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We demonstrate nonlinear emission from molecular layers strongly coupled to extended light fields in
arrays of plasmonic nanoparticles in the presence of structural imperfections. Hybrid light-matter states,
known as plasmon-exciton polaritons (PEPs), are formed by the strong coupling of Frenkel excitons in
molecules to surface lattice resonances. These resonances result from the radiative coupling of localized
surface plasmon polaritons in silver nanoparticles enhanced by diffraction on the array. By designing arrays
with different lattice constants, we show that the nonlinear emission frequency is solely determined by the
relaxation of exciton polaritons through vibrational quanta in the molecules. We also observe long-range
spatial coherence in the samples, which supports the explanation in terms of a nonlinear collective emission
of strongly coupled PEPs. In contrast to recent observations of exciton-polariton lasing and condensation in
organic systems, photonic modes play a minor role at the emission frequency in our system, and this
emission has an undefined momentum because of the structural imperfections. This remarkable result
reveals the rich and distinct physics of strongly coupled organic molecules to photonic cavities.
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Exploring the physics of exciton polaritons, i.e., quasi-
particles formed by the strong coupling of light and matter,
has been the motivation of many experimental and theo-
retical works [1]. Room-temperature realizations of strong
light-matter coupling have been made possible by combin-
ing organic materials and nanophotonic structures [2,3]. In
line with previous studies on exciton polaritons in inorganic
microcavities at low temperatures, organic exciton polar-
itons have been shown to exhibit nonlinearities such as
optically parametric oscillation [4], polariton lasing [5–7],
condensation [8–10], and superfluidity [11].
Coherent emission phenomena, such as exciton-polariton

lasing using organic molecules, shares many similarities
with its inorganic counterparts at low temperatures.
However, there are fundamental differences that distinguish
the two phenomena [12]. Unlike the mobile and spatially
extended Wannier-Mott excitons found in inorganic semi-
conductors, Frenkel excitons in organic materials tend to
be highly localized to single or few molecules. At low
temperatures and in inorganic materials, the dominant
relaxation channels leading to polariton lasing or nonequili-
brium exciton-polariton condensation are polariton-polariton
and polariton-exciton scattering [1], mediated by Coulomb
interactions between spatially extended excitons. In contrast,
such interactions in organic molecules tend to be weak due

to the localized nature of Frenkel excitons. However, an
additional relaxation channel exists through intramolecular
phonons and vibronic coupling [5,13–15]. In this case, high-
frequency Franck-Condon active vibrational modes act to
resonantly populate lower-energy polariton states, eventually
leading to condensation at a faster rate than that dictated
by thermalization through numerous weak scattering events
[7,14–16].
In this Letter we use arrays of plasmonic nanoparticles

supporting collective modes, known as surface lattice
resonances (SLRs), to strongly couple them to the elec-
tronic transition of organic molecules in the vicinity of
the array with structural imperfections and demonstrate the
coherent nonlinear emission. Unlike microcavities, the
lattice of plasmonic nanoparticles can be considered as
an open cavity; i.e., the sample is transparent for most of
the energies and momenta except at resonances, and we
can directly access the energy and the momentum of the
exciton polaritons after the scattering process. This char-
acteristic enables us to observe a transition from sponta-
neous emission to coherent nonlinear emission of
molecules strongly coupled to SLRs. Surprisingly, the
emission frequency is solely determined by the relaxation
of exciton polaritons through vibrations in the individual
molecules collectively coupled to the SLRs, and SLRs do
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not play a relevant role in the emission besides enhancing
the out-coupling of light. Another salient feature of the
emission, revealed with Fourier microscopy, is that this
emission occurs in the full momentum space. In contrast to
recent demonstrations of exciton-polariton lasing and
condensation in organic systems [5,7–9], where the coher-
ent emission above threshold has a defined wave vector, in
our system there is not a mode at the emission frequency
that defines the wave vector of the coherent emission.
Instead, a speckle-like emission pattern due to structural
imperfections is observed, modulated by the linear out-
coupling of the emission by SLRs. This behavior of
coherent emission arises from the presence of structural
imperfections in the lattice, in contrast to the previously
reported plasmon-exciton polariton (PEP) lasing in a
defect-free lattice [7]. Interferometric measurements reveal
the long-range spatial coherence over the pumped area,
constituting a clear indication of the collective radiation of
the molecules. These results demonstrate a novel and
unconventional behavior of emission with enhanced spatial
and temporal coherence in the nonlinear regime despite
the absence of a well-defined emission momentum as
could be expected from any exciton-polariton condensate
or laser.
The scanning electron microscopy (SEM) image of the

