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Utilizing strong light—matter coupling is an elegant and powerful way to modify the energy landscapes of
excited states of organic semiconductors. Consequently, the chemical and photophysical properties of
these organic semiconductors can be influenced without the need of chemical modification but simply
by implementing them in optical microcavities. This has so far mostly been shown in Fabry—Pérot cavities
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and with organic single crystals or diluted molecules in a host matrix. Here, we demonstrate strong, simul-
taneous coupling of the two Davydov transitions in polycrystalline pentacene thin films to surface lattice
resonances supported by open cavities made of silver nanoparticle arrays. Such thin films are more easily
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1. Introduction

Strong light-matter coupling in organic semiconductors in
microcavities leads to the formation of quasi-particles, consist-
ing of photonic and excitonic contributions, called exciton-
polaritons.”” They were shown in recent years to feature fasci-
nating effects like an enhancement of the exciton diffusion
length, polariton lasing or quantum condensation with a
wealth of possible applications.>”” Most studies focused so far
on Fabry-Pérot microcavities, consisting of a pair of mirrors in
between which the organic material is placed, which limits the
possibilities for accessing the organic layer.””® In contrast,
open cavities of nanoparticles allow for an easy in- and out-
coupling of light and exhibit an easily accessible surface for
material deposition and contacting (Fig. 1a), which explains
the increasing interest in recent years.”'> While single nano-
particles show relatively broad localized surface plasmon reso-
nances (LSPRs), which have found application, e.g, in
biosensors,"®™® periodic lattices of nanoparticles can support
surface lattice resonances (SLRs) with much higher quality
factors and delocalization of the electric field.">>" The quality
factor can hereby be estimated as Q = 4,,,/A4, with 4, being the
resonance wavelength and AA the width of the resonance,
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fabricated and, together with the open architecture, more suitable for device applications.

which is linked to the energy loss of the oscillator.>® A SLR
results from the far-field dipole coupling of plasmonic nano-
particles in a periodic array (Fig. 1a), if the scattered light from
neighboring particles arrives in phase with the illuminating
light.>® This condition is met close to diffraction edges (or
Rayleigh anomalies), where a diffraction of the incident light
into the plane of the array is found.>” With a certain detuning
between the diffraction edge and the LSPR of the single par-
ticles, strong and sharp SLRs can be realized.>* Since the elec-
tric field of these SLRs is more delocalized in between the par-
ticles, a larger fraction of molecules can couple to this cavity
field compared to the strongly localized near-field of the
LSPRs of the single particles.

These properties make arrays of nanoparticles especially
interesting for the investigation of strong light-matter coup-
ling with organic semiconductors (Fig. 1b).>*>° By strong
coupling, the energy landscapes of the excited states of
organic semiconductors can be modified by the formation of
polariton bands at energies higher and lower than the pure
exciton energy, which in turn influences the photophysical
processes.’™*> One such process that attracted appreciable
interest in the last decade is singlet fission (SF), which
describes the spontaneous splitting of one excited singlet
exciton into two triplet excitons via a triplet pair state.**** This
SF process finds potential application in solar cells due to the
duplication of the number of excitons.**® Since the energy
balance between the initial singlet state and the two triplet
states is one major criterion for SF, this process is expected to
be significantly influenced by strong light-matter coupling
(Fig. 2).>*%7*® However, experimental reports about the realiz-
ation of strong coupling in SF materials are scarce and mainly
stem from closed cavities.""***® Furthermore, investigations
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Fig. 1 (a) Scheme of the sample structure and the important orien-
tations. The 2 nm thick titanium adhesion layer below the silver struc-
tures was omitted for clarity. The red and green arrows indicate the
direction of polarization (along y) and propagation (along -z) of the illu-
mination light and @ the rotation angle of the sample around the y-axis.
(b) Graphical illustration of the coupling between differently oriented
PEN crystallites (blue) and the SLR resulting from the silver nanorods
(electric field indicated by red lines). The gray arrows indicate the in-
plane transition dipole moments (TDMs) of the two Davydov com-
ponents (DCs) and the size of the yellow halo the coupling strength.

on coupling in polycrystalline thin films are in general very
rare due to the additional interfering parameters of inter-
molecular interactions and disorder.*" Yet, for device appli-
cations thin films are of major importance.*?

