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ABSTRACT: Strong light−matter coupling results in the
formation of hybrid half-light half-matter excitations with
modified energy levels. The strong coupling of excitons with
photons in organic molecular systems has received much
attention recently owing to the potential for engineering their
photophysical properties and even the prospects for
controlling chemical reactions. One means to affect chemical
reactions is to control the molecular excited states within their
vibronic manifolds. Here we demonstrate the modification of
the spectral weight of the vibronic transitions and excimer
emission in an archetype organic molecule, diindenoperylene
(DIP), by strong coupling to surface-plasmon polaritons. The
vertically aligned DIP molecule is grown on an ultrasmooth film of Ag with a 3 nm thick alumina spacer. Through angle-
resolved reflectivity measurements we demonstrate the strong coupling between the surface-plasmon mode of the Ag and the
vibronic transitions in DIP. Temperature-dependent photoluminescence measurements show the shift in the spectral weight of
the emission peaks when the molecules are in the strong coupling regimechanges that are attributed to the polaritonic control
of the oscillator strengths of emissive states owing to modification in the Franck−Condon factor and efficient energy transfer to
lower-lying excimer states. This work demonstrates the potential to modify the material properties through a strong light−
matter interaction.
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Strong exciton−photon coupling resulting in the formation
of half-light/half-matter quasiparticles, termed exciton

polaritons, has been explored in a variety of material systems
ranging from inorganic quantum wells to organic molecular
systems and, more recently, in 2D semiconductors.1−3 Several
fundamental and technologically relevant phenomena ranging
from condensation to polaritonic circuits have been uncovered
in coupled light−matter systems.4 More recently, strong
coupling in organic molecular systems has received interest
following the realization of polariton lasing, Bose−Einstein
condensation, and even superfluidity at room temperature.5−8

Whereas these demonstrations exploited the more conven-
tional polaritonic phenomena, there has also been consid-
eration of altering chemical reaction pathways via strong
coupling to both electronic transitions and infrared vibrational
modes.9−12 Indeed, this latter theme has opened up the
question of “materials engineering” within optical cavities.13−15

Organic molecular solids are characterized by well resolved

vibronic transitions in their absorption and emission spectra
that can be hybridized with photons in optical micro-
cavities.16,17 There have also been theoretical predictions on
the novel effects on vibronic decoupling and an increase in
coherence under strong light−matter coupling.18 Following
this line of investigation, here we demonstrate the modification
of the relative weights of spectral features arising from vibronic
transitions in an archetype organic molecule, diindenoperylene
(DIP), when it is strongly coupled to surface plasmons of a Ag
film. Because vibronic modes are linked to the reactive
properties of organics, the control of the energetic landscape of
excited states ultimately may lead to changes in molecular
reaction kinetics. Unlike conventional microcavities, the use of
plasmons in planar films and lattices has received interest
owing to the simplicity of the structure, the possibility of
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engineering the dispersion in a straightforward manner, and
the comparatively small volume occupied by the electro-
magnetic modes.19−25

The samples consist of 50 nm thick, ultrasmooth Ag films
deposited via vacuum thermal evaporation in a system (base
pressure of 10−7 Torr) on glass coverslips precoated with a 2
nm thick Ge wetting layer.26 This was followed by the
deposition of 35 nm of DIP on a 3 nm Al2O3 layer that
minimizes the oxidation of Ag while also separating the
molecules from direct contact with the metal film to avoid
nonradiative polariton quenching. The deposition rate of 3 Å/s
was chosen to achieve vertically oriented molecules so that the
dipole efficiently couples to the Ag surface plasmons.
The chemical structure of DIP along with its room-

temperature optical absorption spectrum is shown in Figure
1a. The absorption spectrum exhibits multiple peaks separated
by equal energy intervals that correspond to the E0−0, E0−1, and
E0−2 vibronic transitions at 2.25, 2.45, and 2.65 eV,
respectively. The additional maximum at 2.75 eV originates
from the Davydov splitting arising in monoclinic DIP crystals
with a basis of two. The orientation of the molecules was
established via ellipsometry and atomic force microscopy
(AFM). The ellipsometry data showing the ordinary and

