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Abstract Optical cavity polaritons, originated from
strong coupling between the excitons in materials and
photons in the confined cavities field, have recently
emerged as their applications in the high-speed low-
power polaritons devices, low-threshold lasing and so on.
However, the traditional exciton polaritons based on metal
plasmonic structures or Fabry-Perot cavities suffer from
the disadvantages of large intrinsic losses or hard to
integrate and nanofabricate. This greatly limits the
applications of exciton poalritons. Thus, here we imple-
ment a compact low-loss dielectric photonic – organic
nanostructure by placing a 2-nm-thick PVA doped with
TDBC film on top of a planar Si asymmetric nanogratings
to reveal the exciton polaritons modes. We find a distinct
anti-crossing dispersion behavior appears with a 117.16
meV Rabi splitting when varying the period of Si
nanogratings. Polaritons dispersion and mode anti-cross-
ing behaviors are also observed when considering the
independence of the height of Si, width of Si nanowire B,
and distance between the two Si nanowires in one period.
This work offers an opportunity to realize low-loss novel
polaritons applications.
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1 Introduction

Confined optical fields [1,2], always appeared in the
metallic plasmonic configurations [3–5] and optical
cavities [6–8], can possibly produce strong interaction
between photons and matters [9] due to the localized
photons distributions. When the coupling interaction

strengths between cavities photons with resonant excitons
are larger than the losses [10], the exciton polaritons can be
probably formed. Attributed polaritons condensations and
strong nonlinearities inherited from their exciton polar-
itons, exciton polaritons have exhibited enormous poten-
tials [11] in the field of low-threshold lasers [12–14], all-
optical logic devices [15–18] and quantum devices [19–
21]. In recent years, many research groups have developed
the exciton polaritons nanostructures utilizing the strong
coupling between material excitons and confined optical
fields in metallic configurations or vertical Fabry Perot
cavity and distributed Bragg reflectors (DBRs) [22,23].
The metallic nanostructures [24] are ultracompact but
suffer from inherent ohmic losses. Nanostructure DBRs-
type exciton polaritons [22,25] are difficult to fabricate and
easy to destroy the excitonic material layer. So it is
essential to explore novel nanostructures with low losses
and flexible structural design and fabrications this field.
Last year, Long Zhang et al. [26] have already demon-
strated exciton polaritons in silicon nitride half-etching
photonic crystals coupled with WSe2 materials. But due to
relative weak optical confinement fields, there are rare
exciton polaritons reports directly established on dielectric
cavity nanostructures. Therefore, it is still necessary to
explore a planar dielectric nanostructure to demonstrate the
exciton polaritons.
Here we present a theoretical demonstration of exciton

polaritons by strong coupling between photons confined
around planar Si asymmetric gratings and excitons in an
ultrathin film of J-aggregated dyes. The system consists of
periodic asymmetric Si gratings coated by a 2-nm-thick
excitonic polymer composite film ( poly (vinyl alcohol)
(PVA)) doped with J-aggregated molecules (TDBC: 5,6-
dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulphobutyl)-benzi-
midazol-2-ylidene]-ropenyl]-1-ethyl-3-(4-sulphobutyl)-
benzimidazolium hydroxide, sodium salt, inner salt), so
called TDBC-PVA or TDBC for short in this paper) on the
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SiO2 substrate. The J-aggregated organic dye molecules
exhibit very strong excitonic characteristics, which can
exsit stably at the room temperature. Attributed to the
localized optical fields between the two Si asymmetric
adjacent nanowires and same resonance wavelength, the
confined photons in the gap can strongly interact with
excitons in the TDBC materials. When the interaction
strength is dominant over other losses, the excitons in
TDBCs and photons in confined optical field can form the
exciton polaritons. This coupling is proved to be an anti-
crossing energy dispersion of two polaritons branches.
Similar phenomena have been observed in the previous
reports [4,27,28] about the metallic plasmonic-exciton
nanostructures. The Rabi splitting energy ranges extend
about 117.16 meV when coated by a 2-nm-thick TDBC
layer. Besides tuning the grating periods, we also discuss
the transmission properties in dependence on the height of
Si, width of Si nanowire B, and distance between the two
Si nanowires in one period. The similar anti-crossing
transmission spectra behaviors can further verify the strong
interactions between the dielectric nanogratings and TDBC
excitonic materials.

