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Optical signatures of Forster-induced energy transfer in

organic/TMD heterostructures
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Hybrid van der Waals heterostructures of organic semiconductors and transition metal dichalcogenides (TMDs) are promising
candidates for various optoelectronic devices, such as solar cells and biosensors. Energy-transfer processes in these materials are
crucial for the efficiency of such devices, yet they are poorly understood. In this work, we develop a fully microscopic theory
describing the effect of the Forster interaction on exciton dynamics and optics in a WSe,/tetracene heterostack. We demonstrate
that the differential absorption and time-resolved photoluminescence can be used to track the real-time evolution of excitons. We
predict a strongly unidirectional energy transfer from the organic to the TMD layer. Furthermore, we explore the role temperature
has in activating the Forster transfer and find a good agreement to previous experiments. Our results provide a blueprint to tune
the light-harvesting efficiency through temperature, molecular orientation and interlayer separation in TMD/organic

heterostructures.
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INTRODUCTION

The controlled fabrication of two-dimensional heterostructures
has paved the way for new cutting-edge materials and quantum
technologies'?. By combining materials with vastly different
properties, novel device architectures can be designed to high-
light and enhance desirable properties®. For typical, covalently
bound monolayers, such as graphene, hBN and transition metal
dichalcogenides (TMDs), the construction of van der Waals
heterostructures has exciting physical and technological ramifica-
tions. From transistors*> and superconductivity® to single photon
emitters”® and sensors®, these structures are at the forefront of
scientific development. Furthermore, more exotic combinations of
materials including TMD/organic'®'® and TMD/perovskite'*'>
heterostructures, are areas of significant interest, not just in the
2D materials community but also as a way to enhance the
properties of the partner material'®.

Organic semiconductors (OSCs) have emerged as a leading
candidate for a host of technological applications'”'8, Owing to
their low-cost, scalable and environmentally-friendly fabrication as
well as their excellent light-harvesting properties, they are
promising materials for photovoltaics'® and sensor applications®°.
The main drawback of these materials is their low efficiency,
driven, in part, by their poor mobility?’. In a light-harvesting
device, such as a solar cell, generated excitons (bound electron-
hole pairs) can either recombine or separate into free charges at
donor/acceptor interfaces or at the electrodes'®. Charge separa-
tion is maximised when the mobility of the generated excitons is
large allowing the charge carriers to be efficiently collected. One
interesting approach to achieve this is to combine TMDs with
0SCs?2. The atomically flat interface of the TMDs acts as a good
template on which to grow these crystals, and eliminates the
effect of charge inhomogeneity'". Furthermore, depending on the
band alignment of the chosen TMD and OSC, efficient charge and/
or energy transfer can occur between the constituent layers. In a
type-ll heterostructure, charge transfer facilitates the formation of
long-lived interlayer excitons'>'323-25_ Occurring in both type-|
and -l heterostructures, energy transfer could allow excitons

generated in the high absorption efficiency OSC to be transferred
into the high mobility TMD?5-28, Both these schemes represent
ways to use TMDs in order to enhance the light-harvesting
efficiency of an OSC.

In addition to light harvesting, TMDs have been used as
detectors of organic molecules. While this can be achieved by
measuring a change in the electrical signal®*3°, significant
performance has been achieved using optical methods®'. Organic
molecules have been shown to modify the photoluminescence
(PL) spectrum of a TMD?®32, An exciting proposal is to use a layer
of molecular aptasensors on the TMD as a selective probe of
biological and infectious compounds®3>%, such as those involved
in malaria®®, cancer®® and liver function®. In the absence of these
compounds, energy transfer between the molecular layer and the
neighbouring TMD quenches the signal of the aptasensor. At high
enough concentration, the biological compound binds to the
aptasensor triggering it to detach from the TMD surface and
leading to a notable fluorescence/PL signal. These devices
represent selective probes of target biological molecules, which
could be used as ultrathin, cheap, biological sensors, not only in
the laboratory but also in the home and clinical settings.

