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Excitation of broadband surface plasmon polaritons: Plasmonic continuum spectroscopy
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The excitation of surface plasmon polaritons in a thin metal film is extremely sensitive to the surrounding
dielectric environment. We introduce here a far-field method to directly observe surface plasmon propagation
and demonstrate that the lateral intensity decay length is affected by a change of the interface properties. The
method relies on the detection of the intrinsic lossy modes associated with plasmon propagation in thin films.
We also introduce a method to excite a broad spectral distribution of surface plasmons simultaneously through-
out the visible spectrum allowing a unique form of surface plasmon-based spectroscopy.
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l. INTRODUCTION propagation 1% An increasing number of near-field studies
deal with the interaction of SPPs with film defects or struc-
Jures fabricated on metal film&-18 The lateral decay of the
surface plasmon traveling in the film is a measure of the
ideality of the electron gas and is mainly influenced by the
nimaginary partk”(w) of the dispersiod.Experimentally, the

Surface plasmon resonance spectrosd&BR has been
extensively studied in the past, providing quantitative an
qualitative analyses in analytical chemistripiochemistry?
and physics applicatiorisSurface plasmon polaritoriSPP$

are known solutions of Maxwell’s equations applied along a . .
interface between a medium with a negative permittivity, i.e.>" - |ateral damping mechanisms and the effect of adsorbates

a metal and a dielectric. Being an interface phenomenorﬁn the propagation length of the SPPs were originally studied

- ioH-21 )
SPPs are extremely sensitive to the dielectric environme f thefmfrared f?g'of ."".B%,_Tmﬁ. recenlily at tr;]e 63hZ nm
surrounding that interface. The resonance condition to excitgS€" frequency in the visibfe.In this work, we show how

SPPs is governed by a dispersion relation between the Waftrlnsm and extrinsic losses affect the SP lateral decay

vector of the incident light and the energy of the SPPs. Fo ength throughout the visible part of the spectrum. We unam-

real metals, where the metal permittivity, is a complex iguously demonstrate the influence of small dielectric
quantity (en=€/ +i€"), the dispersion relatiok(w) is com- changes on the attenuation of the SPPs. To this end, we de-

posed of a real terrk’(w) and an imaginary terr’(w). veloped a unique scheme to excite surface plasmon waves

In the classical embodiment of SPR spectroscopy, i.e.. thand to directly visualize their lateral intensity distributions.

) ) o hstead of reconstructing a two-dimensional map of the plas-
Kretschmann configuraticha metal-coated prism is used to ; . . ' . .
mon intensity with the help of near-field techniques, we di-

reflect an incoming light beam with a total internal reflection rectly observe the SPP lateral distribution by detecting SPP’s

geometry. For a given excitation wavelength, the OliSperSiOri‘ntrinsic radiation losses inherent to their existence in thin
relation of the SPPs must be fulfilled in order to excite the

S ; o etal films. The proposed technique relaxes some of the
SPP resonance. This is achieved by adjusting the angle {)Fmitations of classical SPR imposed by the dispersion rela-

incidence of the incoming light. Alternatively, constant-angle.. )
tion such as constant-angle or constant-wavelength excita-
sensors use monochromators to match the resonant energy, . ;
- L on. Our new approach of plasmonic continuum spectros-
At the resonance condition, the light is absorbed by the meta}:0 (PCS allows us to excite simultaneously a white-light
film in the form of SPPs. The signature of SPP excitation by y 9

. . . ontinuum of SPPs throughout the visible spectral region.
results in a decrease of the intensity reflected from the met X .
. . . ; roadband surface plasmon polaritons have potential for the
surface. Plotting the normalized intensity of the reflected

beam against the angle of incidence or incoming wavelengthryvest'gatIon of wavelength-sensitive planar photonic de-

reveals the resonance in the form of a SPR intensity miniYices or for the spectral study of adsorbates on metal films,