silver nanoparticle array is shown in Fig. 1(a). The long
lattice constant (x direction) of the array is a1 ¼ 380 nm,
and the short lattice constant is a2 ¼ 200 nm. The

dimensions of the particles are 200nm×50nm×20nm.
A similar sample with a slightly longer lattice constant of
a1 ¼ 420 nm has been fabricated with the same particle
dimensions. The description of the sample fabrication is
available in the Supplemental Material [17]. The array is
covered with a 230-nm-thick layer of Poly(methyl meth-
acrylate) doped with a rylene dye [N, N0-Bis(2,6-diiso-
propylphenyl)-1,7- and -1,6-Bis(2,6-diisopropylphenoxy)-
perylene-3,4:9,10-tetracarboximide] with 45 wt% concen-
tration of the dye in the polymer. The absorption and
emission spectra of this dye are shown in Fig. 1(b). The
two major peaks in the absorption spectrum at EX1

¼
2.24 eV and EX2

¼ 2.41 eV correspond to the electronic
transition and a vibronic transition of the molecules to the
first excited state, respectively.
Arrays of plasmonic nanoparticles can support SLRs

[18–21]. These are hybrid plasmonic-photonic modes
resulting from the enhanced radiative coupling between
localized surface plasmon resonances (LSPRs) of the
individual nanoparticles through the in-plane orders of
diffraction, i.e., Rayleigh anomalies (RAs). The dispersion
of the RAs can be calculated using the grating equation
describing the conservation of the in-plane momentum. A
description of SLR dispersions is given in the Supplemental
Material [17]. Strong field enhancement, along with a
delocalized electric field, is characteristic of SLRs. These
properties facilitate the interaction of SLRs with the organic
molecules to achieve strong light-matter coupling and the
formation of plasmon-exciton polaritons (PEPs) [22–25].
The angle-resolved extinction of the samples was mea-

sured using white light to determine the dispersion of the
PEPs. A detailed description of the extinction measurements
is given in the Supplemental Material [17]. The polarization
of the incident light is fixed along the short axis of the
nanoparticles (y axis) to excite the LSPRs along this axis.
The samples were rotated around the x axis. In Figs. 1(c)
and 1(d), we can see the extinction measurements of the
arrays with a1 ¼ 380 nm and a1 ¼ 420 nm, respectively.
These dispersions are similar for the two samples, albeit with
an energetic redshift due to the longer lattice constant. The
red dashed curves in this figure indicate the dispersion of
the first-order SLR in a medium with an effective refractive
index of 1.5. The nondispersive red dashed horizontal lines
indicate the energies of the electronic transition and the first
vibronic transition of the molecules. A clear anticrossing in
the dispersion of the modes, characteristic of the strong
light-matter interaction and the formation of PEPs, is seen at
the energy and momentum where the SLR [ESLRðkÞ] and
molecular transition intersect. Considering only the coupling
of the SLRs to the electronic transition (EX), the upper- and

lower-energy PEPs are given by E�ðkÞ¼ 1
2

h
ESLRðkÞþEex−

iðγSLRþ γX Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4g2þ (ESLRðkÞ−EX− iðγSLR− γX Þ)

