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Abstract

Van der Waals heterostructures built by vertically stacked transition metal dichalco-
genides (TMDs) exhibit a rich energy landscape, including interlayer and intervalley
excitons. Recent experiments demonstrated an ultrafast charge transfer in TMD het-
erostructures. However, the nature of the charge transfer process has remained
elusive. Based on a microscopic and material-realistic exciton theory, we reveal that
phonon-mediated scattering via strongly hybridized intervalley excitons governs the
charge transfer process that occurs on a sub-100fs timescale. We track the time-
, momentum-, and energy-resolved relaxation dynamics of optically excited excitons
and determine the temperature- and stacking-dependent charge transfer time for
different TMD bilayers. The provided insights present a major step in microscopic
understanding of the technologically important charge transfer process in van der
Waals heterostructures.

Key Points:

* Microscopic and fully quantum-mechanic model is developed to calculate exciton
dynamics in van der Waals heterostructures

» Charge transfer occurs on a femtosecond timescale and is a phonon-mediated two-
step process

» Strongly hybridized dark exciton states play a crucial role for the charge transfer

KEYWORDS
charge transfer dynamics, dark excitons, exciton dynamics, exciton hybridization, van der Waals
heterostructures

Transition-metal dichalcogenides (TMDs) have been in the focus of
current research due to their enhanced light-matter and Coulomb
interaction leading to a rich energy landscape of tightly bound
excitons.’™* Stacking TMD monolayers into van der Waals het-
erostructures introduces spatially separated interlayer states adding
another exciton species with long lifetimes and an out-of-plane
dipole moment.>~14 Recent experiments demonstrated the ultrafast

charge transfer in optically excited TMD heterobilayers resulting in
a formation of interlayer states on a sub-picosecond timescale.1>-20
Typically, TMD heterobilayers exhibit a type-ll band alignment2%22
favoring the tunneling of an electron or hole into the opposite layer.
However, the underlying microscopic nature of the charge transfer
process has not yet been well understood. In an early previous work,
we have suggested a defect-assisted interlayer tunneling directly at
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FIGURE 1 Sketch of the charge transfer process. Starting from an
exciton localized in the bottom layer, phonon-mediated scattering to a
hybrid exciton state (where, e.g., the electron lives in both layers)
allows for the transfer of the charge (here electron) to the upper layer
resulting in a spatially separated interlayer exciton state. In analogy,
hole transfer can also take place if hybrid excitons with delocalized
holes are present

the K point.1823 Alternatively, a phonon-mediated charge transfer
could occur involving intervalley scattering to the strongly hybridized
A or T valleys.24-26 A sophisticated microscopic model of such a
phonon-assisted formation of interlayer excitons is still missing.

In this work, we address this open question and reveal the cru-
cial many-particle mechanism behind the ultrafast charge transfer
in TMD heterostructures. To this end, we combine first-principle
calculations?’” with the excitonic density matrix formalism?82?
to obtain a material-realistic model of the excitonic energy land-
scape, the internal substructure of different exciton species, and
the phonon-mediated scattering into layer-hybridized dark inter-
valley states.3%31 We first calculate the exciton energy landscape
of the exemplary MoS,-WS, and MoSe,-WSe, heterostructures
by solving the Wannier equation for perfectly layer-polarized intra-
and interlayer excitons and subsequently computing hybrid excitons
based on first-principle interlayer tunneling parameters.18:23.28.30.31
Then, we develop and numerically solve equations of motion
describing the time- and momentum-resolved evolution of hybrid
excitons. This allows us to track the relaxation dynamics of exci-
tons from optically excited intralayer excitons toward charge
separated interlayer exciton states. We identify the phonon-
mediated intervalley scattering from intralayer KK into the strongly
hybridized KA’ excitons, followed by the relaxation into ener-
getically lower interlayer KK") states, as the crucial mechanism
behind the ultrafast charge transfer in these heterostructures, cf.
Figure 1. We further determine the characteristic temperature-
and stacking-dependent charge transfer time that can guide future
experiments investigating interlayer excitons in van der Waals
heterostructures.