In this work, we used pentacene (PEN) thin films as organic
material on open nanoparticle cavities, since PEN is a proto-
typical organic semiconductor and SF material.>***** It exhi-
bits very fast, exothermic SF involving most likely a vibration-
ally excited triplet pair state to match the energy of the singlet
state.*>*® The modification of the SF process in PEN by strong
light-matter coupling has been recently theoretically
investigated.>*® By the coupling, the energy of the initial state
is modified, which is now the lower polariton band (Fig. 2).
Depending on the coupling strength, three different scenarios
are possible. The lower polariton band might be energetically
(i) in resonance with the triplet pair state dressed by another
vibration, (ii) in resonance with the vibrationally relaxed triplet
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Fig. 2 Schematic energy levels of the SF process, without and with
coupling to a cavity photon. Sy, X(TT), UP, LP, and kyr/kt.cav denote the
PEN singlet (the lower DC) and triplet pair states, the upper and lower
polariton, and the triplet pair formation rate outside/inside the cavity,
respectively. Inspired by ref. 24.

pair state, or, (iii) below the vibrationally relaxed triplet pair
state. This should influence the triplet pair formation rate and
could potentially render the reverse process of triplet fusion
possible. However, to the authors’ knowledge, so far there is
only one experimental investigation of the coupling of PEN to
surface plasmons in silver nanohole films,*” and one of 6,13-
bis(triisopropylsilylethynyl)pentacene dissolved in polystyrene
in a closed cavity.*°

2. Experimental

Plasmonic nanoantenna arrays were prepared by electron-
beam lithography and metal deposition (see ESIT for details).
Cleaned glass coverslips were used as the substrate, and a ~2 nm
thick titanium layer was deposited as an adhesion layer. The
antennas consist of silver with a thickness of 35 nm (+10%).
Different sample types were produced for comparison, namely
rectangular arrays of rods, square arrays of discs, and samples
with randomly arranged rods and discs (see ESIT for details). The
standard deviation of the distances between particles within an
array is below 3% as determined from scanning electron micro-
scope (SEM) images. The standard deviation of the diameter d of
the discs and the width w and length s of the rods within an
array was determined to be below 7%, 10%, and 3%, respectively.
To protect the silver structures from degradation in air or by the
following processing steps, a 10 nm thick Al,O; layer, homoge-
neously covering the whole surface, was consequently added via
atomic layer deposition.

For the measurement of the arrays without coupling effects to
molecules, a ~140 nm thick reference layer of polystyrene (PS)
was spin-coated (60 s at 2500 rpm) from a toluene solution

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr01108a

Published on 19 June 2023. Downloaded by UNIVERSITAET TUEBINGEN on 7/14/2023 10:12:24 AM.

Nanoscale

(~2.5 wt%) onto the samples to match the refractive index of
PEN. For the measurements of the coupled PEN/plasmonic array
systems, the reference layer was removed in toluene and a PEN
(99.995% purity, Sigma-Aldrich) layer was applied via organic
molecular beam deposition. This was done in a vacuum
chamber with a base pressure of 2 x 10”® mbar at a growth rate
of 6 A min™". The final PEN thickness was 50 + 5 nm.
Transmission measurements were performed on an inverse
Nikon (Eclipse 80i) microscope coupled to a grating spectrometer
(LOT SR-303i-B). The transmitted light was collected by a 20 x
objective with a numerical aperture of 0.45 and directed to the
100 pm entrance slit of the spectrometer, leading to a spectrosco-
pically analyzed area of 5 x 5 pm”. The samples were illuminated
from the top by collimated light from a halogen lamp. A rotatable
polarizer can be inserted in the illumination path. Additionally
to the transmitted intensity measured at the array/area of interest
L., the transmitted intensity beside the array/area of interest
was measured as background Iys. Finally, also a spectrum
without illumination (dark current) Iy, was taken. The final,
background corrected extinction Ex was calculated by
_ IBG Iraw (1)