mum. Monitoring the shift of the SPR minimum upon areas of technological and basic science interest.
changes of the dielectric environment such as a molecular
adsorption on the metal film, is the basis for commercial SPR
spectroscopy. For noble metals such as gold and silver,
k'(w)>K'(w) in the visible part of the spectrum and the po- For a thin metal film(permittivity ¢,) bounded by two
sition of the reflected minimum is mostly affected by modi- different dielectric medidpermittivitiese; ande,) there are a
fications ofk’(w). total of four solutions to the dispersion relaticistwo of
With the increasing trend towards the miniaturization ofwhich are nonradiative modes existing at each of the inter-
photonic circuits, it was realized recently that the confinediaces. Figure (8 shows the mode solutions for a wave
nature of surface plasmons and their relatively long propagaPound at the interface,/e;. The wave amplitudes associ-
tion length make them suitable for integration in metallic ated with these bounded modes are exponentially decaying
planar circuitry design&Due to the evanescent nature of the across the metal and the dielectric medium. As the field pen-
SPP field traveling at the metal/air interface, near-field techetrates to the opposite interface,/e,), it couples into ra-
niques are instrumental in the observation of SPRliative leaky waves propagating in the dielectric that are the

Il. EXPERIMENTAL CONFIGURATION
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Incident white-light within the back aperture of the lens as depicted in F{g).1
(b) continuum beam .
= siver film The angle of the beam emerging from the lens and the angu-
- Y lar spread was controlled by adjusting the beam position with
' respect to the optical axis. The broadband excitation and
NA14 emission of surface plasmons was reported in the past
NG 60X | T through fluorescent near-field couplifitHowever, the spec-

EEL L e tral content of the surface plasmon polaritons in that particu-

Reflected beam ¥ lar study was limited by the fluorescent response of the pho-
toresist employed.

FIG. 1. (a) Field distribution of a surface plasmon mode bound  Another advantage of the high N. A. immersion lens is its
at the metal/air interfacéey,/€;) and the leakage radiation in me- ability to capture the SPP’s leakage radiation. The LR is
dium e,. (b) Schematic of the excitation of a white-light continuum characterized by a well-defined emission angggfor every
of surface plasmons and their observation through detection of thgjavelength that is greater than the critical angle in the glass.
leakage radiation using an index-matched oil inmersion lens.  Therefore, elements in optical contact with the substrate are
necessary to avoid total internal reflection of LR within the

Glass (gp)

