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Controlling plasmon–exciton coupling through band gap engineering of plasmonic crystals is demonstrated in
the Kretschmann configuration. When the flat metal surface is textured with a sinusoidal grating only in one
direction, using laser interference lithography, it exhibits a plasmonic band gap because of the Bragg scattering
of surface plasmon polaritons on the plasmonic crystals. The contrast of the grating profile determines the observed
width of the plasmonic band gap and hence allows engineering of the plasmonic band gap. In this work, resonant
coupling between the molecular resonance of a J-aggregate dye and the plasmonic resonance of a textured metal
film is extensively studied through plasmonic band gap engineering. Polarization dependent spectroscopic reflec-
tion measurements probe the spectral overlap occurring between the molecular resonance and the plasmonic
resonance. The results indicate that plasmon–exciton interaction is attenuated in the band gap region along the
grating direction. © 2014 Optical Society of America
OCIS codes: (050.2770) Gratings; (240.6680) Surface plasmons; (160.5293) Photonic bandgap materials.
http://dx.doi.org/10.1364/OL.39.005697

If a material is driven with an external high frequency
electric field, the response of the atomic nuclei, owing
to their larger mass, is considerably slower than that
of electrons and hence a net polarization occurs. At
frequencies lower than and in the vicinity of surface
plasmon frequency, ω2

sp � ω2
p∕2 (where ωp is the plasma

frequency), collective oscillation of surface electrons
becomes relatively easier, forming surface plasmon
modes. These modes are as energetic as photons with
a considerable amount of momentum. Once the momen-
tum mismatch is compensated, the incident photons can
be coupled to these modes forming surface plasmon
polaritons (SPPs). The resulting dispersion curve of
the SPPs propagating along a planar metal dielectric in-
terface is a continuous function of momentum and is
given as [1]

ω2
SPP � k2

μ0

�
1
εd

� 1
εm

�
: (1)

Degeneracy of forward and backward propagating SPP
modes at a given frequency can be lifted by patterning
the planar surface with a periodic relief structure, such as
a sinusoidal uniform grating pattern. [2] Under resonance,
this pattern satisfies the conditions of plasmonic band gap
formation and slows down [3–5] the SPPs at the two band
edges. [1,2,6] These band edges have been known for
decades [7,8] and have been studied theoretically and
experimentally for their dependence on the grating surface
profile [1–3,8–10], enhancement of Raman scattering [11],
availability for signal feedback [12], role on photo lumines-
cence [13], and interactions with J-aggregate complexes
[14]. Inaddition, thegroupvelocityofSPPshasbeengreatly
decreased through plasmonic band gap engineering of
coupled plasmonic cavities [15].
A model system for investigating light matter inter-

actions is the coupled plasmon–exciton states, which
are named plexcitons [16]. A mark of the strong coupling

is the observation of Rabi splitting [16–22] because of the
newly emerged in-phase and out-of-phase eigenmodes
[16]. The energy difference between these modes is
defined as

ℏΩR �
���������������������������������
4V2

− �γp − γe�2
q

; (2)

where V ∝ E⃗ · μ⃗, defines the energy transfer term be-
tween plasmons and excitons; γp and γe are damping
terms related to plasmons and excitons [17]. The electric
field in the energy transfer term is directly related to the
amplitude or the number of plasmonic modes. At the
band edges, because of the decreased group velocity
and standing wave formation of SPP modes, the number
of plasmonic modes also increases, causing a further en-
hancement compared to propagating modes. Recently,
plexitonic states have been investigated on a variety of
plasmonic structures such as flat metals, spherical nano-
particles, metal disks, metal nanowires, and metal prisms
[14,16–22]. However, plasmon–exciton coupling has
not been studied using plasmonic band gap materials.
Studies in this direction might significantly improve the
performance of the plasmonic devices and enable under-
standing of the mechanism of the coherent energy trans-
fer between metallic nanostructures and semiconductor
nanostructures.

