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Introduction

Electronic coupling and photoluminescence
anisotropy in van-der-Waals-stacks of tungsten
disulphide with molecular single crystalsy

Mohammed Adel Aly, ©2° Dominik Muth, ©¢ Bettina Wagner,® Martin Koch, @ *?
Johanna Heine @*9 and Marina Gerhard @ *°

Heterostructures comprised of organic semiconductors and transition metal dichalcogenides are promising
candidates for device applications. In order to promote efficient charge or exciton transfer, the
arrangement of the molecules at the heterointerface is crucial. However, to complement theoretical
efforts, there is presently a lack of model systems to comprehensively study electronic coupling
phenomena. Here, we explore heterostructures of tungsten disulphide with monocrystalline thin flakes of
the organic compound pyrenemethylammonium chloride. The ionic character of the organic compound
enables controlled fabrication of heterostructures via exfoliation of single crystals, thereby minimizing
structural disorder in the molecular compound. In order to explore the optical properties and the
photoexcitation dynamics related to the heterointerface, we employ time and polarization resolved
photoluminescence spectroscopy. Evidence for electronic coupling is provided by three experimental
findings: first, a faster decay of the luminescence of the organic compound in the region of the
heterostructure indicates exciton or charge transfer, which is also surprisingly efficient for the structurally
relaxed localized excimer state. Second, we find that the organic compound introduces a polarization
anisotropy into the emission of tungsten disulphide, potentially due to the lowering of symmetries in the
band structure. Third, we identify a weakly emissive feature at an energy around 1.7 eV, which could be
related to an interfacial state. Overall, ionic molecular systems could serve as a versatile platform for
combined experimental and theoretical studies of the interactions at the heterointerface.

large spin-orbit coupling, leading to valley-polarization
effects, which could be exploited to transmit binary signals.”™®

Heterostructures (HS) of organic semiconductors (OSCs) with
transition metal dichalcogenides (TMDs) are capable of
merging the benefits of two highly complementary material
classes:'™ OSCs offer a broad chemical tunability enabling
tailored opto-electronic properties and high absorption
coefficients, whereas TMDs demonstrate excellent transport
properties due to their higher structural rigidity, as well as
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Molecules which are either physisorbed or chemisorbed on
TMDs could for example be employed as sensitizers,
dopants”® or defect passivating agents.” Potential application
scenarios for OSC/TMD-based devices include pn-junctions,"®
transistors,'*™* chemical sensors***® or solar cells.*®

A particularly high degree of flexibility in tailoring the
desired properties is offered by van-der-Waals- (vdW-) bound
heterostructures, which can be produced e.g. via molecular
beam deposition’” ™ or physical stacking®®>* without the
boundary conditions imposed by epitaxial growth of
covalently bound compounds. Even though the vdw-
interactions between the TMD and the physisorbed OSCs are
weak compared to covalent bonds, they can strongly
influence the excited state dynamics, leading for example to
photo-induced exciton or charge transfer from one layer to
another.>**** In so-called type-Il heterojunctions, the
interfacial energetic landscape and the dielectric screening
between the photoexcited charges can either promote charge
separation or the formation of interlayer excitons with hybrid
character.>'"**"2® Moreover, despite the absence of a ground

© 2025 The Author(s). Published by the Royal Society of Chemistry
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state charge transfer, the vdW interactions between the
compounds can still lead to hybridization effects and
modifications of the electronic states at the interface.>’

An intriguing challenge for the microscopic understanding
of the electronic properties of OSC/TMD-HS is the combination
of two contrasting conceptual descriptions, namely the picture
of delocalized Wannier-excitons in the covalently bound
inorganic compound and the concept of rather localized
Frenkel-excitons originating from the comparably weak vdw-
interactions within the OSC.>* Merging both materials thus
raises questions about the interfacial electronic landscape, the
resulting exciton optics and the coupling mechanisms
governing the excited state dynamics. While theoretical studies
have addressed the coupling between excitonic states in
molecular adsorbates and continuum states of inorganic wide-
gap semiconductors®™** and also TMDs,***** thereby
exploring possibilities of exciton and charge transfer as well as
hybridization effects, the lack of suitable model systems often
impedes a direct comparison between theory and experiment.

A key problem is the availability of molecular compounds
which can be deposited on TMDs with defined packing motifs.
Controlling the molecular orientation on the substrate would
enable a systematic tuning of the interactions between the
n-orbitals of the molecular compounds with the TMD and thus
provide control over the interfacial electronic structure.
Moreover, micrometre-sized oriented domains of molecules
would allow for polarization-resolved optical studies, from
which the anisotropic properties of the molecular excitons can
be thoroughly investigated. Recently, some progress was made
regarding  the  successful fabrication and  optical
characterization of defined heterostructures comprised of
TMDs and pentacene, as well as its perfluorinated
derivative,"”***” which are particularly challenging to grow in a
controlled fashion on TMD monolayers.*® Also for HS of
molybdenum disulphide (MoS,) with phthalocyanines, a
correlation between the excited state dynamics and the
molecular arrangement on the TMD was successfully
demonstrated.*® Excitonic coupling was also found for HS of
tungsten disulphide (WS,) with single crystals of B-perylene.*’