eventually decouple, and the dispersion relations of the struc/erted optical microscope focused on the metal/glass inter-
ture are similar to the ones describing surface waves at thgc® and is used both for SPP excitation and LR detection.
interface between semi-infinite media. The leakage radiation was recorded and imaged by a CCD
In SPR techniques where the excitation area roughly com¢a@mera placed in the image plane of the microscope as de-
pares with the SPP propagation length, this lossy leakag@icted in Fig. _Ib)- _
radiation(LR) interferes destructively with the incoming ex-  The white-light continuum was produced by the output of
citation light and cannot be detectétowever, if the exci- @ Coherent MIRA regeneratively amplified Ti:sapphire laser
tation area is significantly smaller than the lateral spread ofystem. The continuum is created through well-known meth-
the surface plasmons, LR can be obser/&#4The obser- ods, in particular by focusing the 800-nm pulses into a small
vation of LR gives a direct measurement of the nonradiativd?iece of sapphir¢50 fs/pulse at 250 kHz The white light
surface plasmon traveling at the opposite interface. The inProduced in this manner is generally easier to manipulate,
tensity of the losses, at a given lateral position in the film, iscollimate, and focus than other typical white light sources.
proportional to that of the SPP at the same positfon. The white-light was spatially filtered by coupling the beam
Figure Xb) describes the experimental apparatus used t§to a~5 um diameter optical fiber. A collimating objective
excite a white-light continuum of SPPs and the detection ofN.A.=0.4) was used against the 0.1 N. A. of the fiber to
the associated leakage radiation. SPPs were excited in a vepyoduce a 1.5 mm diameter collimated white-light beam. The
similar manner to the Kretschmann configuration. Unlike thePolarization of the continuum beam was controlled by a
conventional SPR apparatus, we did not use a right-angléombination of a multiwavelength wave plate and Glan-
prism to satisfy the total internal reflection and the SPP resol hompson polarizer. The asymmetric plasmonic films were
nance requirements. Instead, a high-numerical aperture oiproduced by thermally evaporating thin silver films on
immersion objectivéN.A.=1.4) was used? cleaned glass cover slips. We investigated films with a silver
There are several key advantages for using an oillayer of 30, 40, 50, and 70 nm. The thickness and the rough-
immersion lens to excite surface plasmons over the standaf£ss characteristics of the films were checked by atomic
prism. First, in order to visualize the leakage radiation, theforce microscopyAFM).
SPP excitation area must be smaller than the SPP propaga-
tion length. This is achieved by focusing the illumination I1l. SURFACE PLASMON RAINBOW JET
beam to a small area. As a result of the focusing, a broad o ]
distribution of rays or wave vectors are incident on the glass/ Figure 2a shows the leakage radiation emitted at the
silver interface. For a given wavelength, a resonant wavénetal/glass interface by a white-light continuum of surface
vector will be responsible for SPP excitation, while the Oth_plasmons travellmg at the air/metal mtgrfa_ce. The excitation
ers will be reflected or transmitted through the film. How- light wasp polarized to match the polarization of the surface
ever, if the illumination light is composed of a white-light Waves. The |IIum|nat'|on.spot reflect.ed at the g]ass/metal in-
continuum, virtually all wave vectors will be able to couple terface can be seenin Figa2 as a bright white circular spot
into SPPs providing that the angular spread of the illuminain the right-hand side of the image. The excitation spot is
tion beam is large enough to have all the resonance wavaPout 3um at full-width at half-maximum. To the left of that
vectors of the continuum. The SPP excitation angles fof€dion, a rainbow jet extends along the in-plane wave vector
wavelengths throughout the visible are confined within a few(k) corresponding to the direction of the excitation wave vec-
degrees around 45°. Therefore, if the full N. A. of the objec-tor projected on the surface of the film.
tive is used, only a small fraction of the light will be con-  The spectral intensity distribution of the SPP jet can be
verted into SPPs and the overwhelming remaining part willunderstood from the dispersion curve of the interfae).
be either reflected from the film or transmitted through it.For the red part of the spectrum, the dispersion curve follows
Instead of completely filling the back-aperture of the lens, avery closely the light line resulting in large group velocities
small beam of collimated white-light radiation was adjusteddw/dk of the waves. The intrinsic losses given by the imagi-
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FIG. 3. (a) Semilogarithmic plot of the surface plasmon leakage
radiation decay for four wavelengths 600 ridiamond$, 550 nm
(triangles, 500 nm (circles, and 475 nm(squares The solid

g curves represent single exponential decays fitted to the @ata.
Experimental surface plasmon decay lenbtp (data point as a

s polarization

FIG. 2. (Color online Surface plasmon rainbow jet emitte

from a 50-nm-thick silver film(a) Leakage radiation intensity dis- ¢ . f the SPP | h for film thick f30
tribution for ap polarized white-light continuum excitation beam. unction of the wavelength for film thickness o rect-

The surface plasmons form a rainbow jet as they propagate awai/qglehs' 40 nm(ci(;c(ljes), anld 50hnfm(trir?ngle§%fThe d;sheﬁ_ c;rves
from the focal spot(b) Control experiment with an excitation beam re the computed decay length for three different film thicknesses.

that iss polarized.
nential decay, and the SPP intendigy can be expressed as

e . — aLspXx
nary part of the complex permittivit”, in the metal are sp™~ € 57 Lspandx; are the decay length and the lateral

small and the SPP propagates for relatively long distances difStance from the source, respectively.

the metal film. For smaller wavelengths, the curve flattens 1 h€ data points in Fig.(8) show the results of the expo-

out to reach asymptotically /\2. wherew. is the plasma nential fitting procedure as a function of wavelength for three

frequency of the metal Asup increases inpthese excitation different thicknesses of the silver film. The error bars in the
. m

frequencies, the group velocity is reduced to smaller quantigraph represent the confidence margin of the exponential fits

ties. The consequence of this behavior can be observed a8d do 3(}'{ incluhde the ulncer';]aié\ty ofdthe filmfthri]ckn.(IaSS. As
dispersion of the propagation length of the various spectra?)fp?(.:te rom the wave ength dependence of t € stiver per-
ittivity and from Fig. Za), the longer propagation distances

components composing the surface plasmon continuum. THE

blue part of the spectrum tends to be more confined to thare achieved for the longer excitation wavelength. The val-

excitation spot, whereas the longer wavelengths propagaf%ées ofLgp are consistent with reported propagation distances

