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1. Introduction

Hybrid light–matter states can be formed by coherent interac-
tion between an optical cavity mode and any form of matter
with a resonant excited state transition.[1–4] The interaction may
be envisaged as the rapid exchange of energy between an ex-
cited state of a material and the photonic structure which, in
the limit of low loss, results in the splitting of the original tran-
sition into two new hybrid states, the upper (UP) and lower
(LP) cavity-polaritons. The strength of the interaction can be
estimated by the characteristic energy difference between UP
and LP, the Rabi splitting (�hWR), which for a two-level oscillator
and neglecting dissipation is given by Equation (1):

�hWR ¼ 2ðE � dÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nph þ 1
p

ð1Þ

where d is the transition dipole moment of the two-level oscil-
lator, and E the amplitude of the cavity optical field. The split-
ting can still be observed in the absence of real photons (nph =

0), due to interaction of the material with zero-point field fluc-
tuations in the cavity. In this vacuum field regime, the Rabi
splitting also scales with the number of oscillators (atoms or
molecules, nosc) interacting with the cavity as

ffiffiffiffiffiffiffi

nosc

p
.

The strong modification of the energy levels of a material
due to light/matter hybridization has already been shown to
affect relaxation pathways in the coupled system,[5, 6] and more
recently the rates of photochemical reactions.[7, 8] The coher-

ence length of the cavity-polariton states can extend to the
micrometer range, of interest for long-distance energy trans-
fer,[9–12] and their bosonic character makes them suitable for
applications in polariton condensation and thresholdless
lasing.[13] These hybrid states thus have the potential to greatly
improve efficiencies in optoelectronic devices.[14, 15]

Most studies of strong light–matter coupling continue to
focus on optical microcavity structures, typically inorganic
semiconductors or organic molecules sandwiched between
planar mirrors.[4, 7, 8, 16] Strong coupling using the optical modes
of a plasmonic nanostructure arrays was demonstrated several
years ago,[12, 17, 18] and strong coupling of organic excitons with
plasmonic resonances have been achieved using other geome-
tries (e.g. smooth metallic films in the Kretchsmann configura-
tion,[19, 20] metallic nanoparticles).[21] Further efforts towards
a deeper understanding of strong coupling on plasmonic
structures is justified as they provide surface-localized electro-
magnetic fields and are open to the environment, and thus
can have advantages over the microcavity geometry for appli-
cations. Here we undertake such a study, focusing on the par-
ticular role of plasmonic array symmetry.

Experimental Section

Sub-wavelength hole arrays were milled by focused ion beam (FEI
Dual Strata 235) in sputtered silver films of 260 nm thickness on
glass substrates. The hole diameter was kept constant at 150 nm
as the array period was varied. Layers of J-aggregates of 4,4’,4’’,4’’’-
(porphine-5,10,15,20-tetrayl)tetrakis(benzenesulfonic acid) tetraso-
dium salt hydrate (Aldrich) and of the polycation poly(diallyldime-
thylammonium chloride) solution (average Mw 200 000–350 000,
20 wt. % in water, Aldrich) were alternately adsorbed onto 1 mm
thick PDMS slabs using layer-by-layer assembly. Polyelectrolyte
layers were deposited by soaking the PDMS slab for 10 min in a so-
lution of PDDA (8 � 10�2

m) and NaCl (0.7 m) in deionized water. J-
aggregate layers were deposited by soaking the PDMS slab for
10 min in a solution of H2TPPS4� (1 � 10�4

m) in H2O, which had
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been previously sonicated for 5 min and then adjusted to have
a pH of 1.5 using HCl, promoting J-aggregate formation. The poly-
electrolyte was deposited first and between each subsequent layer
deposition the substrate was rinsed with water (pH 1.5) and dried
with nitrogen. To avoid two surfaces of PDMS being exposed to so-
lution, one face of the PDMS slab was bonded to a glass substrate.
The amount of J-aggregate deposited in each bilayer depends on
the acidity of the J-aggregate solution between solution pH 1.0
and pH 2.0, affording another control for the final absorbance of
the layer.