The fundamental mechanism describing the exciton energy
transfer in these photovoltaic and biosensor systems is the Forster
interaction?®28, with the energy transfer commonly described as
Forster-induced resonant energy transfer (FRET)33. Previous
studies on two-dimensional systems found that the Forster
interaction dominates over Dexter-mediated charge transfer
processes, in spite of the sub nm separation d. This can be
attributed to the deviation from the d~ scaling law observed in
localised molecular acceptor-donor systems, instead decaying
more slowly at e~ for small distances and then d~* at larger
distances. This was observed in graphene-TMD systems%, TMD-
single molecule® and molecule-graphene®®*!, Thus, in this study,
we focus on the Forster-mediated energy transfer. We develop a
fully microscopic model describing the Forster interaction
between an exemplary OSC/TMD heterostructure comprised of
WSe, and tetracene. Crucially, we describe the effect of the Forster
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Fig. 1 Schematic of exciton energy transfer in an organic/TMD
interface. a lllustration of exciton energy transfer between the
tetracene (blue) and the TMD layer. b Single particle electronic band
structure of tetracene (left) and WSe, (right) around the band gap.
The Forster interaction, conserving energy and centre-of-mass
momentum, is shown by the pink arrows.

interaction on optical spectra. We show pronounced Forster-
induced signatures in differential absorption and time-resolved PL
spectra. We predict a strongly unidirectional energy transfer from
the organic to the TMD layer. Furthermore, we find that the
transfer rate drastically increases with temperature due to the
larger population of hot excitons. Our results provide a recipe with
which to enhance the Forster interaction in a real heterostructure,
through tuning the temperature, the interlayer distance, and the
molecular orientation. By boosting the FRET in these hetero-
structures, radiative losses e.g. in solar cells could be diminished,
while the sensitivity of molecular aptasensors at different
concentrations or orientations could be controlled.

RESULTS
Tuning of the Forster transfer rate

The Forster interaction has already been intensively studied on a
microscopic footing in quantum dots*2, TMD-graphene®® and
molecule-graphene® systems, whereas the effect of the Forster
energy transfer has not been as well understood in the
technologically promising TMD/OSC heterostructures. A real space
illustration of the Forster interaction is shown in Fig 1a for a
tetracene/WSe, heterostructure. The tetracene (Tc) in its bulk
polymorph can be grown on top of a WSe, monolayer'22843,

Using the semiconductor Bloch equations and the Markov
approximation***>, we can derive an expression for the exciton
transfer rate due to the Férster interaction3®

21
VE =752 Taexp(—Egy/ksT). (M
m
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Fig. 2 Momentum and temperature dependence of Forster
transfer rate. a Forster-induced exciton dephasing I'q in the lower
Davydov state of the Tc crystal as a function of momentum direction
(angle) and magnitude (Q). Inset shows schematic of excitonic band
structures from the A (dark blue) and B (light blue) exciton in the
TMD and the lower Davydov state (red) in the Tc layer. b Forster-
induced transfer rate from the Tc to the WSe, layer as a function of
temperature for a direct Tc/WSe, interface and with an hBN spacer
layer, respectively. The inset shows the temperature-dependent
scattering rate both from the Tc to the WSe; layer (red) and from the
WSe, to the Tc layer (green).

Here, Z is the Boltzmann partition function, such that Eq. (1)
is a thermal average of the Férster dephasing rate g =

13, Vin(Q, 2)[P8(E, — Eqn?) with Vyp(Q,2) = A™(Q, z)g Ve
(r= 0)(lec (r=0) (c.f Methods for more details). This quantity
describes exciton dephasing (and exciton linewidth broadening
for Q = 0) due to the interaction of an exciton in state n in the Tc
layer with momentum Q coupled to all states of the same
momentum in state y in the WSe, layer. The delta function
ensures energy conservation, and coupled with the momentum
and distance dependence contained in V,,,(Q, 2) fully determines
the exciton dephasing. The reverse process (WSe; to Tc) can be
obtained by taking the thermal average over the TMD states.
Our approach allows us to track not only the layer which
excitons reside in, but also their momentum. This is crucial given
that the excitons with higher momentum are precisely those
which engage in the Forster energy transfer. As such, our model
is more accurate than typical rate-equation-based approaches?®.