In order to improve the understanding of the structure-
property relations of OSC/TMD hybrids, it would be highly
desirable to expand the family of molecular compounds for
which a controlled orientation on TMDs is possible. In the
present study, we therefore explore the potential of ionic
molecular crystals for the controlled fabrication of HS. The
specific packing of the ionic molecular crystals allows for
easy exfoliation and ensures that the HS is created using the
(001) crystal facet, a principle that has been previously
employed for 2D perovskites.*®*! The resulting thin and
smooth layers can be matched with TMDs, either with the
organic or the TMD material on top. Here, we investigate
heterostructures of mechanically exfoliated
pyrenemethylammonium-chloride®” (in the following referred
to as PyMAC], structural formula presented in Fig. 1a) with
monolayers of the classical TMD material WS,. We focus on
polarization-dependent, spatially and  time-resolved
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Fig. 1 Structural formula of the ionic PyMACL molecular crystals (a). The
fabricated HS was inspected with a fluorescence microscope (b) and the
detection scheme for steady state and time-resolved spectroscopy is
sketched in (c). For the steady state experiments, the PL signal was
detected by a CCD camera attached to a spectrometer and for the time-
resolved experiments, a streak camera was used as detector.

photoluminescence (TRPL) spectroscopy, which helps us to
find evidence for electronic coupling between the OSC and
the TMD in terms of charge and/or exciton transfer, as well
as induced polarization anisotropy in the TMD and emission
signatures, which can be assigned to the heterointerface.

Methods

Sample fabrication

The studied hybrid organic/inorganic HS is based on a WS,
monolayer and a few layers of PyMACI. The desired layers
were fabricated by a micro-mechanical exfoliation process for
both materials. The WS, monolayer was isolated from
commercially available bulk crystals obtained from 2D
Semiconductors Inc. (USA). The few-layer PyMAC! single
crystal was isolated from a PyMACI bulk crystal that was
grown by recrystallization of the commercially available
compound (1-pyrenemethylamine hydrochloride, CAS: 93324-
65-3, obtained from Sigma-Aldrich) from hot ethanol
solution, as described in a previous literature report.*> The
exfoliation of WS, flakes was performed by breaking down a
piece of a WS, crystal with the assistance of Nitto tape,
repeatedly folding and unfolding the tape several times. The
exfoliated WS, flakes were subsequently transferred onto a
polydimethylsiloxane (PDMS) gel placed on a glass slide for
monolayer identification. Under white light illumination of
an optical microscope, the monolayers (MLs) can be
distinguished from other flakes of different thicknesses by
their optical contrast. Additionally, monolayers were
identified through their photoluminescence (PL) in
comparison to thicker flakes. As seen in Fig. 1b, the WS,
monolayer exhibits a high-yield red PL, whereas flakes with
higher layer numbers show significantly lower emission due
to their indirect band gap.
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The same procedure was followed to obtain the few
layers of the PyMACI sample, where exfoliation is possible
along the c-axis (see ESIT for details of the crystal structure).
Few-layer PyMACI flakes were extracted and their PL was
verified, as shown in Fig. 1b. The identified WS, TMD
monolayer was transferred to the target substrate (SiO,/Si)
using the viscoelastic stamping technique. Subsequently, the
PDMS was slightly lifted, leaving the ML attached to the
target substrate. The final HS was produced by stamping a
few layers of PyMACI on the top of the WS, ML. Fig. 1b
shows one of the prepared heterostructures under the
fluorescence microscope.

Optical characterization

TRPL spectroscopy was conducted using a home-built
confocal microscope setup (¢f Fig. 1c) equipped with a
Hamamatsu streak camera (C6860) with a time resolution of
5 ps over the employed time window of 460 ps. Spectrally
resolved data were obtained with a Bruker imaging
monochromator (model 250-30). For excitation, we used a
pulsed titanium-sapphire laser with a repetition rate of
80 MHz and 100 fs pulse duration. The emission wavelength
was 720 nm, yielding an excitation wavelength of 360 nm
(3.44 eV) after frequency doubling. A set of mirrors and a
376 nm long pass dichroic mirror directed the laser beam to
a 40x microscope objective (NA = 0.6), which served to focus
the beam onto the sample with a spot radius of
approximately 2.5 um. The laser power was set to 50 pW to
prevent nonlinear processes such as exciton-exciton
annihilation and potential damage to the PyMACI organic
layers. The emitted photoluminescence signal was collected
by the same microscope objective and directed to the
detection path. A long pass 376 nm dichroic mirror filtered
out the reflected laser light. Additionally, a 400 nm long pass
coloured glass filter was placed in the detection path to block
any residuals of laser light from the PL signal. Furthermore,
a CMOS camera and a flip mirror were incorporated into the
detection path for optical control and imaging of the HS. For
temperature-dependent measurements, the samples were
mounted in a liquid-helium flow microscopy cryostat
(CryoVac) to enable precise control of the temperature within
the range from 10 to 300 K. To ensure seamless
measurements, the microscope objective correction collar
was set to a value of 1.5 mm to minimize aberrations caused
by the cryostat's thick glass window (1.5 mm). The recorded
TRPL data were corrected for the spatially inhomogeneous
sensitivity of the system and for the spectral response using a
broadband tungsten light source as a reference. Moreover, a
background measurement was subtracted from the data.
Displayed PL spectra were converted to the energy scale via a
Jacobian transformation.*?