Microscopic approach
The starting point of this work is the Hamilton operator describing
electrons and holes of the heterostructure in the basis of mono-

layer eigenstates (localized in one of both layers). Here, we include
a stacking-dependent alignment shift of the two monolayer band
structures®? as well as interlayer tunneling terms resulting from the
wave function overlap between the adjacent layers. The necessary
material-specific parameters have been extracted from first-principle
calculations.?” Moreover, we include many-particle interaction Hamil-
tonians, such as electron-light and electron-phonon coupling, as well
as the Coulomb interaction between electrons and holes. Here, the
scattering between electrons and photons/phonons preferably occurs
locally within one of the two layers, whereas we explicitly include
the Coulomb interaction between particles residing in different lay-
ers. The different intra- and interlayer Coulomb matrix elements are
computed with a modified Keldysh-type potential?32839 accounting
for the dielectric environment created by the TMD layers and the
substrate.33 To achieve a numerically feasible model, we set the twist-
angle between the two monolayers to zero and study the charge
transfer in a spatially homogeneous system characterized by a single
atomic alignment. Although the twist-angle is known to have a large
impact on the hybridization of exciton states,3° we expect the qual-
itative charge transfer behavior to remain the same also in twisted
heterostructures. Moreover, we do not consider spin-flipping pro-
cesses and restrict our model to the optically active (A exciton) spin
configuration, as the spin-flipping processes are expected to occur on
a slower timescale.343°

Now, we derive the dynamics of the system by initially perform-
ing a series of basis transformations. First, we solve the Wannier
equation for pure intra- or interlayer excitons?® and use the eigen-
fuctions 1*#(k) to introduce a new set of excitonic operators®® Xéf: =
2k z'b#(k)ac‘,ge,Le,k+aQav,§,,,L,,,k—5Q with the compound quantum number
u = (n, ¢, L) labeling the excitonic states. Here, n is associated with the
series of Rydberg-like states determining the relative electron-hole
motion, ¢ = (¢, ¢p) denotes the electron and hole valleys, and the layer
compound index L = (L, L) contains the electron and hole layer. Fur-
thermore, we have introduced the center-of-mass momentum Q and
the relative momentum k between electrons and holes. The operator
a’(’f)
bers denoted by i. We use the new exciton operators to perform a basis

is annihilating (creating) electrons with the set of quantum num-

transformation to obtain an effective single-particle Hamiltonian for

excitons, reading

_ My Myl ut
Hy =Y EnXq Xa + > TXe X4 (1)
HQ uwQ

with the exciton energy Eg obtained from the Wannier equation and
the excitonic tunneling matrix elements 7,,,, which contain apart from
electronic tunneling rates also the overlap of excitonic wave functions.

Next, we diagonalize the exciton Hamiltonian Equation (1) by
introducing a new set of operators Yg =%, cZ(Q)Xg describing
hybrid excitons. These are layer-hybridized states consisting of
intra- and interlayer excitons with the mixing coefficients cZ(Q) and
the new quantum number 7 defining the hybrid-exciton bands. The

diagonalized Hamiltonian reads in this basis Hy = ¥, €ngYg with
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FIGURE 2 Hybrid-exciton energy landscape for MoSe,-WSe, (Rz
stacking). We use different colors for depicting the four initial intra-
and interlayer excitonic states named with X;, _;, (using only one index
for intralayer excitons). The final hybrid exciton states are denoted
with two capital letters (K, A) describing the valley and the subscripts
(W, Mo) describing the layer, in which the hole (first letter) and
electron (second letter) are localized. We highlight for each hybrid
exciton the percentage of the involved intra- and interlayer exciton
states. Due to the strong tunneling experienced by electrons, the
states in the KA valleys are strongly hybridized. Note that we plot
only a selection of low-energy hybrid exciton states contributing
directly to the relaxation dynamics.

the corresponding hybrid-exciton energies Sg. With the procedure
described above, we have a microscopic access to the full spectrum
of strongly or weakly hybridized exciton states, including bright KK as
well as momentum-dark intervalley states,3¢37 such as KA’ and KK/,
cf. Figure 2 that will be discussed further below.