further on the film surface as shown in FigaR A control OL s(;ngle wavelengkj]th rrr:ee:jsuremleﬁﬂé.Adgitki]onally, If:ig.
experiment is shown in Fig.(B) where ans-polarized exci-  S(P) demonstrates that the decay lengi of the SPP, for a

tation beam was used. The jet is no longer observed for thigiv_en wa_velength, ShOW?Q’ a disper_sive b_ehavior asa fu_nction
case and confirms that the signal observed gguolarized of film thickness. This thickness dispersion was theoretically

excitation is due to the SPP’s leakage radiation. The smaFP_rediCteds and c?n ge unc:1erstood _inl(;ermsh of c.:c;uplin(i;.effi—
protrusions situated on the right side of the excitation are lency. The amplitude of the SPP field at the air/metal inter-

are ghost reflections originating from the Glan-Thompso ace is exponentially dec'ay.ing'across the r_netal layer and is
polarizer. _coupled into leakage radlatlon in the opposite medigtass _
in the present cageAs the thickness of the metal layer is

decreased, the coupling efficiency is increased, and radiation
loss dominates the wave attenuation.

The decay lengths of the different spectral components of For an asymmetric structure, the imaginary péfw) of
the surface plasmon continuum were quantitatively measuretthe dispersion relation is composed of two terki$w)
by replacing the imaging CCD camera of FigblLby a  =ki+k/,, wherek{, represents the imaginary part of the
spectrograph coupled to a nitrogen-cooled CCD chip withdispersion relation for an interface between two semi-infinite
256X 1064 (x X y) pixels. The image plane of the SPP rain- media andk,, is an additional radiative contribution due to
bow jet was placed in the entrance slit of the spectrograpithe small thickness of the filr#f
and dispersed on the CCD chip. The main axis of the jet was , , a2
oriented with the slit axix so that a spectrum recorded at a K = (@)i( €l ) (1)
given pixel-linex dispersed the spectral information of the MOAN J2¢2\ e -1)
intensity across the jet. Spectra of the rainbow jet were then

acquired by incrementing along the propagation direction (2_77) B < €] )3/2 p( 4rdle!] ) o

IV. SURFACE PLASMON LATERAL DECAY LENGTH

(the distance between twolines of pixels corresponded to "=

~370 nm at the sample planéNormalizing the intensity of NN e+ 1\ e -1 Mlel| -1

the spectra for a given wavelength and plotting the values as

a function of distance reveals the decay rate of the SP inter¥ith

sity. Such a plot is shown in Fig.(8 in a semilogarithmic AV

scale for four wavelength®00, 550, 500, and 475 nuiThe B= 26\|enl(e2= 1) — 3)
experimental data are well characterized by a single expo- e§+ lell(e,-1) - €
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In the equations above;, is the permittivity of the glass, propagation distance mainly governed k. However,
d is the thickness of the metal film andis the SPP wave- early studies with a Kretschmann configuration showed that
length. The lateral attenuatidnsp of the SPP waves is in- there is an optimum film thickness for which the incoming
versely proportional t&"(w) [Lgp=1/2K"(w)]. In addition to  incident light is efficiently coupled into surface plasmons at
these intrinsic damping process@tissipation in the metal the metal/air interfacgIncreasing the thickness would only
and radiatiol, the surface roughness of the film also contrib-reduces the SPP coupling efficiency. Therefore a trade off
utes to the attenuation of the SPPThe inhomogeneities of exists between large SPP propagation distances and incom-
the film damp the traveling SPP through roughness-inducethg energy coupled into surface plasmons.
radiation loss into the upper mediuair in our casg and
through scattering into other plasmon states. The mean-free

pathsLL.andL[,, of the waves are written in the fordfs V- INFLUENCE OF MONOLAYER ADSORBATES

2 e, We then investiggted how _the surface plasmon decay
= ‘Tm (4)  lengths are altered with the addition of molecular adsorbates.
3(2m)°5°0? Molecular adsorbates can alter the decay lengths through a
change of the dielectric constant at the air/metal interface, or
by altering the surface scattering of the plasmon through ef-

501 fects such as chemical interface dampité? This results

c 3 M|ey _ j .

rad= Zm (5)  from bonding and/or charge transfer interactions between t.he
m adsorbate and the metal. As a first step, we used classical