2. Results and Discussion

Figure 1 a shows the schematic of the hybrid organic/inorganic
structure we chose for this study. A film of tetraphenylpor-
phine tetrasulfonic acid (H2TPPS4�), which forms J-aggregates
in acidic conditions (H4TPPS2�), is adsorbed to a nanostructured
silver film (260 nm thick) which supports surface plasmon
modes. The porphyrin J-aggregates typically have a rod-like
shape with lengths in the micrometer range consisting of

thousands of molecules.[22] In a previous study (e.g. ref. [6]), J-
aggregated H4TPPS2� dispersed in PVA [poly(vinyl alcohol)] was
deposited on nanostructured silver films by spin-casting. Here
we chose instead to adhere the J-aggregate film, built up by
layer-by-layer electrostatic deposition[15] on an elastomeric sub-
strate, so as to confine the molecules in the region of highest
field amplitude near the nanostructure surface, and to avoid
any deleterious chemical effects on the Ag film from spin-cast-
ing solutions. Various numbers of bilayers of H4TPPS2�/poly-
(diallyldimethylammonium chloride) (PDDA) were absorbed on
1 mm thick poly(dimethylsiloxane) (PDMS) slabs (see the Exper-
imental Section for details). The slab of PDMS with the molecu-
lar film was dried using a stream of nitrogen and then gently
bonded to the Ag surface (Figure 1 a).

Absorption spectra of the J-aggregate films on PDMS as
a function of H4TPPS2�/PDDA bilayer number are shown in Fig-
ure 1 b. Each bilayer is typically 3–5 nm thick.[23, 24] The films ex-
hibit two well-defined absorption bands in the visible region
at 706 nm (1.76 eV) and at 491 nm (2.53 eV), with full width at

half maximum (FWHM) of 56 nm and 29 nm respec-
tively. The measured absorbance at the J-aggregate
bands per bilayer adsorbed to the PDMS slab was
sensitive to experimental conditions and varied from
one run to another. However for any single series of
adsorptions, the J-aggregate absorption increased
linearly with the numbers of bilayers (inset, Fig-
ure 1 b). These high optical density films with well-de-
fined absorptions are perfect for studying strong in-
teractions with plasmonic substrates.

Surface plasmon polaritons (SPs) modes on sub-
wavelength metallic hole arrays are generated via
Bragg scattering according to Equation (2):[25, 26]

~kSP

�

�

�

�

�

�
¼ ~kjj þ i~Gx þ j~Gy

�

�

�

�

�

�
ð2Þ

where k j j is the in-plane wave vector component of
the incident light, kSP is the SP wave vector, ~Gx and ~Gy

are the reciprocal lattice vectors (j~Gx j = j~Gy j = 2p/P,
and P is the lattice period), and i and j are integers.
One of the fascinating phenomena of such coupling
is the observation of extraordinary optical transmis-
sion through holes with lateral dimensions which are
smaller than half the wavelength of incident light.[25]

The peak positions are associated with surface plas-
mon array excitations, with wavelength lSP, which
can be described to a first approximation by Equa-
tion (3):

lSP ¼
P
C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

edem

ed þ em

r

ð3Þ

where em and ed are the permittivity of the metal and
the dielectric material in contact, and C is given by
ffiffiffiffiffiffiffiffiffiffiffiffi

i2 þ j2
p

for a square array, and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4
3 i2 þ ij þ j2ð Þ

q

for
a hexagonal array. Equation (2) shows that tuning
plasmonic modes to a desired frequency can be

