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Hybrid structures with an interface between two different materials with properly aligned energy levels

facilitate photo-induced charge separation to be exploited in optoelectronic applications. Particularly,

the combination of 2D transition metal dichalcogenides (TMDCs) and dye molecules offers strong light–

matter interaction, tailorable band level alignments, and high fluorescence quantum yields. In this work,

we aim at the charge or energy transfer-related quenching of the fluorescence of the dye perylene

orange (PO) when isolated molecules are brought onto monolayer TMDCs via thermal vapor deposition.

Here, micro-photoluminescence spectroscopy revealed a strong intensity drop of the PO fluorescence.

For the TMDC emission, in contrast, we observed a relative growth of the trion versus exciton

contribution. In addition, fluorescence imaging lifetime microscopy quantified the intensity quenching to

a factor of about 103 and demonstrated a drastic lifetime reduction from 3 ns to values much shorter

than the 100 ps width of the instrument response function. From the ratio of the intensity quenching

that is attributed to hole or energy transfer from dye to semiconductor, we deduce a time constant of

several picoseconds at most, pointing to an efficient charge separation suitable for optoelectronic devices.
1. Introduction

In the past decade, transition metal dichalcogenides (TMDCs)
have emerged as 2D semiconductors. The key features of these
materials are the transition from indirect to direct semi-
conductors, which is accompanied by the emergence of their
photoluminescence,1,2 as well as a drastic rise of the exciton
binding energy when thinned down from bulk to a monolayer
(1L).3 This shis the recombination dynamics from the regime
of Auger scattering of free carriers to being governed by the
diffusion of excitons.4,5 In combination with the strong light–
matter interaction, these monolayer properties promise poten-
tial applications in photonics and optoelectronics ranging from
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LEDs to photodetectors.6 In the latter case, charge separation
and transfer following optical excitation can be facilitated by the
fabrication of heterostructures, where 1L-TMDCs are combined
with one another,7,8 other 2D semiconductors,9 graphene,10 or
hybrid structures with 0D objects such as small molecules or
quantum dots, 1D nanostructures, as well as 3D bulk mate-
rials.11,12 As an already established research eld, TMDC heter-
ostructures represent the rst choice among the above named.
Here, ultrafast charge transfer times of 50 fs and less have been
found.13,14 Yet, these heterostructures remain limited regarding
their performance and costs.11

Beyond such heterostructures, the combination of 2D
semiconductors with dye molecules brings several benets on
its own, which touch different aspects of the systems. First, on
the fundamental side, hybrid structures allow the combination
of two contrary regimes of exciton mobility, namely the discrete
Förster transfer between essentially 0D molecules15,16 as
opposed to the continuous exciton diffusion in the 2D
TMDCs.4,5 Second, from a preparational point of view, many
methods for molecule deposition on surfaces can be scaled,
offering the opportunity of preparing large-area hybrid struc-
tures, starting from full-coverage chemical vapor deposition
(CVD-)grown monolayers.17,18 Third, the band levels of mole-
cules such as perylene diimides (PDIs) can easily be tailored by
exchanging their organic substituents,19 while their optical
spectra exhibit characteristic shapes that signicantly change
© 2023 The Author(s). Published by the Royal Society of Chemistry
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upon aggregation20 or charge transfer.21 Finally, in view of
spectroscopic investigations, the near-unity uorescence
quantum yield of these dyes ensures strong signals,19 in
contrast to typical values below 1% for pristine 1L-TMDCs.1,22

Several studies on hybridmolecule/1L-TMDC structures have
been conducted with their focus lying on changes of the pho-
toluminescence from the TMDC monolayer.23–26 To that end,
comparably thick dye layers of several 10 nm have been
deposited. In this case, the molecules function as an essentially
innite charge trap, i.e. draining excited electrons or holes from
the absorbing TMDC layer on a timescale of picoseconds.27–30