The parameters and o are quantities defined by the spe- thiol-based chemistry to modify the interface characteristics
cific roughness of the films is a measure of the average through the covalent bonding of the thiol to silver. Single
roughness of the surface and was estimated by A monolayers of nonanethiol 8,0S or dodecanethiol
~3-6 nm. o is called the transverse correlation length andC12H26S were self-assembled on a 40-nm-thick silver film. In
is a measure of the randomness of the roughnes%rder to reduce the effect of silver oxidation, we freshly pre-
distribution?” For vanishingo, the film has a complete ran- pared a silver film and cut it in three different pieces. Imme-
dom roughness distribution. Assuming a Gaussian model fofiately after the evaporation, the three pieces were sub-
the film inhomogeneitiesy was estimated at around 50 nm merged in oxygen-free toluene. Two petri dishes containing

by autocorrelating a Zzmx 2 um AFM topographical im- undiluted solutions of the alkanethiols were prepared. The
age of the surface. silver samples were then placed in the respective solutions

We computed the values &, andK’,,[Eq. (2) and Eq. and left to incubate for 24 h. The unmodified bare silver film

(3)] from the published values of the silver permittivignd ~ Was kept in toluene and used as a reference. The incubated

estimated the value of the wavelength-dependent SPP dec#{ns were then copiously rinsed with toluene to wash out
lengths for the three experimental film thicknesses. We intnbound molecules. We performed AFM characterization on

cluded in the calculation ofgp the roughness-induced at- films prepared with the same procedure to verify the pres-
tenuation of the SPP wave taking into account the experi€NC€ of the monolayer. We measured an increased roughness

r

and

mental values ob and o using the following relatio? similar to the_ length of_the molecules indicative_: of the mono-
layer formation. The films were then placed in our surface
1 1 1 1 plasmon apparatus in order to assess the influence of the two
L_sp: 2K+ KL + L;Cmt’r E (6) different monolayers on the surface plasmon propagation.

Figure 4 shows the result of the comparison between the
The sum of these intrinsic and extrinsic damping contri-unmodified silver film and the films with adsorbed
butions are plotted as dashed lines in Fih)3There is a nonanethiol and dodecanethiol. We omitted the error bars in
fairly good agreement with the experimental decay lengththe graph for the sake of clarity. They are comparable to the

considering that no free parameters were used to fit the datane in Fig. 3b) for the 40-nm-thick film. Figure 4 shows that
We note that the calculation &f; andk’,,using permittivity ~ the surface plasmon decay lendth is influenced by the
values acquired by standard reflection measurerffegéve  presence of a monolayer adsorbed on the silver surface. In
a systematic overestimation of the decay length. Instead, wihe blue region, i.e., for short propagation distances, the dif-
calculatedLsp with the silver permittivity measured by SPR ference between the bare silver film and thgHgS mono-
spectroscopywhich gives a slightly higher imaginary com- layer is comprised within the measurement errors. For larger
ponente’, and a better fit to our experimental data. It has topropagation distances, the cumulative effect of the mono-
be emphasized here that the estimatioh.pfandL;,,con-  layer results in a noticeable damping of the lateral decay. For
tributed only to a few percent of the total attenuation of thethe C,H,¢S monolayer, the SPP decay lengths are clearly
SPP wave. The major cause of the damping for the filmlower than the one measured for the bare silver film. While
thicknesses considered here comes from the radiation losst difference is small compared to the overall decay length,
due tok’,4 and not from intrinsic absorption due &)}, (e.g., the measured variations for the long thiol chain exceed the
Kin)- For increasing film thickness, the intensity of the LR is magnitude of the error bars of the exponential fits. Control
drastically reduced. We were not able to observe the LR foexperiments with another set of silver films produced very
a 70-nm-thick silver film. Reducing the effect of the LR by similar variations in the decay lengths. The modification of
increasing the thickness of the films would result in a largeithe surface plasmon excitation conditioresonant ange
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FIG. 4. Comparison of the wavelength dependence of the surconversiorge-4 o
face plasmon decay length between a bare 40-nm-thick silver film, We used a very well-knowrd-aggregate consisting of
a monolayer of nonanethigiCoH,cS), and a monolayer of dode- 1,1'-diethyl-2,2-cyanine iodide molecule@®IC), shown in
canethiol(C;,H,6S) adsorbed on the same silver film but at differ- Fig. 5(@. Our wide contipuum Of surface P'asmon energy Is
ent locations, respectively. The error bars have been omitted for th&/€ll suited here to monitor the influence of this narrow ab-