E, = .
Isg — ldark

3. Results and discussion

We used polycrystalline PEN thin films as organic, excitonic
material in this work. The extinction spectrum of a neat PEN
thin film is shown in Fig. 3a and exhibits a Davydov splitting
of the lowest-energy exciton transition with the two Davydov
components (DCs) denoted as E* and E.*®*° The Davydov
splitting results from the two translationally inequivalent
molecules in the unit cell, and E" and E~ are polarized perpen-
dicular to each other and have different oscillator
strengths.*®*? The polarization, given by the direction of the
transition dipole moment (TDM) /i, as well as the oscillator
strength, which is connected to |ji|, determine the strength of
the light-matter coupling for the two DCs in the cavity field
Eea (Fig. 1b). The cavity field is provided by the SLR of the
nanoparticle array, as demonstrated by the simulations pre-
sented in the ESI.{ For PEN thin films, the TDMs of the two
DCs lie almost perfectly in the plane of the substrate,*®° see
ESIt for details. Due to the random orientation of the crystal-
lites in the substrate plane®"** and the relatively large probing
spot size (5 x 5 pm?), an effective, averaged coupling strength
for each DC is obtained by the extinction measurements of the
coupled systems discussed below.”® Quantitatively, the collec-
tive coupling strength Agy within the dipole approximation
and its connection to the experimentally accessible Rabi split-
ting A< is given by>*

NhWexe
2660V’

hQ = 2hgy = 2V/NJi - Ecay = 241 - bcay (2)

where N denotes the number of coupled unit cells, Z@e the
exciton energy, V the cavity mode volume, ¢, the vacuum per-
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Fig. 3 (a) Extinction spectrum of a 50 nm thick PEN film on an Al,O3
layer on glass with the two Davydov components E* and E~. (b) SEM
image of an array of silver nanorods on glass, with a covering layer of
Al,Oz over the entire surface. The lattice parameters a, and a, and the
single structure dimensions s and w are indicated.

mittivity, and é.,, a unitary vector in the direction of the cavity
electric field. The relative permittivity of the organic layer is
denoted by &.”> Strong coupling is achieved if the Rabi split-
ting is larger than the mean of the losses, approximated by the
linewidths of the resonances.>*>® The electric field enhance-
ment by the SLR and the small linewidth of this resonance are
therefore critical to achieve strong coupling.

As the inorganic cavity, 25 x 25 pm® large arrays of silver
nanoparticles were used. They offer the advantages of having
an openly accessible surface for the PEN thin film deposition
and a low internal damping in the silver particles at optical fre-
quencies.”” The parameters of the arrays, namely the particle
size and shape, as well as the lattice constants, were experi-
mentally adjusted to obtain arrays with strong and sharp SLRs
at the energy of E', since this is the lowest energy transition in
PEN with critical importance for the SF process.*> These cri-
teria were best met by rectangular arrays of nanorods (Fig. 3b)
with width w = 85 + 8 nm, length s = 200 + 5 nm, and lattice
constants a, = 415 + 9 nm and @, = 190 = 5 nm, determined
from SEM images. The given deviations are statistical vari-
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ations within one array. Under y-polarized excitation (Fig. 1a),
the small width of the rods leads to a LSPR at high energies
(~2.5 eV), and the lattice constant a, leads to a diffraction edge
just above the energy of E, resulting in a sharp SLR at the
energy of E'. The larger length s of the rods and the smaller
lattice constant a, enhance the overall SLR strength,* which is
confirmed by the comparison to square arrays of nanodiscs,
see ESL.t On top of the silver structures and the whole surface,
a 10 nm thick aluminum oxide (Al,03) protection layer was
introduced via atomic layer deposition to avoid degradation of
the nanostructures and direct electron transfer between PEN
and the silver structures. A scheme of the samples is shown in
Fig. 1a and exemplary SEM images in Fig. 3b and Fig. S1 in
the ESL{

First, the extinction spectra of the bare arrays were taken as
reference to confirm the energy position of the SLRs. To match
the refractive index of PEN (n = 1.6 at frequencies other than
the exciton transition frequencies®?) in the reference measure-
ments, a PS film with a thickness of ~140 nm was used as
reference layer owing to its refractive index of n = 1.59. This
similar refractive index is crucial for meaningful reference
measurements due to its influence on the energy position of
the LSPR and SLR. Furthermore, SLRs are only observable if
the difference in the refractive index between the substrate and
the medium above is not too large, which would be the case
for air.">>® All spectra were referenced to the signal measured
beside the array for background correction as described above.
All spectra were taken under y-polarized excitation (Fig. 1a),
hence excitation along the short axis of the rods. The extinc-
tion of one exemplary rod array is shown in Fig. 4, while
spectra of further rod arrays are shown in Fig. S5 in the ESL¥
The extinction spectra under normal illumination exhibit one

Extinction

1.6 1.8 2 2.2 2.4 2.6
Energy (eV)