Figure 1. a) Schematic sub-wavelength hole array milled in a silver film on a glass sub-
strate upon which is adsorbed J-aggregated H4TPPS2�/PDDA bilayers grown on a slab of
PDMS. The structure of H2TPPS4� and the promotion of its J-aggregation by acidity are
indicated. b) Absorption spectra of two, three, four, five, and seven J-aggregated
H4TPPS2�/PDDA bilayers deposited on PDMS. The peak positions of the J-aggregate ab-
sorptions are at 706 nm (1.76 eV) and 491 nm (2.53 eV) respectively. Inset: Absorbance at
491 nm versus number of J-aggregate/PDDA bilayers on PDMS. c) Normal incidence
transmission of a square hole array (Period 330 nm) when bonded to a 1 mm thick PDMS
slab (red curve) and when bonded to a PDMS slab with J-aggregated H4TPPS2�/PDDA bi-
layers with absorbance 0.898 at 491 nm (blue curve). d) Normal incidence transmission of
a hexagonal hole array (Period 430 nm) when bonded to a 1 mm thick PDMS slab (red
curve) and when bonded to a PDMS slab with J-aggregated H4TPPS2�/PDDA bilayers
with absorbance 0.898 at 491 nm adsorbed (blue curve). In Figure c) and d) the vertical
scale is expanded to show clearly the interaction of the SP mode (1,1) with the 491 nm
J-aggregate transition, the dashed vertical lines indicate the J-aggregate transition ener-
gies, and the short, solid vertical marks indicate the wavelengths of the SP modes esti-
mated from Equation (3).
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easily achieved by changing the array’s periodicity or by
changing the angle of incident light [k j j in Eq. (2)] for a fixed
period. Equation (3) shows that changing the symmetry of the
nanostructure provides a further tool for the systematic study
of the interaction of molecular excited states with SP modes of
different grating orders, and varying levels of degeneracy, as
will be discussed further below.

The red curves in Figures 1 c,d show the transmission spectra
through square and hexagonal arrays respectively when a slab
of PDMS is adsorbed to the array surface (no J-aggregates
present). The two transmission peaks are due to SP modes
propagating at the second and the third Brillouin zones (BZ),
respectively. The effect of PDMS adsorption compared to
a metal/air interface is a strong enhancement of the lowest
energy mode (noted as 1,0 here) and broadening of the next-
highest energy mode (noted as 1,1) due to the presence of
SPs on the upper and lower surfaces of the hole array (the re-
fractive index of bulk PDMS and the glass substrate are 1.46
and 1.47 respectively at 633 nm, also see the Supporting Infor-
mation). The periods of the arrays were chosen such that the
(1,1) SP modes of the array were resonant with the 491 nm ab-
sorption band of the J-aggregate. Owing to the smaller lattice
angle of hexagonal hole array, its (1,0) mode is then coinciden-
tally also resonant with the 706 nm absorption of the J-aggre-
gate.

The blue curves in Figures 1 c,d show the transmission spec-
tra through square and hexagonal arrays respectively when
a slab of PDMS/J-aggregate film was bonded to the surface of
the arrays (absorbance of J-aggregate film was 0.898 at
491 nm). The splitting of the (1,1) mode due to interaction
with the J-aggregate band at 491 nm is magnified for clarity.
Note that the molecules interact mainly with the modes on
the PDMS side. For the square array, the Rabi splitting of the
(1,1) SP mode, 0.30 eV, is larger than the FWHM of the corre-
sponding (1,1) mode, 0.19 eV. However for the hexagonal array
the Rabi splitting (0.42 eV) is actually slightly smaller than the
FWHM of the bare mode (ca. 0.51 eV). Nevertheless as shown
below, all the other data (dispersion curves in the Supporting
Information, concentration dependence, etc.) demonstrates
that the strong coupling regime is reached. In addition the dip
in the transmission spectrum is not solely the negative of the
molecular absorption. This suggests that the SP (1,1) mode
broadened by the coupling to the SP mode on the opposite
interface may not always be a good reference for whether
a system has entered the strong coupled regime. It can be
noted that the single side mode is much narrower with
a FWHM of 0.29 eV (Figure S1).