2
r i

,

where the Rabi energy ℏΩR ¼ 2g defines the coupling

FIG. 1. (a) SEM image of a silver array fabricated on a glass
substrate. (b) Normalized absorption and emission spectra of the
dye molecules. Measurements of extinction for the array with
pitch sizes of (c) 380 nm and (d) 420 nm. The insets indicate the
orientation of the array and its rotation direction (white arrow).
The yellow arrow represents the polarization of the incident white
light. The white dashed line at 2.035 eV shows the energy of the
nonlinear emission (See Fig. S5 in the Supplemental Material
[17]). The red dashed curves represent the SLRs. The horizontal
red dashed lines indicate the energy of the electronic and vibronic
transitions of the molecules, and gray solid curves illustrate the
dispersions of the PEP.
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strength, and γSLR and γX are the decay rates of the SLR and
the excitons, respectively.
The solid gray curves in Figs. 1(c) and 1(d) correspond to

the dispersion of the coupled states obtained by diagonal-
ization of the Hamiltonian in which the coupling of the
molecular transitions to the SLR are considered, but
neglecting the coupling between the electronic transition
and the vibronic transition (see the Supplemental Material
[17]). A Rabi energy splitting of 220 meV is obtained
between the lower and middle polariton bands.
To study the emission properties of the samples at

different pump fluences, they were pumped using pulses
of 100 fs and Epump ¼ 2.455 eV under normal incidence.
The repetition rate of the pump laser was 1 kHz. The
emission from the sample was collected along the normal
direction. In Fig. 2(a), the emission of the sample with
a1 ¼ 380 nm is shown as a function of the photon energy
and pump fluence. By increasing the pump laser intensity,
the emission intensity increases linearly until the emer-
gence of the threshold and the nonlinear increase of the
emission intensity. The sample with a1 ¼ 420 nm mani-
fests a similar behavior (see Fig. S1 in the Supplemental
Material [17]). To illustrate the nonlinear behavior of the
emission of both samples, the emission intensity at the
forward direction is plotted as a function of the incident
pump fluence in Fig. 2(b). Polarization-dependent mea-
surements displayed in Figs. S3 and S4 in the Supplemental
Material show that the emission is mainly polarized along
the y axis [17].
To fully characterize the emission properties of the dye

molecules, we have implemented two separate control
experiments. In the first experiment, we measured the
amplified spontaneous emission (ASE) of a 230-nm-thick
layer of PMMA doped with 45 wt% dye molecules in the
absence of any plasmonic structure. The spectrum of the
ASE is shown in Fig. 3 as a green curve. Furthermore, to
illustrate the effect of the periodic structure and SLRs on
the formation of the PEPs and to exclude the possibility of
plasmonic lasing (spaser) through LSPRs, we have fab-
ricated an array of random nanoparticles with the same

size and geometry of the nanoparticles of the periodic
arrays and covered it with an identical dye-doped polymer
layer. By pumping the random array, we do not observe
lasing even at the highest fluences reachable by our laser.
The main difference with the bare molecular layer is that
the broad peak of the ASE is slightly blueshifted due to
the interplay of the loss and gain in the presence of the
plasmonic nanoparticles.
The vibrational quantum of the molecules in our system

has an energy EX1
− EX2

, i.e., the energy difference
between the electronic transition and the first vibronic
transition in the absorption spectrum. The role of vibronic
relaxation on the nonlinear emission energy is shown in
Fig. 3, where the emission spectra above the threshold
(P ¼ 1.2Pth) for samples with the pitch sizes of 380 and
420 nm are plotted. It can be seen that the energy of the
nonlinear emission peak is insensitive to the significant
change in the lattice constant and the dispersion of the
SLRs. These measurements confirm that the emission
frequency is independent of the cavity frequency and is
locked one vibrational quantum below the exciton-polariton
reservoir (the zero-phonon line of the molecules). In this
case, the effect of the cavity is limited to strongly coupling
the optical mode to the molecular excitons. The radiative
scattering of PEPs with molecular vibronic states leads to the
coherent emission.
Having established the role of vibronic relaxation in

the nonlinear regime, we can wonder about the effect that
this molecular process has in the momentum distribution
of the emission. For organic-based exciton polaritons
in which the molecules are randomly distributed in the
polymer matrix, the relaxation of exciton polaritons
occurs due to the scattering from the vibrations localized