2 Sample measurements and discussion

The sample we have explored has been composed of
asymmetric dual periodic Si nanogratings with a period of
p = 320 nm coated by a 2-nm-thick TDBC-PVA film onto
fused silica substrates, as shown in Fig. 1(a). The nanowire
A and B are shown in Fig. 1(a), respectively. In one period,
the nanowire A is the left nanowire with width of wa, and
the nanowire B is the right nanowire with width of wb. The
widths of Si nanowire A and B are 110 and 100 nm,
respectively. The distance between the nanowire A and B
is only 20 nm to provide an effective confined optical field.
The whole dimension of Si gratings is 100 mm�100 mm.
The height h of Si nanowire A and B are 100 nm. The
TDBC-PVA thin film is chose as 6.0 wt % PVA-water
solution with a 2.0 wt % TDBC-water solution in a 1:3
volume ratio, as following the same ratio in Ref. [29]. Due
to the negative real part of permittivity about TDBC-PVA,
the metallic-like optical dielectric characteristics of TDBC-
PVA film are displayed in Fig. 1(b), where they correspond
to the exciton wavelength 590 nm. We use a dielectric Si
nanograting to match the resonance of TDBC excitons at
the room temperature. The resonant wavelength of pure Si
asymmetric nanogratings without TDBC is 568 nm with a
transmission ratio 0.014 using software Comsol Multi-
physics (shown in Fig. 1(c)), whose full width at half
maximum extends 45 nm. And from the electric field
distributions at the resonance wavelength (Fig. 1(d)), we
can observe the optical field distributed in the narrow gap
between the Si nanowire A and B with a maximum
intensity of 8.4 a.u. and extended to the upper air
surrounding. The confinement optical field is the basic to

obtain Rabi splitting dispersion spectra of exciton
polaritons in this system with different interaction
strengths between Si nanogratings photons and TDBC
excitons. The optical transmission spectrum of Si nano-
gratings-TDBC excited by the x-polarized light at the
perpendicular illumination is displayed in Fig. 1(e). The
two separated resonance dips around the exciton wave-
length 590 nm of TDBC appeared at the wavelength 568
nm with a transmission ratio of 0.038 and 598 nm with
0.11, which correspond to high-energy and low-energy
polariton modes, respectively. Because of the wavelength
mismatch between the Si nanograting resonance and
TDBC absorption, the splitting transmission spectrum is
not symmetrical. The transmission ratio at exciton
wavelength 590 nm have a maximum value 0.16.
To study the dielectric Si asymmetric gratings-TDBC

exciton coupling system, the period of Si gratings is varied,
which directly induces to a resonant wavelength mode shift
of Si nanogratings, coming from the variation of the
interaction strength between the TDBC and Si nanograt-
ings. The period-dependent optical transmission spectra of
Si nanogratings-TDBC system and Si nanogratings
perpendicularly illuminated by the x-polarized light are
shown in Figs. 2(a) and 2(b), respectively. When the period
changes from 290 to 400 nm, there are always being for the
Rabi splitting phenomenon. For the maximum period 400
nm, one transmission dip corresponding to the upper
polariton branch (UPB) is located at the wavelength 585
nm, which increases with the decreasing of period.
Another transmission dip corresponding to the lower
polariton branch (LPB) appears at the wavelength 630 nm.
Along with the reduction of the period, the UPB and LPB
undergo an anti-crossing transmission decreasing (as the
white dotted line shown in Fig. 2(a)). The anti-crossing
center wavelength is the exciton wavelength (black dotted
line) of TDBC film. The transmission spectrum shows an
almost symmetric line shape on the condtion of the period
340 nm, which indicates that the Rabi splitting energy at
this period is almost 117.16 meV. At the crossing period
point, the polaritons are half-photon and half-exciton
quasi-particles. Similarly, we also consider the transmis-
sion properties of the Si nanogratings without the TDBC
films from the period 290 to 400 nm. Only a transmission
dip appears at the wavelength 546 nm when the period of
Si nanogratings is 290 nm, while 623 nm when the period
is 400 nm. The tunable resonance mode shift of the
dielectric Si nanogratings allow us to explore the coupling
strength as a function of nanogratings period in the hybrid
system. To confirm strong coupling, we use the transmis-
sion minimum values of the hybrid system with different Si
nanograting periods to fit the coupling strength (Fig. 2(c)).
Because there are a large number of excitons in TDBC
involved in our photon-exciton coupling system, the
coupled harmonic oscillator model is enough to provide
physical images, which is also a standard and common
model in the field of exciton polaritons [26].
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The energies of polariton modes can be viewed as [26]