Fig. 4 Extinction spectra of a plasmonic array covered by a polystyrene
reference film. The dimensions of the lattice and rods are a, = 415 nm,
a, =190 nm, s = 200 nm, w = 85 nm, and h = 35 nm. The spectra taken
under 0 = 3° and 0 = 6° are vertically offset for clarity. The black dashed
spectrum is the extinction spectrum of a PEN thin film for peak position
comparison. The dashed vertical lines indicate the (1, 0) and (-1, 0) diffr-
action edges.
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sharp SLR peak around the energy of the two DCs of PEN.
Owing to the slightly different chosen rod dimensions (see
ESIT), the different rod arrays exhibit slightly differing SLR
strengths (extinction between 0.6 and 0.8), quality factors
(25-40, determined by Lorentzian fits), and resonance energies
(1.85 eV-1.89 eV). The square arrays of discs exhibit similar
extinction spectra (see Fig. S7 in the ESI}), but with smaller
strengths and quality factors due to smaller particles and
smaller detuning between the LSPR and the diffraction edge.>

Upon rotation of the sample around the y-axis by 6 = 3° or
0 = 6° (Fig. 1a) and hence transversal electric (TE) illumination
with a wave vector component along the long nanorod axis,
the SLR splits into two, following the (1, 0) and (-1, 0) diffrac-
tion edges as expected. Here, the lower energy SLR has a
smaller width due to the larger detuning from the LSPR,
which is more strongly pronounced in the disc spectra. The
wavelengths of the diffraction edges, which are also included
in Fig. 4, are given by*°

As1 = ax(negg + sin ), (3)

with an empirically determined, effective refractive index neg =
1.53 between the ones of the glass substrate and the PS layer.
By the rotation, the SLRs of the arrays can be shifted out of
resonance with respect to the PEN transitions.

To study the light-matter coupling, the PS layer was
removed from the arrays and replaced by a 50 nm thick PEN
film via organic molecular beam deposition. The extinction
spectra of the resulting coupled systems are shown in Fig. 5
and Fig. S6 and S8 in the ESI.f Under normal illumination, a
clear change in the spectrum is observed, with now three
peaks instead of one SLR. They are labeled in Fig. 5 by A, B,
and C and are assigned to three polariton bands that result

Extinction

1 1

1.6 1.7 1.8 1.9 2 2.1 2.2
Energy (eV)

Fig. 5 Extinction spectra of the same plasmonic array as in Fig. 4 (a, =
415 nm, a, = 190 nm, s = 200 nm, w = 85 nm, h = 35 nm), covered by a
50 nm PEN film (red) and the PS film for reference (blue). The spectra
obtained under @ = 6° TE illumination are vertically offset for clarity. The
black dotted line is the extinction spectrum of the PEN thin film
recorded beside the array for peak position comparison.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr01108a

Published on 19 June 2023. Downloaded by UNIVERSITAET TUEBINGEN on 7/14/2023 10:12:24 AM.

Nanoscale

from the coupling of the array SLR with the two Davydov tran-
sitions of PEN, in accordance to the assignment in similar
systems.®*® The splitting between the lower polariton band A
and the middle one, B, can hereby mainly be attributed to
coupling of the SLR with E*, while the splitting between B and
C may be attributed to coupling between the SLR and E.°*
While this is only an approximation and the respectively other
DC as well as the first vibronic transition will also contribute
to the coupling,® the larger splitting between A and B com-
pared to B and C is nicely consistent with the larger TDM for
E* (4 =5.76 D) compared to E~ (u = 3.53 D).”°

If we next consider the extinction spectra of the arrays with
PEN under an illumination angle of 6 = 6°, the peak positions
are nearly identical to the ones with the PS reference layer.
This indicates that this rotation is already sufficient to move
the SLRs far enough out of resonance with E” and E~ that the
coupling to the molecular transitions does not have a signifi-
cant influence on the SLR resonance energies. The slight shift
of the upper SLR probably results from influences of the first
vibronic transition. This possibility to shift the SLRs out of
resonance with E' is of importance for studies of the influence
of the polariton formation on the photophysics in the coupled
PEN array system, since it allows to remove the effects by a
rotation of the sample. Thus, reference measurements at the
exact same position of a sample can be taken. This might be
exploited in transient absorption experiments to characterize
the influence of polariton formation on the SF time constants
by pumping and probing under changing angles. In passing, it
can additionally be mentioned that the spectra under 6 = 6°
confirm that the refractive indices of PS and PEN are similar
and that the performed background subtraction works well,
since no PEN features appear.

