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ABSTRACT: We experimentally demonstrate strong coupling
between self-assembled PTCDI-C7 organic molecules and the
electromagnetic mode generated by surface plasmon polaritons
(SPPs). The system consists of a dense self-assembly of ordered
molecules evaporated directly on a thin gold film, which stack
perpendicularly to the metal surface to form H-aggregates,
without a host matrix. Experimental wavevector-resolved
reflectance spectra show the formation of hybrid states that
display a clear anticrossing, attesting the strong coupling regime
with a Rabi splitting energy of Qp 102 meV at room
temperature. We demonstrate that the strength of the observed
strong coupling regime derives from the high degree of
organization of the dense layers of self-assembled molecules at

~

the nanoscale that results in the concentration of the oscillator strength in a charge-transfer Frenkel exciton, with a dipole
moment parallel to the direction of the maximum electric field. We compare our results to numerical simulations of a transfer
matrix model and reach good qualitative agreement with the experimental findings. In our nanophotonic system, the use of self-
assembled molecules opens interesting prospects in the context of strong coupling regimes with molecular systems.

lasmonic systems in an “open-cavity” architecture have

been shown to interact in the strong coupling regime with
a variety of organic materials as optical dipoles at room
temperature.”” In the strong coupling regime, light—matter
interaction modifies substantially the coupled system energy
spectrum and gives rise to hybrid states. An ultrastrong
coupling regime, where the Rabi splitting is of the same order
of magnitude as the frequency of the oscillator and of the field,
has also been reported in molecular systems.” Plasmonic open
cavities with organic molecules are thus appealing for potential
applications of strong coupling, such as low threshold lasing
and polariton condensation,* or ultrafast light amplification™®
because of their simplicity and the possibility to operate at
room temperature. By their properties of efficient lumines-
cence, low Stokes shift, and large oscillator strength, J-
aggregates of organic dye molecules have been widely studied.”
In these systems, the molecules are usually spin-coated or
evaporated in amorphous or nanocrystalline thin layers and
dispersed in a host matrix. The strong coupling regime
necessitates the use of small confined mode-field volumes V
and large oscillator strengths f because the dipole—photon
coupling scales as /f/V.® Surface plasmon polariton (SPP)
fields in open-cavity architectures offer nanoscale mode
confinement with a resonant enhancement of the field at the
SPP resonance. In addition, high densities of coherently
oscillating chromophores can lead to large effective dipole

-4 ACS Publications  © Xxxx American Chemical Society

5626

moments, increasing the coupling proportionally to the square
root of the number of coherent oscillators in the mode
volume,” thereby making the observation of the strong coupling
regime easier in absorption measurements. By contrast,
spontaneous emissions from different excited states are
noncoherent, and the manifestation of strong coupling relies
on oscillator strengths. Large oscillator strengths can however
be obtained through dipole—dipole interaction among adjacent
molecules, possibly mediated by surface plasmons,”'® which
leads to delocalized excitonic transitions involving many
molecules as in J-aggregates of, e.g,, cyanine dyes. However,
with low Stokes shifts, the luminescence is emitted in the low-
energy strongly coupled plasmon Franck—Condon exciton,
corresponding to the absorption line." This raises the question
of the role of this strong coupling for large Stokes shifts such as
those found in H-aggregates.

Large molecule—field coupling is favored by high molecular
densities but also by the alignment of molecular dipole
moments along the local electric field vector. Self-assembled
molecules can offer a convenient strategy to achieve well-
ordered dipoles at the molecular scale. In contrast with polymer
matrix approaches, self-organization processes lead to the
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Figure 1. (a) AFM topographic image of a self-assembled monolayer of molecules revealing growth domains with different orientations. (b)
Corresponding height profile (along red dashed line), which confirms the deposition of molecules standing on the substrate, as sketched in (c). (d)
AFM topographic image of 11 layers of PTCDI-C7 molecules evaporated on a gold thin film. (e) Height profile along the blue dashed line showing

height jumps corresponding to a single monolayer.