FIG. 2. (a) Emission spectra of the array of nanoparticles with
lattice constant a1 ¼ 380 nm for different pump fluences.
(b) Emission intensity at 2.032 eV as a function of the incident
pump fluence for the arrays with lattice constants of 380 nm
(blue) and 420 nm (red).

FIG. 3. ASE spectra of a PMMA layer with 45 wt% dye (green
curve) and a similar layer on top of a array of random nano-
particles (black curve). The orange and red curves are the
emission spectra of the arrays with lattice constants of 380
and 420 nm covered with PMMA/dye, pumped at P ¼ 1.2Pth.
The peak at E ≈ 1.92 eV corresponds to the emission of the lower
PEP from a 420 nm pitch sample.
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on the individual molecules collectively coupled to the
optical mode, i.e., the SLR. The momentum of exciton
polaritons after vibronic relaxation with phonons is not
well defined due to the localization of this process on
individual molecules. Consequently, we should expect a
broad momentum distribution of emitted photons after
relaxation [13]. Hence, unlike inorganic exciton polar-
itons, the momentum is not necessarily a good quantum
number to describe the nonlinear emission. The distri-
bution of momenta after the scattering of PEPs from
molecular vibrations can be determined by measuring the
angular distribution of the emitted photons. Measuring
the intensity at the back focal plane of the objective lens
used to collect the emission is a straightforward method
to access this information. We have used a 50× objective
with a NA ¼ 0.6 to collect the emission. In these
measurements, the pumped area is kept larger than the
field of view of the objective. The Fourier patterns of
the emission from the samples with a1 ¼ 380 and 420 nm
are shown in Figs. 4(a,b) at a pump fluence below the
threshold (P ¼ 0.8Pth), and using a bandpass filter at E ¼
2.032� 0.016 eV to collect solely the nonlinear emission
above the threshold. The emission patterns of both
samples at pump fluences below the threshold are the
result of the enhanced out-coupling due to the lattice [26].
Figures 4(c) and 4(d) show the Fourier patterns obtained

from the samples by pumping above the threshold. Even
above the threshold, the emission is not limited to specific
wave vectors as previously reported in similar hole arrays
or nanoparticle arrays weakly and strongly coupled to
organic molecules [7,27–29]. This remarkable behavior is
clearly seen in the measurements of the emission above
threshold taken by rotating a detector around the sample, as

