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Enhancing Single-Layer WSe, Light Emission in
Perylene-Doped Polymer Films through Efficient Energy

Transfer

Marcos Gadea, Aswin Asaithambi, Raul Bernabeu-Cabariero, Alex Farrando-Pérez,

Ve

Maria Ramos, Juan C. Sancho-Garcia, Ilka Kriegel, Maria A. Diaz-Garcia,*

and M. Reyes Calvo*

The optical and mechanical properties of 2D semiconductors make them
excellent candidates for the active components of plastic optoelectronic
devices. Here, the integration of single-layer WSe, (1L-WSe,) into a
polystyrene (PS) film containing dispersed perylene orange (PDI-O) molecules
is investigated. The findings reveal a notable enhancement in the light
emission of 1L-WSe,, which occurs exclusively upon PDI-O excitation and
scales with the concentration of molecules in the PS film. Moreover, the
increase in 1L-WSe, photoluminescence coincides with a quenching of the
PDI-O light emission intensity and a decrease in its lifetime. These results
point to efficient long-range interactions, such as Férster energy transfer,
between PDI-O (acting as the donor) and 1L-WSe, (acting as the acceptor), as
the mechanism responsible for the enhanced light emission in the latter.
These findings are of great interest for the development of flexible
optoelectronic devices integrating active 2D materials; the polymeric matrix
plays a dual role, serving as both physical support and host for organic
dopants that can optimize the light emission properties of the active 2D

applications in optoelectronics.l2l Among
the wide variety of 2D materials, single-
layer transition metal dichalcogenides
(TMDs) have emerged as a particularly
promising family of 2D semiconductors.
The direct-bandgap electronic structure
and large exciton binding energies in
certain single-layer TMDs, such as MoS,
or WSe,, endow them with robust light-
emission properties.>*] This positions
single-layer TMDs as frontrunners for
the development of next-generation
optoelectronic devices, including pho-
todetectors, solar cells, light-emitting
diodes (LEDs),>®] and even lasers.”®]

In addition, 2D materials exhibit re-
markable resilience to deformation, mak-
ing them promising for integration into
ultrathin flexible electronic and optoelec-
tronic devices.[* ] The integration of sin-

material.

1. Introduction

The discovery of 2D materials has sparked a revolution in
materials science and nanotechnology, offering a plethora of

gle layer semiconducting TMDs as ac-
tive materials into hybrid structures with
polymeric films has garnered considerable
research interest, driven by the simplicity of preparation
methods and the compatibility of 2D materials with solution-
based processing techniques.'?l To date, 2D materials have
been combined with polymeric substrates to implement
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2D-material-based flexible field-effect transistors or light emit-
ting devices.[”1% They have also been covered by polymeric films
for encapsulation purposes.!'314l Notably, recent works propose
embedding 2D materials in plastic optoelectronic architectures,
where the polymeric matrix plays a functional role beyond
merely serving as a substrate or capping layer. For instance,
ongoing efforts to integrate 2D active materials with polymer-
waveguides show promise for the development of photonic
integrated circuits,['>'8] although examples of such integration
remain scarce.

A challenging aspect for the application of 2D materials in plas-
tic light-emitting devices is their modest quantum yields com-
pared to typical molecular dyes used in plastic optoelectronics.!*!
However, this limitation can be overcome by taking advantage of
their outstanding tunability, allowing for the fine-tuning of their
optical properties through various methods, such as function-
alization or environmental control.?*?!] For instance, the pho-
toluminescence (PL) of semiconducting TMD monolayers has
been modulated by incorporating them into contact with other
2D materials in van der Waals heterostructures,!?*2°! deposit-
ing them on different substrates or combining them with dif-
ferent active 0D systems.??7] Specifically, hybrid systems with
various molecules, quantum dots or nanocrystals have been pro-
posed to modify the PL emission of single-layer semiconducting
TMDs.[-32 Charge and energy transfer between 2D materials
and 0D systems can play an important role in controlling the
optical properties of 2D materials. For example, doping changes
induced by charge transfer from different molecular systems di-
rectly deposited on top of single-layer TMDs has been shown to
strongly enhance their PL intensity.3>341 On the other hand, en-
ergy transfer processes have been demonstrated in a variety of
0D-2D material systems.!**! Specifically, long-distance Forster
Energy transfer (FRET) between single-layer TMDs and differ-
ent dyes,>¥] quantum dots.[?*3%3640] or nanocrystals.[31:3241:42]
has been reported. In most cases, the 2D material acts as an
acceptor, with the 0D system serving as a donor. The result-
ing quench of the donor photoluminescence is often the main
fingerprint of energy transfer and has been proposed for sens-
ing applications.[*}] Only scarcely has energy transfer from the
0D system been shown to increase the 2D material PL emis-
sion. Modest PL enhancement has been observed in single-layer
MoSe, due to energy transfer from nanocrystals,!*!] while a sig-
nificant PL enhancement has been reported only in the case of
WS, monolayers interacting with organic polymers.?3# or in
close contact to quantum dot donors.[*]