In this work, we study interaction between plasmons
and excitons through band gap engineering of 1D metal-
lic grating in Γ direction, which has been achieved by
varying the groove contrast of the metallic grating in
the visible spectrum. This is a simple, yet effective, tool
to engineer the band gap of the periodic plasmonic struc-
tures, altering the distribution of the plasmonic states.
Using this passive tuning approach, we are able to adjust
the distribution of plasmonic states and manipulate the
coupling between SPPs and excitons. The plasmonic
band gap engineering is schematically summarized in
Fig. 1. The depth of the grating groove determines the
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width of the plasmonic band gap energy, Epg. Deeper
grooves result in larger Epg. The molecular resonance
of the dye remains at the same wavelength while, the
Epg of the gratings is varied. Therefore, plasmon–exciton
coupling can be studied at different parts (inside and out-
side) of the band gap. It should be added that spectral
position of the band gap can also be altered by varying
the periodicity of the grating structure; however the
periodicity of the grating is fixed for all the gratings stud-
ied here. For directions other than the grating direction
(Γ direction), 1D grating may not show a band gap. If the
crystal is rotated π∕2 degrees with respect to the Γ direc-
tion, then the dispersion behavior of the crystal becomes
identical to that of the flat metal because the incident
light does not experience a periodic corrugation; in be-
tween, the band gap will shift toward blue wavelengths.
Hence, the results presented here are for 1D grating
along Γ direction and not for a full photonic band
gap. [23]
Figure 1(a) shows the schematic representation of

the experimental setup used for obtaining the reflectivity
data recorded as a function of the photon wavelength and
the incidence angle. Incident light is coupled to SPPs via
prism coupling technique. Sinusoidal gratings have been
fabricated using laser interference lithography. Glass sub-
strates (3 mm thick) are first coated with an antireflection
coating BARLi (AZ Chemicals) and then with a photosen-
sitive polymer, S 1800-4 (MicroChem). Total thickness
of the polymer layer is around 250 nm. The sample is
exposed in the lithography setup using the He-Cd laser

operating at a wavelength of 325 nm. Finally, a thin film
of silver (∼40 nm) is thermally evaporated on the
fabricated sinusoidal grating to support propagation of
SPPs. The depth of the grating groove is adjusted by only
varying the exposure time of the photopolymer. The
surface profile and the groove depth of the gratings
have been confirmed using an atomic force micro-
scope. A cyanine dye, 5,5’, 6,6’-tetrachloro-di-(4-sulfobutyl)
benzimidazole-carbocyanine (TDBC) (Few Chemicals),
forms J-aggregates in aqueous solutions at highconcentra-
tions. After dissolving the dye in water, it is mixed with a
1.5% Poly vinyl alcohol (PVA) solution in a 1∶1 ratio to
prepare 0.75% PVA. At high concentrations, individual
dye molecules self-assemble in a head-to-tail fashion to
form J-aggregates. J-aggregates have narrower absorp-
tion band shifted to the red region of the electromagnetic
spectrum with respect to their monomer form. Ultrathin
films of 1.25mMof J-aggregates (∼30 nm) are spin-coated
on the metal covered grating structures. SPPs are excited
through a triangular BK7 glass prism in the Kretschmann
configuration (KC). A tunable p-polarized monochro-
matic light source is used to probe the coupling. Reflec-
tion spectra are obtained by varying thewavelength of the
incoming light and recording the reflected light intensity
with a silicon photo-detector at each incidence angle.
Finite-difference-time-domain (FDTD) simulations have
been performed using commercial software package
(Lumerical Solutions, Inc.). Sinusoidal grating structure
of SiO2 glass substrate is covered with a thin Ag film.
Bloch boundary conditions are applied along the lateral
direction of the simulation windowwith one period width
in order to simulate the infinite array of repeating patterns
forming the plasmonic crystal. Optical constants of the
used materials are taken from Palik [24]. J-aggregate
dye is modeled as a Lorentz absorber whose resonance
frequency is set at an absorption line of TDBC dye.
The strength of the Lorentz absorber is obtained by fitting
the optical parameter data acquired with an ellipsometer
[17]. A light source is used for generating white light and a
monitor is used for collection of the reflected light. The
source and the monitor are positioned inside the glass
substrate to mimic the KC. The spectrum obtained from
the monitor is normalized with respect to the source. In
this way, reflectivity spectra as a function of wavelength
for each incidence angle that are similar to the experi-
mental reflectivity spectra are constructed.

A sample of the resulting reflection map is shown in
Fig. 2(a), which is obtained in a simulated KC. The sep-
aration between high and low frequency components are
directly dependent on the groove depth of the grating and
are marked as upper and lower band edges in Fig. 2(e).
The Epg for shallow grooves (up to 60 nm in depth) has
been calculated in Refs. [6] and [1] with non-Hermitian
and Hermitian eigenvalue problems set up with classical
Maxwell equations. The calculations have shown that the
Epg is approximately linearly proportional to the depth of
the grooves.