sake of clarity and are comparable to the ones shown in Fiy. 3 Sorption peak orsp as a function of wavelength. Resonant
interactions of surface plasmons with dye monolayers have

been studied in the past with SPR spectroscopy and demon-
Strated a strong influence of the dye on the SPP dispersion
) . relation*”#8 The nonradiative energy transfer of excited dye
However, we believe that the influence of_self-assemble_ olecules on the metal surface was also studied by SPR
monolayer adsorbates on the SPP propagation was never igseciroscopy and was shown to be strongly dependent on the
vestigated pefore and is of importance for thg emerging fielgnetal-molecule separatidf:5! In these studies, the mol-
of plasmonics. Our approach permits the differentiation onecyles were systematically separated from the silver surface
SPP propagation attenuation between monolayers with By organic spacers to allow the aggregates to form within a
length difference as small as three carbon atoms. monolayer. We took a somewhat easier approach where a
Figure 3b) shows that slight variations in the film thick- small volume of concentrated solution of PIC was simply
ness could lead to rather large variationsd.gk The uncer- deposited on a fresh 40-nm silver film and left to dry. The
tainty during two metal evaporations or the errors due to thdormation of theJ-aggregates on the film was verified by
AFM characterization for an apparent similar film thicknessabsorption spectroscopy. The absorption spectrum is shown
may result in different decay values. A good example of suchin Fig. 5b). The exciton resonance absorption peaks at 575
variation can be seen by comparing the valuesgfshown —nm and is in accordance with previous w6fkThe spectral
in Figs. 3b) and 4 for two different 40-nm-thick films. This feature on the high-energy side of the excitonic peak is the
is particular|y true in the 600-nm range’ Wherey)alz to 3 re'ma.ln"]g m.OIeCUIar abSOI’ptlon Of the dye mOIeCUIeS that
nm change in the film thickness can produce propagatiodlid not contribute to thé-aggregate formation.

distances variations of &m or more. Therefore it is impor- 1 he wide spectrum of surface plasmons was excited in a

tant to compare the influence of an interface change betwed§910n €xposed to thd-aggregate and compared to an un-

films prepared simultaneously in order to reduce the experimedified region of the silver film. The result of the compari-
mental errors. son is shown in F|g._6. The reference bare S|I_ver fibm-
angle has a systematically larger SPP propagation lebggh
than the modified film. This is to be expected considering the
VI. MOLECULAR EXCITON: A PLASMONIC sensitivity of the tephnique tqlthe dielectric ch_ange at the
REJECTION FILTER metal surfacgsee Fig. 4. Additionally, the remaining mo-
lecular absorption also contributes to a reductio.gf We
Next, we investigated the propagation losses of surfacebserved fluorescence in the green-orange part of the spec-
plasmon upon formation of moleculdraggregates on the trum that originates from the dye. However, the intensity of
metal films.J-aggregates are characterized by a redshiftedhe fluorescence was systematically weaker than the leakage
and sharp absorption band relative to the monomer band, mdiation intensity. At the exciton peak, the attenuation of the
result of exciton delocalization over the molecular building SPP is considerably decreased and is modified fropnb
blocks of the aggregaf&-3> Molecular J-aggregates are a for the reference measurement to @f. Due to the narrow
target for the organic component of heterostructures becaus®ectral absorption, such attenuation would have been diffi-
they are well known for collective excitons with large oscil- cult to observe with standard single-wavelength SPP excita-
lator strength, while their ease of oxidation makes them usetion methods. Our broad continuum of surface plasmons en-
ful as sensitizers in the photographic process of electron inabled us to perform this unique form of spectroscopy.
jection into AgBr semiconductor particles. Additionally, they  In the context of plasmonic integrated devices, the in-
are of interest in many fields, such as modeling energy transreased absorption due to a molecular exciton can be thought

experimentally observed before by SPR spectrosébpy.