Polarization-resolved time integrated PL spectra were
recorded with a home-built micro-photoluminescence (u-PL)
setup (see ESIt) equipped with a nitrogen-cooled CCD camera
attached to an imaging monochromator (Princeton
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Instruments Acton SP2300). A 532 nm laser (2.33 eV) was
used as an excitation source, with the laser power set
between 50 and 500 pW. A linear polarizer was added to the
excitation path to create a defined polarization of the
impinging laser light. The laser beam was guided by a set of
optics and focused to a 2.5 pm spot by a 40x microscope
objective (NA = 0.6). The HS under investigation was kept at
room temperature under vacuum in a microscopy cryostat
(Cryovac) to maintain stability and to avoid undesired laser
induced thermal degradation. The emitted PL from the
sample was collected by the same microscope objective and
directed to the detection path. To suppress the laser light
from the collected PL data, a 550 nm long-pass filter was
placed in the detection path. Additionally, a polarizer was
placed in the detection path to analyse the polarization
anisotropy of the emitted PL signal from the sample under
investigation. The setup was calibrated before performing the
measurements using a set of polarizers and a laser source to
ensure that the observed phenomena arose from the sample
and not from any setup-related effects. This was done by
rotating the polarizer in the excitation path and checking the
detected intensity on the CCD. Furthermore, the polarizer in
the detection path was first fixed to align with the laser
polarization, and then it was rotated to check and exclude
any contributions from the setup.

Results and discussion

Before providing more detailed insights into the HS, we will
first discuss the optical properties of PyMACI in greater
detail. Absorbance spectra of the compound dissolved in
ethanol and of the crystalline solid are presented in Fig. 2a.
Overall, the optical properties of the molecules in solution
are very similar to those of dissolved neat pyrene molecules.
The oscillator strength of the S, — S; transition at 3.31 eV
(375 nm) is very weak compared to the higher S, — S,
transitions, because it is symmetry forbidden.**** In the
solid, the absorption edge shows a significant red-shift.
Assuming a direct band edge, the Tauc method*® yields an
absorption onset of the PyMACI crystal of approximately
3.19 eV (389 nm, see ESIf). From the enlarged plot of the
spectra close to the absorption edge in Fig. 2b it becomes
apparent that the perceived red-shift in the solid mainly
originates from a gain in oscillator strength of the transitions
close to the absorption edge. The observation is similar to
pyrene single crystals or nanoaggregates, where the red-shift
was attributed to the admixture of higher electronic
states,””*® which undergo a more pronounced bathochromic
shift in pyrene single crystals compared to the energetically
lowest optical transition.”” The lowest excitonic resonance in
the solid peaks around 3.26 eV (380 nm) and shows a rather
moderate red-shift of approximately 50 meV with respect to
the molecular S, — S; transition. For pyrene single crystals, it
was argued that this behaviour is expected due to the more
localized character of the lowest electronic transition,
whereas intermolecular interactions and a higher degree of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Steady state absorption spectra of PyMACI dissolved in ethanol and in the solid phase. The absorbance spectrum of the solid was
obtained from diffuse reflectance data via a Kubelka-Munk-transform.*® The quasi static PL data were obtained by integrating over a 2 ns time
window of streak camera data recorded from a PyMACL microcrystal. Panel (b) shows an enlarged plot of the energy range near the absorption
edge. For better comparison, the absorbance spectrum of the solution was multiplied by a factor of 20. Spectrally and time-resolved TRPL data
highlighting free exciton and excimer emission are presented as false colour plot in (c). The TRPL data was actually stitched from three

individual measurements.

delocalization change the energetics of the higher electronic
transitions more significantly. Since the first excited state in
the solid is rather localized and thus mainly governed by the
molecular electronic structure and less by intermolecular
interactions, the packing motif should not have a strong
influence on the absorption properties close to the optical
gap, which could explain the similar absorption properties of
crystalline pyrene®>*”*® and PyMACI in this regime. However,
due to the presumed admixture of higher electronic
transitions we assume that the excitation energy of 3.44 eV
does not exclusively address the energetically lowest excitonic
transition in our experiments.

The photoluminescence spectrum of PyMACI shows two
major features. A comparably faint signature peaks at
energies around 2.92 eV (425 nm). The emission energy
coincides with the energy range that was reported for
monomeric emission in pyrene solution.*>”**" A weak
feature around 3 eV was also reported for pyrene single
crystals and nanoaggregates®® and an earlier report on the
synthesis of PyMACI mentioned PL in this range.** Following
the arguments of earlier work, we assign the observed PL
peak to the emission of the energetically lowest free exciton
state which has, as discussed, a strong monomeric character.
The pronounced red-shift with respect to the exciton
resonance in the absorption spectra could be the result of a
filtering effect, leading to re-absorption of the photons
emitted at higher energies in the range of the absorption
onset.”” On the other hand, the pronounced Stokes shift of
the exciton emission could also be caused by a partial
structural relaxation or by disorder effects, which cause
excitons to migrate into local minima of the density of states.