In Fig. 2(f), normalized distribution of plasmonic states
is shown for the bare gratings of varying groove depths
with the same periodicity (260 nm). The distribution of
the plasmonic states is calculated by
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Fig. 1. (a) Schematic representation of the experimental
setup. Samples are fabricated on glass slides and mounted
on a prism with an index matching fluid, which is used to elimi-
nate reflection losses associated with the glass-air interface and
to ensure optical continuity between the prism and the glass
slide. Thus the light from the light source (LS) effectively re-
mains in the same medium inside the prism. (b), (c) Periodic
corrugation along the metal dielectric interface introduces a
band gap in the dispersion curve of the SPPs. The grating
groove depth enables controlling of the Epg manifested in
the dispersion curve of the SPPs. The width of the band gap,
Epg, depends on the grating groove depth and increases with
it. The narrow absorption band of the aggregated TDBC dye
is shown as a red line in the dispersion curve. Since the energy
of the molecular resonance of the J-aggregate is constant, the
Epg can be engineered to study plasmon–exciton interaction on
different regions of the band gap. This kind of manipulation of
energy levels requires the preparation of plasmonic crystals
with varying groove depths.
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where R�ω; k� is the reflectivity of the incident light for a
given frequency and momentum. Both in the experiment
and in the simulations, convention is to adjust the mo-
mentum of light by varying the incidence angle. kMAX
and kMIN are maximum and minimum spatial frequencies
that can be obtained using the wavelength and incidence
angles. The reflection map exemplified in Fig. 2(a) can be
interpolated to the momentum space by using the rela-
tion kSPP � k0nPRISM sin θ. After interpolation, normal-
ized number of plasmonic states (NNoPS) for each
wavelength or frequency is calculated with Eq. (3).
It should be noted that, there are still available plas-

monic states inside the band gap. However, increasing
the groove depth effectively deepens the minima in the
NNoPS. This makes effective control of the plasmon–ex-
citon coupling possible together with the coupling term
introduced in Eq. (2). Flat band dispersion at the band
edges that are because of the standing wave formation
at the grating peaks and troughs can be observed as
peaks in NNoPS. Finally, we note that apparent negative

group index at the branches [Fig. 2(a)] is because of the
small fraction of plasmons that are scattered back and
propagating in the opposite direction. In Figs. 2(b)–2(d),
electric field profiles inside, and at the upper and the
lower edges of the band gap are shown. Figures 2(b)
and 2(d) are the expected eigenmode profiles
obtained from the standing wave solutions of such peri-
odic corrugation. In addition, electric field intensity is
greatly suppressed and nearly zero inside the band
gap, Fig. 2(c).

