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Strong coupling between surface plasmon-polaritons and organic molecules
in subwavelength hole arrays
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The interaction of al-aggregate and surface plasmon polariton modes of a subwavelength hole array have
been studied in detail. By measuring the effects of hole array period, angular dispersion and concentration of
the J-aggregate on the transmission of the array, the existence of a strong coupling regime is demonstrated with
a Rabi splitting of 250 meV. This large splitting is explained not only by the high oscillator strength of the dye
but also by the high local field amplitudes generated by surface plasmons of the metallic structure.
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I. INTRODUCTION In the present case, the role of the cavity or waveguide

The ability to texture metals down to the nanoscale hagnode is played by the hole array SPP modes and the exciton
opened new perspectives in the field of photofits.order 1S aJ-_aggrega_lte that has proven to be well suited for strong
to create new miniaturized devices, surface plasmon-base&®upling studies?
photonics or plasmonics take advantage of the particular be-
haviour of the bound waves that exist at the surface of nano-
structured metals such as surface plasmon-polarii®R&$.
Metallic films periodically milled with SUbWé\VG'Eﬂgth holes The Samp|es used in this work were prepared as follows.
are an example of such a device where coupling of light toz quartz substrate was coated with a 270 nm thick Ag film
SPPs enhances the optical transmission by orders of magnifter which the hole array was milled with a focused ion
tude(see, for example, Refs. 2)-@eyond their fundamental jeam(FEI Dual Strata 235 see Fig. 1. A range of samples
interest, subwavelength hole arrays are increasingly beingere made with different hole periods between 290 nm and
used for spectroscopic and sensor applicati®e®, for ex- 450 nm, the hole period to diameter ratio being kept at 2.5
ample, Refs. 7-101In such cases, it is important to under- st the period was varied. A 300 nm thick polyviny! al-
stand the details of the interaction between the molecules ang,p,| (PVA) film, both with and without thel-aggregate
the SPPs sustained by the hole arrays. Both the properties ,2'-dimethyl-8-phenyl-5,6,5 6'-dibenzothiacarbocyanine
molecules and those of the SPPs can be strongly affected by, qige from Hayashibara Biochemical Laboratories, )inc.
each other. For instance, molecular fluorescence is modified o< then spin-coated on the samples. The typical concentra-

by proximity to a metal surfac&'*and the surface plasmon- {ion of the J-aggregate in the dry PVA was 0.5 moles per
polariton dispersion curves of flat metallic films are changedgms_

by the presence of molecular absorption transitigrs.

For those reasons, we have studied in detail the interac-
tion of dye molecules with the SPPs of subwavelength hole [l. RESULTS AND DISCUSSION
arrays. In the process we have found that, under certain con- . . . .
ditions, a strong coupling regime between the dye and SPP Subwavelength hole arrays in optically thick metal films,

modes can be observed as reported in this article. Strong; shown in_ Eig. 1, are characterized by transmission peaks
coupling has been the subject of much research in atomi ith transmittivity far greater than expected for such small

and solid state physi#&2° and has been studied more re- apertures. The enhanced transmission is due to the coupling

cently with molecular exciton€:23 The coupling between
the photonic mode and the electronic transition in these sys-
tems is such that new mixed states, termed cavity polaritons,
are formed. The system response is then to oscillate in time
between the two statgempty cavity with excited dye and
cavity photon with relaxed dye stajedllustrating the peri-
odical exchange of photon energy between the coupled
modes. The period of these so-called Rabi oscillations have
to be shorter than the lifetime of the two states for the system
to be in the oscillatory regime. Typical evidence of the strong
coupling regime(in the static domainis the anticrossing
behavior in the dispersion curve of the photon mode at the FIG. 1. Scanning electron image of a typical hole array milled in
exciton energy where otherwise the uncoupled modes would silver film (thickness=370 nm; period=380 nm; diameter
have crossed. =150 nn).

Il. SAMPLE FABRICATION
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FIG. 2. Normal incidence transmission spectrum of a silver hole 0.0 . . .
array (period=380 nm covered with a 300-nm-thick PVA film 600 650 700 750 800
(black, and absorption spectrum of a PVA film doped with the
cyanine dyegdashed gray line Markers indicate the wavelengths Wavelength (nm)
of the different SPP modes estimated from Eg.and identified by

FIG. 3. Normal incidence transmission spectra of a hole array
(P=380 nm covered with undoped PVAdotted ling and with
J-aggregate doped PV4solid line). The vertical line at 693 nm

of light to surface plasmon-polariton modes resulting in larg@ngicates the peak of th:aggregate absorption band.
field amplitudes at the surface which compensate for the oth-

erwise inefficient tunneling process through the apertures

This event occurs whenever the energy and in-plane momelli)-eaks whose positions depend on the SPP mode energy rela-
tum of light and the SPP mode are identical. SPPs posset|ve to that of the exciton. We must emphasize here that this