On the other hand, perylenediimide (PDI) derivatives exhibit
a unique blend of physical and chemical properties, showcas-
ing thermal stability, high luminescence efficiency, redox capa-
bilities, and high electron mobility.**] These qualities make
them promising candidates for applications in various fields
such as photovoltaics and solar energy conversion.*”*! The ex-
tended z-conjugation and rigid molecular structure of the PDI
core leads to a high fluorescence quantum yield, making these
derivatives attractive for purposes such as laser dyes,’**! fluo-
rescent light collectors,®! fluorescence sensors,*? and emitters
in organic light emitting diodes (OLEDs).>*! PDIs are known
for being among the most photostable organic electronic ma-
terials in the literature, presenting promising opportunities for
optoelectronic applications, particularly in the context of laser
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technologies.®* For such purpose, the commercial derivative
known as perylene orange (PDI-O) has demonstrated to be one
of the best performing compounds of this family when dispersed
in thermoplastic polymer matrices such as polystyrene (PS) and
polymethylmethacrylate (PMMA).5*%] However, the interaction
of PDI molecules with 2D materials remains practically unex-
plored, with only a few recent reports on charge transfer be-
tween a PDI derivative and single-layer TMDs (i.e., 1L-MoS, or
1L-WSe,).[56%8] when the PDI is covalently bound or directly de-
posited on the TMD.

Despite the extensive exploration of molecular dyes like PDI
embedded in polymer films and the recent efforts to integrate
2D materials with polymer waveguides, the combination of both
systems in polymeric structures — to potentially tune their prop-
erties based on their interplay — remains largely unexplored. To
the best of our knowledge, the interaction between typical dyes
used in plastic optoelectronics, such as PDIs, and common 2D
semiconductors, such as single-layer TMDs, both embedded in
polymer films, has not been previously investigated, despite hold-
ing significant promise for applications. In this work, we delve
into the interplay between 1L-WSe, and PDI-O, both integrated
into PS films. Through p-PL and time resolved PL spectroscopy,
we observed a remarkable enhancement of the 1L-WSe,’s PL,
accompanied by a quenching of the PDI-O emission intensity
and a decrease of its lifetime. We propose that these effects arise
from the highly efficient energy transfer between the molecular
donor (PDI-O) and the 2D acceptor (WSe, single layer). These
results can therefore facilitate the integration and use of single-
layer semiconductors in plastic photonic devices.

2. Results and Discussion

Our integrated system of study is illustrated in Figure 1a. The
system consists of a single-layer flake of WSe, (1L-WSe,) de-
posited onto a SiO,/Si substrate, over which a thin polystyrene
(PS) film, containing uniformly dispersed perylene orange (PDI-
O) molecules has been spin-coated. PS has proved to be an ex-
cellent matrix to host photoluminescent organic compounds for
waveguide-based lasers.[5*3*555%] Similar results are expected for
other polymeric matrices, such as PMMA, or others, whenever
they have good transparency, enable a good dispersion of the or-
ganic compounds, and can be easily processed by spin-coating
into low-loss waveguides.