Loading the samples of 280 nm grating pitch with the
J-aggregate layer introduces an anti-crossing at the
molecular resonance wavelength (∼590 nm). The band
gap has been engineered by varying the grating groove
depth from 5 to 15 nm. The anti-crossing behavior at the
upper branch of the band gap is clearly seen for the gra-
ting with the groove depth of 5� 2 nm [Fig. 3(a)]. For
the grating with the groove depth of 10� 2 nm, the
lower branch of the anti-crossing is attenuated and
diminished further when the grating groove depth is
15� 2 nm. This trend can also be observed in the FDTD
simulations of the gratings as demonstrated in Fig. 3(b).
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Fig. 2. (a) Band gap engineering has been performed by tuning
the grating of 260 nm pitch groove depth. The reflection map
showing the plasmonic band gap is obtained from a thin metal
film coated on a sinusoidal grating, without the J-aggregate
load, having a grating groove depth of 15 nm. (b), (c), and
(d) are the spatial profiles of electric field intensity averaged
over time and recorded for critical regions on the reflection
map. White lines mark the boundaries of the metal film. The
lower part of the film is SiO2, and the upper part is a vacuum.
(b) and (d) are the profiles for the upper (grating trough) and
lower (grating peaks) band edges, respectively. (c) is the elec-
tric field profile inside the band gap region, which does not
show any field; hence at this configuration, the interaction
between surface plasmons and excitons is expected to be effec-
tively minimized. (e) Wavelength position of the upper and
lower band edges as a function of the grating groove depth
simulated by using FDTD method is demonstrated. Band edges
are determined by marking the reflection minima at each wave-
length and then recording the lowest energy of the upper
branch and highest energy of the lower branch. (f) NNoPS cal-
culated for gratings with different groove depths. (c)
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Fig. 3. (a) Experimentally obtained reflection maps for gra-
tings with a 280 nm pitch. J-aggregate molecular resonance
is marked with a dashed line at around 590 nm. The Epg is ef-
fectively enlarged by increasing the grating groove depth from 5
to 15 nm, and thus the interaction between excitons and plas-
mons is attenuated or completely damped. For 5 and 10 nm
groove depths, the anti-crossing behavior at 590 nm represent-
ing the strong coupling is clearly observed, where Rabi splitting
energy is 40 and 50 meV, respectively. (b) FDTD simulation of
the identical samples used in the experimental measurements
confirms the observed results. (c) and (d) NNoPS obtained
from (c) experimental and (d) simulated polariton reflection
curves. Attenuation of the lower branch of the anti-crossing
is clearly observed. The inset in part (d) indicates the NNoPS
of the same system without the J-aggregate.
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There is a qualitative agreement between the simulation
results and the experimental results. Because of the
discrepancies such as optical constants and grating
profiles used in simulations and actual samples, there
is a small difference in the dispersion curve of the
coupled system. The upper band edge shifts from
583.4 to 584.8 nm and finally to 578.4 nm toward the blue
as the groove depth increases from 5 to 10 nm and then
to 15 nm. The lower band edge shifts from 606.7 to
608.6 nm and then to 615.7 nm toward the red. In all
cases, j-aggregate absorption line lies between the band
edges. However, there is still a considerable amount
of SPP modes inside the band gap [Fig. 2]; hence
SPP-Exciton interaction is still possible for 5 and
10 nm cases. Shifting of upper and lower band edges in-
creases the band gap energy from 81.6 to 83.3 meV and
finally to 129.9 meV. The increase of Epg is confirmed by
simulations. For the grating groove depth of 5 nm, the
value of the gap energy is 63.7 meV and increases from
81.3 to 125.8 meV when the groove depths are 10 and
15 nm, respectively. Anti-crossing in 5 and 10 nm cases
are 40 and 50 meV, respectively.
Attenuation of the lower branch of the anti-crossing is

more clearly observed in the NNoPS data presented in
Figs. 3(c) and 3(d). Figure 3(c) shows the experimen-
tally obtained data and Fig. 3(d) shows the simulation
results with the inset showing the NNoPS data of the
same system loaded with PVA minus J-aggregate.
Anti-crossing is observed as two peaks on both sides
of the J-aggregate resonance wavelength marked with
a solid line at 590 nm. A peak related to the lower branch
of the anti-crossing is located at around 600 nm. As the
groove depth varies from 5 to 15 nm, this peak attenu-
ates since the number of the available plasmonic states
in the band gap region decreases. The peak at around
580 nm belonging to the grating with the groove depth
of 15 nm is actually the upper band edge and can be seen
in the inset. On the other hand, the peaks at around
585 nm belonging to gratings with the groove depths
of 5 and 10 nm are the upper branches of the anti-
crossing; they are not present in the case of the bare
grating. Near the band edges, where the group velocity
of the SPP modes are slowing down, NNoPS values
rise; hence the effective amplitude of the electric field
increases. Dye molecules have more probability to inter-
act with the SPP modes [17]. Attenuation of the lower
branch of the anti-crossing is a clear signal showing
effectively suppression of the plasmon–exciton cou-
pling inside the band gap region.
In conclusion, we have experimentally and theoreti-

cally demonstrated that plasmon–exciton coupling can
be controlled by engineering the band gap of the plas-
monic crystal. This leads to the observation that coupling
is suppressed when the molecular resonance energy level
is inside the band gap region along Γ direction, and it is
observed outside the band gap region. Thus a directional
suppression of SPP-exciton interaction is achieved.
Molecular resonance of the J-aggregate dye has been
kept constant during all the experiments while the Epg

has been effectively controlled by the grating groove
depth. This approach allows the study of plasmon–
exciton coupling at different regions of the band gap.
The strength of the coupling inside and outside the band
gap has been measured through the strength of Rabi split-
ting. The results indicate that the strength of the coupling
between plasmons and excitons can be effectively con-
trolled by plasmonic band gap engineering; therefore
the coupled system can be used in plasmonic devices
and in understanding light-matter interaction on plas-
monic crystals.

This work has been supported by TUBITAK through
grants 110T589 and 110T790.
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