formation of ultradense and robust arrays of molecules with
designed molecular orientation on a variety of large-area
substrates.'' In addition, this approach allows the creation of
out-of-plane functions and avoids the proximity of conducting
substrates resulting in Dexter quenching of electronic
excitations.'” Furthermore, self-organization processes interact-
ing with the SPP field provide effective methods to maximize
the number of dipole moments in interaction with the plasmon
field in the mode volume of the SPP."* Consequently, a self-
assembly approach opens interesting prospects to tune the
strength of the plasmon—exciton coupling at the nanoscale and
makes an important step toward fully integrated systems in
nanophotonics.

In this work, we demonstrate plasmon—exciton coupled
states between ultradense self-assembled dyes (N,N’-diheptyl-
3,4,9,10-perylenedicarboximide, hereafter denoted PTCDI-C7)
in two-dimensional (2D) structures with a large Stokes shift
and SPP on a gold thin film. This Letter is organized as follows.
First, we report the formation of H-aggregates of PTCDI-C7 by
self-assembly. Then, we address the strong coupling process
between the self-assembled molecules and SPPs by exper-
imental investigations in absorption with leakage radiation
microscopy (LRM)."* We demonstrate the spectral and
orientational roles of organization of PTCDI-C7 molecules.
We numerically model this hybrid systems by a transfer matrix
approach. Last, we investigate light emission coupled to SPP
modes.

Organic dyes such as PTCDI molecules and their derivatives
have been widely used as organic semiconductors'” and have
been shown to self-assemble as highly ordered layers on
different types of substrates.' Here, we investigate the self-
organization processes of PTCDI-C7 molecules, which present
a planar PTCDI dye to which are attached two C7 arms on the
N position, forming an overall structure about 2.7 nm in height.
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In this experiment, PTCDI-C7 molecules were evaporated
monolayer by monolayer on the top of a thin gold film (40 nm
thickness) deposited on a SiO, coverslip. We show in Figure 1
the topographic study of a single-monolayer thin film and of a
30 nm thick (11 layers) film obtained by atomic force
microscopy (AFM) operated in a noncontact (tapping)
mode. The topographic image presented in Figure la clearly
displays growth domains with molecular arrangements oriented
along different directions. In Figure 1b, we note that the
thickness of the stepwise domains is always equal to the total
length of the PTCDI-C7 molecules (2.7 nm), as shown in
Figure lc. This is an indication that the molecules are stacked
together perpendicularly to the gold surface. From the
deposited weight forming one monolayer, the density of
molecules is estimated to around 9 molecules/nm™

We now consider the sample corresponding to the
deposition of a 30 nm thick film of PTCDI-C7 molecules.
The AFM image in Figure 1d shows crystalline aggregates of
PTCDI-C7 as reported in the literature.'”'” The average size of
the crystalline islands is around 250 nm, with a root-mean-
square (rms) roughness of 2 nm. Height profiles along dashed
line have been extracted from the AFM topography and
reported in Figure le. Profiles show a mostly flat terraced
surface forming two-dimensional islands. Starting from an area
forming a flat plateau, the profile fluctuates in integer values of
the PTCDI-C7 molecule height (2.7 nm), represented by the
dashed lines. These arrangements and figures are in good
agreement with crystallographic data acquired on crystals and
lamellar mesophases of several alkylated PTCDIs, including
PTCDI-C7."® Consequently, we can assume essentially a layer-
by-layer growth process with molecular orientation perpendic-
ular to the gold thin film resulting in a highly ordered structure.