The optical properties (absorption and PL) of the individual
active components in the hybrid system (1L-WSe, and PDI-
O) are shown in Figure 1b-d. During the sample prepara-
tion process, 1L-WSe, flakes are exfoliated onto transparent vis-
coelastic substrates (see Experimental Section). At this point,
micro-reflectance spectroscopy measurements are performed
(Figure 1b). The differential reflectance acquired on transparent
substrates is directly related to the absorbance of 1L-WSe,. Con-
sequently, the resonances observed in the spectrum in Figure 1b
correspond to absorption peaks associated with the formation of
various excitonic states.*] The excitonic peak with the lowest
energy, denoted as X, in Figure 1b, appears at ~742 nm, corre-
sponding to the so-called exciton A energy of ~1.67 eV. The en-
ergy position of exciton peaks confirms the single-layer character
of the flake.[]
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Figure 1. Sketch for the integrated system and optical properties of its individual components: WSe, single-layer flakes (1L-WSe,) and perylene orange
(PDI-O) molecules embedded in polystyrene (PS) films. a) Sketch illustrating a 1L-WSe, flake deposited onto a SiO,/Si substrate, beneath a PS film
with dispersed PDI-O molecules. b) Absorption coefficient (a) of a PS film doped with 1 wt% PDI-O (purple line, left axis), and differential reflectance
spectrum of a 1L-WSe, deposited on PDMS (red line, right axis). c) u-PL spectrum measured at a 1L-WSe, nanoflake deposited on SiO,/Si substrate
after being covered with a 100 nm PS film. Excitation wavelength is 532 nm. Inset: Optical microscopy image in reflection mode of the flake. d) p-PL
of PDI-O molecules dispersed in a PS film deposited on a SiO,/Si substrate using the same confocal setup (see Experimental Section) as for 1L-WSe,
(solid line) and macroscopic measurement of PDI-O’s PL in a fluorometer (dashed line). The grey area indicates the wavelength range of the notch filter

used in the confocal setup.

Additionally, in Figure 1b, we also present the absorption spec-
trum of a PDI-O-doped (1 wt%) PS thin film spin-coated over
fused silica. This spectrum was acquired using a standard spec-
trophotometer (see Experimental Section for more details) in the
absence of any 2D material. The absorption spectrum reveals the
vibrational structure of the molecule,>**°! with a primary transi-
tion (0-0') observed at 530 nm and the vibrational peaks (0-1’) at
490 nm and (0-2') at 460 nm.

Selected 1L-WSe, flakes were transferred onto SiO,/Si sub-
strates, and PS films (without any dopants) were subsequently
spin-coated on top of them. The embedded flakes were character-
ized by micro-photoluminescence (u-PL) spectroscopy in a con-
focal configuration, as described in the Experimental Section.
Figure 1c presents the p-PL spectrum of a 1L-WSe, flake after
the deposition of a 100 nm PS film (A.,. = 532 nm). The spec-
trum exhibits a strong emission peak centred at Ays., = 747 nm
(1.66 eV), associated with the radiative recombination of the A
exciton.[®!] The results indicate that at least 70% of the p-PL in-
tensity remained after PS deposition (see Figure S1, Supporting
Information). This reduction in intensity can be attributed to the
partial absorption of the PL signal by the PS film, to changes in
the electronic properties of the 1L-WSe, due to the presence of
PS, or due to scattering by the polymer covering the 1L-WSe,
flake.

On the other hand, PS films incorporating PDI-O molecules
(PS/PDI-O) were spin-coated on SiO,/Si substrates and charac-
terized with the same confocal p-PL setup employed for the study
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of the 2D material (see inset of Figure 1d). The p-PL spectrum
obtained for a PS/PDI-O (1 wt%) film using 4., = 532 nm (solid
line in Figure 1d) closely resembles the one obtained from char-
acterizing a similar film on a transparent substrate using a fluo-
rometer (gray line in Figure 1d) (see Experimental Section). Note
that the lower intensity of the 0-0’ PL peak in the p-PL confocal
measurement results from the use of a notch filter, necessary for
removing the back-scattered light from the excitation line. De-
spite this, confocal p-PL measurements still capture a significant
portion of the total PL spectrum of the PDI-O molecule, with a
maximum around App o = 550 nm.

The light emission properties of the integrated samples (see in-
set of Figure 2a), where the 2D material (1L-WSe,) is embedded
in PS films containing dispersed PDI-O molecules (PS/PDI-O),
are presented in Figure 2. Specifically, in Figure 2a, u-PL spec-
tra are displayed for 1L-WSe, flakes beneath 100 nm PS films
containing different PDI-O concentrations (0.5-2 wt%). The ex-
citation wavelength was set to 4., = 532 nm, absorbed by both
PDI-O and 1L-WSe,. It should be noted that given the signifi-
cantly higher quantum yield of PDI-O compared to that of 1L-
WSe,, the PL signal from PDI-O was filtered out to maximize
the detection of the 1L-WSe, emission (see Experimental Sec-
tion). Additionally, to capture the overall behaviour of the sam-
ples, each p-PL spectrum in Figure 2a is the outcome of av-
eraging several spectra taken at different locations within the
same 1L-WSe, flake. In fact, we acquired p-PL maps (see ex-
ample in Figure 2b,c) that served to confirm that the PL signal