extraordinary refractive index are plotted in Figure 1b. The
imaginary component of the extraordinary refractive index
shows significantly stronger absorption peaks as compared with
the ordinary refractive index. Because absorption is higher
along the stacking direction, this suggests that the DIP
molecular planes are vertically oriented relative to the
substrate.27,28 The inset of Figure 1b also shows an AFM
image of the film. Protrusions with diameters ranging from 50
to 100 nm in diameter are observed, suggesting a strained-
layer, Stranski−Krastanov growth mode. Additional informa-
tion about the sample fabrication and growth can be found in
the Supporting Information. Also shown in Figure S1 are the
ellipsometry data for the flat-lying DIP film along with its AFM
image. In this case, the extraordinary index is lower than that of
the ordinary axis, from which we infer the molecules now lie
flat relative to the substrate. Indeed, the flat orientation is
supported by the nanocrystalline surface morphology where
the protrusions (AFM image) in Figure 1b are now tightly
clustered and apparently relaxed and lying parallel to the
substrate.
The glass substrate allows for angle-resolved reflectivity

experiments performed in the Kretschmann configuration
shown in the inset of Figure 2a to enable coupling of surface

Figure 1. (a) Absorption spectrum of DIP. Also shown are the specific vibronic transitions of interest. The inset shows the molecular structure. (b)
Ellipsometric data showing the ordinary and extraordinary refractive index (real and imaginary parts) for the upstanding DIP film. (Inset) Surface
profile obtained by atomic force microscopy (max height = 40 nm, scale bar = 300 nm). The refractive index of the flat-lying film along with the
AFM image is shown in Figure S1.

Figure 2. (a) Angle-resolved reflectivity spectra for DIP on silver. The inset shows the Kretschmann geometry used here. Details of the layers at the
bottom. (b) Simulated (color plot) and experimental (black dots) data from the reflectivity experiment. The horizontal white dashes show the
vibronic transitions E0−0, E0−1, and E0−2. The dashed white curve shows the original surface-plasmon dispersion for bare silver adjusted for a pure
dielectric spacer of the same thickness as DIP.
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plasmons to the vibronic transitions in DIP. Tracing the dips in
the reflectivity spectra shown in Figure 2a versus the angle
reveal the dispersion of the strongly coupled surface-plasmon−
exciton hybrid modes. Figure 2b shows the experimental data
(black dots) overlaid on transfer matrix simulations of the
coupled system. The color plot shows the simulated
reflectivity, with the dark areas corresponding to the reflectivity
minima. Agreement between the measured and calculated
spectral shapes as well as the anticrossing energies is observed
by assuming a DIP thickness of 21 nm, as opposed to the
deposited thickness of 35 nm. We attribute this discrepancy to
the nonuniformities in the deposition that lead to a fraction of
molecules not oriented precisely normal to the film surface.
This variation in the dipole orientation reduces the “effective
thickness” of the DIP layer that can be coupled to surface
plasmons. The different experimentally observed plasmon−
exciton hybrid states are identified as the lower polariton
branch (LPB), middle polariton branches 1 and 2 (MPB-1 and
MPB-2), and the upper polariton branch (UPB). These
branches show avoided crossings at the energies corresponding
to the vibronic transitions of DIP, leading to Rabi splitting
energies of 95 meV between LPB and MPB-1, 131 meV
between MPB-1 and MPB-2, and 190 meV between MPB-2
and UPB.
Taking into account the three vibronic transitions of DIP

and the one surface-plasmon mode, we use a 4 × 4
Hamiltonian to obtain the Hopfield coefficients (Figure S2)
that gives the relative contribution of each oscillator in the
various polariton branches. The hybridization between the
vibronic transitions and the surface plasmon plays a central
role in the modification of weights of individual spectral
features in the polaritonic emission.
We employed two different experimental configurations to

obtain the steady-state photoluminescence (PL) of the
samples. As shown in Figure 3a, the setups are similar to the
experiments by Bellessa et al.19 and Symonds et al.29 In the