In the inverse situation, where molecular layers (of
several nm thickness) on a 2D material are excited, the charge
transfer takes place towards the TMDC and proceeds signi-
cantly faster, with reported upper limits for the time constants
of a few 100 fs down to 40 fs. The charge transfer is typically
followed by thermal relaxation of the hot charge carriers or
interlayer excitons, even spin ips and the formation of triplet
excitons may occur.29–32

While these studies mostly focus on nanometer lms of
electron-donating metal phtalocyanine molecules30–33 on MoS2,
investigations with purely organic dyes such as the electron-
accepting PDIs were conducted in wet media.21,34 In this work,
however, we create hybrid structures by vapor depositing
monomeric dye molecules of the PDI N,N′-bis(2,6-
diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide,
commonly referred to as perylene orange (PO). In contrast to
previous studies, we chose a molecular coverage well below
a monolayer, creating essentially 0D regimes as opposed to 2D
continuous or even 3D bulk-like dye lms. As the inorganic
counterpart in the hybrid structures and deposition target, we
prepared mechanically exfoliated monolayer akes of the four
most common TMDCs (MX2 with M = Mo, W and X = S, Se) as
Fig. 1 Electronic energy levels of various 2D materials versus perylene
orange. The vacuum level is set to zero. The horizontal lines show the
HOMO and LUMO energies of the isolated dye molecule, whose
molecular structure is depicted in the inset.35 Pale and dark bars
indicate the value range for VBM and CBM energies extracted from
various publications reporting on density functional theory calcula-
tions (hBN;36 MoS2;23,27,37–39 MoSe2;23,38–40 WS2;28,37–39,41 WSe2 (ref. 23,
38 and 39)). In these calculations, excitonic effects were not consid-
ered. While the hBN band levels lie far from the molecular orbitals, for
each TMDC, at least one of the band extrema falls into the
HOMO–LUMO-gap of PO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
well as multilayer hexagonal boron nitride (hBN) as a reference.
Fig. 1 shows their relevant energy levels, that is the valence band
(VB) maximum and conduction band (CB) minimum for the 2D
materials and the highest occupied and lowest unoccupied
molecular orbital (HOMO and LUMO, respectively) of the dye.
When a photon is absorbed by the PO (TMDC), an electron from
the HOMO (VB) will be raised to the LUMO (CB), leaving a hole
in the HOMO (VB) with whom it forms an exciton. As the hBN
band gap completely comprises the relevant energy levels of PO,
neither charge nor energy transfer is expected from the dye into
the hBN. For each of the PO/TMDC hybrids, in contrast, both
processes are possible, offering a rapid nonradiative decay
channel. Consequently, we expect the uorescence lifetime to
shorten drastically and the intensity to decrease strongly, as the
molecular exciton will less likely recombine radiatively. Thus,
we investigate the hybrids via spectrally, spatially and tempo-
rally resolved emission spectroscopy.
2. Experimental

Hybrid structures were prepared by thermal vapor deposition
(TVD) of monomer PO lms onto mechanically exfoliated 2D
akes transferred to Si/SiO2 wafers.42 PO powder (Exciton, Exa-
lite 578) is heated to temperatures from 430 K to 450 K and
evaporated in vacuum (#1 × 10−2 mbar) in order for the
molecules to condense onto the target substrate kept at about
room temperature. The total process duration amounted to
40 min, including roughly 15 min of heating up the powder
reservoir from room to the evaporation temperature. The
specic evaporation temperature was adjusted to the target
coverage by coating glass slides as references in advance. Here,
we aimed at a coverage of about 2.4 × 10−2 nm−2, corre-

sponding to roughly
1
30

of a monolayer and ensuring the

monomeric behavior of the deposited molecules (see ESI,
Sections 1.1 and 1.2†). As an alternative coating technique,
stamping was also tested in Section 1.3 of the ESI.† This offers
a low-threshold method similar to the deterministic transfer of
2D materials. However, it yields more inhomogeneous molec-
ular lms.