Besides the presumed free exciton emission, an
energetically broader more intense signature is observed in
the energy range between 1.9 and 2.4 eV. Neat pyrene
crystals are known for their “dimeric” character, which
originates from a sandwich-herringbone type packing of the
molecules.®® This packing motif intrinsically supports the

© 2025 The Author(s). Published by the Royal Society of Chemistry

formation of excimers, because it is comprised of pairs of
molecules, which are arranged in a coplanar fashion. When
excited, these dimers relax into a configuration with lower
inter-molecular spacing, which is associated with the red-
shifted emission of excimers.’”* In neat pyrene, excimer
emission was reported at energies around 2.6 eV (480 nm).
The long-lived emission observed here for PyMACI is
significantly more red-shifted. This discrepancy can be
rationalized by the different crystal structure of PyMACI,
which possesses a slip-stacked arrangement of the
molecules. Such an arrangement enables more extended pi-
stacks of larger numbers of molecules compared to the
dimer-like arrangement in neat pyrene. This could, in turn,
lead to higher dielectric stabilization, similar to one-
dimensional aggregates. Structural relaxation could further
contribute to this effect. Notably, even though the red-
shifted signature is expected from the packing of the
molecules, it was not observed in earlier work on PyMACI
single crystals."”> Presently, we cannot explain this
discrepancy, however, the spatial arrangement of the crystal
in optical experiments (detection of edge emission or
surface emission) may be critical for the dominant
signatures in the optical spectra. Despite this discrepancy,
we tentatively assign the observed red-shifted feature to
excimer-type emission originating from the pi-stacking and
structural relaxation of the slip-stacked molecules.

Our assignments of the PL signatures are further
supported by time-resolved experiments. Exemplary TRPL
data of the PyMACI emission are presented in Fig. 2c. While
the exciton decays within the first 500 ps, the presumable
excimer shows long-lived emission, which does not fully
decay within the time spacing of 12.5 ns between two laser
pulses. This is evidenced by the residual emission before
t = 0 in the energy range of excimer emission. The longer-
lived decay of the excimer emission likely arises from the
comparably weak spatial overlap of the electron and hole
wave functions and the localized character of the population.

RSC Appl. Interfaces, 2025, 2,1020-1030 | 1023
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Recombination of free excitons on the other hand exhibits a
higher oscillator strength and we expect a population with
increased mobility. The latter makes them more likely to
reach non-radiative centres, which could explain the overall
faster decay of the PL emission.

In order to explore the PL dynamics in greater detail, we
have conducted temperature dependent measurements. The
temperature of the system has a strong influence on the
diffusion of free excitons, the presence of phonons and the
activation of certain non-radiative channels. Therefore, varying
the temperature provides insight into the kinetic competition
of different decay channels of the system, including exciton or
charge transfer in the HS with WS,. In the following, we will
discuss the energy ranges of the free exciton (2.88-2.95 eV) and
the excimer emission (2.29-2.58 eV) separately. When the
sample is heated from 20 K to 295 K, the PL dynamics of the
free exciton emission become faster (see Fig. 3a and b), which
most likely originates from thermal activation of non-radiative
processes. Interestingly, the excimer emission (Fig. 3¢ and d)
shows an opposite trend, ie. the decay becomes slower with
increasing temperature. We attribute the observation to
thermally activated excimer formation, which is also known
from other organic systems, such as perylene or
anthradithiophene.>®™ In earlier work, it was suggested that
while at low temperatures, thermal energy is not sufficient for
excitons to overcome a certain energetic barrier to form the
excimer, this process becomes possible at elevated
temperatures through vibronic excitations. The observed slower
dynamics of the excimer emission with increasing temperature
could originate from superposition of the feature with some
energetically relaxed excitonic states, which get more and more
obscured by the increasing contribution of the longer-lived
excimer emission.