%%p does not result simply from the damping of the transmit-

more momentum than freely propagating light, thus theted light by absorption due to the molecules; similar results

matchmg condmong are provided by the Bragg scattering, .o shserved whether or not absorption is taken into account
induced by the periodicity of the structure as described b¥n lotting the transmission specti@or clarity the dat i
the following equatior?: P 9 b ' y Ihe data pre
sented here were not corrected.
T D i i~ To fully analyze the interaction between the molecules
[ksel = [k +1G+ Gy, @) and the SPP modes, it is instructive to vary in a systematic
wherekgpis the surface plasmon-polariton wave veclkgis ~ way the energy of the SPP mode relative to the dispersion-
the inplane wave vector component of the incident light, less exciton band. In this way, we can probe the response of
andG, are the reciprocal lattice vectofi&,|=|G,|=27/P, P the system when the two modes are brought into resonance.
being the period of the arrayandi, j are integers. By virtue of Eq.(1), the resonance and therefore the strong
For a square array at normal incidence, it can be showroupling can be studied by either varying the period of the
that the peak positions are then given in a first approximatiomole array or the angle of incidence of the incoming light on
by the following equation: the sample. These two methods provide complementary evi-
dence of the strong coupling regime, as shown next.

the indices(i, ).

2 o _ €182
)\maxV(|2+12)_P T (2) . . ..
g1t ey A. Dependence of normal incidence transmission spectra

wheree, ande, are the dielectric constant of the metal and on hole period

the dielectric media, respectively. Each set of indigep is Figure 3 shows the splitting of th@,0) SPP peak in the
therefore associated with a peak in the transmission spectrupresence of thé-aggregate. In Fig. 4 the peak positions are
as shown in Fig. 2. Note that SPP modes appear at botplotted for a wide range of array periodsetween 290 nm
metal/dielectric interfaces of the film and that these are norand 450 nny and show the typical signature of strong cou-
mally offset due to the difference in refractive index of the pling: anticrossing. As can be seen, the original dispersion
two dielectric media. The small refractive index contrast be-curve of the(1,0) SPP moddin white) undergoes anticross-
tween the quartz substraté.46 and the PVA(ca. 1.52 ing around the exciton energy. The resonance, characterized
coating used here results in the appearance of a single setly a minimum splitting energy difference, occurs for a pe-
peaks. riod of 380 nm. This is slightly lower than the 400 nm indi-
The J-aggregate is characterized by a strong and sharpated by the undoped samples spectra, and is probably due to
absorption peak at 693 nfl.78 eV also shown in Fig. 2. the presence of thél,0) mode at the quartz interface; this
When it is present at high concentrations in the PVA film onmode induces a slight blue shift of the apparéht) peak
top of the hole array, the transmission spectrum of the lattecompared to a truly symmetric structuitevo PVA/silver in-
at normal incidence changes dramatically, as illustrated ierfaces. In other words, only th€l,0) mode on PVA side is
Fig. 3. As can be seen, the original peak is split into twoaffected by the close proximity of thaggregate. It should
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FIG. 4. (Color Energy dispersion curves for undoped samples
(white) and J-aggregate doped sampléed and blug determined Angle of incidence (deg)
by varying the period of the hole arrays. The blue and red dots ) ) )
correspond to the two peaks shown in Fig. 3 with an extended range FIG- 5. (Color) SPP dispersion curves, for a silver/PWlack
of period (from 290 to 450 nry and the red dashed line to the dotted and silver)-aggregate doped PVA interfacblue curves
exciton absorption energy. These plots were done using E¢k). and(2); the dielectric constant

of silver was taken from Ref. 29 and that of the dye was estimated

o i . . .. from a simple Drude-Lorentz model using its known absorption
also be noted that equal or similar linewidths and intensitiegroperties. The perio®, used for these calculations, was chosen

of the two peaks are not observed exactly on reson@Ace sych that the1,0) modes of the PVA/silver interface cross the dis-

=380 nm but for a slightly positive energy detuning, as a persionless exciton bar(ded ling at normal incidence.

consequence of the asymmetric inhomogeously broadened

J-aggregate absorptidh:2® The calculated lifetime of the hybrid polariton from this
The corresponding Rabi splitting measured on resonanceidth (~3 fs) is indeed shorter than the lifetime of the un-

