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Surface exciton polaritons (SEPs) are very important for the
realization of novel sensors and next-generation optical
devices. Here we propose for the first time, to the best of
our knowledge, a Kretschmann—Raether device that is able
to induce SEPs propagating along the interface between
a J-aggregate cyanine dye and air at room temperature.
This configuration has the advantages of being straight-
forward to realize and easy to study because the
Kretschmann—Raether approach is the most simple and
fundamental from the theoretical point of view. Here a
J-aggregate cyanine dye produces strong binding energy
due to Frenkel excitons, and this enables the observation
of SEPs easily at room temperature. One of the advantages
of the use of the J-aggregate cyanine dye is the simple device
preparation. This is because the J-aggregate cyanine dye
can be easily deposited on any arbitrary substrates with a
spincoating or dip-coating technique from its aqueous
solution in ambient condition. We observed SEPs at room
temperature, and the deepest resonant peak was obtained
for a 94 nm thick 5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-
(4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-
(4-sulfobutyl)-benzimidazolium hydroxide film at 532 nm
wavelength. Our results may pave the way for the realization
of novel SEP biosensors in a simple and straightforward way
at room temperature. © 2017 Optical Society of America

OCIS codes: (160.4890) Organic materials; (240.0240) Optics at
surfaces; (240.5420) Polaritons; (240.6680) Surface plasmons;
(260.6970) Total internal reflection.
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Surface polaritons are surface electromagnetic waves propagat-
ing along a surface of a medium whose permittivity is negative
due to plasmons, excitons, or phonons. Among them, surface
exciton polaritons (SEPs) have been experimentally observed at
a surface of various inorganic and organic crystals in previous
works [1-5]. The common property of the excitons in these
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media is their strong oscillation strength, which gives strong
coupling to the electric field. Extremely low temperature is re-
quired for supporting SEPs in inorganic crystals, because exci-
tons in these media are Wannier—Mott excitons whose binding
energy (~0.01 eV) is lower than the thermal energy at room
temperature (0.025 V) [6]. On the other hand, excitons in
organic material are Frenkel excitons which have higher bind-
ing energy (0.1-1 eV) than the thermal energy at room temper-
ature [6]. Actually, SEPs in organic crystals were observed at
room temperature [5]. However, SEPs in non-crystalline media
at room temperature have not been reported, to the best of our
knowledge. In this Letter, we observe SEPs at the surface of a
J-aggregate cyanine dye film as an organic non-crystalline
medium.

Cyanine dye easily forms a J-aggregate in polar solvent such
as water. In the J-aggregate, the binding energy of the Frenkel
excitons is quite high due to the dipole-dipole interaction be-
tween molecules. This results in a very narrow redshifted and
strong absorption band, called J-band, compared to that in
monomers [7-9]. This property realizes strong vacuum Rabi
splitting through coupling of the J-aggregate cyanine dye
and surface plasmon polaritons [10—12]. Bellessa ez a/. observed
strong coupling between surface plasmons and excitons at the
interface between silver and cyanine dye [13]. One of the ad-
vantages of J-aggregate cyanine dye to support SEPs is the sim-
plicity of the device preparation. J-aggregate cyanine dye can be
easily deposited on any arbitrary substrates with spincoating or
dip-coating from its aqueous solution in ambient condition.

Figure 1(a) shows the chemical formula of a 5,6-dichloro-2-
[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]-
propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide
(TDBC) molecule, which is the cyanine dye we used.
Although TDBC is partially crystalline, it can be easily deposited
with spincoating or dip-coating. First, we measured the thickness
and the complex dielectric constant of a TDBC film. For the
thickness measurement, we modified the surface of a 1 mm thick
glass substrate by depositing a polyvinyl alcohol (PVA) and a
silica film, whose total thickness was 25 nm [see Fig. 1(b)],
because it is difficult to peel off the sticky TDBC film which
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Fig. 1. (a) Chemical formula of TDBC. (b) Measured (solid curve)
and fitted (circles) absorption spectra of a 60 nm thick TDBC film on
25 nm thick silica/PVA composite film and glass substrate at room tem-
perature. The inset shows the structure of the sample. (c) Calculated
complex dielectric constant of the TDBC film via fitting.

is directly deposited on a glass substrate. This process is required
to measure the thickness of the film with an atomic force micro-
scope (AFM). The PVA layer between the TDBC film and the
glass substrate makes it easy to peel off the TDBC/silica/PVA
composite film from the glass substrate. The surface of the silica
layer gives the same condition as that of the glass substrate in the
spincoating process. We spun a 30 mM TDBC aqueous solution
on this substrate, then peeled off a part of the film and measured
the step height by an AFM (VN-8010, Keyence). The obtained
thickness of the TDBC film was 60 nm. Figure 1(b) shows the
absorption spectrum of the same sample measured with a
UV-Vis spectrophotometer (UV-2550, Shimadzu). The absorp-
tion peak at 588 nm represents the characteristics of the
J-aggregate, whereas the absorption peak for monomers may
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Table 1. Fitted Parameters

j w,; (em™) wg; (cm™) 7; (cm™)
1 4340 13,570 2409
2 4383 15,330 1352
3 3511 16,140 565.5
4 11830 16,960 117.3
5 1621 18,710 561.6

appear at ~530 nm [9]. We calculated the dielectric constant
of the TDBC film by fitting a model consisting of five Lorentzian
oscillators:

5
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to the observed spectrum. In the fitting we ignored the silica/
PVA layers since they have almost the same refractive index
as the glass substrate in the measurement wavelength region.
Table 1 summarizes the fitted parameters. Figure 1(c) shows
the estimated real and imaginary part of the dielectric constant
of the TDBC film, and the best fitting was given with e, = 0.
To have SEPs on the TDBC film, the real part of the dielectric
constant should be less than 1. Thus, as shown in Fig. 1(c),
the TDBC surface actually supports SEPs in the range from
463 to 589 nm.