For micro-photoluminescence (m-PL) spectroscopy, a 532 nm
(RLTMGL-532-100-3, Roithner) or 633 nm (OBIS 633LXSF,
Coherent) continuous wave laser is focused onto the sample.
The emitted radiation is collected by a microscope objective,
ltered from the scattered excitation light using a long-pass
plus a spatial lter with a 50 mm pinhole, and analyzed by
a grating spectrometer (Acton 2300i). In our experiments, the
excitation power was about 4.5 mW for the green and 9 mW for
the red laser, with a focus diameter of about 1.0 mm to 1.5 mm.
The sample was scanned beneath the xed optical beam path to
obtain a 2D raster of the relevant area, with one spectrum
acquired at each position within 1 s. To prevent photooxidation
of the dye molecules,43 the samples were kept in vacuum during
the experiment. An investigation of photodegradation under
ambient conditions is presented in the ESI, Section 2.† If not
mentioned otherwise, all measurements were conducted at
room temperature and employing the green laser. The cooling
Nanoscale Adv., 2023, 5, 3348–3356 | 3349
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for low-temperature scans was provided by liquid nitrogen for
80 K and by liquid helium for 10 K.

Fluorescence lifetime imaging microscopy (FLIM) measure-
ments were performed using the MicroTime 200 system by
PicoQuant. In these experiments, the sample is excited by
442 nm pulses with an energy of 0.3 pJ at a repetition rate of
40 MHz (equivalent to 12.5 mW), focused down to a diameter of
0.9 mm. The emitted light is detected via time-correlated single
photon counting, yielding a high sensitivity as well as a time
resolution of about 100 ps. Analogously to the m-PL spectros-
copy, the sample area is scanned to obtain a 2D map, with
a dwell time of 50 ms per pixel. This short exposure time is
crucial to minimize the photodegradation of the dye in those
measurements, as they have to be conducted under ambient
conditions. Another difference of this setup compared to the
m-PL spectroscopy lies in the lack of spectral resolution.
Consequently, we are not able to separate the PO uorescence
from the contributions of the monolayer photoluminescence
(see ESI, Section 4.2†). To solve this problem, we placed a 50 nm
band pass lter with a central wavelength of 525 nm in the
probe beam right in front of the detector, in addition to the
standard lters for blocking the excitation light. We tested the
lter performance using 1L-WS2, which – among the four
investigated TMDCs – has the strongest PL (in that particular
setup) that is also the closest to the lter transmission range.
Here, we demonstrated an intensity suppression of the PL by
a factor of about 104. As a positive side-effect, the selected
spectral range roughly matches the 0–0-peak of the dye uo-
rescence. When comparing this to the spectra of any agglom-
erated molecular species (see ESI, Sections 1 and 3†), we nd
that those contributions are essentially excluded from the
signal. Accordingly, the measurements with the band pass lter
are mostly sensitive to the monomer PO. The instrument
response function (IRF) was determined as the detected time
trace of the back-reected excitation light. It was measured
using a blank wafer sample and omitting both lters. Here, we
extracted an IRF duration of about 150 ps (FWHM) with an
asymmetry in terms of a prolonged tail at positive times.
3. Spectral emission landscape of
hybrid structures

To characterize the deposited molecular lms and their inter-
action with the substrate or the underlying akes, we conducted
optical experiments on TVD-fabricated 1L-TMDC/PO and
hBN/PO hybrid structures. First, m-PL spectroscopy was per-
formed to elaborate any spectral changes that would indicate
a coupling between the 2D material and the dye molecules or
even within the molecular layer.