The photophysics of the evaporated molecules have been
studied by absorption and photoluminescence experiments
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Figure 2. (a) Normalized absorption spectra of PTCDI-C7 molecules dispersed in toluene solution (orange), and of a film composed of ~30 nm of
ordered (blue) and reduced order (green) PTCDI-C7 self-assembled molecules; (inset) sketch of the molecular lamellar organization in the layer;
Normalized photoluminescence spectrum recorded under laser excitation at A = 532 nm for the well-ordered molecules (red). Absorption and
emission lines (dashed) are fitted (full lines) with Lorentzian profiles (gray). (b) Excitonic peak in absorption at $65 nm from a fitted Lorentzian
profile for self-assembled ordered (blue) and reduced order (green) PTCDI-C7 molecules.
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Figure 3. (a) Sketch of the experimental LRM setup based on a high numerical aperture (NA = 1.46) microscope objective. (b) Schematic showing
the sample structure consisting of a gold thin film (40 nm thick) coated with 11 layers of PTCDI-C7 molecules. (c) Image of the back focal plane
obtained by the LRM. Wavevector-resolved spectra are obtained by moving along the k,=0 line a 4 ym core diameter optical fiber connected to a

spectrometer.

under laser excitation at 4 = 532 nm. For convenience in this
experiment, the evaporation is realized on a transparent
substrate. The absorption (blue) and emission (red) spectra
of PTCDI-C7 molecules are plotted in Figure 2a and display a
large Stokes shift of 75 nm. The absorption spectrum also
displays a high-intensity, low-energy peak at 565 nm (FWHM =
20 nm), which is enhanced by a factor of 2 with respect to the
one of the control sample (Figure 2b) consisting of molecules
deposited on a low-temperature substrate (see the Methods
section). The comparison with the spectrum of dispersed
molecules shows that this peak is too much red-shifted relative
to the main absorption to correspond to the 0—0 vibronic level
of a PTCDI 7-conjugated core. The high excitonic peak of the
ordered sample is a typical signature of the formation of large
oscillator strength charge-transfer Frenkel excitons in such 7—n

stacked molecular aggregates.'” Although the dipole—dipole
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interactions should strongly reduce the luminescence rate in
this typical Kasha’s H-aggregate geometry, it can be
compensated by 7—7 interaction,”’ as observed here. More-
over, the dipole of this transition being along the molecule
main axis, coupling with the plasmon of predominantly vertical
polarization is expected to be favored. Wavevector-resolved
reflectance spectra are obtained in the back focal plane of the
microscope objective thanks to the LRM setup.'* The LRM
technique can be considered as a generalized Kretschmann
geometry, the objective and index-matching liquid playing the
role of the prism, but with multiple incidences impinging
simultaneously on the sample rather than one in the classical
Kretschmann prism experiment. The periodic grating coupling/
decoupling technique significantly alters the plasmon character-
istics, whereas LRM preserves the characteristics of the open-
cavity structure. Our imaging system is displayed in Figure 3a.
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Figure 4. Reflectance cartography in the wavevector—wavelength plane measured experimentally for the coupled system and for ordered molecules
(a) with reflectance minima (black dots). The reflectance minima experimentally measured for the reduced order molecular system are
superimposed (green dots). The unperturbed exciton resonance is represented as a nondispersive line at a fixed wavelength of 565 nm, together with
the dispersion line of the unperturbed SPP as computed with the organic layer replaced by a normally dispersive dielectric layer deprived of excitonic
resonance. (b) Numerical reflectance cartography of the coupled system and reflectance minima (black dots) together with the uncoupled excitonic
and SPP theoretical dispersions (blue dashed line). (c) Reflectance spectra for the wavevector between ko = 13.4 yum™ and k; = 15.4 ym™" in the
case of ordered molecules. The spectra are translated vertically for clarity. Maximal photon—exciton mixing at k = 14.6 yum™" (blue ellipse) leads to a
clear anticrossing revealing a Rabi splitting of Qr = 102 meV for the ordered molecular system.