(roughly 250 meV is in good agreement with the results coupled stateon the order of 10 fs for SBP?” and on the

obtained with similar dyes in Fabry-Pérot microcavifié$®>  order of ps forJ-aggregate’).
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FIG. 6. (Color) Measured transmittance gfpolarized light as a function of angle of incidence and photon energy for different hole
arrays with period 33@a), 380 (b), and 430(c) nm. The data are presented using a grey-intensity $ediiée stands for high transmission
while black for low transmission White dotted lines represent the theoretical dispersion curves of the SPP mode propagating at the
PVA/silver interface in the absence of dye; the blue and red curves are only guides for the eye to show the two upper and lower polariton
brancheqUB and LB). Note that the data were mainly collected for positive angles and the symmetrical representation is only used for
clarity.
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B. Angle dependence of transmission spectra 300

Using Eq.(1), one can calculate the SPP dispersion curves 250
of the hole arrays in the presence of the excibwt in the
absence of strong couplindror instance, Fig. 5 shows the
results of such a calculation where the exciton is at resonance
with the (1,00 SPP mode at normal incidence. The wiggle at
the exciton energy is due to the dispersion of the dielectric
constant induced around the exciton absorption, something e
we estimated using the Drude-Lorentz model. When the dye 80 7
concentration is sufficiently high in the PVA film on the hole 0
array, the experimentally derived dispersion curves are very 0.0 05 1.0 15 20
different from such predictions and reveal the expected anti-
crossing due to strong coupling as can be seen in Fig. 6. Data
are shown for 3 dn_‘f_erent array periods chosen to be N€Ja- | 7. variation of the Rabi splitting as a function of the square
tively detuned, positively detuned and on resonance relativg, ot of the absorbance of thiaggregate/PVA film.
to the exciton energy at normal incidence. Superimposed on
these experimental data are the calculated dispersion curv
of the SPP modes on the PVA side of the hole arifay

200
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e

Absorbance1/2

ﬁFms. The splitting energy is expected to vary as the square
clarity in the absence of thd-aggregate The colored root of the absorbance, which itself is the product of the film

dashed lines are schematic dispersion curves as a guide to t ckness,. the concentration and the intrinsic a_bsorptlon
eyes of the changes induced by the strong coupling. cross-section of thd-aggregate. The results plotted in Fig. 7

All the experimental dispersion curves shown in Fig GShOW very good agreement with the predicted square root
show the opening of a gap at the exciton energy and'th ependence which has also been been observed in the case of

in mi itiegl,23
resulting band splitting and bending. The two lower polariton yes in m|crocay|t|e§. -
branchesLB +1 and LB —1), originating from the modes The above evidence indicates that dye molecules such as

(+1,0 and (1,0, are clearly observed below the J—Iaggregatels g:tan undgrgo strongt c;ubplmtg W|thbthe S:Jrfac;ﬁ
J-aggregate band which is centered around 1.78 eV. In thg asmon-polariton modes supported by the subwaveleng

transmission spectra they appear as a couple of separat 8Ie arrays. At appropriate frequencies these modes are

diverging peaks whose progression toward high energies Etandi_ng waves on the surface_ Of. the array and may thus.act
blocked by the exciton band. As a consequence the lowel & similar fashion to the cavity in strong coupling experi-

branches are progressively flattened as the period is reduc ntlsoln\éfl\r/]mg m'ﬁirr?c?v't't?lf' tI)D es;sltz tt)he|r lo@ ]}zi,[(;]tor\/ ;
owing to this band being closer to the exciton energy, as ca ;:a. , Strong coupling IS Still observed because of the very

be seen by comparing the curvature of the LBs with decrea rge oscillator strength of the dye and the fact that the SPPs
ing period in Fig. 6. In the case of the two upper polaritonare associated with enhanced electric fields in the immediate

branchegUB +1 and UB—1), the situation is complicated vi_cini_ty of the surfacg where the dye.is chgt’édl’his com-
by the nearby presence of other modes such as the SBP bination also results in the Iarge_Rabl spll_ttlﬁgso me\j. .In
modes and in-plane interference phenomena of the vario eneral, surface plasmon-polaritons which can confine the

SPP modeswhich is beyond the scope of this articl@he clectromagnetic energy in very sm_all volu_mes, shoulql be
splitting between upper and lower polariton branches, oY favorable to strong coupling.It is possible that peri-

resonance, is again ca. 250 meV as expected from the resuﬁgic metal gratings also a!lqu the obseryation Qf strong cou-
of Fig. 4 ' pling. Therefore, the possibility of such interactions must be

considered when studying molecule-surface plasmon-
polariton phenomena in nanostructured systems.

C. Dependence of the splitting on concentration
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