Fig. 2(a) and (d) show two investigated hybrid structures of PO
on hBN and WSe2, respectively, with the resulting m-PL spectra
being depicted in (c) for PO on the wafer substrate, on hBN, and
on 1L-WSe2. Despite the use of a long-pass lter, a sharp peak
from the excitation light remains around 2.33 eV. Although the
long-pass lter weakens the 0–0 band of the molecular uores-
cence band, PO contributes the characteristic multi-peak
3350 | Nanoscale Adv., 2023, 5, 3348–3356
Franck–Condon structure of its emission.19 This indicates dye
monomers as the dominant species (Spectral signatures of other
species are discussed in the ESI, Sections 1.1 and 3†). Addi-
tionally, the monolayer WSe2 ake features a strong, sharp, and
distinct photoluminescence peak at around 1.65 eV. This allows
a spectral separation of the two emission bands, facilitating
a separate mapping of the integrated dye uorescence (1.8 eV to
2.325 eV) and 1L-PL intensity (1.6 eV to 1.7 eV), as depicted in
Fig. 2(b), (e) and (f), respectively. The so-obtained integrated
intensity maps reproduce the crystal topography, as can be seen
comparing Fig. 2(a) and (d) with Fig. 2(b) and (e). When
regarding the spectral range of the semiconductor PL (Fig. 2(f)),
the monolayer regions clearly stand out of their dark
surroundings, as expected by the strong luminescence
enhancement due to the transition from direct to indirect band
gaps in TMDCmonolayers compared to thicker akes.1,2 The dye
uorescence, on the other hand, appears weaker on the hBN
akes compared to the wafer substrate and vanishes almost
completely in the PO/WSe2 hybrid, as evident in the PL spectra as
well. For an ideal PO/hBN hybrid structure, we would not expect
any modulation or reduction of the uorescence intensity, given
the band level alignment. In reality, the moderate intensity drop
on the hBN can be caused by adsorbed species acting as charge
traps.44 Alternatively, it could be that during TVD, evaporated
molecules less likely deposit on hBN compared to the SiO2

surface of the wafer, resulting in a lower PO coverage and
correspondingly lower signal. Nevertheless, sufficiently many PO
molecules reside on top of the ake, since the dye uorescence is
clearly detected from the hBN area. Due to the similarity of the
hBN and TMDC surfaces, we assume a similarmolecule coverage
on the WSe2 ake. We conclude that in this case, the PO emis-
sion is unambiguously quenched as a consequence of charge or
energy transfer into the TMDC.

With the suppression of the dye uorescence below the
experimental sensitivity, we turn to investigate the WSe2 PL
counterpart in more detail to track changes introduced by the
deposited molecules. Under this scope, low-temperature
measurements offer the distinction of different emission
features like neutral excitons and charged ones, i.e. trions,45

whose balance reacts to changes in doping or defect avail-
ability.46 PL spectra acquired at liquid nitrogen temperature
show a clear separation of the exciton (X0) and negative trion (X−,
identied via measurements at 10 K, see ESI Section 4.1†)
emission bands (Fig. 3). Upon deposition of PO, the latter grows
relatively to the former. On rst sight, this appears as a sign for
charge transfer.33 In our case, however, this interpretation would
contradict the band alignment of PO and 1L-WSe2, as depicted in
Fig. 1, since electrons would have to migrate energetically uphill
towards the WSe2 CB or holes downhill into the PO HOMO. In
other words, the observed change in the trion emission is of
opposite sign as the charge transfer expected from the band
levels. Furthermore, the spectral shape is independent of the
excitation wavelength and thus unaffected by whether the
molecules are excited or not. Ergo, the major effect originates
already from the presence of molecules in their electronic
ground state. A possible explanation for the enhanced trion PL
could arise from changes in the nonradiative recombination
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 m-PL spectroscopy after excitation of TVD-coated hBN and WSe2 at 532 nm. (a and d) Micrographs of the sample flakes and their
environment. The dashed square in (a) marks the area depicted in (b), while (d)–(f) show identical regions. (b and e) Integrated PO fluorescence
intensitymaps. The intensity appears slightly lower on the thin hBN and almost zero on theWSe2 flake compared to the surrounding substrate. (c)
PL spectra of PO on different 2D crystals vs. substrate reference. The sharp peak at 2.33 eV is assigned to stray light from the excitation, the
three-peak structure matches the PO emission, and the single low-energy contribution corresponds to the monolayer WSe2 PL. (f) Integrated
1L-WSe2 PL intensity map. The monolayer part stands out brightly from the surrounding thicker crystals and the substrate.