The back focal plane image displays the distribution of photon
momenta and allows discrimination by their wavevectors in k-
space. In other words, every point in this plane corresponds to
a distinct angle of emission or reflection. To investigate the
interactions between self-assembled molecules and SPPs in
absorption, a transverse-magnetic (TM) white light beam
(polarized along the k, = 0 axis) is introduced in the LR
microscopy setup. This technique allows the Rabi splitting to
be determined from the spectrum in k-space, thus avoiding
overestimating it.”*" The back focal plane image is presented in
Figure 3c. The maximum collection angle 0., = 74.5° is
determined by the numerical aperture of the oil immersion
objective (NA = 1.46). Besides, the back focal plane image
shows two main contributions: the uniform central part and the
intermediate part where absorption of our hybrid system
occurs. By collecting absorption spectra at different positions
(i.e., wavevectors) along the k, = 0 axis with an optical fiber, we
are able to establish the wavevector-resolved reflectance. The
results for the 30 nmthick hybrid sample with ordered
molecules is shown in Figure 4. 2D reflectance cartography,
Figure 4a, reveals two branches of minimum reflectance. The
two observed branches result from the coupling from a charge-
transfer Frenkel exciton transition and the SPP mode. They are
strongly hybridized and exchange their predominant excitonic
or SPP nature at the anticrossing while being close to the
uncoupled states far from it. To highlight the position of the
branches, we have plotted with a dotted line the position of the
reflectance minima along them for ordered molecules (black)
and for the reduced order molecules (green), and we plotted
with a dotted (blue) line the uncoupled exciton energy and the
dispersion relation of the uncoupled SPP. As the reflectance
angle increases, the excitonic branch is repelled from the SPP
branch, resulting in an anticrossing, as plotted in Figure 4c. The
anticrossing reveals the formation of hybrid exciton-plasmon
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coupled states and attests the strong coupling between the
Franck—Condon exciton state and the SPP.”> We measure the
linewidth of the bare SPP mode to be ygpp = 68 meV (in good
agreement with the calculated value of 60 meV) and the one of
the excitonic mode to be 74, = 77 meV. We measure the Rabi
splitting Qp = 102 meV at k = 14.6 um™’, where the widths of
the two branches are equal. It satisfies the usually accepted

Taye .
condition for strong coupling’ Qp > yszﬂ + d—zy The Rabi

splitting is comparable with values reported with J-aggregate
molecules in an open-cavity architecture.”** No anticrossing
has been observed for the higher-energy absorption band due
to their large linewidth and relatively low oscillator strength
compared to the excitonic peak of H-aggregates. By contrast,
the reflectance minima obtained in the case of reduced order
molecules cannot be tracked over the whole wavevector range
because the two branches are not well-resolved. The lowest
splitting between the branches is Qg = 60 meV at k = 14.2
um™', which nevertheless does not satisfy the strong coupling
condition. The strong coupling regime observed in ordered
PTCDI-C7 molecules compared to that in reduced order dyes
is attributed to the spectral concentration of oscillator strength,
which is characteristic of collective oscillation modes and to the
high density of such available modes in the small volume of the
confined SPP field. In Figure 4b, we have performed numerical
simulations with the transfer matrix method”*, where we
consider the two-layer system SiO,/Au/PTCDI-C7/Air (as
described in the Methods section). Using the optical constants
extracted from ellipsometry measurements and modeling with a
perfect alignment of excitonic transition dipoles, good agree-
ment is obtained between modeling and experiment. We note
that both resonant (excitonic) and nonresonant optical
constants affect the coupling strength (see the Methods
section). We now investigate our hybrid system in emission

DOI: 10.1021/acs jpclett.7b02586
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Figure S. (a) Back focal plane image of the sample emission under laser excitation at 4 = 532 nm: experiment (left) and FDTD simulation with a
perpendicular (upper right) or parallel (lower right) dipole. (b) Wavevector-resolved emission spectrum with overlaid dispersion of a coupled SPP—
molecule lower-energy state (orange line). Red circles are the emission line centers resulting from the fit of the emission spectrum at the given
wavevector. The three main components of the bare molecule emission spectrum are shown by white dotted lines. (c) Amplitude of the fitted

emission lines versus emission angle.