The averaged visible collective coupling strength between the
SLR and the two DCs was approximated from the splitting of the
A and B, and the B and C polariton band, respectively, under
normal illumination (Fig. 5 and Fig. S6 in the ESI{), since here
the resonance detuning is minimal. From the shown four
different rod arrays energy differences corresponding to a Rabi
splitting of 120 meV and 80-90 meV between the A and B and B
and C polariton peaks, respectively, were found. The linewidths
(FWHM) of the two DCs were fitted by Gaussians to ygz =
120 meV and yz- = 90 meV, respectively. The linewidths of the
SLRs of the different arrays, corresponding to their losses, are
determined by Lorentzian fits to 55 meV < yg g < 75 meV.

With the definition that strong coupling is realized if the
Rabi splitting is larger than the mean linewidth yy, = (yg +
7sLr)/2 of the resonances,”®®° the coupling between E* and the
SLR can be categorized as strong while the one to E™ is in the
regime between strong and weak coupling. The collective coup-
ling strength results in Agy e ~ 60 meV and Agy - &~ 40 meV
(eqn (2)). The ratio of 1.5 between them meets the expectations
based on the ratio of 1.6 between their TDMs.>°

The obtained splitting should be understood as an aver-
aged, lower bound for the coupling strength, since we
measured polycrystalline films without a perfect alignment of
the TDMs with respect to the cavity field. Since the two DCs

This journal is © The Royal Society of Chemistry 2023
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are polarized orthogonal to each other, at most one of them
could be aligned in the direction of the field. Hence, the
spectra are averages over all different relative orientations.
Based on the similarity of the extinction spectrum of the PEN
film recorded next to an array and on a non-coupling array
(Fig. S117), we conclude on a similar molecular orientation,
namely nearly upright-standing on the substrate (see ESI} for
details).®* Thus, the TDMs of the two DCs lie in the plane of
the substrate, and the averaged measured splitting value
corresponds to ~64% of the maximal value at perfect align-
ment (eqn (2)). If in close proximity to the silver structures a
completely random orientation would be assumed, due to the
uneven substrate, the measured value would even be only
~41% of the maximal value.

We can also theoretically approximate the maximal coup-
ling strength by eqn (2). Under the assumption that the entire

N
mode volume is filled with PEN molecules, the % term corres-

ponds to the unit cell density in the PEN (thin film) crystal
structure,®® which is pye = 1.43 x 10>’ m™>. Furthermore, the
transition energy Awg- = 1.86 eV of the lower DC is known, as
well as its absolute TDM g = 5.76 D.*° Due to the anisotropy
of the PEN thin films, the polarizability depends on the crystal
direction, resulting in a relative permittivity tensor.®® In the
plane of the substrate, an averaged relative permittivity of &, ~
3 is assumed.®® With these values, a maximal theoretical col-
lective coupling strength of /gy z+ theo & 340 meV can be calcu-
lated. This value is much larger than the experimentally
observed one (Agnz ~ 60 meV), which can partially be
explained by the averaging due to the polycrystalline thin film.
Another important factor that reduces the experimental value
is that not the entire mode volume can be filled by PEN mole-
cules, since it also extends into the glass substrate and the
Al,O3 protection layer. The extension of the mode volume is
illustrated by simulations of the electric field of the SLR,
which are presented in the ESL{ Thus, the number of coupled
molecules and hence the collective coupling strength is
reduced. This overall underlines the promising coupling capa-
bilities of the low-energy PEN transitions.

4. Conclusions

Taken together, due to the strong TDM of the lower DC E" in
PEN, strong coupling to SLRs in arrays of silver nanorods was
realized in polycrystalline PEN thin films. Simultaneously, also
the interaction of the upper DC E~ and the SLR of the array is
close to the strong coupling limit. The strong coupling leads to
a lower polariton band around 1.80 eV, hence ~60 meV lower
than the lowest transition in PEN without coupling at 1.86 eV.
The coupling of the triplet pair state, as intermediate in the SF
process, to the SLR should be negligible due to its vanishing
TDM.>**% This implies that the energy gap to the triplet pair
state, with an energy of approximately 1.65-1.7 eV, is signifi-
cantly reduced, but the overall SF process remains exother-
mic.** A measurement of the resulting changes in the SF rate
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would be an interesting follow-up experiment to our study, in
particular to establish an alternative measure to tune SF rates
without chemical modifications.
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