.

A different time evolution of the signal was observed from the trilayer, as shown as the
blue squares. The rise of the signal is significantly slower. The initial rise can still be
described as the Gaussian integral of 0.5 ps (blue solid curve), and can be attributed to
contributions from carriers injected in MoSe; and WSe;. The rest of the rising can be fit by
an exponential function, AR/ Ry(t) = AR/ Rp(o0o)[1 —exp(—t,/7)] (blue dashed curve), where
AR/Rgy(oo) is the maximum value of AR/Hp. Since carriers injected in MoSes and WSes
layer are known to instantaneously produce a peak signal, the only plausible origin of the
slow rise of the signal is the electrons that are excited in WS, and subsequently transferred to
MoSe;. Hence, the time constant 7 = 0.44 ps is attributed to the transfer time of electrons.

To further confirm the assignment of the slow-rising component to the electrons trans-
ferred from WSs to MoSes, we repeated this set of measurements with a 1.77-eV pump. Since
the photon energy is smaller than the optical bandgap of WS, the pump is now unable to
excite WS;. The results are shown in Figure 3(c). As expected, without the contribution of
electrons transferring from WSs, the signal of the trilayer (black squares) rises to a peak with
a time constant of 0.35 ps (black squares), just as the three control samples [Figure 3(c)].
We note that it is unlikely that carriers in WSes contribute significant to the differential
reflection of the 1.57-eV probe, although it also overlaps with low-energy tail of the WSes
exciton resonance [Figure 1(c)]. Previous spectrally resolved measurements have shown that
the signal at the probe photon energy of more 40 meV below the WSe; optical bandgap is at
least one order of magnitude lower than the signal at the optical bandgap.®® Furthermore,
hole transfer from WS to WSes has been found to occur on a sub-100 fs time seale,* much

faster than the observed rising time of the signal.
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Figure 4: Projected density of states (PDOS) (a) and bandstructure (b) of the trilayer
MoSey /WSe; /WS, calculated using the optimized structure at the Perdew-Burke-Ernzerhof
level with inclusion of the spin-orbit coupling correction. The zero energy is set to the Fermi
level. The size of the symbols in (b) represents the fraction of Kohn-Sham orbital localized at
the each material respectively. Charge densities (¢), (d), and (e) for valance band maximum
and conduction band minimum are obtained from the K- and QQ-points, respectively. The
iso-surface value is set to 5 x10~% e (bohr)—*.

The observed electron transfer from WS; to MoSe; in the trilayer sample shows clearly
that the process must involve states other than K valley. This, along with the surprisingly
fast electron transfer from MoSe; to W5, (despite of the WSey barrier) indicate that the
layer-coupled states provide a channel for such transfer, as shown as the pink arrows in
Figure 3(a) and Figure 2(a). Since the wavefunctions of the electrons in these states extend
to all three layers, partial presence of electrons in each layer can be sensed by probe tuned
to the resonance of that layer.

We have presented strong experimental evidence that in trilayer MoSe;/WSey/WS,,
layer-coupled states act as a channel for interlayer charge transfer. To reveal the features
of these coupled states, we performed density functional theory calculations, employing the

Vienna ab initio simulation package® using a converged plane-wave basis set. The gener-
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alized gradient approximation of Perdew-Burke-Ernzerhof functional for electron exchange
and correlation® and projected-augmented wave approach for electron and ion interaction
were used. The interlayer van der Waals interactions was described by the Grimme DFT-D3
method.®” A 400-eV energy cutoff was used for geometry optimization and electronic struc-
ture calculations. Geometry optimization for both lattice constants and atomic coordinates
with 20 x 20 x 1 ['-centered Monkhorst-Pack mesh®® was carried out until residual forces
on each atom were smaller than 0.01 eV A-!. A 9-atom trilayer heterostructure consisting
of MoSe; /WSe; /WS, unit cells were built in which a 17 A vacuum depth was added along
the z axis to eliminate spurious interactions between the systems from their images. The
optimized lattice constants were 3.19 A in = and y directions. Considering strong spin-
orbit coupling arising from heavy atoms, in particular Mo and W, in TMDs, the spin-orbit
coupling corrections were included in the electronic property calculations. %51

Figure 4(a) presents the projected density of states (PDOS) of the trilayer MoSe; /WSey /WSs.
The PDOS is separated into contributions from MoSe; (blue), WSe; (red) and WS (green),
respectively. The VBM of the trilayer is composed primarily by WSe, layer, while the
CBM originates from the mixing states from all three layers. Figure 4(b) shows the band-
structure that further confirms the energy alignment analysis from the PDOS and gives the
more subtle features of electronic structure. Similar to TMD MLs, the VBM of the trilayer
MoSe; /WSe; /WS, remains at the K point. The CBM, however, moves to the lower energy
() point because the coupled states formed by the three MLs push it down and result in
the Q/A states lower than all the K states. We note that similar phenomena hawve been
found in few-layer MoSe; and bilayer MoSs.?*%? As a more straightforward proof, while the
charge densities of VBM and CBM calculated at K-point are localized at WSe; and WS,
respectively [Figure 4(c) and 4(d)], the CBM at Q-point is delocalized among all three layers
and forms a strongly couple state [Figure 4(e)]. Hence, scattering of electrons from K valley

of any ML to the layer-coupled states in Q) valley gives rise to interlayer charge transfer, with

a transfer time determined by the intervalley scattering time. It is interesting to note that
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while the electron transfer from MoSes to WSs is faster than our time resolution, the transfer
time from WSs to MoSes is 0.44 ps. The difference could be attributed to the difference in
intervalley scattering rates in the two situations. However, further studies are necessary to
fully account for this feature.