100
. c
5 107! 2
< %
- PyMACI B
%‘ 10_2 B (a) mm HS
5 100 -
-t
= 5
E 101} £
[e] (8]
< PyMACI | X
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Fig. 3 PL dynamics of neat PyMACI| and the HS. We used different
settings of the streak camera to probe the different time regimes of
the PL decay, resulting in a broader instrument response function for
the data of neat PyMACI, which was actually much longer-lived than
the HS. Panels (a and b) show the decay in the energy range of the free
exciton emission (2.88-2.95 eV), whereas (c and d) report the dynamics
in the energy range of excimer emission (2.29-2.58 eV).
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We find pronounced differences between the PL dynamics of
the neat PyMACI compound and the HS. In the latter, the PL
originating from PyMACI decays much faster compared to
sample regions probed outside the HS. This observation is an
indicator for an efficient electronic coupling mechanism
between both compounds, which could either lead to exciton or
charge transfer from PyMACI into WS,. Experimentally, the
pyrene/WS, interface has achieved little attention so far.’®
However, first principles studies based on DFT utilizing band
unfolding techniques suggest that the compounds form a type-
II heterojunction with hybridization occurring between the
molecular orbitals of pyrene and the band structure of WS,.*
As a consequence, electron transfer could emerge from the free
excitons which are generated in PyMACI. Alternatively, there is
the possibility of exciton transfer from PyMACI to WS,, which
could be followed by hole transfer from WS, to PyMACL
Interestingly, for the excimer state, efficient quenching is
observed as well. However, in this case it is challenging to make
assumptions about the underlying transfer mechanism, because
the energy level arrangement of the involved molecular orbitals
with respect to the WS, band structure is unclear and it has to
be considered that the energetics are governed by substantial
structural re-arrangement of the organic lattice in the course of
excimer formation. It is noteworthy, however, that the range of
emission energies of the excimer coincides with the absorption
of the excitonic resonance in WS,,*® which is a prerequisite for
Forster resonance energy transfer (FRET),”"® as we will discuss
further in connection with the analysis conducted below.

With our experimental approach, we cannot draw definite
conclusions about the underlying transfer mechanisms, which
could involve both exciton and charge transfer. Notably, it
was not possible to obtain TRPL data of sufficient quality for
selective excitation of WS,. Therefore, transfer channels for
charges and excitons originating from WS, remain an open
topic. However, we point out that in the steady state PL data
and the recorded PL images, the emission of WS, in the
region of the HS was weaker compared to the emission
outside of this region (see ESIf for details). This is an
indication for a hole transfer from WS, to PyMACI, as
expected for the type-II interface. An enhancement of the WS,
emission originating from a potential transfer of excitons
from PyMACI on the other hand is not observed, which gives
further evidence for the presence of a type-Il instead of a
type-I heterojunction, similar to other heterostructures of
molecular compounds and TMD monolayers.>***"?% deally,
future work on comparable material systems will also be able
to capture the photoexcitation dynamics of WS,. One
promising approach is fluorescence lifetime imaging, which is
highly sensitive when based on photomultipliers or avalanche
photodiodes and which also allows for a more thorough
correlation of the PL dynamics with spatial information.®™®
On the other hand, transient absorption or transient
reflection spectroscopy opens the possibility to access
different photoexcited populations with sub-picosecond time
resolution and was already successfully applied to organic/
TMD heterostructures.>”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In a next step, we further quantify the temperature
dependent PL dynamics. Due to the presumed statistic
distribution of non-radiative centres into which mobile
excitons can diffuse and due to the statistic distribution of
transfer times at the heterointerface, the PL is expected to
show multiexponential decay kinetics. In the observed time
window, however, we find biexponential fits to give a good
approximation to the experimental data. As an effective
measure for the PL dynamics, we extract the amplitude
averaged lifetimes®® from those fits. The resulting decay
times extracted from the energy ranges of exciton and
excimer emission of neat PyMACI and from the region of
the HS are displayed in Fig. 4. The lifetimes of the free
exciton emission increase by a factor of about 3, when the
material is cooled from room temperature to 20 K. A similar
trend is observed for the HS, whereas the quenching of
excitons by the WS, layer accelerates the decay dynamics by
almost one order of magnitude. It is likely that the
thermally activated faster PL dynamics are caused by
thermally activated exciton migration, such that non-
radiative centres are reached more quickly. For the
presumed excimer emission on the other hand, no
thermally activated non-radiative channel is observed, which
we attribute to the more localized character of the species.
In fact, the decay times of the excimer emission in PyMACI
rather indicate the opposite trend, ie. faster decay at
temperatures below 150 K. As discussed, this behaviour
could originate from the absence of excimer emission at
lower temperatures. An interesting result originating from a
comparison of the decay times of neat PYMACI and the HS
is, however, that the excimer undergoes efficient quenching
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Fig. 4 Temperature dependent amplitude-averaged lifetimes extracted
from the energy ranges of free exciton and excimer emission.
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in the presence of WS, for all investigated temperatures,
suggesting pronounced electronic coupling between the
structurally and energetically relaxed excimer species and
the electronic structure of WS,, potentially via FRET, as
discussed in the previous section. The trends observed in
the lifetimes of the free exciton and excimer emission are
also reproduced by the relative intensities of the species
(see ESIf), confirming that changes in decay times are
indeed caused by non-radiative processes, such as deep trap
recombination or transfer processes at the interface of the
HS, rather than by an increase of radiative rates.