Fig. 3 Normalized PL spectra of blank WSe2 (solid lines) and PO/WSe2
hybrid structure (dashed lines) at room temperature and 80 K (bright
and dark colors, respectively) after excitation at 532 nm (green) and
633 nm (red). The latter are pairwise essentially identical. At low
temperature, the 1L-PL blue-shifts and splits up spectrally into exciton
(X0) and negative trion (X−) emission. Upon deposition of the dye
molecules, the trion contribution grows relative to the excitonic one.
Additionally, a weak signal appears at 750 nm (marked as P).
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channels in 1L-WSe2. Deposited molecules could screen defects,
thereby reducing the rate for trapping at those sites24,47 that takes
place within several 10 ps at room temperature.4 This would
© 2023 The Author(s). Published by the Royal Society of Chemistry
largely benet the trionic emission that occurs on similar time
scales while the comparatively short-living excitons remain
relatively unaffected.48,49 Consequently, the peak ratio might
evolve in favor of the negative trions without an actual change of
the doping. In principle, this effect could even conceal a minor
charge transfer in the (expected) opposite direction. As an alter-
native explanation, the deposition of PO molecules could elimi-
nate other adsorbates that initially suppressed the formation of
or the emission from negative trions. Either way, the dye mole-
cules apparently do not drain enough electrons from or – if
excited – inject enough holes into the 1L-WSe2 to signicantly
alter the charge balance there. This appears reasonable, given the
low dye coverage of 2.4× 1012 cm−2, i.e. onemolecule per roughly
40 nm2 (see ESI, Section 1.2†) compared to the areal size of the
1L-WSe2 unit cell of 0.1 nm2 (h1015 cm−2).39 Hence, in this
coverage regime, molecular functionalization does not affect the
doping level of 2D semiconductors signicantly. Indeed, studies
that observed a pronounced charge transfer-related change of
the exciton–trion balance employed much thicker molecular
layers of several nm.33 In addition to the excitonic and trionic
peak, we observe a weak emission band (P) around 750 nm that
emerges in the hybrid structure at low temperatures. While
a detailed investigation of this feature exceeds the scope of this
work, several possible physical origins are conceivable. First, the
Nanoscale Adv., 2023, 5, 3348–3356 | 3351
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emission could stem from the triplet state T1 of PO. For perylene
derivatives, these states usually lie energetically low, frequently
down to half of the singlet S1 energy.50 However, this phospho-
rescence would be expected to exhibit a spectral width compa-
rable to the uorescence peaks, which does not hold for the P
contribution.51 Second, excitons and trions could combine to
form (charged) biexcitons (see ESI Section 4.1†) or bind to
defects, creating localized, yet luminescent excitons.52,53 This
process could be enabled by the deposited dye molecules either
via the modied Fermi level or the screening of defects. Finally,
the emission peak could be a sign of interlayer exciton forma-
tion, where the electron resides in the PO layer and the hole in
the WSe2.28,54,55

Summing up the m-PL measurements, we found a strong
indication for uorescence intensity quenching as well as
a relatively enhanced trion PL when combining PO with WSe2 in
a hybrid structure. Yet, we cannot distinguish unambiguously
between charge and energy transfer as the dominant contribu-
tion to the uorescence quenching. Nevertheless, as charge
transfer is generally observed in type II band alignments,27–33 we
favor this interpretation. Even if energy transfer would outcom-
pete hole transfer from the molecular into the semiconductor
layer, a consecutive back-transfer of electrons is expected in
PO/WSe2 hybrids, resulting in charge separation aer all.30

Regardless of the specic mechanism responsible for the
quenching, any fast nonradiative decay channel does not only
reduce the uorescence intensity but shortens its lifetime as well.
Aiming at the quantication of this phenomenon, we turn to
temporally resolved measurements.
4. Rapid fluorescence quenching in
TMDC hybrids

To be capable of time-resolved detection of even the weak
uorescence from various PO/TMDC hybrids, we performed
Fig. 4 (a and b) Intensity maps of TVD-coated hBN1 and WSe2, respectiv
match the micrographs from Fig. 2(a) and (d), with the crystal topograp
substrate to flake is drastically stronger on WSe2 than on hBN. (c) FLIM
environment. The bars cover the uncertainty interval of each value. W
1L-TMDCs exhibit relative intensities in the order of 10−3. As discussed in t
relative intensity of PO on hBN. Note that the value for WS2 is overestimat
pass filter (see ESI, Sections 4.3 and 4.4†).