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. p-PL spectroscopy for 1L-WSe, flakes integrated with PS films containing dispersed PDI-O (PS/PDI-O). a) u-PL spectroscopy for 1L-WSe,

= 532 nm) covered with a 100 nm thick PS film containing different concentrations of PDI-O molecules (0, 0.5, 1, and 2 wt%) as indicated in

the legend. Inset: Sketch for 1L-WSe, on a SiO, /Si substrate, beneath a 100 nm thick PS/PDI-O film. b) Optical microscopy image in reflection mode of
a 1L-WSe, flake beneath a 1 wt% PS/PDI-O film (the single-layer area is marked with a white continuous line) c) u-PL intensity map at Ayse,= 750 nm,
(Aexe = 532 nm) for the 1L-WSe, flake shown in panel (b). The map was acquired at the area enclosed by the dashed line in (b). d) Integrated PL intensity
for spectra acquired on samples with varying PDI-O concentrations, using two different excitation wavelengths, 532 and 633 nm, respectively. Data is

normalized to the intensity of the 1L-WSe, flake under PS with no PDI-O.

remains constant, with small fluctuations, across the entire
flake area.

A remarkable result according to Figure 2a is the significant
increase in the PL emission of 1L-WSe, upon the introduction of
the PDI-O molecules in the PS films, compared to samples with-
out PDI-O. This rise in 1L-WSe, PL intensity with the increas-
ing PDI-O concentration suggests the interaction between the
active components as the key factor behind this enhancement.
A precise quantification of the 1L-WSe, PL enhancement as a
function of the PDI-O concentration is presented in Figure 2d,
where the integrated intensity for the PL spectra from Figure 2a is
compared. Notably, the PL emission of 1L-WSe, increases more
than 10 times for 2 wt% PDI-O compared to samples covered
by polystyrene with no PDI-O and ~8 times when compared to
pristine flakes (see Table S1, Supporting Information). While the
1L-WSe, PL increases with PDI-O concentration following an
approximately linear trend up to 1 wt%, for higher values (i.e.,
2 wt%), the PL rise seems to saturate. This is attributed to the
formation of molecular aggregates when PDI-O is dispersed in
PS around this concentration, as documented in previous stud-
ies related to the use of these materials as active compounds of
organic lasers.*! Quantum-chemical calculations (see notes in
the section S3 of the Supporting Information) allowed us to con-
firm the evolution of the PDI-O optical properties upon molecu-
lar aggregation. Actually, from a selected set of different dimeric
configurations explored, structurally and energetically viable, one
can observe a marked reduction of the transition dipole moment
going from an isolated molecule to an aggregated system (see
notes included in the section S3, Supporting Information). The
formation of these aggregates adversely impacts the emission ef-
ficiency of PDI-0,/%] thereby likely accounting for the observed
trend in Figure 2d.
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To further confirm that the enhancement of the 1L-WSe, PL
emission stems from the interaction with the PDI-O molecules,
we carried out p-PL experiments for the same samples under ex-
citation at 1., = 633 nm, a wavelength that cannot be absorbed
by PDI-O. In contrast to the 4., = 532 nm data, no significant
differences in the PL intensity of the 1L-WSe, flakes were ob-
served at A, = 633 nm with varying PDI-O concentration (see
Figure S7, Supporting Information). The corresponding 1L-WSe,
integrated PL intensity values for different PDI-O concentrations
have been included in Figure 2d for comparison. Hence, we es-
tablish that the PL enhancement in the 1L-WSe, flakes occurs
exclusively when the PDI-O molecule is also photoexcited. This
confirms that the enhancement of the 1L-WSe,’s PL arises from
its interaction with the photo-excited PDI-O, allowing us to dis-
miss alternative origins, such as the constructive interference in
the multilayer system formed by the substrate’s SiO, layer and
the PS thin film. Moreover, similar results were obtained for sam-
ples prepared on quartz substrates (see Figure S8, Supporting
Information), further discarding any possible influence from the
substrate.