With the acquired exciton dynamics in neat PyMACI
and in the HS, it is possible to estimate the time scale of
exciton or charge transfer. Following the argumentation
above, these transfer times should be rather considered as
effective values, originating from a statistical distribution
of decay rates and transfer times. Assuming kinetic
competition between radiative decay with the time
constant 7, non-radiative decay via 7,, and a transfer
mechanism characterized by 7, the overall PL dynamics
of the excited states in PyMAC] stacked with a WS,
monolayer is described by:

-1 _ -1 -1 -1
THs = Tr + Tnr + Ttr (1)

We further assume, that the PL lifetime of the neat PyMACI
layer is governed by the same radiative and non-radiative
channels:

rl_,; =+, (2)

Provided that exciton and/or charge transfer to WS, are the
only processes which alter the PL dynamics in the HS, we
then obtain for the transfer time:

_ THS'TPY (3)

The transfer times from PyMACI to WS,, which we estimated
based on this approach, are presented in Fig. 5a. Again, we
make a distinction between the two energy ranges associated
with free exciton and excimer emission. For the free exciton,
we find that the transfer times to WS, increase with
decreasing temperature. Since the organic compound
comprises a layers of PyMACIl, most of the
photogenerated excitons need to migrate to the WS, interface
where they are quenched. Therefore, a possible reason for
the slower decay dynamics at low temperatures could be the
absence of thermally driven exciton transport. For the
localized excimers on the other hand, it is unlikely that
quenching of the species at the interface is driven by
thermally activated diffusion, which is in accordance with
the absence of a clear temperature trend in the extracted
transfer times. As mentioned above, the energetic overlap of
the excimer emission with the absorption of the A-exciton
state in WS, could promote efficient FRET, which is
inherently not temperature dependent.®* Beside the necessity

few
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Fig. 5 Estimated transfer times from PyMACL to WS, for the energy ranges of free exciton and excimer emission (a), based on eqn (3). Note that
the data points at 120 K, which are severe outliers, were omitted from the plot in order not to impair its readability. Panels (b) and (c) show the
hypothesized transfer mechanisms after preferential excitation of PyMACI and after excitation of WS,, as discussed in the text.

of energy conservation, however, it was also pointed out that
FRET in organic/TMD heterostructures requires the
conservation of quasi-momentum,® which can lead to a
pronounced temperature dependence of the transfer rate,
when a thermal population of certain states in momentum
space is required to match the condition of energy
conservation.>® For the present material, however, the broad
emission spectrum should overlap with the A-exciton energy
of WS, around k = 0 and thus we do not expect an activation
barrier for the FRET rate. Efficient quenching of the excimer
emission in the HS could then be explained by FRET, which
does not require spatial overlap of the electronic wave
functions of the organic and the TMD layer, but can instead
occur from a broader range of distances to the
heterointerface up to a couple of nanometres.®* We cannot
make a quantitative statement about the length scale of the
hypothesized FRET at this point, however, the expected
scaling of the FRET rate with r™* for the case of a zero
dimensional excimer state facing a two-dimensional acceptor
layer®>®® could allow for the efficient quenching of excimer
states which are a couple of nanometres away from the
interface and thus explain the experimentally observed strong
quenching of the excimer state with transfer times on the
order of 100 ps. Note the FRET rate in zero-dimensional
systems decreases more strongly with increasing distance
(ocr7®).%° The hypothesized transfer channels are summarized
in Fig. 5b and c.

Type-II heterostructures of organic semiconductors and
monolayer TMDs, which promote exciton transfer and/or
splitting via interfacial charge transfer,
predicted and experimentally characterized for various
material systems.>*****° Qur observation of luminescence
quenching, i.e. a faster PL decay in the organic layer in the
heterostructure indicates charge or exciton transfer to the
TMD, which is consistent with previous findings based on
time-resolved photoelectron spectroscopy of heterostructures
comprised of zinc-phthalocyanine and molybdenum
disulfide.”® Interlayer charge and exciton transfer was also
confirmed for heterostructures of tetracene and WS, by
means of transient absorption spectroscopy.* Thus, type-II
energy level arrangement seems to be a property that can be
realized for a variety of organic/TMD systems.

exciton were
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Finally, we explore the properties of the system after
photoexcitation of WS,. In order to selectively excite WS,, we
chose an excitation energy of 2.33 eV (532 nm), which is well
below the absorption onset of PyMACI. Surprisingly, even for
this low excitation energy, yellow emission of the organic
compound is observed, as presented in Fig. 6a. This finding
suggests that the organic compound shows weak absorption
below the absorption onset, which is in accordance with the
weak absorption tail observed in Fig. 2b. This absorption
could originate from defect states or from some weak
coupling of the excimer state to the ground state. As the
signatures of the PyMACI emission coincide with the range of
energies that was attributed to excimer emission, it is likely
that the excimer state is responsible for the observed
emission. We also find a distinct polarization of the yellow
emission, which is significantly rotated with respect to the
polarization of the free exciton state (see ESIf). Due to the
anisotropic nature of the crystal, transition dipole moments
with different orientations are in fact expected for the
different excitonic species.®”®®* On the other hand, the
distinct polarization of the yellow emission could also
originate from defect states, which are associated with a
certain structural configuration in the crystal lattice of the
organic compound. At this point, we cannot make a definite
statement about the origin of the PL after excitation below
the absorption onset of PyMACIl. The overlap with the
A-exciton emission (X,) of WS, makes it challenging to
extract quantitative information about the dynamics of the
comparably weak emission from WS,. This difficulty is
potentially exacerbated by hole transfer from WS, to PyMACI,
which could lead to remarkable quenching of the excitonic
WS, emission. However, by wusing steady state PL
spectroscopy, it was possible to obtain some insight into the
polarization of the WS, emission.