EUP,LP ¼
1

2
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�
�
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, (1)

where EUP,LP are the energies of upper and lower
photon-exciton coupling mode branches, respectively.
Ephoton and Eexciton are the energies of the uncoupled Si
nanogratings resonance photons and TDBC, and g is the
exciton-photon coupling strength. gphoton and gexciton

correspond to the dispersion rates, which are full linewidth

at half maximum of the Si nanogratings cavity mode
and TDBC excitonic absorption spectra, respectively.
When gexciton and gexciton are smaller than their
energies, the image part of polariton modes can been
neglected.
Under this condition, the polariton modes can be seen as
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1

2
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A Rabi splitting 2`Ω ¼ 2
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4
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requires this system to match the condition g>

jgphoton –gexcitonj
2

when considering the strong coupling.

Besides, the Rabi spilitting must exceed the sum of the half
linewidths of the photonic mode and excitonic mode for an

actually observable strong coupling. From the pure Si
nanogratings photonic transmission resonant spectrum and
the refractive index dispersion curve of TDBC material
(corresponding to its absorption), we can clearly find
gphoton ¼ 152 meV, Eexciton ¼ 2:1 eV, gexciton ¼ 54 meV.
By fitting the transmission minima in Fig. 2(b) to the
coupled oscillator model, we can extract the coupling
strength g = 58.58 meV (here, Ephoton is determined by the

Fig. 1 Characteristics of planar dielectric Si asymmetric nanogratings and TDBC film. (a) Schematic illustration of planar dielectric Si
asymmetric nanogratings-TDBC film system. The width of Si nanowire A and B are wa= 110 nm and wb= 100 nm, respectively. The
distance of narrow gap between the Si nanowire A and B is d = 20 nm. The period of Si nanogratings is p = 320 nm. The yellow regions
stand for confined optical fields of this system. (b) Real and image permittivity parts of PVA doped with TDBC film. (c) Transmission
spectrum of a 320-nm-wide periodic Si nanogratings without TDBC film under the x-polarized incident beam. (d) Electric field
distributions of Si nanogratings at the resonance wavelength 568 nm. (e) Transmission spectrum of the Si nanogratings-TDBC coupled
system

6 Front. Optoelectron. 2020, 13(1): 4–11



transmission ratio minima from Fig. 2(a)), corresponding
to a Rabi splitting energies of 2`Ω ~2g|δ = 0 = 117.16 meV
(the detuning δ ¼ Ephoton –Eexciton), which is in agreement
with the dispersion spectra. Therefore, the interaction

satisfies the coupling strength g > ð jgphoton –gexcitonj
2

¼ 52:2 meVÞ, which identifies our hybrid system well
meet the criterion of the strong coupling. However, we can
find that it does not strictly satisfy the observation
condition of two spectral peaks for the Rabi splitting
energy (Rabi splitting 2`Ω > polariton full width half
maximum gphoton þ gexciton, but it is close [30]. So this
conclusion is in accordance with a not-big-enough
transmission value at the detuning-zero wavelength.
Figures 2(d) – 2(f) show the normalized electric field
distributions of dielectric Si nanogratings-TDBC system
with a period of 320 nm at the wavelength 568, 590 and
598 nm, which corresponds to the UPB, exciton
wavelength and LPB, respectively. We can observe that
all the optical fields are almost confined in the narrow gaps
between the Si nanowire A and B for these three
wavelengths, but have different electric field intensities