Finally, we consider the interaction of hybrid exciton states with
phonons. As we restrict our study to the low-density regime, exciton-
exciton scattering can be neglected.3® Starting from the electron-hole
picture and performing the same change of basis as described above,
we obtain the following Hamiltonian for the hybrid-exciton-phonon

interaction3°

- & et
Hyoh = D' DigYauqYQbia + hc. (2)
Qaq,
jm.é

as well as for the hybrid-exciton-light coupling Hy, =
ZUQW A MZQYg” + h.c. All details on the basis transformation and
the resulting hybrid matrix elements can be found in the Supporting
Information.

Having determined the Hamilton operator H = Hy + Hy.p, + Hy. for
hybrid-excitons and their interaction with phonons and light, we can
now derive equations of motion describing the exciton dynamics. Here,
we exploit the Heisenberg equation of motion for the occupation num-
bers N”Q = (Y("; Yg), truncating the Martin-Schwinger hierarchy arising
from the exciton phonon-scattering within the second-order Born-
Markov approximation.3¢39-41 Considering separately the coherent

polarization P”Q = (Y:’;) and the purely incoherent population 5N’7Q =

2
Ng — |P’7Q| ,we arrive at the semiconductor Bloch-equations in hybrid-

exciton basis

impl — i pl n
ihP) = (€] +T)P) — M - Alt) (3)

G _ &\ pn,2 & onE it s
SN, = §WOQ|PO| n ;‘Q, (WQ,QBNQ, WQQ,6NQ).

The details on the scattering tensor WZEQ, can be found in the Sup-
porting Information. Equation (3) provides full microscopic access to
the dynamics of hybrid excitons, including optical excitation as well as
phonon-scattering-induced relaxation across intra- and intervalley as
well asintra- and interlayer states, effectively giving rise to a multi-step

charge transfer process.
HYBRID EXCITON LANDSCAPE

We focus here on the two most studied heterostructures in literature,
MoS,-WS, and MoSe,-WSe,. For simplicity, we show the results for
the latter in the main text and the former in the Supporting Informa-
tion. We start by presenting the hybrid exciton landscape that has been
calculated by solving the Wannier equation in the hybrid-exciton basis,
cf. Figure 2. This energy landscape is the key to understanding the
charge transfer process. We use the following notation for the hybrid
exciton states: the capital letters describe the valley and the subscript
the layer, where the first letter denotes the hole and the second the
electron. To give an example, KWK;\,Io means that the hole is located
at the K point of the WSe, layer, while the electron is localized at the
K’ valley of the MoSe, layer. Furthermore, we use the subscript hyb to
underline that the electron/hole in the corresponding valley is strongly
hybridized between both layers, for example, in Ky App, the electron
at the A valley lives in both layers.

Figure 2 shows the energy landscape of hybrid-excitons in the
MoSe,-WSe, heterostructure for the case of Rﬂ stacking, that is, the
metal atoms of one layer are placed on top of the metal atoms of
the other layer. The corresponding landscape for the other two high-
symmetry stackings Ri'( and Rf]’m (where either the chalcogen atom X
or the metal atom M of the upper layer is above the hole/void of the
other layer) as well as for the MoS,-WS, heterostructure can be found
in the Supporting Information. We show only the hybrid exciton states
that are energetically close to or lower than the intralayer Kyy Kyy exci-
ton in the WSe, layer, since we will resonantly excite the material at
this exciton energy and phonon-driven relaxation processes will dis-
tribute the excitons toward lower energies. We have checked that the
contribution of higher exciton states to the relaxation dynamics and
the charge transfer process, that is, due to absorption of phonons, is
negligible. Note that for this particular heterostructure, 'K excitons
do not play a role for the charge transfer process, while these are cru-
cial for the MoS,-WS, heterostructure considered in the Supporting
Information.