In order to disentangle the X, emission of WS, from the
PL underground of PyMACI, we recorded PL spectra in the
region of the HS and outside of this region. As a next step,
the PyMACI spectrum recorded outside the HS was
normalized to the PyMACI emission of the HS and subtracted
from the data. A difference spectrum calculated from the
exemplary data in Fig. 6a is shown in Fig. 6b. This spectrum
gives us an estimate of the intensity of the X, emission.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Polarization resolved characterization of the HS. In order to extract the intensity of the WS, exciton emission (Xa), the PL background of
PyMACI was recorded outside the HS region, normalized to the PL spectrum of the HS in the energy range between 2.10 and 2.12 eV (a) and
subtracted from the HS data, yielding the difference spectrum presented in (b). Beside the X, exciton signature of WS,, the HS shows red-shifted
emission (RSE) around 1.7 eV, potentially originating from the interface. Polarization dependent emission spectra and difference spectra are
presented as false-colour plots in (c) and (d). Polar plots of the integrated intensities of PyMACI, the X5 peak (neat WS, and HS) and the RSE peak

are shown in panels (e) and (f).

Moreover, we can explore other contributions to the PL
spectrum in the region of the HS. Interestingly, the difference
spectrum at emission energies slightly above the X,
resonance becomes negative, indicating that the relative
emission intensity of PyMACI in this regime is reduced
compared to the neat PyMACI layer. This finding could
originate from exciton transfer from PyMACI to WS,, which is
expected to be particularly strong in the spectral region where
the PyMACI emission overlaps with the X, absorption.
Another interesting observation is the emergence of a
weakly emissive red-shifted emission (RSE) peaking around
1.7 eV, which occurs exclusively in the region of the HS. The
origin of this spectrally broad signature could be an emissive
defect state that is specific for the PyMACI/WS, interface or
an interlayer excitonic state, which was also reported for
other organic/TMD systems with presumed type-II energy
level arrangement.'>**% In future work, spatially resolved PL
microscopy could help to clarify whether the emission is
associated with specific structural defects, or whether it
occurs homogeneously across the whole HS. Moreover,
interfacial excitons should show some mobility, which can be
explored by spatiotemporal PL or transient absorption
measurements.>* To further distinguish the feature from an
underlying defect state, surface sensitive techniques such as
time-dependent second harmonic generation” or time
resolved photoelectron spectroscopy can be employed.””
Moreover, time and angular resolved photoelectron
spectroscopy is capable of revealing the momentum
fingerprint of charge transfer excitons, when dispersive
bands are formed.””> Similar to Moiré excitons in TMD
heterostructures, systematic modification of the stacking
angle between the TMD and the organic layer could lead to

© 2025 The Author(s). Published by the Royal Society of Chemistry

variations in the optical properties, if interlayer excitons are
responsible for the RSE.”> While the mentioned techniques
would be attractive for future studies, interestingly, our PL
spectra reveal differences in the RSE, when comparing the
investigated HS to an inverted HS discussed in the ESLj This
indicates different electronic couplings between the layers,
suggesting that the observed feature is indeed an interface state
rather than a defect. However, further investigations with
control over the stacking angle are needed and beside different
stacking angles, also the different dielectric environments of
WS, in the HS and the inverted HS could play a role.

We find that both the residual PyMACI emission as well as
the underlying PL of WS, reveal distinct polarizations.
Emission spectra and difference spectra recorded for
different orientations of the analyser are presented as false-
colour plots in Fig. 6¢c and d, respectively. The emission
intensity of PyMACI shows a clear polarization dependence
when probed inside and outside the region of the HS. The
respective integrated intensities are shown in the polar plot
in Fig. 6e, together with the integrated intensity of the X,
emission of WS, outside the HS. The emission of neat WS, is
isotropic as expected.”* Interestingly, the WS, emission in
the region of the HS is linearly polarized (cf Fig. 6f) and
approximately perpendicular to the polarization of the yellow
emission originating from PyMACI. Also, the RSE signature is
linearly polarized in the same direction as the X, emission,
suggesting that the RSE is associated with a specific
configurational arrangement at the heterointerface, resulting
in a specific alignment of the corresponding transition dipole
moment. Notably, the polarizations of the X, emission and
the RSE emission differ from each other in case of the
inverted HS (see ESIT).
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For the case of the inverse HS with WS, on top of PyMACI
(see ESIY), we find similar orientations of the polarizations of
the yellow excimer- or defect-type PyMACI and the X, emission,
which are approximately perpendicular to each other. This
finding confirms that the anisotropic emission of WS, is indeed
introduced by the electronic coupling with the organic
compound and not just a trivial filtering effect. Since the
polarizations of the yellow PyMACI emission and the free exciton
emission, on the other hand, form an angle of approx. 45° to
each other (see ESI}), this means that the induced polarization
anisotropy of the excitons in WS, is rotated by approximately 45°
with respect to the free exciton emission of PyMACI.

