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In this Letter, we present hybrid strong coupling between
multiple photonic modes and excitons in an organic-dye-
attached photonic quasicrystal. The excitons effectively
interact with the photonic modes offered by the photonic
quasicrystal, and multiple hybrid polariton bands are
demonstrated in both experiments and calculations.
Furthermore, by retrieving the measured dispersion map,
we get the mixing fractions of photonic modes and excitons,
and show that the polariton bands inherit not only the
energy dispersion features, but also the damping behaviors
from both the photonic modes and the excitons. Our inves-
tigation may inspire related studies on multimode light-
matter interactions and achieve some potential applications
for multimode sensors. © 2016 Optical Society of America
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In recent years, photon-exciton interactions have attracted
continuous interest, especially the strong coupling, where
the energy exchange between photons and excitons prevails
over their damping rates. Strong coupling results in the forma-
tion of quasi-particles named polaritons, with both light-like
and matter-like features, which are good candidates to explore
some fundamental problems, such as Bose–Einstein condensa-
tion [1–3]. Moreover, polariton nanolasers [4–6] and transis-
tors [7] offer possibilities to realize all-optical circuits at the
nanoscale. Owing to the higher binding energy, saturation
density, and oscillator strength, Frenkel excitons in organic
semiconductors become a feasible substitution for the Wannier
excitons in inorganic semiconductors. Organic semiconductors
used most often include porphyrines [8], J-aggregates [9–18],
and organic crystals [19]. Strong couplings between photons
and Frenkel excitons have been realized in many photonic sys-
tems, such as multilayered distributed Bragg reflectors (DBRs)
[8–10,19], optical microcavities [11,12], and plasmonic nano-
structures [13–18], offering various platforms to guide and
manipulate polaritons at the nanoscale.

Although most work on strong coupling explores inter-
actions between a single excitonic mode and a single photonic
mode, some attention has been paid to multimode hybrid
coupling in which the excitonic mode couples to more than
one photonic modes. One approach to realize the multimode
coupling is to employ coupled cavities [20,21] or a planar cavity
with an extended optical path length [22], which contains
multiple cavity modes. Another approach is to design nano-
structures supporting different plasmonic modes [23] or
sustaining both cavity and plasmonic modes [24]. However,
most of these systems are complicated and need further fabri-
cation or evaporation after depositing organic semiconductors,
which may more or less affect the quality of excitons. Here, we
design an open system employing the photonic quasicrystal to
provide multiple photonic modes, where no further fabrication
is needed after spinning the J-aggregates onto it, without any
damage to the organic semiconductor. In this way, such an
open system can be used to offer multimode hybrid inter-
actions, which may inspire related studies on multimode light-
matter interactions and achieve some potential applications,
such as multimode sensors and spectroscopy.

Photonic quasicrystals built by dielectric multilayers have
been widely studied [25–29], and excitonic polaritons in such
quasicrystals combined with inorganic quantum wells have also
been realized [30–32]. One-dimensional photonic quasicrystals
can be generated utilizing a substitution rule based
on two building blocks, exhibiting long-range order, lacking
translational symmetry, but with properties of self-similarity.
Employing the Fibonacci series, using the two building blocks
A and B with a refractive index of nA and nB, we can construct
a photonic quasicrystal whose central resonant wavelength is λ.
In this way, the Fibonacci sequence starts with the two seg-
ments, A with a thickness tA � λ∕4nA and B with a thickness
tB � λ∕4nB, and operates with the iterative rules A→ B and B
→ BA to build successive chains. According to this rule, the
eighth member of the Fibonacci series, labeled as S8, should
be in the sequence of BABBABABBABBABABBABAB, as
schematically described in Fig. 1(a). Following the sequence
of S8, we utilize two dielectric materials to build the sample in
this Letter, i.e., Ta2O5 as the segment “A,” with nA � 2.1, and
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SiO2 as the segment “B,” with nB � 1.46. In order to realize
the central resonant wavelength at 697 nm (corresponding to
1.78 eV), the thickness of the building blocks is designed to be
tA � 83 nm and tB � 119 nm, respectively. The transmission
spectrum of this photonic quasicrystal can be calculated by
the transfer matrix method [25,26], and the result is shown
in Fig. 1(b). There are three photonic modes, where the central
mode around 1.78 eV is marked as C, the lower-energy one
around 1.55 eV is marked as L, and the higher-energy one
around 2.02 eV is marked as H. In order to see the dispersion
of these photonic modes, we calculate the transmission spectra
by sweeping incident angles, and display the results in Fig. 1(c).
The energies of all three modes increase with the incident
angles, creating the possibility to successively interact with the
same excitonic mode. Consequently, such a photonic quasicrys-
tal can be used to realize multimode photon-exciton coupling
when combined with semiconductors.