In the exciton basis, the hybridization of electronic states cor-
responds to a mixing of intra- and interlayer excitons. We quantify

the contribution of each state to the new hybrid-exciton states by
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evaluating the mixing coefficients. Here, ICZ(Q)I2 can be interpreted
as the percentage of the exciton state u inside the hybrid state 7. In
the presence of strong tunneling, the new hybrid states are expected
to be heavily influenced by different excitonic species. In contrast, a
weak tunneling should result in hybrid states that are almost purely
intra- or interlayer excitons. The degree of hybridization of each
state is illustrated in Figure 2 by adopting a color scheme, where we
highlight for each hybrid state the different exciton contributions.
Here, a hybrid state of a pure intralayer or interlayer character is just
red or blue, respectively. In contrast, strongly hybridized states consist
of different colors. Figure 2 illustrates that hybrid states involving
excitons at the A valley (KyApyp, KWA;Wb) contain large contributions
of several species, whereas the states at the K valley are either intra- or
interlayer excitons to a very high percentage. The weak hybridization
of KK excitons is well known in literature.*243 The electronic wave
functions at the K valley are mostly composed of d orbitals localized
at transition metal atoms, which are sandwiched by the selenium
atoms preventing an efficient overlap of wave functions. In contrast,
the electronic wave function at the A valley has large contributions at
the selenium atoms resulting in much more efficient hybridization of
KWAgzlb states.30-31:42:43

The energetically lowest states in the investigated MoSe,-WSe,
heterostructure are KWK|(\20 excitons that are almost purely of inter-
layer exciton character (blue). When exciting the material resonantly
to the intralayer Ky Ky state (orange), there are a number of spectrally
lower-lying states that will give rise to a phonon-mediated cascade of
transitions down to the energetically lowest states. Note that the scat-
tering process between two hybrid states requires that the initial and
final states live at least partially in the same layer. Therefore, we expect
the strongly hybridized exciton states KV\,A::\I),b to play a major role for
the relaxation dynamics and the charge transfer process.

HYBRID EXCITON DYNAMICS

Now, we investigate the time- and momentum-resolved relaxation cas-
cade of hybrid excitons after an optical excitation resonant to the
purely intralayer Kyy Ky exciton localized in the WSe,, layer, cf. Figure 2.
To focus on the charge transfer process and to avoid interplay effects
with the exciting laser pulse, we directly initialize the system with a
population in the Ky Ky, state. We have also performed calculations,
including the laser pulse and the interference of optical excitation
and relaxation dynamics, which are presented in the Supporting Infor-
mation. Note that we focus on the 1s ground state for all exciton
species, as higher-energy states in the Rydberg-like series of exci-
tons exhibit a much smaller scattering probability compared to the
1s-1s transitions.** This has been verified by numerically evaluating
phonon-assisted scattering involving higher-energy states.

Evaluating the semiconductor Bloch equations (cf. Equation 3), we
have full microscopic access to the time-, energy-, and momentum-
resolved relaxation cascade of nonequilibrium excitons. Figure 3 shows
the momentum-integrated exciton dynamics in MoSe,-WSe, (in RZ

stacking) at 77 K. We see a decrease of the initially populated intralayer

1.0

m— KwKmo === KwAnyb KwKw

== KwKMo == == KwAhyb KwKiw

o
o0
T

o
o

Hybrid Occupation N(t) (a.u.)

Time (fs)

FIGURE 3 Momentum-integrated hybrid-exciton dynamics at 77
K for MoSe,-WSe, in Rz stacking. By solving Equation (3), we have
microscopic access to the phonon-mediated relaxation dynamics of
hybrid exciton and the resulting charge transfer mechanism. Starting
with an initial occupation of intralayer Ky Ky excitons localized in the
WSe, layer (orange line) via phonon-mediated scattering into the
strongly hybridized Kyy Ag;)/b states (purple lines), we end up in the

energetically lowest interlayer Kyy KEVI')O excitons (blue lines), that is,
the electron has been transferred to the MoSe, layer

KwKw exciton state (solid orange line). At the same time, we find
an ultrafast increase in the population of the hybrid KWA::\)/b exci-
tons on a timescale of sub-100fs (solid and dashed purple lines). The
microscopic origin of this efficient scattering lies in the nature of
the hybrid-exciton-phonon coupling. Phonons can only couple states
that share the same layer quantum number L = (L,, L) as exciton-
phonon scattering is considered to be a local process. For this reason,
phonons can couple pure intra- and interlayer states only through scat-
tering via hybrid states. Once the electron/hole has been scattered
into a hybridized state, that is, into a superposition between both
layers, there is a nonzero probability of further scattering into the
opposite layer.