In Fig. 2a, the exciton dephasing of the lowest Davydov state is
shown as a function of the center-of-mass momentum magnitude
Q and angle. The anisotropy of the Tc band structure gives rise to
the characteristic shape of the intense region in (a), while the
intensity varies in part due to the dipole orientation. The optical
dipole of the lower Davydov state (LDS) is y-polarised (90°),
aligned along the a-axis of the tetracene®, and hence the
strongest dephasing is observed in this orientation. This dipole
dependence also explains the vanishing intensity at orthogonal
angles (0° and 180°). The two distinct bands appearing in Fig. 2a
originate from the coupling between the LDS in Tc and the A and
B excitons in the TMD layer. The stronger emission stems from the
coupling with the B exciton, which occurs at lower momenta as
energy conservation occurs at lower Q for this pair of bands. This
can be seen in the inset of Fig. 2a, where the intersection of the
excitonic dispersion (representing momentum and energy
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conservation) determines the shape of the features in Fig. 2a. In
other many-particle processes, such as exciton-phonon scattering,
the dephasing rate I leads to a broadening of the exciton
linewidth in PL and absorption spectra. In Forster processes,
however, this dephasing vanishes at Q =0 corresponding to the
light-cone.

Previous experimental studies have estimated the Forster transfer
rate, demonstrating a net transfer of excitons from a Tc layer into a
WSe, layer?® with a transfer time of approximately 3 ps correspond-
ing to a transfer rate of ~0.29 ps~'. This occurs on a timescale much
slower than typical exciton phonon-relaxation times in the material®’,
but also quicker than singlet fission and charge transfer?®, Evaluating
Eqg. (1), we calculate the temperature dependence of the exciton
transfer rate yr from the Tc to the WSe, layer, cf. Fig. 2b. We
distinguish two cases: Tc directly on WSe, (light blue) and including
an hBN spacer layer (dark blue). As the temperature increases, the
population of higher momentum excitons increases. Since it is
precisely these excitons that participate in the Forster transfer process
(note the linear Q dependence in Eq. (3)), the scattering rate also
increases with temperature. Adding additional hBN or organic spacer
layers allows to tune the interlayer distance z. We recover a z*
dependence at large distances, characteristic of 2D systems>34°, while
at shorter distances a more rapid exponential decay is found. As a
result, we find a lower Forster rate (~5 x lower) in presence of a hBN
spacer layer, cf. Fig. 2b. This finding suggests that even in a multilayer
Tc system, the main Forster interaction occurs between the WSe, and
the Tc layer at the interface. This and the fact that Tc excitons are
strongly confined to individual Herringbone Tc layers*® suggests that
our results can be extended to multi-layer Tc on WSe.. In the inset of
Fig. 2b, we compare the Forster transfer rate for exciton transfer from
the Tc to WSe; (red) and the WSe, to the Tc (green), with the former
being around two orders of magnitude larger. The relatively flatter
electronic and hence excitonic bands in the Tc crystal lead to a
broader momentum occupation and hence higher population of Tc
excitons at larger Q. As a result, the Forster-mediated exciton transfer
is much larger from the Tc to the WSe, layer than the other way
round. We therefore predict a strong net transfer of excitons from the
organic to the TMD layer.