To experimentally demonstrate this phenomenon, we use
the electron beam evaporation method to deposit the dielectric
multilayers, and choose TDBC (5,6-Dichloro-2-[[5,6-
dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]-
propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide,
inner salt, sodium salt) to form J-aggregates acting as organic
semiconductor. Following the simulation parameters, we
deposit SiO2∕Ta2O5 multilayers onto K9 glass substrate, and
then directly spin J-aggregates onto the top surface, as schemati-
cally described in Fig. 2(a). The optical photos of the photonic
quasicrystal sample and the sample covered by J-aggregates are,
respectively, displayed in Fig. 2(b). From the SEM photo of the
photonic quasicrystal intersecting surface, we can clearly see the
Fibonacci sequence composed of the dielectric multilayers.
The experimentally measured transmission spectrum of this
photonic quasicrystal is shown in Fig. 2(c), and there are three
transmission peaks corresponding to the modes labeled as “L,”
“C,” and “H” in Fig. 1(b), matching well with the calculation
results. Then we measure the absorption and the photolumines-
cence (PL) spectra of the J-aggregates spun on glass substrate, as
shown in Fig. 2(d), indicating the exciton energy to be around
2.11 eV, which is close to the energies of the photonic modes,
offering the possibility of the strong coupling between the ex-
citons and the photonic modes.

Gradually increasing the incident angles to measure the
transmission spectra, we can get the dispersion of the optical
modes. We first measure the sample without J-aggregates,
and the dispersion map is drawn in Fig. 3(a). Besides the
experimental results, we also fit the photonic modes by the
white dashed lines and indicate the exciton energy by the black
dashed line. As the incident angle increasing, the energies of

modes H and C successively go across the energy of the excitons
while the energy of mode L approaches it, indicating the pos-
sibility of strong coupling. To achieve this, we cover this sample
with J-aggregates and then measure its transmission spectra
under different incident angles. Figure 3(b) shows some trans-
mission spectra under different incident angles, in which we
trace the peaks by the dashed lines to show the tendency more
clearly. There are five modes dispersing with the incident
angles. We can find obvious anti-crossing between the two
red (or blue) dashed lines, which is the so-called Rabi splitting
because of strong coupling. Therefore, these modes are hybrid-
ized upper polariton bands (UPBs) and lower polariton bands
(LPBs). The two traced by the red dashed lines (marked as
H-LPB and H-UPB) come from the coupling between mode
H and excitons; those traced by the blue dashed lines (C-LPB
and C-UPB) come from the coupling between mode C and
excitons; and the one traced by the olive dashed line (L-LPB)
comes from the coupling between mode L and excitons. In this
way, there should be another polariton band L-UPB, which
may be observable at larger incident angles. Unfortunately, it
cannot be clearly observed due to the limit of our measurement.

To show the hybrid polariton bands more distinctly, we
draw the transmission spectra into the two-dimensional
dispersion map in Fig. 3(c). It shows that the modes H, C,
and L successively couples with the excitons at different inci-
dent angles, leading to the Rabi splitting and generating hybrid
polariton bands. The five observable polariton bands, H-UPB,
H-LPB, C-UPB, C-LPB, and L-LPB, correspond to those
marked in Fig. 3(b). To further analyze these polariton bands,
we employ the model of coupled harmonic oscillators to fit the
experimental results. As the photonic modes H, L, and C, re-
spectively, couple with the excitons, the resulting polariton
bands consist of a photonic state jphii (i � H , C, or L) and

Fig. 1. (a) Schematic description of the photonic quasicrystal in a
Fibonacci sequence, which starts with two segments, i.e., A and B, and
operates with the iterative rules A→ B and B→ BA to build successive
strings. (b) Calculated reflection spectrum under normal incidence and
(c) the dispersion map of the photonic quasicrystal.

Fig. 2. (a) Schematic description of the sample, a photonic quasi-
crystal covered by the organic semiconductor. (b) Top left one is the
optical photo of the photonic quasicrystal sample, and the top right
one is the SEM photo of its intersecting surface. The bottom left one
is the optical photo of the quasicrystal sample covered by the spin-
coated J-aggregates, and the right displays the chemical formula of
TDBC used to form J-aggregates. (c) Experimentally measured trans-
mission spectra of the photonic quasicrystal sample under normal
incidence. (d) Measured absorption spectrum (black line) and the
normalized PL spectrum (red line) of the J-aggregates.
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an excitonic state jei. Using these states as a basic set, we get the
non-Hermitian Hamiltonian as