We hypothesize that this peculiar rotation of the polarization
could be a result of the specific arrangement of the molecules
at the interface to WS, and the strain induced in the TMD
monolayer. The transition dipole moment (TDM) of the lowest
excitonic state in pyrene is oriented along the long molecular
axis.®® In the optical experiments, luminescence is observed
from the ab-plane of the molecular crystals. The orientation of
the TDM of the pyrene chromophores is tilted with respect to
the main axes of the ab-plane, as shown in the ESL} On the
other hand, the molecular crystal lattice potentially acts as a
patterned template, on which the thin WS, layer adapts an
energetically favorable commensurate arrangement. This re-
arrangement of the WS, lattice implies anisotropic deformation
and the build-up of strain, presumably along the main axes of
the supporting PyMACI lattice. Similar effects are known from
TMDs deposited on patterned substrates’> or HS of TMDs with
anisotropic 2D materials.”® The presence of strain in WS, leads
to a lifting of the threefold rotation symmetry of the lattice,
resulting in new excitonic eigenstates, which are linearly
polarized along the main axes of the strain tensor.”” For the
anisotropy induced by the organic substrate, these axes should
coincide with the a and b axis of PyMACIL. We would like to
stress that without any further theoretical analysis, our
considerations remain simplistic and do not take any further
effects into account, such as the influence of the
methylammonium group on the TDM, coupling effects between
different molecules or hybridization of electronic states at the
interface.>® Nevertheless, our considerations may provide a
qualitative explanation for the observed linear polarization of
the WS, emission and the differing polarization direction of the
free exciton in the organic layer.

For the polarization resolved optical studies it is important
to note that these can only be carried out for systems, in which
monocrystalline and oriented domains of the organic
compound are large enough to be resolved by an optical
microscope. In this context, an earlier study focused on WS,
stacked with beta-perylene.?’ While the authors found polarized
emission of the TMD, consistent with our work, their excitation
was below the optical gap of the organic substrate, not allowing
for a direct comparison of the emission polarizations. The
authors attributed the observed polarization response of the
TMD to anisotropic coupling with the substrate, caused by the
anisotropic refractive index, leading to different reflectivity of
both polarization components for a given sample thickness.
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While such an interference effect could, in principle, explain
our experimental observations, we propose that our findings of
anisotropic PL emission from WS, rather originate from the
template effect described above, for several reasons: (i) we find
evidence that the electronic structure of WS, is altered, leading
to emission from a presumed interfacial state and energetic
shifts of the WS, peak in case of the inverted heterostructure
(see ESI{). (ii) Our organic crystals were exfoliated and therefore,
their thickness should be on the order of 10 nm. Thus,
interference effects should be of minor importance for our
samples. (iii) It is well-established that different templates can
modify the strain and with this the electronic structure of TMDs
and polarization anisotropy.”>””’

Conclusions

Our work introduces a promising approach for the controlled
fabrication of organic/TMD heterostructures with a well-
defined alignment of the molecules in the organic ionic
crystal. Such heterostructures are to validate
theoretical descriptions. Moreover, they can serve as model
interfaces to study the impact of the molecular orientation
on the interfacial electronic structure and on mechanisms of
exciton and charge transfer, which is highly relevant for
device applications. Further studies could address different
stacking configurations of the same system or they may
explore the influence of distinct optical properties, such as
chirality, which could be induced into the TMD via
specifically  tailored organic compounds. We have
demonstrated electronic couplings at the PyMACI/WS,
interface by means of time- and polarization resolved optical
spectroscopy, presumably leading to exciton and charge
transfer at the type-II heterointerface. Interestingly, beside
the free excitons formed in PyMACI, also the lower-energetic
localized excimer promotes efficient exciton transfer into
WS,. This is potentially related to the fact that its emission is
isoenergetic with the absorption of the X, exciton in WS,,
leading to efficient FRET. From a theoretical point of view,
this aspect is challenging to address, because structural
distortions of the system after photoexcitation need to be
included in the description. At the same time, the
observation bears some relevance e.g. for sensing
applications, because it demonstrates that the excimer states
can serve as efficient sensitizers for exciton transfer to the
TMD, which could be a motivation for theoretical efforts in
this direction. Beside the observed transfer processes, we also
find that the organic compound leads to anisotropic PL
emission of WS, and we identify weakly emissive low
energetic PL  signatures around 1.7 eV in the
heterostructures, potentially ~ emerging  from  the
heterointerface, which can be seen as further indicators for
electronic coupling. Overall, our study introduces a new
platform for specifically tailored heterostructures comprised
of TMDs and ionic molecular single crystals. For a satisfying
understanding of these systems and the underlying
mechanisms of electronic coupling, we find it particularly

useful

© 2025 The Author(s). Published by the Royal Society of Chemistry
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important to take the strong electron-phonon-coupling of
the organic compounds into account, which should be
further addressed in future work.
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