To gain insights into the interaction mechanisms between the
2D material and the PDI-O, we analyzed the u-PL emission of the
PDI-O molecules in the integrated system (see Figure 3), concen-
trating on the spectral region where PDI-O emits (between 530
and 630 nm). Figure 3a presents a comparison between PDI-O
PL spectra taken at locations on and off the 1L-WSe, flake area
(fllustrated in the inset of Figure 3a with a blue (on) and pur-
ple (off) arrow, respectively) for a sample with 100 nm thick PS
film containing 1 wt% PDI-O. A significant decrease in the PDI-
O PL signal of ~30% can be observed when the molecules lie
above the 1L-WSe,. A similar quenching rate is observed for sam-
ples with other PDI-O concentrations (see Figure S9, Supporting
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Figure 3. p-PL spectroscopy for the PDI-O molecules dispersed in PS in the integrated samples with 1L-WSe,. a) p-PL intensity collected in two different
regions of a 100nm thick PS/PDI-O sample, in locations on and off the 1L-WSe, flake respectively. b) Left: optical microscopy image in reflection mode
of a 1L-WSe, sample beneath a 100 nm PS/PDI-O film. Right: u-PL map at A = 550 nm for the same sample. c) Quench ratio of the PDI-O p-PL,
calculated from the intensity measured on top of the 1L-WSe, in relation to the signal measured at regions off the flake for varying thicknesses of the
PS/PDI-O film (blue bars). The orange shadowed area represents the estimated quench ratio for a Férster radius of 20-25 nm. d) Time-resolved PL
measurements for PS/PDI-O on and off the 1L-WSe, flake area. €) Left: optical microscopy image in reflection mode of a 1L-WSe, flake (marked with
a white, continuous line) beneath a 50 nm thick PS/PDI-O film. Right: averaged PL lifetime map obtained from the time-resolved PL measurements
conducted in the outlined region of the image on the left. f). lllustration of the optical transitions and energy transfer process for PDI-O (donor) and
1L-WSe, (acceptor). Straight vertical arrows denote light absorption (upward) and emission (downward), whereas vibrational relaxation is depicted

through undulating arrows. Dashed-line arrows represent the optical transitions involved in the energy transfer process.

Information). Each spectrum in Figure 3a corresponds to the av-
erage of several spectra taken at different positions on and off
the flake, respectively. In fact, we acquired p-PL maps at lambda
= 550 nm, such as the one presented in Figure 3b, that clearly
show a significant and uniform decrease of the emission inten-
sity from PDI-O for all locations above the 1L-WSe, flake. Note
that we performed the u-PL measurements in a confocal config-
uration using a notch filter centered at A = 532 nm, missing part
of the PDI-O spectrum.

The observed quenching in PDI-O’s PL intensity, together with
the enhancement in 1L-WSe,‘s emission, suggests an interplay
between the two active components which could be mediated by
either charge or energy transfer from PDI-O to 1L-WSe,. Charge
transfer effects require large orbital overlap, scaling with dis-
tance as r'?, and imply close contact between the molecules and
the 2D material. In our system, we anticipate that the number
of PDI-O molecules at a short enough distance from 1L-WSe,
for charge transfer is negligible, compared to the majority of
dispersed molecules, which are located at greater distances and
for which PS acts as a spacer. Similarly, Dexter energy transfer
has a comparable distance scaling as charge transfer processes,
requiring also significant orbital overlap. Therefore, these pro-
cesses might only account for a marginal fraction of the observed
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quenching (see notes in section S7 (Supporting Information) for
an estimation. Furthermore, a recent work in Ref. [56] reported
charge transfer from PDI-O molecules directly evaporated on
top of 1L-WSe,. Vélzer et al.l’®! propose a type 11 alignment for
the PDI-O/1L-WSe, system, which results in the quenching of
both PDI-O and 1L-WSe, PL. Hence, while we cannot discard
the occurrence of charge transfer from the closest molecules to
the 2D material, the magnitude of the PDI-O PL quenching in
our results, along with the significant enhancement of the 1L-
WSe, PL, cannot be justified by charge transfer or other short-
distance interaction mechanisms. On the contrary, our findings
point to long distance interactions, such as Forster resonance en-
ergy transfer (FRET). FRET, involving dipole-dipole interactions,
has indeed been reported for various combinations of 2D and 0D
materials.[3>3¢]