and color bars. For the condition of Si nanograting period
320 nm, the UPB is largely photon-like and shares more
optical field intensities, while the LPB is exciton-like and
becomes more photon-like with the increasing of periods.
Meanwhile, the electric field intensity of the two polariton
branches are relatively weaker than that in the Si
nanogratings without the TDBC film, depicted in Fig. 1
(d). Obviously, this is due to the fact that the exciton
components of polaritons stand for absorption in the
simulations, which can weaken the optical field intensities
at the polaritons branches. These results confirm the
formation of exciton polaritons associated with large Rabi
splitting in the dielectric Si nanogratings-TDBC system.
To further confirm strong coupling, we study indepen-

dently the calculated transmission spectra of dielectric Si
nanogratings-TDBC film system in dependence on the
height of Si, width of Si nanowire B, and the narrow
distance between Si nanowire A and B. The standard
reference sizes for the system are the same as we used
before, wa= 110 nm, wb= 100 nm, h = 100 nm, d = 20 nm, p
= 320 nm and t = 2 nm, respectively. Figure 3(a)
corresponds to a series of transmission spectra of the Si
nanogratings-TDBC film system under the condition of

Fig. 2 Calculated transmission characteristics of dielectric Si asymmetric gratings-TDBC exciton system in dependence on the period of
Si gratings under the x-polarized incident beam. (a) and (b) are transmission spectra of dielectric Si asymmetric gratings with TDBC film
and without TDBC film by tuning the period from 290 to 400 nm. (c) Energy of the UPB (orange bubbles) and LPB (bule bubbles) as a
function of Si nanograings periods. The solid lines are fit by the coupled oscillator model. The dashed lines are the energies of uncoupled
Si nanogratings resonance minima and TDBC excitons. The double-headed arrow stands for the Rabi splitting energy. (d), (e) and (f) are
the electric field distributions of Si gratings-TDBC film system when the period of Si nanogratings is 320 nm at the UPB wavelength 568
nm, exciton wavelength 590 nm, LPB wavelength 598 nm
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different heights of Si nanowires. It has been shown that
the center of anti-crossing transmission spectra appears
when the Si nanowires height is h = 106 nm, where the
corresponding Rabi splitting wavelength range is about 30
nm. For 90-nm-high Si nanowires, the splitting we obtain
is well observed at the wavelength 546 nm with line widths
of 31 nm (full width at half maximum, FWHM) and 591
nm with line widths of 19 nm as the upper (UPB) and
lower (LPB) polariton branch, respectively. Similarly, the
UPB shows a larger proportion of photon components in
dielectric nanogratings, while the LPB tends to excitons.
When the height of Si nanowires grows to 150 nm, the
splitting phenomenon shows a similar avoided crossing
with 581 nm (line widths of 21 nm) as UPB and 665 nm
(line widths of 34 nm) as LPB, respectively. In this
condition, the UPB shares more excitonic components, and
the LPB behaves opposite. In contrast, without the TDBC
layer, an individual and sharp resonant mode is calculated
by software Comsol Multiphysics for Si nanogratings
through tuning the height of dielectric Si nanowires from
90 to 150 nm (Fig. 3(b)). The resonant photonic modes
linearly shift from the wavelength 548 nm (with line
widths of 36 nm) to 649 nm (with line widths of 48 nm),
located between the UPB and LPB in coupled system.
Figures 3(c) and 3(d) show the calculated electric field
distributions of the dielectric Si nanogratings photonic
mode with d = 90 nm and d = 150 nm, respectively. For
both Si nanowire heights, we observe the optical field
confined in the narrow gaps between Si nanowire A and B
at the resonant dip wavelength. The confined field intensity
shows stronger in the Si nanowire d = 90 nm than that in
the condition of d = 150 nm. Thus, this phenomenon is in

agreement with the excitonic or photonic component ratios
of two polariton branches in our coupled system.
Similar strong interactions can be obtained with Si