first case, the sample is illuminated via the DIP film, and the
angle-dependent transverse magnetic (TM) PL emission is
collected through the underlying Ag using a prism and a
polarizer (Emission 1). The PL spectrum is shown in Figure
3b, where the Stokes-shifted emission peak follows the
dispersion of the lower polariton branch. The intensity of
the emission is maximum at a 49° collection angle,
corresponding to the resonance with the lower polariton
branch, and decreases rapidly for larger and smaller angles.
This is in agreement with a recent theoretical prediction for
enhanced PL at the crossover point in the strong coupling
regime.30 In the second case, the reflected PL (Emission 2)
was collected to understand the modification in the emission
properties without being filtered through surface-plasmon
modes. Similar experiments were performed on a 35 nm thick
DIP film on a Si substrate (the “control”). The PL spectra
obtained from the DIP on Ag at room and low temperature
(70 K), along with the PL from a control, are shown in Figure
3c,d, respectively. The PL from thin films of DIP has been
known to exhibit complex emission profiles including strong,
featureless, and red-shifted excimer emission at room temper-
ature.31,32 We find similar emission spectra on the control thin
film. However, the strongly coupled sample exhibits spectrally
broader emission. The modification in the PL spectrum is
more distinct at lower temperatures where the strength of the
excimer emission (E−0) is similar to the highest oscillator
strength emission line (0−0) in the strongly coupled sample.
(See Figure 3d.)
Similar experiments were carried out for samples with 3 nm

thick DIP on both Si and Ag. Angle-resolved reflectivities did
not exhibit the anticrossing seen in the thicker samples,
indicative of only weak coupling. (See Figure S3.) The
emission spectra from the weakly coupled samples (Figure 3e)
show no difference between the control and the Ag film
samples. This indicates that the spectral redistribution
observed in the 35 nm thick DIP sample on Ag is indeed

Figure 3. (a) Two configurations used for the photoluminescence (PL) experiments. (b) Color plot showing PL spectra obtained from Emission 1.
The white dashed line shows a lower polariton branch from Figure 2b. (c) PL spectra (Emission 2) obtained from the DIP on silver and the control
sample (DIP on silicon) at room temperature. PL spectra (Emission 2) at 70 K from (d) 35 nm DIP on silver and silicon and (e) 3 nm DIP on
silver and silicon. The 35 nm DIP is in the strong coupling regime, whereas the 3 nm DIP is in the weak coupling regime and shows emission
spectra very similar to those of the control sample on silicon.
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the result of strong coupling. This result differs from previous
reports19,29 on emission from molecules strongly coupled to
surface plasmons. There, the PL emission was observed to be
either slightly red-shifted19 or the same as the emission from
uncoupled molecules.29

The normalized spectrum of the strongly coupled sample
shows almost equal emission intensities from the excimer and
the vibronic transition peaks, whereas the control has its
highest emission at 2.1 eV. This striking modification of the PL
spectrum is due to the hybridization of the different vibronic
transitions via strong coupling to surface plasmons and the
efficient energy transfer to the excimer state. In Figure 4, the
PL emission spectra from both the control and the strongly
coupled sample are plotted versus the temperature. The three
highest energy peaks in the control PL are at 2.09, 2.05, and
1.91 eV and correspond to the 0−0, 0−1, and E−0 transitions,
respectively. These peaks are identified as the highest oscillator
strength zero-phonon transition (0−0), the lower energy
vibronic transition (0−1), and the excimer emission (E−0).
The intensity ratios at these energies, 0−0/E−0 and 0−0/

0−1, are plotted in Figure 4c,d for both the strongly coupled
(Ag) and control (Si) samples as a function of temperature.
From Figure 4c, one see that the ratio of 0−0/E−0 for the
control is 1.6 at 70 K and decreases to 0.35 by 120 K. In
contrast, the same ratio at 70 K for the strongly coupled
sample is ∼1 and remains constant down to T = 100 K,
decreasing to 0.7 by 120 K. This observation is indicative of
efficient energy transfer from the excited state to the lower
energy excimer state under the strong coupling regime. The
hybridization with the delocalized plasmonic mode in the
strong coupling regime facilitates efficient long-range energy
transfer, as has been previously shown in both plasmonic and

photonic cavities.33−36 The same effect is in play here, causing
the excited-state population to efficiently transfer energy to the
lower-lying excimer states, and hence we see the strength of the
0−0 transition to be comparable to the excimer emission (E−
0).
Shown in Figure 4d is the ratio of the 0−0 transition to the

lower energy vibronic transit 0−1 arising from the same
excited-state manifold. At 70 K, this ratio is ∼2 for the control
sample, whereas for the strongly coupled sample it is ∼1.3,
indicative of similar oscillator strengths for the 0−0 and 0−1
transitions for the latter case. This modification in the
oscillator strength is observed up to 100 K. A plausible
explanation for this modification in oscillator strength is the
hybridization of the excited-state manifold, with the plasmonic
modes resulting in transformed excited-state potentials
resulting in a reduced Franck−Condon factor.37 Furthermore,
the lifetimes of the main transition and the vibronic transitions
are also modified due to the strong coupling to the surface
plasmons.38