195406-5



A. BOUHELIER AND G. P. WIEDERRECHT PHYSICAL REVIEW B1, 195406(2005

of as an efficient notch filter for SPP frequencies within the 6. AA ]
resonance bandJ-aggregates are commercially available /
with exciton peaks spanning the visible spectrum which 'g'_ 5- ,A—AA o
would offer a wide selection of SPP filters. =, A L7
The excitonic increased absorption is responsible for the % ) /A/A ) 1
dramatic reduction of the SPP decay length. From the theo- & 3l AN & 1
retical point of view, the exciton introduces a SPP decay e /A/ o f,’
channel and contributes to a third additional tekfy,, to > 21 A’ﬁ o,o>6,6’° R 1
261 M0 - o
K".2% Kfagq IS €Xpressed as g 1 o/o,o " [ol |
2 .7
K =1m (2_77)25jagg_ 1( |6r,n| ) |6r,'n|+6jagg dba_gg . 04 - J
Jag9 A €jagg lem =1 leml + 1 \“J’|Er,n| 60 480 500 520 540 560 530 600 62
460 480 500 520 540 560 580 600 620 640
() Wavelength [nm]
In the above equationkj,gq and djagq are the complex FIG. 6. Comparison of the surface plasmon propagation distance

permittivity (€j,qq+i€jqy) Of the J-aggregates and the thick- Lsp between an unmodified area of fresh 40-nm-thick silver film

ness of the aggregate layer, respectively. Equdiipis valid  (triangles and an area covered Byaggregategcircles. The dotted

for values ofd;,qg much smaller than the penetration depth of curve is the theoretical decay length computed by taking into ac-

the SPP field in the air. The exponential decay of the SPRount the surface plasmon losses of the silver film and the losses

perpendicular to the interface can reach up to several hurtue to the excitonic absorption.

dreds of nanometers in &t is interesting to note that in

Eq.(7), the losses are a linear function of the layer thickness, VII. CONCLUSION

while the radiation losses at the metal/glass interface are ex-

ponentially depending on the thickness of the metal layer |n summary, we presented a far-field method to excite and

[see Eq(2)]. observe surface plasmon intensity distribution through the
In the resonance absorption, the aggregate permittivityjetection of intrinsic leakage radiation. The plasmonic con-

can be approximated by a one electron oscillator m&tl.  tinuum spectroscop§PCS method permits the simultaneous

The real and imaginary parts of the permittivity can be writ-excitation of a broad spectral distribution of surface plas-

ten mons. The SPPs form a directional streak with a rainbowlike
AN W2 o c_olor distri_bution. Observation of the SPP’s Ieak_age radiation

Ej’agg: €, ( ) 5 02 o (8) gives a direct measurement of_ the propagation length o_f

m J(w5- o)+ SPPs and the damping mechanisms for every wavelength in

accordance with theoretical modeling. We found that radia-

tion damping and the intrinsic losses are the main SPP damp-
. 47e’N lNw ing processes and that roughness-induced attenuation has
€jagg = (wg_ w?) + 202 ©) only a minor influence. We demonstrated the sensitivity of
the surface plasmon propagation on changes of the dielectric
with the eigenfrequency, and the damping constaht €.,  environment and have shown that molecular excitonic aggre-
is the permittivity outside the resonance baecandm are  gates can serve as an efficient surface plasmon rejection fil-
the electron charge and mass, respectively,Migithe num-  ter. We believe that this study is of importance for the next
ber of oscillators per unit volume. We fitted the exciton peakgeneration of plasmonic devices where surface plasmon-
of Fig. 5 with a Lorentzian curve and estimatEdrom the  based information will need to be guided and transferred
amplitude and the full-width at half-maximum of the reso- over some distances. We note that the excitation of a surface
nance. We computed the value gfy, and €/,q, Using Egs.  plasmon continuum using femtosecond white-light can also
(8) and(9). We then calculate®” by taking into account the be accomplished by using a near-field aperture or a local
intrinsic, radiative and absorption lossk§, ks andkj,,,  scattering center to provide the necessary momentum spread.
respectively. The theoretical values of the damping constant
Lsp are shown in Fig. 6 as the dashed cureg.and dj,qq
were kept as free parameters. The best agreement with the ACKNOWLEDGMENTS
measured decay length was obtained dgg, and a silver
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