3352 | Nanoscale Adv., 2023, 5, 3348–3356
FLIM on these samples, achieving a higher sensitivity than in
the m-PL spectroscopy and tracking the temporal evolution of
the emission signal. For the analysis, spatial and temporal
information were regarded separately. First, we take a look at
the time-integrated FLIM data for each pixel. Here, in analogy to
the m-PL, the integration yields 2D intensity maps of the scan-
ned sample areas, as illustrated in Fig. 4(a) and (b) for the hBN
and WSe2 akes shown in Fig. 2(a) and (d), respectively. For
hBN, the ake topography is resembled by the intensity of the
PO uorescence varying between different regions of the crystal.
Yet, no systematic dependence on the thickness is found and
the variation of the overall intensity within the hBN area as well
as versus the substrate reaches one order of magnitude at most.
The PO-coated WSe2 akes, in contrast, exhibit an enormous
discrepancy compared to the environment, with the intensities
dropping by three orders of magnitude. To properly quantify
this effect, we determined both the minimum and maximum
absolute intensity values for the substrate area and the thinnest
ake regions for two different hBN samples as well as for the
four 1L-TMDCs. We calculated the minimum relative uores-
cence intensity as the ratio of the minimum value on the ake
divided by the maximum on the substrate and vice versa for the
maximum relative intensity. This way, the comparison with the
substrate should eliminate differences in dye molecule coverage
between the samples. The resulting relative intensity ranges are
presented in Fig. 4(c), while the original data for the remaining
akes in terms of 2Dmapsmay be looked up in the ESI, Fig. S9.†

Regarding the relative intensities, we clearly observe
a systematic difference between the TMDC monolayers and the
hBN references. Surprisingly, the hBN1 and hBN2 samples –

albeit prepared in an identical manner – yield clearly different
values. However, experiments on a third sample with a slightly
higher coverage (hBN3) demonstrated that the uorescence
signal is affected by the formation of PO agglomerates on the
hBN surface (see ESI, Section 4.2†). Such agglomerates may
form due to diffusion of the molecules on the surface, which
ely, as obtained by time-integrating the FLIM data. The depicted areas
hy being clearly reproduced in the FLIM map. The intensity drop from
intensity on different 2D flakes relative to their respective substrate
hile the three hBN samples range between 0.2 and near-unity, the
he ESI, Section 4.2,† the hBN3 sample represents a lower bound for the
ed, as there is still some amount of 1L-PL transmitted through the band

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Normalized fluorescence decay of PO films on different
materials. The curves result from integrating the FLIM data over the
respective areas of interest. Solid lines represent the data, dashed lines
show the fits, which are in good agreement with the data, and the filled
area marks the instrument response function. The TMDC curves
essentially follow the IRF – despite a small long-living component –
while the curves for substrate and hBN show a much slower decrease
or at least a long-term tail.