Forster visualized in differential absorption

The most convenient way to track the exciton transfer due to the
Forster interaction is by employing optical spectroscopy techni-
ques. The spectroscopy of choice should allow the population in
one or both layers to be tracked. In differential absorption we can
directly visualize the population change in either layer*®=°, The
exciton absorption can be described using the well-established
Elliot formula***°

(1 B )M,
l(t) =
" ; (Egse: - hw>2 + (vt rphon)2 @
ou T

where y, and Fﬁhm are the radiative and non-radiative (phonon)
decay rates, respectively. The exciton-photon light-matter interaction
. . A )
M, is reduced by the bleaching term B =37, , .Ni (|<p‘;+BMIK\ +
|(p’47au,K|2)|(p“(r = 0)| '@ where a* = m¥/M and " = m* /M. This
term crucially depends on the time-dependent excitonic population

N%’. We assume the optical excitation to be weak, such that the
Coulomb renormalization of the excitonic resonance*®° is negligible
and bleaching dominates. At much larger excitation fluences, clear
resonance shifts should be observed due to population-induced
screening and band renormalisation, while the bleaching term can
become larger than 1, leading to optical gain.

We derive a set of coupled semiconductor Bloch equations for
the exciton polarization and incoherent exciton density, to
describe this process (see S| for more details). We take explicitly
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Fig. 3 Impact of Forster on time-resolved differential absorption.
a Time-resolved differential absorption spectrum of the WSe; layer
at 300 K. The lowest 1s exciton resonance is shown by the vertical
line. b Time cuts of the differential absorption. Temporal evolution
of the exciton density in the (c) TMD and the (d) Tc layer, taking into
account the full dynamics (solid) and without the radiative loss
(dashed).

into account in- and out-scattering between the incoherent
excitons in the two layers due to both Forster and exciton-phonon
scattering. The excitonic properties, calculated using the Wannier
equation, in addition to the phonon properties, allow us to
determine not only the scattering dynamics but also the exciton
broadening appearing in Eqg. (2). The differential absorption
Al (1) = 1,(t) — 1,(0) is defined as the difference in the absorption
at time t after excitation, and before the excitation t=0. It is
shown for a WSe,/Tc heterostructure in Fig 3a. At time t=0, the
differential absorption is 0 by definition. However, following an
excitation pulse resonantly exciting the Tc layer at t=0, the
generated excitons transfer via the Forster coupling to the WSe,
layer. The phonon-driven intraband relaxation processes are,
however, much faster than the Forster interaction®#’, such that
excitons in each layer remain thermalised. Using thermal averages,
we find a simpler model for the exciton dynamics in the TMD
(I=0) and Tc (I=1) layer

atNl — _Ylloss NI _ Y;:NI 4 V;:—/N'I—/ (3)

such that in the bleaching term described above we define N‘é’ as
N’g :Nflexp(—E’Qu/kBT). The first term in Eq. (3) describes the
radiative and non-radiative loss* scaling with the decay rate yjqs.
The second and third term describe the Forster-induced out- and
in-scattering, respectively. These equations are accurate when the
Forster transfer occurs on a longer timescale than the phonon-
scattering rate.

In Fig. 3a, we find a negative differential absorption of WSe, for
times t > 0, which is a result of the energy transfer from the Tc to
the layer. This signature corresponds to the filling and hence
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Fig. 4 Impact of Forster and interlayer separation on time-

resolved photoluminescence. a Time- and energy-resolved photo-
luminescence spectrum of the WSe, and Tc layer at 300 K. The 1s
exciton resonance in the TMD and the lower-Davydov state in the Tc
layer are marked by vertical lines, respectively. b Snapshots of the PL
at constant times, with an arrow marking the trend of exciton
transfer due to the Forster interaction. ¢ PL spectra at 5ps for
different interlayer distances.

bleaching of the 1s A exciton in WSe,. Signatures of the B exciton,
can be seen in the absorption (cf. SI), however, due to the rapid
phonon-mediated relaxation of the B exciton, this bleaching is
much smaller and not resolvable on the same scale.Time cuts
show a characteristic dip, cf. Fig. 3b. The differential absorption
decreases between t =0 ps to around t = 2 ps owing to the build-
up of excitons on the TMD layer. After around 2 ps, a steady state
is reached between the exciton population in the WSe, and the
one in the Tc layer, such that the decrease in the exciton
population in both layers is driven primarily by the radiative and
non-radiative decay. The temporal evolution of the exciton
populations in the TMD and molecular layer are shown in
Fig. 3c and d, respectively. We find that the population in the
TMD layer initially increases before it drops, while the population
of the Tc layer monotonously decreases. For the population in the
TMD, we find an interplay of Forster-induced energy transfer from
the TC layer (population increases) and the radiative exciton
recombination (population decreases). This results in a maximum
population around 2 ps, cf. Fig. 3c. In the absence of radiative
recombination, we find a complete exciton transfer from the Tc to
the WSe, layer (dashed lines). The pronounced dip in the
differential absorption is a clear indication of the Forster-induced
energy transfer. The specific distance dependence of the Forster
interaction (z=* as explicitly shown in the SI) compared to other
processes, such as tunneling or Dexter transfer’®, allows us to
identify the microscopic origin of the differential absorption
signatures.
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Forster visualized in time-resolved PL