by wavevector-resolved emission spectra obtained in the same
LRM setup. For this purpose, we collect emission in the back
focal plane under 1 mW of 4 = 532 nm laser excitation from the
glass side. The photoluminescence spectra are analyzed in TM
polarization. The angle-dependent emission measurements are
shown in Figure Sc. We identify the angle-independent, free-
space emission of the molecular assembly at the two main
emission wavelengths of 608 and 663 nm. These lines
correspond also to the photoluminescence spectrum recorded
in a zone of the sample where the molecules are evaporated
directly on glass. Visible intensification of emission occurs near
0 = 50°. In Figure Sb, the three amplitudes of the fitted
emission lines are shown in k-space and display a maximum at
three distinct wavevectors. This observation corresponds to an
enhancement occurring when the molecular assembly emits in
the plasmon mode, ie., approximately when the emission and
the SPP dispersion cross, as shown in Figure 5b. Emission
coupled to the SPP mode is favored by the vertical orientation
of the dipoles, parallel the SPP electric field.”> To assess the
vertical orientation of the dipoles, we have performed rigorous
finite difference time domain (FDTD) simulations’® of the
emission pattern in the back focal plane for dipoles
perpendicular or parallel to the gold surface. The juxtaposition
of simulation (left side) and experimental (right side) back
focal plane images is presented in Figure Sa. We note that a
bright ring appears near § = 50° in the experiment and in the
simulation only in the case of the perpendicular (upper right)
dipole. In contrast to the reflectance experiment, the hybrid
sample does not exhibit anticrossing at the emission frequency.
The emission is therefore in the weak coupling regime. At our
low pumping intensity, the excited molecules remain an
extreme minority compared to ground-state ones. The strong
resonance due to the transition from the ground state to the
Franck—Condon state, which is at the origin of the strong
coupling observed in absorption measurements above, is
unchanged and manifests itself as a constant hybridized
electromagnetic environment.
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Because of the large Stokes shift, the luminescence is
spectrally moved toward a much lower frequency, far from the
corresponding anticrossing, and is thus coupled to a poorly
hybridized branch of the surface plasmon. This is in striking
contrast with systems presenting low Stokes shifts, which
essentially behave as two-level systems. Here, we are mainly
dealing with a four-level system presenting well-differentiated
transitions for absorption from the ground state and emission
from the excited state. As mentioned in the introduction,
contrary to absorption, spontaneous emission is by nature a
noncoherent process. Although at higher pumping rates
stimulated emission and optical gain may restore some
coherence, e.g, in amplified spontaneous emission (ASE),
here the possibility of strong coupling with an excited-state
Stokes-shifted transition relies on the sole oscillator strength of
this transition. This excited state experiences complex photo-
physical behaviors,”” leading to a relatively small oscillator
strength of the lowest Frenkel state.”**” Despite the possible
role of the plasmonic environment in mediating dipole—dipole
interactions between remote molecules,”'” the dispersion curve
observed in the emission regime does not permit one to
conclude to strong coupling between a collective molecular
excitation and the SPP. Actually, at our pumping intensity, the
density of excited molecules remains negligible. Strong coupling
between the SPP and Franck—Condon excitonic state observed
by absorption is still present; however, because the numbers of
excited Frenkel states is small, the Rabi splitting between the
SPP and the Frenkel exciton is too small to be observed. This is
in striking contrast with J-aggregates because the emission
frequency is here Stokes-shifted away from the anticrossing
between the SPP and the Franck—Condon exciton.

The weak coupling regime observed in emission with our
molecular system is also in agreement with previously reported
studies.”””" Large Stokes shift in molecules induce a faster
dissipation of energy into the vibrational modes than the
dephasing rate, which contributes to faster decay of the
polariton state.