H �
�
Ephi�θ� ℏΩi∕2
ℏΩ�

i ∕2 E ex

�
− iℏ

�
γphi 0
0 γex

�
; (1)

where Ephi�θ� (i � H, C, or L) represents the energy of the
photonic mode H, C, or L, E ex is the energy of the excitons,
ℏΩi is the coupling energy between the photonic mode and the
excitons, and γphi and γex are the damping frequency of the
photonic mode and the excitons, respectively. Here, we simplify
the model by excluding the cross-damping terms, which de-
scribe the incoherent exchange of energy between the photonic
modes and excitons [14,33]. For every photonic mode, this
model predicts the formation of two polariton states because
of the strong coupling, i.e., the LPB and the UPB in
experiment. Every polariton state can be written as jPL�U �

i i �
αL�U �
i jphii � αL�U �

e jei, whose eigenenergy can be calculated by
diagonalizing the Hamiltonian, where jαL�U �

i j2 and jαL�U �
e j2

correspond to the relative mixing fractions of the photonic
mode and the excitons in LPB (or UPB). To make a best
fit to the experimental data, we find the value of the coupling
energy to be ℏΩH � 67 meV, ℏΩC � 93 meV, and
ℏΩL � 85 meV. The calculated eigenenergies of the six polar-
iton bands in this system are described by the dashed lines in
Fig. 3(c), and all these results fit well with the experimen-
tal data.

Based on the experimental data and the fitting results, we
can also retrieve the relative mixing fractions jαL�U �

i j2 and
jαL�U �

e j2 in the polariton bands, which are shown in Fig. 4.
For the lower polariton bands H-LPB, C-LPB, and L-LPB,
they are mainly composed of the photonic modes at small in-
cident angles. As the incident angle increases, these polariton
bands successively approach the excitonic mode, accompanied

by the increase of the exciton mixing fractions and the decrease
of the photonic mode mixing fractions. For the upper polariton
bands H-UPB, C-UPB, and L-UPB, the excitonic component
is the chief ingredient at small incident angles. The UPBs
gradually leave the excitonic mode as the angle increases; as
a result, the photonic component predominates at larger angles.
In this way, although these six polariton bands come from
couplings between excitons and different photonic modes,
the mixing fractions in all the LPBs (or all the UPBs) behave
in the similar way.

Moreover, we can also fit the spectra line width of the mea-
sured polariton band by employing the Hamiltonian in Eq. (1),
which is related to the imaginary part of the eigenenergy.
As shown in Fig. 5, the circles and triangles describe the full
width at half-maximum (FWHM) of the polariton bands in the
experimental spectra shown in Fig. 3(c), while the asterisks re-
present the ones calculated using the FWHM of the excitonic
mode shown in Fig. 2(d) and those of the photonic modes in
Fig. 3(a). For all the observable polariton bands in our experi-
ment, the calculated results of the FWHM fit well with the
measured ones. It means that, besides the energy dispersion fea-
tures, the polariton band also inherits the damping behaviors
from both the photonic mode and the excitons. In this case,
the damping properties of the polariton band can be tuned by
designing the mixing fractions of the photonic mode and the
excitons, which may be employed to meet some requirements
in potential applications.

In summary, we have proposed and experimentally demon-
strated multiple strong couplings in an organic-dye-attached
photonic quasicrystal, where all the fabrication processes are
done before spin-coating the organic semiconductor, applying
no affection to the exciton quality. In this system, three
photonic modes are simultaneously introduced to interact with
the excitons. As a result, three strong couplings successively oc-
cur at different incident angles, resulting in six polariton bands.
By retrieving from the experimental data, we also get the mix-
ing fractions of the photonic modes and the excitons in these

Fig. 3. (a) Experimentally measured dispersion map of the photonic
quasicrystal sample. The white dashed lines fit the three photonic
modes and the black dashed line indicates the energy of the excitons
in J-aggregates. (b) Transmission spectra of the sample covered by
J-aggregates under different incident angles, and the dashed lines trace
the polariton bands. (c) Two-dimensional dispersion map of the sam-
ple covered by the J-aggregates. The dashed lines are the calculated
results fitting the polariton bands.

Fig. 4. Mixing fractions of the photonic modes and the excitons in
the polariton bands, retrieved from the experimental data.

Fig. 5. FWHM of the five observable polariton bands, where the
circles and the triangles represent the FWHM from the experimentally
measured polariton spectra, and the asterisks depict the calculated
FWHM.

5742 Vol. 41, No. 24 / December 15 2016 / Optics Letters Letter



hybrid bands, finding out that the components in the same
kind of polariton bands (all LPBs or all UPBs) vary with the
incident angles in the similar way. Employing the model of
coupled harmonic oscillators, both the energy and the line
width of the polariton spectra are well fitted. Therefore, the
polariton bands inherit light-like features from the photonic
modes and matter-like features from the excitons, modifying
both the energy dispersion and the line width of the spectra.

Such an open system can be optimized by tuning the sub-
stitution rule of the photonic quasicrystal, to match different
requirements of both the number and the quality factors of
the photonic modes. In this way, it can be employed to offer
multimode photon-exciton strong couplings, which may in-
spire related studies about hybrid light-matter interactions
and achieve some potential applications, such as multimode
sensors and optical spectroscopy.

Funding. National Natural Science Foundation of China
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