In summary, strong coupling between surface plasmons on a
50 nm thick Ag film and multiple vibronic transitions in the
small-molecular-weight material, DIP, are demonstrated. PL
arising from the strongly coupled DIP on Ag shows a
redistribution of the spectral weights as compared with the
control samples on Si substrates. This spectral redistribution
results in a modification of the contributions from the
individual vibronics and excimer states in DIP over a
temperature range from 70 to 300 K. Similar experiments
performed with a thinner DIP film on Ag in the weak coupling
regime show no spectral differences with respect to a similar
film on Si. The observed modification in the spectral weights
under strong coupling to surface plasmons results from the

Figure 4. Temperature evolution of PL spectra (Emission 2) from (a) a control sample of DIP on the Si substrate and (b) DIP on silver. The DIP
on silver shows the markedly different evolution of the PL spectra as a function of temperature with the highest oscillator strength transition
showing similar intensities as the lower energy transitions. (c) Ratio of the highest oscillator strength transition (0−0) and the excimer transition
(E−0) and (d) ratio of the 0−0 transition to the vibronic transition (0−1) showing markedly different temperature evolution under the strong
coupling regime owing to the efficient energy transfer to the lower energy excimer transitions and modified oscillator strengths of vibronic
transitions owing to the hybridization with the plasmonic mode.
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hybridization of the multiple vibronic modes and thus the
mixing of the oscillator strengths of the transitions and the
efficient energy transfer from the highest oscillator transitions
(0−0) to the excimer states (E−0). In addition, the reduced
mass of the strongly coupled state alters the curvature of the
singlet exciton manifold, thereby modifying the vibronics and
leading to clearly distinct changes in the transition spectra.
These demonstrations suggest a pathway to controlling the
emission spectra of molecules via modifications of their
vibronic transitions. They also suggest a need for an improved
understanding of the role of strong coupling in the dynamics of
the PL properties of molecular materials.
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G.; Keńa-Cohen, S.; et al. Room-Temperature Superfluidity in a
Polariton Condensate. Nat. Phys. 2017, 13 (9), 837−841.
(9) Thomas, A.; Lethuillier-Karl, L.; Nagarajan, K.; Vergauwe, R. M.
A.; George, J.; Chervy, T.; Shalabney, A.; Devaux, E.; Genet, C.;
Moran, J.; et al. Tilting a Ground-State Reactivity Landscape by
Vibrational Strong Coupling. Science (Washington, DC, U. S.) 2019,
363 (6427), 615−619.
(10) Hutchison, J. A.; Schwartz, T.; Genet, C.; Devaux, E.; Ebbesen,
T. W. Modifying Chemical Landscapes by Coupling to Vacuum
Fields. Angew. Chem., Int. Ed. 2012, 51 (7), 1592−1596.
(11) Ebbesen, T. W. Hybrid Light-Matter States in a Molecular and
Material Science Perspective. Acc. Chem. Res. 2016, 49 (11), 2403−
2412.
(12) Muallem, M.; Palatnik, A.; Nessim, G. D.; Tischler, Y. R. Strong
Light-Matter Coupling and Hybridization of Molecular Vibrations in
a Low-Loss Infrared Microcavity. J. Phys. Chem. Lett. 2016, 7 (11),
2002−2008.
(13) Galego, J.; Garcia-Vidal, F. J.; Feist, J. Cavity-Induced
Modifications of Molecular Structure in the Strong-Coupling Regime.
Phys. Rev. X 2015, 5 (4), 041022.
(14) Ribeiro, R. F.; Martínez-Martínez, L. A.; Du, M.; Campos-
Gonzalez-Angulo, J.; Yuen-Zhou, J. Polariton Chemistry: Controlling
Molecular Dynamics with Optical Cavities. Chem. Sci. 2018, 9, 6325.
(15) Herrera, F.; Spano, F. C. Cavity-Controlled Chemistry in
Molecular Ensembles. Phys. Rev. Lett. 2016, 116 (23), 238301.
(16) Holmes, R. J.; Forrest, S. R. Strong Exciton-Photon Coupling
and Exciton Hybridization in a Thermally Evaporated Polycrystalline
Film of an Organic Small Molecule. Phys. Rev. Lett. 2004, 93 (18),
186404.
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