DOI: 10.1021/acs jpclett.7b02586
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To summarize, we have achieved condensed-phase films of
self-assembled PTCDI-C7 dyes where the molecules stand
perpendicularly to a gold thin film, without a host matrix. Using
LR microscopy, wavevector-resolved reflectance measurements
evidence the strong coupling regime between the SPP mode
and the high oscillator strength molecular charge-transfer
Frenkel exciton originating from the self-assembly-induced
molecular 7—7 stacking with a Rabi splitting of € = 102 meV.
By contrast, we demonstrate that the use of organic films of
PTCDI-C7 molecules with a reduced order does not lead to the
strong coupling regime in absorption. The wavevector-resolved
emission spectrum shows weak coupling of the relaxed exciton
to the unperturbed SPP field. This is due to the large Stokes
shift present in PTCDI-C7 H-aggregates that shifts the
emission away from the anticrossing between the SPP and
the Franck—Condon excited state. We believe that self-
assembled molecular media are promising model systems to
study the interaction between confined fields and dipoles at the
nanoscale. The use of the self-assembly approach combined
with molecular engineering opens interesting perspectives for
the ultimate control of molecular dipole orientation to
maximize interaction with the SPP field and for the control
of the stacking geometry, which is crucial for the emission
properties of the molecular system. It could also benefit to
phenomena such as superradiant emission,”” paving the road to
promising applications.

B METHODS

Sample Fabrication. A Thin gold film of 40 nm thickness is
deposited onto a 170 pm thick BK7 coverslip. Commercial
PTCDI-C7 powders are then evaporated in an ultrahigh
vacuum chamber at a temperature of around 480 K, and the
deposition regime is monitored by a quartz balance positioned
near the substrate. For the first sample, the molecular flux is
controlled in order to obtain a slow, monolayer by monolayer
deposition on the gold thin film. The substrate is held at T, =
470 K, which results in around 11 layers of ordered molecules.
For the second sample, we evaporate the same molecules on a
substrate kept at room temperature to obtain a 30 nm thick
layer of reduced order molecules. The excitonic peak at 565
nm, which is relative to the 7—x stacking of the molecules, is
then greatly reduced, a fact that is related to the reduced
ordering of the molecular self-assembly.

Experimental Setup. In the LRM investigation of absorption,
the sample is back-illuminated by a white-light source
(CoolLED pE-100wht). Light coming from the object plane
is collected by an oil immersion objective of high numerical
aperture (NA = 1.46) and forms an intermediary back focal
plane, which can be imaged by adding a lens (focal length = 500
mm) at focal distance on a 2D charged-coupled device (CCD)
and at the tip of an optical fiber. The optical fiber is connected
to a spectrometer (Princeton Instruments) with a Pixis 400
eXcelon cooled CCD detector. The fiber core size (~4 um)
and the back focal plane image size (2.8 mm) allow efficient
discretization in k-space.

Numerical Simulations. Numerical reflectivity maps were
calculated using homemade implementation of a S-matrix
code that can handle uniaxial anisotropy. The simulated
structure is made of a glass substrate (incident side), a 40 nm
gold layer, a 30 nm molecular layer, and air. The glass
permittivity is taken constant at € = 1.5. Gold permittivity is
modelled by a multiple resonator model® that fits Johnson and
Christy data.’* A PTCDI-C7 molecular layer is modeled by a
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four-oscillator model in the direction perpendicular to the
interface, whose parameters are fitted to an experimental
ellispometry measurement. In the parallel direction, a constant
value of € = 1.55 gives the best agreement with the
experimental dispersion curve.

Calculations of the emission in the back focal plane are
performed with the FDTD Lumerical package. A Hertzian
dipole is positioned 2 nm above the 40 nm thick gold film on
an infinite SiO, substrate. The near-field computed 50 nm
below the gold surface is projected into the far-field to obtain
the back focal plane image.
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