An additional probe of the Forster-induced exciton dynamics can
be achieved by using time-resolved photoluminescence'>#®, As in
the previous case, the LDS exciton in the Tc layer is resonantly
excited leading to a thermalised exciton distribution on a short
time-scale (<1 ps)*’. The dynamics of the relative populations
follow the results outlined in Fig. 3c and d. The time-resolved PL is
proportional to the exciton population within the light cone, NA
and is described using the Elliot formula for PL*

lipal 12
No'IM,,|

PL
Iw (t) = Z | ) n 2
7] (EOM — hw> + (y“, + FE/ 0”)

summing the contributions from both layers /. This equation
differs from the aborption as it direcly depends on the exciton
population N*/. The PL spectra are shown in Fig. 4a as a surface
plot displaying the time and energy dependence. At time t=0,
the exciton population is primarily in the Tc layer, so a clear
signature of the lower Davydov state is observed. After around
1 ps, the Forster energy transfer occurs, depleting the signature
from the LDS and leading to a pronounced increase in the PL of
the A exciton in the WSe, layer. Time snapshots are shown in
Fig. 4b. We estimate an energy transfer time of around 1-2 ps,
which can be observed in the PL emission originating from the
WSe; reaching a maximum at around this time. We observe again
how the PL signal begins to decrease after around 2 ps due to the
exciton loss due to radiative and non-radiative decay. Differences
in the decay rates will not change the qualtitative predictions and
will only alter the time at which the strongest signal is observed,
both in the PL and the differential absorption. To demonstrate
how the PL spectra are affected by the interlayer separation
between the WSe, and Tc layers, we show in Fig. 4c, the
normalised PL spectra at the fixed time of 5ps for different
interlayer distances d. For a typical distance of d =0.9 nm (green
line), most of the excitation has transferred from the Tc to the TMD
layer, leading to a strong quenching of the molecular PL peak.
When the distance is increased, however, the exciton transfer rate
significantly decreases (cf Fig. 2b and SI) and the dominant PL
signal stems from the Tc exciton (pink and blue lines).
Approximately 60% of the PL signal comes from the molecular
LDS exciton for d=1.2nm (blue), increasing to over 90% for
1.5 nm separation (pink). This demonstrates the sensitivity of this
system to the interlayer distance, which can be tuned e.g. through
hBN spacer layers or exploited in organic/TMD aptasensors.

(4

DISCUSSION

Depending on the structural geometry, namely the separation
between the organic and TMD layers, different spectroscopic
methods may be better suited to observe the Forster-mediated
energy transfer. When the interlayer separation is small, the rate is
larger and higher-resolution methods, will be more appropriate to
track the population transfer, which will occur on shorter
timescales. Differential absorption, typically measured using
pump-probe typically has sub-picosecond time resolution®', and
is therefore preferential over time-resolved PL. Similarly, in the
case of one or more spacer layers or lower temperatures, time-
resolved PL may be better suited, which typically has picosecond
or longer time-resolution®’. This is because a higher time-
resolution is less important when the the Forster interaction is
weakened at larger interlayer distances, as the slower exciton
transfer is only observable over a longer timescale. This can be
observed in Fig. 4c, where even after 5 ps there is little transfer
between the organic and TMD layers, when the interlayer
separation grows.