Following the relaxation cascade, we can track the population trans-
fer from the hybridized KWAL,;)/b totheinterlayer Kyy KE\A')O excitons (solid
and dashed blue lines in Figure 3). After 100 fs, the initially populated
intralayer KyyKyy exciton states has been almost completely emptied
and most occupation is found in the interlayer Ky K(@o excitons, where
electrons and holes are spatially separated. As a result, the transfer of
electrons from the initial WSe, layer into the opposite MoSe, layer
occurs on sub-100fs timescale.

To further illustrate the main scattering processes governing the
relaxation cascade, Figure 4 shows the momentum-resolved exci-
ton dynamics for different times. We find that in the first step, the
hybridized KyApy, and KWA’hyb states are not populated (O fs). The
scattering into the latter happens on a faster timescale, as here M
phonons are involved, which are known to give rise to a very effi-
cient scattering with excitons.*> With some delay, there is an efficient
phonon-mediated scattering from these hybridized states into the

interlayer Ky Kpwmo, and KWK:\/10 excitons. The population of the latter
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FIGURE 4 Momentum-resolved hybrid-exciton dynamics at (a) O
fs, (b) 20 fs, and (c) 500 fs. Starting from a population created in the
intralayer Ky Kyy exciton, we highlight the most important
phonon-driven scattering processes. Note that the blue-shading in the
parabolas corresponds to a microscopically calculated exciton
occupation. The charge transfer of electrons occurs in a two-step

process with an initial partial transfer into the hybrid Ky A:Q/b exciton

states (with the electron living in both layers) followed by the
complete transfer to the energetically lower interlayer Ky K

Mo states
(with the electron localized in the second layer).

occurs faster again due to the involved M phonons. In the final step,
this state becomes partially depopulated in favor of the energetically
lowest Ky Ky state. After approximately 500 fs, a thermalized exciton
distribution is reached with the highest occupation in Ky Ky, followed
by a certain thermal occupation in Kyy wao' All other states have only a
negligible population.

So far, we have investigated the simplified situation of an initially
populated Ky Kyy. In a real experiment, this state will be continuously
optically excited throughout a finite time window, and there will be
an interplay of excitation and phonon-mediated scattering. Evaluating
Equation (3), we can resolve this interplay and find the same gen-
eral behavior as described above, cf. the Supporting Information. We
observe the same main relaxation steps and a very similar timescale
for the charge transfer mechanism. However, tracking the dynamics
becomes more complicated during the initial phase of the relaxation
due to the simultaneous pumping of excitons in the system that imme-
diately start to relax very rapidly. The main difference between the
simulation with a pump pulse (Figure S3) and the instantaneous initial-
ization is that at the time when the laser pulse reaches its maximum,
a large fraction of excitons has already relaxed to lower energy states,
which quantitatively modifies the delay between peak populations of
hybrid and interlayer exciton states. This suggests that we can capture
the main features of the process using instantaneous excitation, which
allows us to gain a much more intuitive picture of the charge transfer
without losing generality.

INTERLAYER CHARGE TRANSFER

Summarizing the exciton dynamics in a nutshell, the initially inserted

occupation of the intralayer KyKyy excitons is distributed to the
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FIGURE 5 (a)Characteristic electron transfer time as a function of
temperature for MoSe,-WSe, in different high-symmetry stackings.
The time is extracted from an exponential fit of the layer-dependent
electron probability P,(t) as shown in part (b). We find a considerable
decrease in the charge transfer time with temperature reflecting a
more efficient exciton-phonon scattering. Interestingly, we predict a

much faster transfer time for Rif stacking, as here the hybrid Af\’ib

states are very close to the interlayer Ky, K(h’/])O states, cf the Supporting
Information. The faster electron transfer speed comes at the cost of a
more incomplete transfer process as the stationary occupation of the