Table 1 Time constants and amplitude ratios from biexponential time
trace fitting. All underlying fluorescence time traces were measured
employing the 500–550 nm band pass filter. Here, s1 for the PO/TMDC
hybrids is very close to the time constants for the IRF, indicating that
the underlying dynamics could not be separated from the instrument
response. The SiO2 entries represent a summary of the values for the
coated wafer environment of all hBN and TMDC samples. The time
traces for hBN3 are depicted in the ESI, Fig. S8(b)

Substrate for PO layer s1 [ns] s2 [ns]
A2

A1

SiO2 0.5–1.0 2.2–3.2 0.60–1.3
IRF 0.065 0.14 0.53

hBN1 0.12 2.9 0.13
hBN2 0.22 3.1 0.97
hBN3 (homogeneous) 0.46 3.5 3.3
hBN3 (agglomerates) 0.10 2.2 0.045

1L-MoS2 0.073 1.4 0.0056
1L-MoSe2 0.087 0.92 0.048
1L-WS2 0.071 0.92 0.015
1L-WSe2 0.085 3.1 0.050
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has been monitored by AFM scans (see ESI, Section 3†). As
a result, small differences in PO coverage together with varying
surface characteristics of the hBN1 and hBN2 akes can lead to
strong distinctions between those samples regarding agglom-
erate formation and correspondingly differing uorescence
intensities. To exclude this effect, the white bar for hBN3 in
Fig. 4(c) represents a largely agglomerate-free region, i.e. with
a homogeneous, almost pure monomer coating. Considering
that the agglomerates form by draining molecules from their
environment, this homogeneous area is probably characterized
by a lower molecule coverage than the ake in total as well as
the surrounding substrate. Consequently, the hBN3 value can
be regarded as a lower bound for the relative intensity of the
uorescence of monomer PO on hBN, leaving a range from
about 0.3 to unity. The PO/TMDC hybrids, in contrast, reach
values of about 10−3, close to the noise level. Merely PO/1L-WS2
scores 1%. However, in this case, the monolayer PL is strong
enough to still contribute some photon counts despite the
usage of the band pass lter. Taking this into account, we
conclude a uorescence intensity reduction by a factor of
roughly 103 on the TMDC monolayers compared to the hBN.
This stands out from other hybrid structures with thicker
molecular layers where the uorescence intensity on the
1L-TMDC vs. substrate differ by a factor of ten at most.21,31,32,41 In
our case, the planar shape of the molecule probably leads to
a face-down orientation on the TMDC monolayers, which in
turn promotes efficient charge transfer. Another reason for the
drastic effect in our case supposedly lies in the monomeric
coating, while in lms of several nanometer thickness, excitons
have to diffuse towards the interface before charge transfer can
take place. This leaves more time for radiative recombination
and therefore increases the residual uorescence intensity.
Although these ndings strongly point to the occurrence of
some quenching mechanism, a nal conclusion still requires
information on the time evolution of the uorescence. In order
to analyze the emission decay dynamics, we extracted the time-
resolved intensity by integrating the FLIM data over the
respective regions of interest, namely the substrate, the thinnest
hBN areas, and the TMDC monolayers. The obtained normal-
ized time traces are depicted in Fig. 5 as bright, solid lines. For
the substrate and the hBN akes, we observe a fast signal
reduction on the sub-nanosecond scale followed by a long-term
contribution decaying over several ns. The time traces of the
PO/TMDC hybrids, on the contrary, essentially follow the course
of the IRF, indicating a decay time constant well below the
experimental time resolution.

For a detailed analysis, we tted the time traces by two
exponentials, yielding a good agreement with the data, as can
be seen from the dark, dashed lines in Fig. 5. In this process,
the signal rise was modeled by an error function. The resulting
parameters are summarized in Table 1. For the shorter expo-
nential time constant s1 on hBN, we obtain values of a few
100 ps, varying between the different samples and regions. The
longer time constant s2, in contrast, consistently yields about
3 ns. We assign this to the monomer PO molecules, as it is
comparable to the uorescence lifetime of almost 4 ns in
solutions of similar monomers.56,57 The origin of the shorter
© 2023 The Author(s). Published by the Royal Society of Chemistry
lifetime can again be elucidated with the help of the hBN3
sample. Here, we were able to separate regions dominated by
agglomerates from areas largely governed by homogeneously
deposited monomer PO (see ESI Section 4.2†). While for the
former regions, the fast decay accounts for most of the
amplitude and the slow component almost vanishes, an
opposite behavior is observed in the latter. Thus, we conclude
that s1 can be assigned to energy transfer from excited PO
monomers into agglomerate-associated multi-particle states,
e.g. excimers, which do not emit in the spectral range of the
bandpass lter.20 Furthermore, when comparing the t
parameters for the different hBN akes and regions, we nd
Nanoscale Adv., 2023, 5, 3348–3356 | 3353
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that s1 takes smaller values, the higher the amplitude of the
fast decay compared to the slow one. This could point to
a mechanism where the presence of more or bigger agglom-
erates actually speeds up the decay, e.g. in a diffusion-mediated
exciton trapping model. Alternatively, this behavior may result
as a tting artifact from the superposition with the asymmetric
IRF. Indeed, the latter can also be tted biexponentially with
s1 = 65 ps and s2 = 140 ps.