In Figure 2, the period dispersion at normal incidence is
shown for two different coupling strengths wherein the ad-
sorbed J-aggregate film absorbance at 491 nm was 0.460 (Fig-
ures 2 a,e) or 0.898 (Figures 2 c,g). The large Rabi splitting ob-
served for the interaction between the J-aggregate absorption
at 491 nm and the (1,1) SP mode observed is due primarily to
the higher molecular extinction coefficient of the J-aggregate
at that wavelength, but may also benefit from higher confine-
ment of the (1,1) SP mode as compared to the (1,0) SP mode.
Concentrating the J-aggregate in a thin layer (<50 nm)[23, 24] at

Figure 2. a) Normal incidence transmission spectra of a set of square hole
arrays (Periods from 290 nm to 350 nm as indicated by the arrow) with
PDMS/J-aggregate film adsorbed (absorbance 0.460 at 491 nm). b) Disper-
sion of the peaks observed in the region 400–550 nm in (a). The green and
blue dots correspond to the upper (UP) and lower (LP) polariton bands re-
spectively. The black dashed line is the J-aggregate 491 nm absorption
energy. c) Normal incidence transmission spectra of a set of square hole
arrays (Periods from 310 nm to 400 nm as indicated by the arrow) with
PDMS/J-aggregate film adsorbed (absorbance 0.898 at 491 nm). d) Disper-
sion of the peaks observed in the region 400–550 nm in (c). The green and
blue dots correspond to the UP and LP respectively, while the red dots cor-
respond to the new, weakly-dispersive mode close to the molecular reso-
nance. The black dashed line is the J-aggregate 491 nm absorption energy.
e) Normal incidence transmission spectra of a set of hexagonal hole arrays
(Periods from 370 nm to 420 nm as indicated by the arrow) with PDMS/J-ag-
gregate film adsorbed (absorbance 0.460 at 491 nm). f) Dispersion of the
peaks observed in the region 400–550 nm in (e). The green and blue dots
correspond to the UP and LP respectively. The black dashed line is the J-ag-
gregate 491 nm absorption energy. g) Normal incidence transmission spectra
of a set of hexagonal hole arrays (Periods from 380 nm to 490 nm as indicat-
ed by the arrow) with PDMS/J-aggregate film adsorbed (absorbance 0.898
at 491 nm). h) Dispersion of the peaks observed in the region 400–550 nm
in (g). The green and blue dots correspond to the UP and LP respectively,
while the red dots correspond to the new, weakly-dispersive mode close to
the molecular resonance. The black dashed line is the J-aggregate 491 nm
absorption energy.
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the array surface where the plasmon field has the greatest am-
plitude also maximizes interaction compared to spreading the
aggregates over hundreds of nanometers in a host polymer
matrix on the array. For instance, for the same porphyrin J-ag-
gregate dispersed in 150 nm of poly(vinyl alcohol) on a silver
hexagonal array with absorbance at 491 nm of 0.49, a Rabi
splitting of 200 meV was measured.[6] The layer-by-layer J-ag-
gregate film here with absorbance of 0.460 at 491 nm gives
a splitting of 312 meV.

One of the important results of the optimization of strong
coupling on these hole arrays is the observation of a new,
weakly-dispersive transmission mode associated with the hy-
bridization process and which appears both for the square and
hexagonal arrays when the J-aggregate density is largest. This
is shown in the dispersion curves in Figures 2 d,h. The peak lies
between the upper and lower cavity polariton bands, slightly
red-shifted from the maximum of the J-aggregate absorption
(see red dots, Figure 2 d,h). The band remains weakly disper-
sive even at high momenta (high observation angles, see Fig-
ure S2), where the upper and lower cavity polariton bands dis-
perse strongly. The peak vanishes at lower molecular densities
independent of the absolute value of the Rabi splitting (com-
pare Figures 2 b,d,f,h, and see also the spectra in Figures 3 a,b).
This new feature of molecule–surface plasmon strong coupling
on nanostructured arrays was predicted theoretically recently
and attributed to a long-range energy transfer between J-ag-
gregates, mediated by SPs.[27] We have also observed weakly
dispersive transmission modes associated with molecular ab-
sorption bands when adsorbing a dense layer of J-aggregates
within 30 nm of a nanostructured metal surface.[28] These sys-
tems are very different but the origin could be the same,
a question which demands further exploration.