nanowires of different widths and distances. In Fig. 4, we
summarize the simulated results obtained by Comsol
Multiphysics. We calculate the transmission properties of
the coupling polaritons modes (Fig. 4(a)) and the
uncoupling dielectric grating photonic modes (Fig. 4(b))
via changing the widths of Si nanowire B. The transmis-
sion spectra maintain basically minor changes with the
increase of Si nanowire B widths. For 80-nm-wide Si
nanowire B, the coupled splitting line shape is asymmetric,
in which the strength of UPB is more larger than that of the
LPB. The UPB is located at the wavelength 552 nm with
line widths of 20 nm and transmission ratio of 0.06, while
the LPB is located at the wavelength 579 nm with line
widths of 20 nm and transmission ratio of 0.22. When the
width of Si nanowire B is 140 nm, the condition behaves
opposite. The UPB wavelength is 572 nm with line widths
of 21 nm, and the LPB is 603 nm with a 10-nm-wide
transmission dip. Moreover, it is important to note that, in
our system, the different widths of Si nanowire B make
smaller influence on the uncoupling photonic modes in the
dielectric Si nanogratings compared with the Si nanowire
height. The resonant wavelength of the pure Si nanograt-
ings photonic mode turns red-shift from 554 to 579 nm
with almost the same line widths when the width of Si
nanowire B increases from 80 to 140 nm, which further
demonstrates that the confined optical field of Si
nanogratings comes from x component of the electric
field. Besides, we also study that the dielectric Si
nanogratings photons-TDBC excitons interactions can be

Fig. 3 Transmission properties of Si asymmetric nanogratings coupled with TDBC and without TDBC in dependence on the height of Si
nanowires from 90 to 150 nm. (a) and (b) are the corresponding transmission spectra, respectively. And (c) and (d) are the Si nanogratings
without TDBC film at the height of Si nanogratings d = 90 nm and d = 150 nm, respectively
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efficiently tuned by controlling the distance of the narrow
gap between Si nanowire A and B in one period (Figs. 4(c)
and 4(d)). In particular, as the distance increases, the whole
transmission spectra of the hybrid system become blue-
shift, induced by the blue-shift of dielectric Si nanogratings
photonic mode. The two polaritons branch wavelengths of
the dielectric photons-TDBC excitons hybrid system are
570 and 600 nm, respectively, when the distance is 10 nm.
While the two branches are 547 and 588 nm with a 60-nm-
wide distance. The corresponding dielectric photonic
resonant mode is 576 and 544 nm, respectively.

3 Conclusion

In summary, we realize an exciton polaritons system based
on the planar dielectric Si asymmetric nanogratings
interacted with a 2-nm-thick PVA doped with TDBC J-
aggregate dye film on the SiO2 substrate. The narrow gaps
between dielectric Si asymmetric nanowires provide a
relative confined optical field distribution. The exciton
polaritons in this system are originated from the confined
photons in the Si nanogratings and excitons in the PVA-
TDBC J-aggregated dye film. We observe a series of anti-
crossing transmission spectra with a 117.16 meV-energy
range Rabi splitting when scanning the period of Si
nanogratings from 290 to 400 nm. The splitting indepen-
dences of the height of Si, width of Si nanowire B, and
distance between the two Si nanowires in one period about
this dielectric Si-TDBC film are also studied. More
generally, our findings open up a possibility to exploit
the exciton polaritons in the dielectric photonic nano-

structures coupled with excitonic materials. Comparing
with the metallic plasmonic-exciton system (typical
dispersion rate value, gplasmon � > 200 meV), the form
of dielectric photon-exciton interaction systems possesses
less inherent losses (gphoton � 152 meV), which will
effectively increase the transmission contrast ratios and
propagation lengths, thus expanding the potential applica-
tion fields of exciton polaritons. Future exploration can be
focused on the novel photonic nanostructure using low-
loss dielectric materials instead of Si in the visible
wavelength range and temporal dynamic process studies
of dielectric photon-exciton interaction system, and
practical configurations in all-polaritons devices and
circuits based on the dielectric photon-exciton polaritons
system.
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