shown in Fig. S5 in the Supplemental Material [17]. Instead
of a well-defined wave vector for the nonlinear emission,
this emission is omnidirectional, with a speckle pattern in
reciprocal space. The speckle pattern can be attributed to
the fact that the detected emission is the result of the
localized coherent emissions and the interference in the far
field. In addition, the PEP bands are also visible in the
Fourier patterns above threshold. Similar to the emission
enhancement below threshold, at these bands the intensity
is enhanced by the out-coupling of the emission. We have
confirmed that the PEP bands do not play a major role in
defining the momentum of the nonlinear emission by
measuring it both below and above threshold, and regard-
less of the pump fluence, the ratio of the intensity emitted
along the PEPs bands with respect to the intensity emitted
in different directions remains nearly constant. These
measurements are shown in Figs. 4(e) and 4(f), where
the normalized intensity profiles to the averaged maximum
of the emission below and above threshold along ky=k are
displayed. This constant intensity ratio confirms that the
optical modes contribute to the enhancement of the out-
coupling of the emission, but not in the nonlinear emission
process itself. We note that the absence of a defined
emission momentum despite the large temporal coherence
is one of the major differences with respect to the conven-
tional band-edge lasing or exciton-polariton lasing from
plasmonic systems where the emission occurs in a well-
defined direction [7,27–30]. This characteristic of the
coherent emission supports the argument that the emission
from strongly coupled molecules to SLRs originates from
local (molecular) sources with undefined momentum [13].
In particular, we need to take into account the role of
disorder and imperfections in the nanostructure during the
fabrication process [31]. Due to the imperfections in the
lattice or within the polymer matrix, localized electric-field
hot spots can be formed that lead to flat dispersion of the
emission (see Fig. S6 in the Supplemental Material [17]).
To gain insight into the modification of the electric fields
due to the presence of imperfections, we have simulated the
electric-field intensity in the array of silver nanoparticles at
the frequency of the SLR in both the absence and presence
of imperfections (see the Supplemental Material for details
[17]). In the absence of imperfection [Fig. 5(a)], the electric
fields are more homogeneously distributed over the space,
and significant radiative coupling between the particles is
visible due to the collective nature of SLRs. By introducing

FIG. 4. Fourier image of the emission below the threshold
(0.8Pth) from the samples with lattice constants of (a) 380 nm and
(b) 420 nm along the x direction. Fourier image of the emission
from the samples beyond the threshold (1.2Pth) from the samples
with lattice constants of (c) 380 nm and (d) 420 nm. (Unit of
intensity is cps.) Cross section of the Fourier pattern below and
above the threshold at kx=k ¼ 0 and along ky=k for lattice
constants of (e) 380 nm and (f) 420 nm.

FIG. 5. FDTD simulations of the electric-field intensity for the
380 nm pitch size sample (a) without and (b) with imperfections.
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the imperfections in the array [Fig. 5(b)], many near-field
hot spots can be observed besides a less pronounced long-
range radiative coupling between the nanoparticles. To
better illustrate the role of disorder on the nonlinear
behavior, we have included the Fourier space measure-
ments of the sample studied previously in Ref. [7] in the
Supplemental Material (Figs. S8 and S9) [17]. These
comparisons illustrate the very different emission proper-
ties in samples with different degrees of disorder. The larger
imperfections in the current sample prevent the system
from radiating with a well-defined momentum, i.e., a
general property of polariton lasing.
An interesting observation is the long-range spatial

coherence of the nonlinear emission, despite its localized
nature. Long-range spatial coherence in the samples was
measured using a Michelson interferometer, where in one
of the arms a retroreflector is placed to make a centrosym-
metric image of the original emission image. The images of
the two arms of the interferometer are overlapped on a CCD
camera. No interference fringes are visible in any of the
samples when they are pumped below the nonlinear
threshold [see Fig. 6(a)], indicating the absence of coher-
ence in the linear regime. In contrast, fringes over the full
image appear in the interferogram when the pump fluence
is increased above threshold [see Fig. 6(b)]. These fringes
indicate the persistence of long-range spatial coherence,
although the emission is originated from localized sites,
which points toward the role of radiative coupling between
the nanoparticles leading to the formation of SLRs.
In conclusion, we have shown a new emission regime of

organic molecules coupled to collective plasmonic reso-
nances. In particular, we have demonstrated that an
ensemble of excited molecules with an electronic transition
strongly coupled to a surface lattice resonance in an array of
plasmonic nanoparticles radiates coherently despite the
presence of structural imperfections. In contrast to organic
polariton condensates, where there is a well-defined emis-
sion momentum, the nonlinear emission in our study is not
significantly influenced by the optical modes, and a
speckle-like pattern is measured in all the probed direc-
tions. The frequency of the emission is solely determined
by the vibrational quanta of the individual molecules. We

also measure a long-range spatial coherence, confirming
the coherent emission of the strongly coupled molecules.
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