To validate a FRET interpretation of our results, we inves-
tigated the dependence of the system interactions on the dis-
tance between the molecules and the 1L-WSe, flake. For this pur-
pose, we prepared samples with PS films of varying thicknesses
(50-200 nm), while maintaining a fixed PDI-O concentration at
1 wt%. To quantify the quenching of the PDI-O’s u-PL signal,
we define a quench ratio (QR) as QR = 1= Ippi_o/wse,/Ippi—o-
Iopi_o represents the integrated p-PL intensity for PS/PDI-O
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acquired at locations outside of the 1L-WSe, area, i.e., PDI-O not
interacting with the 2D material. Correspondingly, Ippr_o,wse,
represents the integrated p-PL intensity for PS/PDI-O on the 1L-
WSe, flake. In Figure 3c, the value of QR is presented as a func-
tion of the PS/PDI-O film thickness, revealing a greater quench-
ing of the PDI-O emission with the reduction in film thickness.
This result can be qualitatively explained as follows: for a given
characteristic interaction length, the proportion of dye molecules
situated close enough to interact with the 1L-WSe, relative to
the total is larger for thinner films. While the QR for PDI-O is
strongly affected, the 1L-WSe, PL enhancement barely changes
with film thickness (Figures S10 and S11, Supporting Informa-
tion).

In a FRET scenario, the scaling with distance of the energy
transfer efficiency (¢) strongly depends on the dimensionality
of the system. The typical FRET scaling as r° for 0D-OD sys-
tems (e.g., molecule-molecule interactions) transforms into r—*
for 0D donors (molecules, g-dots, etc.) and 2D acceptors (see Ref.
[63] for example), substantially increasing the interaction range.
Therefore, for our system, the FRET efficiency between PDI-O
(0D donor) and 1L-WSe, (2D acceptor) would be given by:[31:64]

$lr) = —— 1)

S\
1+(£)

where the interaction length-scale is defined by the Forster ra-
dius (R,), distance at which 50% of the excitation energy is trans-
ferred from the donor to the acceptor, and r is the distance from
a given PDI-O molecule to the 1L-WSe, flake. The emission in-
tensity (Ipp;_o) of a PDI-O molecule located at a distance r of the
flake would be given by:[31:6]

IPDI—O (1’) = IIQ’DI—O (1 - ¢ (T)) (2)
where IY | is the emission intensity of PDI-O donor in absence

of energy transfer. According to Equation (2), the PL intensity of
a molecule located at a distance R, from the flake is quenched to
a half. By summing up the contributions to the u-PL signal from
molecules at different distance r within the PS film —each show-
ing different degrees of quenching— we can estimate the QR for
the PDI-O p-PL signal in our samples (see Figure S12 Supporting
Information). The comparison of this estimation to the experi-
mental data (see Figure 3c; Figure S12, Supporting Information)
suggests a Forster radius value of R, ~20-25 nm for our system.

FRET typically results not only in the quenching of the donor’s
PL intensity, but also in a reduction in its emission lifetime. This
prompted us to perform time-resolved spectroscopy experiments
(Figure 3d,e). In Figure 3d, the PS/PDI-O PL time decay for a
50 nm PS film (1 wt% PDI-O) is presented at locations on and
off the 1L-WSe, flake. The PL decay is faster for PDI-O on top
of 1L-WSe, compared to positions outside the flake, in line with
a FRET interpretation. Time-resolved spectroscopy of PDI-O is
typically modelled by a double exponential function, accounting
for the different lifetimes of the optical transitions contributing
to the PL emission and the presence of molecular interactions
or aggregation effects.[*>®?] Fitting to a bi-exponential function
(see Table S2, Supporting Information) yields averaged lifetimes
(Tppro)y =2.66 nsand (z) ) = 3.01ns for spectra acquired on
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and off the 1L-WSe, respectively (Figure 3d). The averaged life-
times manifest a qualitative decrease of the PDI-O lifetime due to
the interaction with the 2D material. The analysis of time decays
acquired at different positions over the samples produces lifetime
maps, such as the one displayed in Figure 3e. The map confirms
a consistent decrease in the PDI-O s PL lifetime across the en-
tire area of the 1L-WSe, flake compared to the outside region (see
Figure 3e).

Because of FRET, the lifetime of a given PDI-O donor (zpp;_o)
depends on the distance r between the molecule and the 2D
material:B1)

Tppr_o (1) = Tgm_o (1=9(r) (3)
where 70 is the donor lifetime in absence of energy transfer.