Results shown in Fig. 4 are based on a single particle approach. Since in TMD MLs, the
Coulomb effects are strong, it is interesting to check whether such effects can alter the results
significantly. We repeated the PDOS and bandstructure calculations for the trilayer at the
GW level containing spin-orbit interactions. The results (See Supporting Information) show
that the energy alignment does not change. Furthermore, to check whether the 17-A vacuum
depth is sufficient to screen spurious interactions, we repeated the PDOS, bandstructure,
and charge density calculations at the PBE level containing spin-orbit coupling using the
same system, but with 15-and 20-A vacuum depths, respectively. The results are provided
in Supporting Information. The energy alignment, valley alignment between @) and K,
and charge localization remain largely unchanged compared to the results of 17-A vacuum
depth. Hence, the choice of 17-A vacuum depth achieves a reasonable balance between the
computational cost and the data convergence.

The layer-coupled states obtained in the calculation are also consistent with PL spectrum
of the trilayer. According to Figure 4(b), the layer-coupled states in () valley is about 0.1 eV
lower than the K valley of WS, ML. The PL peak of the trilayer shown in Figure 1(¢) is lower
than the peak of W52 ML by the same amount. Hence, we can attribute the PL peak of the
trilayer at 1.9 eV to the recombination of excitons with the electrons in the layer-coupled
() valley and holes in the K valley of W55, It is interesting to note that the measurement
was performed with the sample at room temperature. The rather strong PL emission from
interlayer excitons observed here could be attributed to partial overlap of the wavefunctions
of electrons and holes, since a significant portion of the electron wavefunction in Q valley is
in W53 layer. We note that trions in W52 could have contributions to this peak too, since

charge transfer can facilitate formation of trions. However, since the trion binding energy in
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Figure 5: Caleulated phonon spectrum of the MoSes /WSes /WSs trilayer.

WS, was found to be in the range of 10 - 40 meV in previous studies, 5% their contribution
is likely limited to the high-energy side of this peak. Furthermore, as shown in Figure 2(c),
the differential reflection signal is peaked when the probe photon energy is between the two
PL peaks. This could be indicative that the probe senses the electrons in the layer-coupled
states via interacting with both transitions.

Scattering of electrons from K to () valleys requires involvement of phonons to conserve
crystal momentum.®™®® In order to identify which phonon modes participate in these pro-
cesses, we calculated the phonon spectrum of the trilayer MoSes/WSes/WSs. As shown
in Fig. 5, there is no imaginary frequencies, further confirming that the trilayer is stable.
According to the spectrum, only the modes below 200 em~! can be populated at room
temperature, which create electron-phonon coupling and promaote the intervalley electrons
relaxation and radiative recombination.

Previously, interlayer excitons, or charge-transfer excitons, in TMD heterostructures have
been extensively studied. In these excitons, the electrons and holes are located in different
layers. Due to the small overlap of the electron and hole wavefunctions, these excitons
have shown very long lifetimes, 13:14.21.28.30.69-72 Tp the trilayer studied here, after the charge
transfer, excitons can also form between the electrons in the layer-coupled states and the
holes in WSes. Differing from the previously studied interlayer indirect excitons, these can

be called as partially indirect excitons since there is partially overlap of electron and hole

16



wavefunctions, which might facilitate their recombination. On the other hand, however,
the momentum mismatch between electrons and holes would reduce their recombination
rate. The long-term decay of the differential reflection signal shown in Figure 2(d) can be
attributed to the lifetime of these excitons. The comparison of the blue and orange symbols
in Figure 2(d) suggests that the lifetime of the excitons in the trilayer is longer than the
interlayer excitons in the MoSe; /WS; bilayer.

In conclusion, we have shown that in a MoSes/WSea/WS; trilayer heterostructure, the
interlayer coupling for states in the Q) valley is strong enough to form coupled states in the CB
that are about 0.1 eV below the lowest K-valley states. These layer-coupled states provide
a channel for interlayer charge transfer between the top WS; and the bottom MoSes layers,
despite of the energy barrier of the middle WSes layer. Partial charge transfer is achieved
via intervalley scattering of electrons from the K wvalley of one individual layer to the layer-
coupled states in Q) valley, as the wavefunctions of the electron in these states extend to all
three layers. The formation of layer-coupled states is an important element for harnessing
emergent properties of TMD multilayer heterostructures. The findings also provide new
ingredients for understanding ultrafast charge and energy transfer in TMD heterobilayers
that has been previously studies, as the layer-coupled states can play an important role in

the efficient transfer observed in these systems.
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