The Forster coupling could be technologically exploited. The
observed strong quenching of the PL signal from the molecular
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crystal is the crucial mechanism behind many optical biosensors®33>,

Here, in the absence of the target molecule, the signature from the
aptasensor adsorbed on the TMD is efficiently quenched. When a
target molecule is present, the sensing molecules forming the
molecular crystal, detach from the surface. This increases the
molecular distance from the TMD, causing the Forster coupling to
quickly decrease, such that the molecular PL or fluorescence signal is
no longer quenched. The sensitivity of this sensing technique is
evident in Fig. 4c, where for only a small increase in the interlayer
separation (from 0.9 nm to 1.5 nm), the molecular PL signal goes
from almost entirely quenched to almost completely unquenched,
after 5ps. The coverage of molecules and the energetic/spatial
separation between the molecular and TMD excitons allow the
sensitivity of a biosensor to be tuned. Closer energetic alignment
between exciton resonances will lead to even stronger exciton
quenching. In our case, we used a well-known, exemplary organic
crystal, however, our model can be easily extended to other organic
molecules. Furthermore, an organic crystal is not strictly necessary,
and similar results should be expected with a more sparse covering
of molecules on the TMD. The competition with temperature should
also allow for a thermally-activated biosensor. Anisotropic materials,
such as the Rhenium TMDs>2, could also allow the orientation of the
organic molecules relative to the TMD to be detected, due to the
requirement that the TMD and organic dipoles should be aligned®’.
In the same vein, the "handedness" of chiral molecules could also be
distinguished in the optical spectra®®, provided the Férster
interaction occurs on a shorter timescale than the intervalley
relaxation in the TMD.

In this work, we presented microscopic insights into the
Forster interaction between TMDs and organic crystals. We
developed a fully-microscopic model describing the energy
transfer and its optical signatures in a heterostructure composed
of an organic semiconductor crystal and TMD monolayers.
Focusing on the exemplary WSe,/Tc heterostructure, we show a
characteristic temperature and distance dependence of the
Forster-induced dephasing and exciton transfer. We estimate the
energy transfer time and find a good agreement with previous
experimental studies. The main message of this work lies in the
question of how Forster processes manifest in the optical
spectra of an organic/TMD heterostructure. We demonstrate that
the time-resolved differential absorption and photolumines-
cence can capture the Forster-driven exciton dynamics well, by
tracking the change in the exciton population in the constituent
layers. Our work represents a significant advance in the
microscopic understanding of organic/TMD interfaces and
energy-transfer processes therein, important for fundamental
physics but also for the design of new optoelectronic devices,
such as biosensors.

METHODS
Microscopic model for Forster transfer

Following optical excitation, the generated electron-hole pairs
interact via the screened Coulomb interaction forming excitons*.
We use the Wannier equation** to calculate the exciton energy

dispersion Ec\;\fi‘ezac) and the corresponding excitonic wavefunc-
tions (p,‘:Yl,SQZ(TC). The Wannier equation has been effective in

determining the excitonic binding energy in previous calculations
on tetracene and pentacene, with a good agreement to
experiments?’. This is further justified by the fact that the
excitonic wavefunction in oligoacenes, such as tetracene and
pentacene, is dispersed over multiple neighbouring molecules
and hence resembles a localised Wannier exciton*®4755:56,

In tetracene, the symmetrically distinct molecules in the unit cell
gives rise to a Davydov splitting of the excitonic state®. After
photoexcitation, the exciton can then recombine, thermalise via
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5
scattering with phonons?’, undergo the so-called singlet fission
forming two long-lived triplet excitons'®>” and in the heterostruc-
ture case, take part in charge and energy transfer processes
between the Tc and WSe; layers. Charge transfer, mediated by
tunnelling/hopping processes,”> gives rise to the formation of
interlayer excitons. However, this requires a significant wavefunction
overlap, which is reduced in the considered herringbone structure,
due to the relatively large interlayer separation of 0.9nm?%,
Furthermore, in the considered heterostructure Tc/WSe,, the band
alignment is such that charge transfer processes occur on a much
slower time scale’® and hence the optically darker interlayer
excitons are not expected to significantly contribute to optics nor
the dynamics'>.