Next, we observed SEPs using the Kretschmann—Raether
configuration [14], where the metal film was replaced with a
TDBC film, as shown in Fig. 2. A glass substrate, of which
one surface was deposited with a TDBC film, was attached
to the bottom surface of a BK7 prism (z = 1.52) using index
matching oil. We measured the reflection intensity as a func-
tion of the angle of incidence. A 532 nm wavelength laser beam
(125 mW, GREEN-SLM LASER, Uniphase) with p-polariza-
tion was used as the incident light. All measurements were done
at room temperature. Figure 3(a) shows the measured reflection
curves for the TDBC films with several thicknesses. The reflec-
tion curves were normalized to the maximum intensity. Each
reflection curve exhibits a resonant dip derived from SEP res-
onance at an angle of ~50°, which is larger than the critical
angle for the interface of the prism and air. The depth of
the resonance dip inidally increases and then decreases with
the thickness of the TDBC film. The deepest dip was obtained
for a 94 nm thick TDBC film at 53.6°.
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Fig. 2. Experimental arrangement for the attenuated total reflection
(ATR) measurement.
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We calculated reflectance as a function of the angle of
incidence using the dielectric function shown in Fig. 1(c)
for the same configuration as the experiment. Figure 3(b) shows
calculated reflection curves for TDBC films with several thick-
nesses. In this calculation, we used a fitted dielectric constant
€ =-2.59 4 0.375i. The deepest dip was obtained for a
60 nm thick TDBC film at 54.7°. The width of the calculated
dips was much narrower than that of the experimental results.
Two reasons can be considered for the broadening of the dip
width in the experiments. One is the surface roughness of the
TDBC films, and the other is the thickness inhomogeneity in
those films. The measured root-mean-square roughness of the
TDBC films was 6.4-9.9 nm. The surface roughness in the
TDBC films causes the scattering of SEPs. This scattering
shortens the propagation length of SEPs, resulting in the broad-
ening of the dip’s width [14]. The large thickness inhomoge-
neity also broadens the resonant dip width, since the resonant
angle depends on the thickness of the TDBC film in the
Kretschmann—Raether configuration. In this case, the dip be-
comes shallower, because the reflectance curve is given by the
average of those that correspond to each thickness. However,
the experimental spectrum for the 94 nm thick film showed
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Fig. 3. (a) Experimental and (b) calculated ATR reflection of 41,
60, 94, and 108 nm thick TDBC films.
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Fig. 4. Calculated dispersion relation of an SEP at the interface
between a TDBC film and air in the Kretschmann—Raether
configuration.

almost zero reflectance at the dip. For this reason, we concluded
that the broadening of the dip width was mainly caused by the
surface roughness of the TDBC films.

Figure 4 shows the dispersion relation of the SEP in the
Kretschmann—Raether configuration shown in Fig. 2, calcu-
lated with the dielectric function of TDBC shown in Fig. 1(c).
The reflectance is mapped as a function of wavelength and
the angle of incidence. The assumed thickness of the TDBC
film was 60 nm. The locus of the reflection minimum in
the wavelength region shorter than 580 nm corresponds to
the dispersion relation of the SEP.

An interesting phenomenon can be seen in the behavior of
the resonance curves for SEPs, when it is compared to surface
plasmon polaritons in silver, gold, or aluminum in the
Kretschmann—Raether configuration. It is well known that
the resonant angle shifts toward a smaller angle as the thickness
of the metal film increases [14]; in contrast, in our case, the
resonant angle shifts toward larger angles with thickness. We
calculated reflectance spectra in the Kretschmann—Raether con-
figuration with several combinations of the real part and the
imaginary part of the dielectric constant of the thin film to in-
vestigate this phenomenon. We noticed that when the absolute
value of the real part is relatively small, the resonant angle
shifted toward larger angles as the thickness of the film in-
creases, whereas when the value is relatively large, the resonant
angle shifted toward smaller angles. We discovered that the
direction of the angular shift changed at [Re(€)| ~ 5, when
the dielectric is air. The absolute value of the real part of
the dielectric constant of TDBC films is |Re(e)| = 2.59 at
532 nm, which is much smaller than that for silver, gold,
and aluminum.

In conclusion, we obtained for the first time, to the best of
our knowledge, a J-aggregate cyanine dye that is able to realize
SEPs at room temperature. In addition, we obtained the dielec-
tric function of the TDBC film by fitting a Lorentzian model to
the absorption spectrum of the TDBC/silica/PVA film. From
this function, we were able to understand that SEPs can be
supported by the TDBC films in the wavelength region starting
from 463 to 589 nm. We used the Kretschmann—Raether con-
figuration on the TDBC organic non-crystalline medium at
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room temperature. We observed SEPs on this surface and ob-
tained the deepest resonant dip for the 94 nm film thickness at
an incident angle of 53.6°, when excited at a wavelength of
532 nm. The observed dip width was broader than the calcu-
lated one because of the scattering loss due to the surface rough-
ness of the TDBC film. Nevertheless, the results demonstrate
the existence of SEPs at room temperature with our J-aggregate
cyanine dye system. This may have implications for the reali-
zation of novel SEP-based biosensors or optical devices. There
are additional potential advantages of the use of organic mate-
rials, such as the possibility to synthesize novel molecules with
less damping and the possibility to pattern such active materials
with more ease than using metals, with better versatility in the
functionalization/linking of molecules. Moreover, organic exci-
tonic materials have substantial optical nonlinearity, which
could be exploited for novel sensors or devices [15-18].
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