The PO/TMDC hybrids, as already expected from the
measured time traces, essentially follow the IRF, manifesting in
the values of s1 from 70 ps to 90 ps. Note that these only indicate
the resolution limit as determined by the IRF. They are not to be
confused with the actual time constants of the underlying
physical processes, which lie well below the time resolution of
this setup. In addition to the fast decay, the ts reveal different,
yet in any case weak long-term contributions to the time traces.
Following the interpretation of charge or energy transfer-
induced quenching, this tail could stem from imperfect
contact between the dye and the TMDC layer, leaving some PO
molecules only weakly or even unquenched. They would emit
residual long-living uorescence, thereby leading to an over-
estimation of the relative intensity on the PO/TMDC hybrid
structures in Fig. 4(c) as well.

With this information and taking into account the intensity
ratios discussed above, we can estimate the time constant of the
nonradiative decay. For hBN, the relative intensity takes values
of 0.3–1, although in the case of the hBN2 sample with a pre-
vailing monomer contribution in the decay, it approaches unity.
In contrast, the TMDCs achieve values of about 10−3. Assuming
a comparable PO coverage due to the similar surface, we obtain
a quenching factor of nearly 103. As this also resembles the ratio
of the nonradiative vs. the radiative time constant of 3 ns, we
end up with a charge or energy transfer time from dye to
semiconductor of several picoseconds. Yet, we have to consider
that even the hBN2 area shows agglomerate features in the time
trace. This results in a lower uorescence than for a perfect
monomer coating and thus an underestimation of the
quenching in the PO/TMDC hybrids. The same holds for the
possibly imperfect contact of themolecules on the respective 2D
material that – in the case of the TMDCs – would inhibit charge
or energy transfer for a fraction of the molecules and thus
reduce the observed quenching. All taken together, this is in
agreement with charge transfer time constants of 40 up to
several 100 fs for metal phtalocyanine/TMDC hybrid
systems.29–32

5. Conclusion

In this study, we investigated PO/1L-TMDC hybrid structures
with a molecular sub-monolayer by means of m-PL spectroscopy
and FLIM to gather evidence for charge or energy transfer aer
optical excitation. We observe a drastic reduction of the dye
uorescence intensity on all TMDCs, as opposed to the PO/hBN
references. Simultaneously, the lifetime of the emission signal
is strongly reduced from about 3 ns to values well below the
FLIM time resolution. This veries the occurrence of a strong
quenching mechanism induced by the TMDC monolayers. Vice
3354 | Nanoscale Adv., 2023, 5, 3348–3356
versa, the deposition of PO molecules enhances the trion
emission of WSe2 at low temperatures. This cannot be
accounted for by charge transfer, so it may result from the PO
screening defects of the monolayer. Based on the quenching
ratio and the radiative lifetime of the unquenched dye mono-
mers, we deduced an upper limit for the corresponding hole or
energy transfer time constant in the order of several picosec-
onds. These results are in line with previous research on charge
transfer in metal phtalocyanines and pave the way for its
exploitation in optoelectronic devices.
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V. Zólyomi, D. Terry, J. Howarth, I. Gutiérrez-Lezama,
A. Zhukov, Z. R. Kudrynskyi, Z. D. Kovalyuk, A. Patané,
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