According to expressions 2 and 3, PDI-O molecules would dis-
play varying degrees of intensity and lifetime quenching of their
emission based on their distance r to the 1L-WSe,. To model our
measurements, which comprise the emission from molecules
distributed within the PS film, we add the contributions from
molecules located at all possible distances within the film. From
a comparison with the experimental results, we estimate that
our lifetime measurements in Figure 3d are compatible with a
Forster radius value R, ~ 20 nm (see Figures S13-15, Support-
ing Information). Similar time-decay studies for samples with
thicker PS/PDI-O films yield smaller changes in the PDI-O life-
time in presence of 1L-WSe, (Table S2, Supporting Information).,
these findings align with the proposed interpretation (see Figure
S14, Supporting Information).

The extracted value R, ~ 20-25 nm falls among the largest
reported interaction lengths for energy transfer between 0D
donors and 2D acceptors, such as & 20 nm for graphene and
rhodamine.[®*] and ~30 nm in the case 1L-MoS, and quantum
well nanoplatelets.[*?] The Férster radius, R,, depends on differ-
ent parameters: i) the spectral overlap between acceptor’s absorp-
tion and donor’s emission, large in our system (see Figure S17,
Supporting Information); ii) the donor’s quantum yield, reported
for PDI-O molecules in solid films with high values up to 0.85;°]
and iii) the environmental dielectric screening. In this regard, the
lower permittivity of PS (e, = 2.46).”] in comparison to other
spacers such as h-BN allows for a longer range of dipole-dipole in-
teractions. The comparison to other 0D-2D systems suggests that
energy transfer is highly efficient in the PS/PDI-O/1L-WSe, sys-
tem, resulting in a strong quenching of PS/PDI-O "s PL. Likely,
this also underlies the observed enhancement of the 1L-WSe,
emission. Up to date, a large FRET-induced enhancement of the
2D material’'s PL has been rarely observed and, to our knowledge,
only for 1L-WS, in intimate contact with quantum dots.[**]

Following consideration from a FRET model, the 1L-WSe,’s

PL enhancement # due to a PS/PDI-O thin slab located at

WSe)
a distance r from the 2D material flake is approximately given

by:131

staz (r) — 14 Xps/pDI-0 (Aexc) TPS/PDI—O bor (1) ()
WSe, Ay wse, (A'exc) TlL—WSez

which depends on the absorbance of the two active compo-
nents, given by their absorption coefficients () at the excitation
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wavelength (4., = 532 nm) and their respective thicknesses (T).
By adding contributions from the whole film (see Figure S16,
Supporting Information) and assuming R, ~ 20 nm, we esti-
mate a PL enhancement of ~1.5 times for 1L-WSe, embedded
within a 1 wt% PS/PDI-O film. This value is considerably smaller
than our experimental observation (x10 times). The expected en-
hancement barely depends on films thickness (see Figure S16,
Supporting Information). Therefore, this discrepancy can be only
explained by limitations of the considered model or by the follow-
ing considerations regarding 1L-WSe, “s absorption coefficient.
The enhancement of the acceptor’s emission strongly depends
on the relative absorbance of both acceptor and donor at the exci-
tation wavelength (see Equation (4)). In our estimation, we used
the measured absorption coefficient values of PS/PDI-O films
(Figure 1b). However, for 1L-WSe,, we assumed the absorption
coefficient values for pristine samples on SiO,/Si from Ref. [68]
The presence of the PS film may significantly alter the dielectric
screening and doping of 1L-WSe,, impacting the electronic and
excitonic properties of the material. This impact is evident in the
observed ~30% reduction of the 1L-WSe, PL intensity when in-
tegrated into PS compared to the pristine samples (Figure S1,
Supporting Information). We believe that the influence of PS
could substantially modify the absorption properties of 1L-WSe,,
explaining the discrepancy between the expected and measured
enhancement values. In fact, Ref. [30] shows how even moder-
ate changes in the absorption of 1L-TMDs can lead to significant
modifications in the energy transfer efficiency from 0D systems.