A:::Ib excitons is relatively high, where the electrons are delocalized

between both layers, cf. the dashed versus solid lines in part b

energetically lowest interlayer KWK|(\20 states through an intermedi-
ate step involving strongly hybridized KA/A(’) states. This means that
the charge transfer is a two-step process, where the electron is first
transferred into a hybrid state (representing a superposition of both
layers) and in a second step, it is transferred to the opposite layer.
The characteristic charge transfer time 7 is illustrated in Figure 5a as
a function of temperature for different high-symmetry stackings. We
can quantify the charge transfer speed by computing the layer- and
stacking-dependent probability P,(t) = (a'c"ac) of one electron being
localized in the MoSe, layer after excitation of an intralayer state in
the WSe, layer, cf. Figure 5b. By exponentially fitting the temporal evo-
lution of P,(t), we can extract the characteristic electron transfer time
7. We find an ultrafast transfer rate of 7 = 33 fs for MoSe,-WSe, in
Rz stacking at room temperature. The electrons are almost completely
transferred from the initially occupied WSe, layer to the MoSe, layer,
that is, one finds the electron with a probability of 95% after 200 fs, cf.
the solid red and blue lines in Figure 5b.

Since the relaxation cascade is mediated by phonons, we find a pro-
nounced temperature dependence of the transfer time. Concretely, we
predict an increase in 7(T) by approximately a factor of 2to 7 = 67 fs
at 40 K for RZ stacking. The reason is the reduced scattering efficiency
with phonons at lower temperatures. Nevertheless, even at cryogenic
temperatures, we find an ultrafast charge transfer as the relaxation
cascade occurs toward energetically lower exciton states and is driven

by phonon emission.
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Interestingly, we find an unexpected acceleration of the charge
transfer for Rif stacking (whereas, RhM stacking is rather similar to the
RZ stacking investigated so far). This originates from the hybrid-energy
landscape for different stackings (cf. the Supporting Information). The
stronger tunneling at the KA valley for the R¥ stacking?” and the
resulting larger red-shift of exciton energies has as a consequence
that the relevant energy levels are closer than in other stackings, cf.
Figure S2a. In particular, the strongly hybridized KAy, states and
the interlayer K\,\,K(,\'A)0 excitons are nearly degenerate. As a result, the
second step in the charge transfer process is much more efficient com-
pared to the R? stacking. Note, however, that while the charge transfer
is indeed faster for the Rf stacking, there is only an incomplete trans-
fer. This means that the electron is not transferred to almost 100%
as in the case of R: stacking, but there is still a probability of approx-
imately 40% to find the electron in the initially populated layer, cf.
the dashed lines in Figure 5b. The reason behind this is that a large
percentage of the hybrid-exciton population remains in the hybrid
KAy, state as it is threefold degenerate and very close in energy with
the lowest interlayer Kyy Ky, state. Hence, the electron remains par-
tially delocalized between the two layers and the charge transfer is
incomplete.

So far, we have investigated the MoSe,-WSe, heterostructure. The
comparison with MoS,-WS, (shown in the Supporting Information)
yields the same general behavior for the hybrid-exciton relaxation
dynamics. We find a somewhat slower charge transfer with 7 = 88 fs
for R',: stacking at room temperature, mainly due to the much larger
energy window involved in the relaxation dynamics, cf. the energy land-
scape in Figure S4. Analyzing the results in more detail, we find the
main difference originating from the importance of I'y, K excitons. The
strong tunneling occurring in the T valley results in a large red-shift
of the corresponding exciton states making them energetically lowest
in MoS,-WS,. Interestingly, we find that in contrast to MoSe,-WSe,
discussed above, we find here the slowest charge transfer for the Rif
stacking. This can be explained by considering Ty, Ky states, which
trap excitons. The reason behind this is that despite KAL’:,b excitons
being close in energy and sharing the same composition a scattering
into these states requires a simultaneous electron and hole transfer
and is thus a negligible higher-order process. A more detailed descrip-
tion of the relaxation dynamics as well as temperature- and stacking-
dependent charge transfer times in the MoS,-WS, heterostructure
can be found in the Supporting Information.

In conclusion, we have developed a microscopic and material-
specific theory allowing us to access the relaxation dynamics of hybrid
excitons in van der Waals heterostructures. In particular, we iden-
tify the extremely efficient phonon-mediated relaxation via strongly
hybridized KAy, excitons as the crucial mechanism behind the ultra-
fast charge transfer process in the MoSe,-WSe, heterostructure. We
predict charge transfer times in the range of tens of femtoseconds
that are strongly dependent on temperature and stacking of the layers.
Our work presents an important step toward a microscopic under-
standing of the relaxation cascade and ultrafast charge transfer in

technologically promising van der Waals heterostructures.
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