To understand the role of mode degeneracy on the Rabi
splitting, we compared the J-aggregate absorption at 491 nm
for the hexagonal and square arrays. Figure 3 c shows that for
arrays of both symmetries, the degree of vacuum Rabi splitting
has the well-known square root dependence on the absorb-
ance of the material.[2, 17] However, at any absorbance, the Rabi
splitting is much greater for the hexagonal array. This points to

a hitherto little-considered possibility—that the higher degen-
eracy of the plasmonic vacuum field can increase �hWR in a simi-
lar way to the density of organic absorbers. Given the SP
modes we have chosen in this study, the hexagonal array sup-
ports a 6-fold degeneracy, whilst the square array supports
only a 4-fold degeneracy.[29]

In the absence of dissipation, the energies of the eigenstates
E� (UP and LP) are, at resonance, given by Equation (4):

E� ¼
1
2
ðESP þ EExÞ �

1
2

ffiffiffiffiffiffiffiffi

4V2
p

ð4Þ

so that [Eq. (5)]:

�hWR ¼
ffiffiffiffiffiffiffiffi

4V 2
p

ð5Þ

where V is the interaction coupling strength between the SP
mode energy ESP and the molecular transition energy EEx. Each
SP mode of the same frequency, that is, degenerate modes,
will contribute to the coupling interaction. As a consequence,
the Rabi splitting should depend on the SP mode degeneracy
(nd) as Equation (6):

�hWR ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

4ndV2
p

ð6Þ

We therefore might expect that the ratio of the Rabi splitting

of the hexagonal and square arrays is
ffiffi

6
4

q

¼ 1:22. The ratio de-
rived experimentally, 1.41, is in good qualitative agreement
considering this simplified model derived from symmetry con-
siderations alone.

Surface plasmon field intensities may also play a role in the
different Rabi splitting observed for the square and hexagonal
arrays. Optimal field amplitudes occur on hole arrays when the
hole diameter matches half the array period.[30] The hole diam-
eter for all the experiments was kept constant at 150 nm, in
order to suppress low-intensity transmission modes that result
from SP coupling on each interface and which complicate

band assignment (see the Sup-
porting Information). Thus, the
field amplitudes are more opti-
mal for the square array (Period
330 nm) than for the hexagonal
array (Period 440 nm) and
cannot explain the greater Rabi
splitting for hexagonal arrays.
Independent of the particular
conditions, we have noticed
that for other dyes the Rabi
splitting was always greater for
the hexagonal array. The in-
crease in degeneracy is akin to
an increase in the density of op-
tical states which should natu-
rally increase the coupling
strength.

Figure 3. Normal incidence transmission spectra of a) square and b) hexagonal hole arrays upon increasing the ad-
sorbed J-aggregate layer absorbance at 491 nm. At absorbance of 0.90 or higher, a new peak is observed be-
tween the two hybrid modes for both array symmetries. c) Rabi splitting values as a function of the square root
of the J-aggregate absorbance at 491 nm for both hexagonal (circles) and square arrays (squares). The blue and
red dashed lines are linear fits (slopes 0.323 and 0.457 for square and hexagonal arrays respectively). The black
dashed lines indicate the minimum molecular film absorbance required to observe the Rabi splitting (strong cou-
pling).
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3. Conclusions

To conclude we used a combination of layer-by-layer and elas-
tomeric deposition techniques to adsorb a J-aggregate in
a thin layer directly at the surface of plasmonic arrays to maxi-
mize strong coupling. It was demonstrated that hybrid light–
matter states with larger Rabi splitting could be achieved
when using plasmonic nanostructures of higher symmetry, in-
dicating that SP mode degeneracy is important for efficient
coupling. A new weakly dispersive transmission mode was ob-
served near the molecular resonance, which has been predict-
ed theoretically to be associated with exciton–exciton hybridi-
zation. These findings point to new ways for optimizing strong
coupling and thereby realize its full potential for molecular
and materials science.
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