On the other hand, the Forster interaction depends less strongly
on the interlayer separation®®4°, involving energy transfer
between intralayer excitons in the constituent layers (cf. Fig. 1a).
In momentum space, the Forster interaction involves the
recombination (annihilation) of an exciton (electron and hole
pair) in one layer and the creation of an exciton in other layer,
mediated by the Coulomb interaction®8, The Hamiltonian describ-
ing this process in the Tc/WSe, heterostructure can be written as,
He = > Vikadal B By qayw +he,

©)

AN v
k.k'.q.9

where @ and Bm are annihilation (creation) operators acting on the
Tc and WSe, layer, respectively. The indices A and v describe the

hybrid spin/valley/band index. The Coulomb matrix element V;\("A'fi;/““;f‘,

is screened by the surrounding dielectric, €, of a SiO, substrate?®,
Using a real-space coordinate transformation the Coulomb matrix

o vkk.aq —iQ(s+z S,z S,z
element is Vi W8 = 3706 A 260, Oaq-alkge Where 5 q

takes the form of a dipole-dipole interaction (cf. the SI), separated into
in-plane, s, and out-of-plane, z, components.

Since the dominant Forster transfer processes occur between
the lowest lying energy levels, we consider only the highest
valence/lowest conduction band with the same spin, while the
WSe, and the HOMO/LUMO of the Tc. We only consider spin-like
states, as the Coulomb matrix elements vanish for excitons
comprised of opposite spins>®. The same applies to momentum
dark intervalley excitons in both layers®*. In the tetracene layer,
the upper and lower Davydov excitons originate from the
intermolecular coupling between the symmetrically distinct
molecules in the unit cell. The resulting lower and upper Davydov
excitons form around the M and I point respectively*®. Taking this
into account, we arrive at the Forster Hamilton operator in the
excitonic basis (see the Sl for a detailed derivation)

o WSet o T
He = ZAn“(Q,Z)(p:JNSEZ*(p;CXQ”GZIXQ; + h.c. (6)
n.u,Q

where )?(IJLT) are exciton annihilation (creation) operators with
momentum Q, and energy level y, on layer I. Here, we can express
the excitonic wavefunction in real-space coordinates as
ﬂ¢u/n(r:0) =D kPiyn Were the hybrid indices A v have
been absorbed in the excitonic indices u and n. The appearing
matrix element A™(Q, z) can be expressed analytically (cf. the SI).

" B e—/Ozze—\z\O Wse, (g m) ns
A™(Q,z) e d Q Q +iz)-d* 7
Here, we have introduced the optical transition dipoles [d"*¢| =
0.4 nm® and |d™| = 0.05°° and are assumed to be approximately
constant around the WSe, and Tc valleys, respectively®®. The out-
of-plane unit vector Z and out-of plane momentum Q, also appear
in the the dipole-dipole interaction, and become more relevant in
structures with organic dipoles pointing perpendicularly to the
layer plane.
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Encoded in this Hamiltonian is the conservation of the center-of-
mass momentum between the excitons in the WSe, and Tc. This is
shown schematically in Fig. 1b. Importantly, the matrix element
A(Q, 2) describes the dependence on the exciton momentum and
interlayer separation z. We find that the Forster interaction
vanishes as Q — 0, which is typical for dipole-dipole-type coupling.
The transition dipole of the TMD is circularly polarised, with
handedness depending on the valley, which give rise to the well-
known optical valley selection rules in TMDs®°. In contrast, the
lowest Davydov excitons in Tc are linearly polarised>®®'. As a result
the Forster matrix element becomes anisotropic in Q, favouring the
transition dipole of the initial or final Davydov exciton. Unless
otherwise stated, we take a typical interlayer separation of 0.9 nm,
defined as the distance between the W-atom layer in the middle of
the WSe,, and the centre of Tc layer (cf. Fig. 1a).
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