3. Conclusion

We observed a remarkable tenfold enhancement in the photolu-
minescence of 1L-WSe, when embedded in PS thin films con-
taining dispersed PDI-O molecules. This enhancement appears
accompanied by a quenching of the PDI-O light emission, both in
intensity and lifetime. These findings point to the presence of un-
derlying long-range interaction mechanisms, such as FRET, from
PDI-O (donor) to 1L-WSe, (acceptor), with the PS matrix serving
as a spacer. This interpretation is supported by the large spec-
tral overlap between the two active systems. Furthermore, the
significant PDI-O s emission quenching and its increase with
reducing the PS film thickness suggest an unusually large in-
teraction length compared to other systems involving molecu-
lar donors and single-layer acceptors. This implies a highly ef-
ficient energy transfer, likely responsible for the substantial in-
crease in 1L-WSe, emission. Our results hold promise for the
development of flexible plastic optoelectronics devices incorpo-
rating active 2D materials, where the polymeric matrix can pro-
vide physical support and serve as a functional element, such as
a waveguide. Beyond mere structural roles, the polymer film can
host molecular dopants, enabling the fine-tuning of the proper-
ties of 2D materials through tailored interactions. In particular,
our results demonstrate that this approach has the potential to
enhance the light emission of 2D semiconductors, with the ca-
pacity to overcome their limitations toward their application as
active materials in plastic light-emitting devices. There is ample
opportunity for further improvement in emission by exploring
alternative combinations of 2D and molecular compounds. Fur-
thermore, energy transfer with molecular systems could enable
flexible devices with improved efficiency, leveraging the unique
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properties of 2D materials, such as flexible photodetectors, exci-
tonic light emitters, or strain sensors.

4. Experimental Section

Materials: Chemicals were purchased from commercial sources and
used without further purification. PS (M = 35 000 g mol~') and toluene
(= 99.7%) were purchased from Sigma-Aldrich. PDI-O (M =711 g mol~")
was purchased from Phiton with a purity higher than 99.5%. WSe, bulk
crystals were purchased from HQ Graphene.

Sample Preparation: The PS thin films were prepared by the spin-
coating technique. Solutions containing PS and a varying amount of PDI-O
were prepared and cast over SiO, /Si substrates. The amount of PS rela-
tive to the amount solvent (toluene) was adjusted to obtain the desired
film thickness.[5%%] Film thickness was confirmed by transmittance and
reflectance measurements.[¢7]

For 1L-WSe,, bulk crystals were mechanically exfoliated onto transpar-
ent Gel film substrates (Gel-Pak, WF x4 6.0mil). The determination of the
WSe, flake thickness was carried out using optical microscopy and micro-
reflectance spectroscopy.l®?] Once the single-layer flakes were identified,
they were deliberately placed onto 300 nm SiO,/Si substrates though the
deterministic dry transfer method.[®®] The SiO,/Si substrates provided a
good color contrast for single-layer flakes, which can be difficult to trace
once beneath the PS films when on transparent substrates.

Optical Characterization: Absorption and PL spectroscopies on
PS/PDI-O films were conducted using a Jasco V-650 spectrophotometer
and a Jasco FP-6500/6600 fluorimeter, respectively. The PL measurements
employed an excitation wavelength of 490 nm.

u-PL spectroscopy performed in a home-made confocal setup employ-
ing an excitation and collection spots of 1 um and ~8 um diameter, re-
spectively. A solid-state laser with an emission wavelength of 532 nm was
used for excitation at a power of ~80 W measured at the sample location.
To obtain the PL of PDI-O, a notch filter centred at 4 = 533 + 2 nm (full
width at half maximum, FWHM = 17 nm) was employed to remove the sig-
nal coming from excitation line. To optimize the detection of the 1L-WSe,
PL, a 700 nm long pass filter was employed to limit the contributions from
the PDI-O PL as well as from the reflected laser excitation. To reduce fluc-
tuations, p-PL maps are recorded, for which spectra are taken at several
different spatial locations from each sample. Depending on the size area
of the 1L-WSe, flakes, for each sample, data from at least twelve and up
to a hundred of points are averaged. For u-PL measurements performed
on PS/PDI-O regions off the flakes, hundreds of points are typically aver-
aged. The integrated intensity is obtained as the mean values from those
measurements and error is estimated as their standard deviation.

Time resolved p-PL spectroscopy: A pulsed laser PiL040-FS with an
emission wavelength centered at 405 nm, 10 MHz repetition rate with <
45 ps pulse width from NKT photonics was used for excitation at a power
of 1 uW. The excitation laser was coupled into I1X83 Olympus microscope
and focused on the sample with a 50X microscope objective lens (NA =
0.8). The PL emission was then collected and collimated using the same
objective lens used for detection and an avalanche photo-diode couple to
PicoHarp 300 (PicoQuant) time correlated single photon counting (TC-
SPC) system.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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