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— Aurélien BRUYANT (2005-2006, financé par le projet eutep ASPRINT) s’est occupé
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2006, Aurélien Bruyant est maitre de conférences aiVehsité de Troyes.
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(A4) Gain assisted propagation in a plasmonic nanowire at telecom wavelength
J. Grandidier, G. Colas des Fran& Massenot, A. Bouhelier, L. Markey, J. Weeber,
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dependence and role of plasmon modes
G. Colas des Frangs\. Bouhelier, E.Finot, J.-C. Weeber, A. Dereux, C.Giraatd
E. Dujardin, Optics Expresks, pp. 17654— 17666 (2008).

(A8) Differential method for modelling dielectric-loaded surface plasmon polariton wave-
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S. Massenot, J.-C. Weeber, A. Bouhelier, G. Colas des FranGsandidier, L. Markey,
and A. Dereux, Optics Expreds, pp. 17599-17608 (2008).

(A9) Gain, detuning and directivity of nanoparticles optical antennas
C. Huang, A. Bouhelier, G. Colas des Franés Bruyant, A. Guénot, E. Finot, J.-C.
Weeber, and A. Dereux, Physical Review 8 p. 155407 (2008).

(A10) Molecular quenching and relaxation in a plasmonic tunable nanogap
G. Baffou, C. Girard, E. Dujardin, G. Colas des Frarazsd O. Martin, Physical Review
B 77, p. 121101(R) (2008).

(All) Far-field imaging of the electromagnetic local density of optical states
C. Huang, A. Bouhelier, G. Colas des FranGs Legay, J.-C. Weeber, and A. Dereux,
Optics Letters33, pp. 300-302 (2008).

(A12) Theory of molecular excitation and relaxation near a plasmonic device
G. Colas des Frangc<. Girard, T. Laroche, G. Lévéque, O. Martin, and A. Dereu
Journal of Chemical Physid27, p. 34701 (2007).

(A13) Polymer-metal waveguides characterization by Fourier plane leakage radiation micro-
scopy
S. Massenot, J. Grandidier, A. Bouhelier, G. Colas des Brdn€. Weeber, L. Markey,
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and A. Dereux, Applied Physics Lette94, p. 243101 (2007).

(Al4) Surface plasmon hopping along coupled coplanar cavities
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and A. Dereux, Physical Review B, p. 113405 (2007).
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(A16) Submicrometer In-Plane Integrated Surface Plasmon Cavities
J.-C. Weeber, A. Bouhelier, G. Colas des Frahc#/arkey, and A. Dereux, Nanoletters
7, p. 1352 (2007).

(Al7) Efficient surface plasmon field confinement in one dimensional crystal line-defect
waveguides
J.-C. Weeber, A. Baudrion, A. Bouhelier, A. Bruyant, G. Gotles FrangsR. Zia, and
A. Dereux, Applied Physics LetteB9, p. 211109 (2006).

(A18) Transmission of an obliquely incident beam of light through small apertures in a metal
film
E. Bortchagovsky, G. Colas des Franbs Molenda, A. Naber, and U. Fischer, Applied
Physics B84, p. 49 (2006).

(A19) Generalized Bloch equations for optical interactions in confined geometries
C. Girard, O. Martin, G. Lévéque, G. Colas des Frarmsd A. Dereux, Chemical
Physics Letterg04, p. 44 (2005).

(A20) Enhanced light confinement in a triangular aperture : Experimental evidence and
numerical calculations
G. Colas des Frang®. Molenda, U. Fischer, and A. Naber, Physical Review B
p. 165111 (2005).

(A21) Energy transfer in near-field optics
G. Colas des Franc€. Girard, M. Juan, and A. Dereux, Journal of Chemical Rigysi
123 p. 174709 (2005).

(A22) High-resolution mapping of the optical near-field components at a triangular nano-
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D. Molenda, G. Colas des Fran¢s. Fischer, N. Rau, and A. Naber, Optics Expr&8s
p. 10688 (2005).
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(A23) Modelling resonant coupling between microring resonators addressed by optical
evanescent waves
G. Lévéque, R. Mathevet, J. Weiner, G. Colas des Frabcs§irard, R. Quidant, J.-C.
Weeber, and A. Dereux, Nanotechnolddy pp. 1200-1210 (2004).

(A24) Reply, Imaging the Local Density of States of Optical Corrals
C. Chicanne, T. David, R. Quidant, J.-C. Weeber, Y. LacrodtéBourillot, A. Dereux,
G. Colas des Francand C. Girard, Physical Review Lett&d8, p. 69702 (2004).
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C. Girard, T. David, C. Chicanne, A. Mary, G. Colas des FraietsBourillot, J.-C.
Weeber, and A. Dereux, Europhysics Letté8spp. 797—-803 (2004).

(A26) Fluorescent Resonant Energy Transfer in the Optical Near-Field,
G. Colas des Franc€. Girard, and O. Martin, Physical Review6¥, p. 53805 (2003).
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A. Dereux, C. Girard, C. Chicanne, G. Colas des Fraicdavid, Y. Lacroute, and
J.-C. Weeber, Nanotechnolo@¥, p. 935 (2003).

(A28) Polarization state of the optical near-field
G. Lévéque, G. Colas des Frands. Girard, J.-C. Weeber, C. Meier, C. Robilliard,
R. Mathevet, and J. Weiner, Physical Review®: p. 36701 (2002).

(A29) Imaging the Local Density of States of Optical Corrals (Article commenté dans "news
and views", Nature 416 du 21 mars 2002).
C. Chicanne, T. David, R. Quidant, J.-C. Weeber, Y. LacrobtéBourillot, A. Dereux,
G. Colas des Francand C. Girard, Physical Review Letted8, p. 97402 (2002).

(A30) Subwavelength Optical Devices for Nanometer Scale Applications
C. Girard, A. Dereux, R. Quidant, G. Colas des Fraaegl J.-C. Weeber, International
Journal of Nanoscienck pp. 63—-78 (2002).

(A31) Theory of near-field optical imaging with a single molecule as a light source
G. Colas des Frang<C. Girard, and A. Dereux, Journal of Chemical Physids,
pp. 4659-4666 (2002).

(A32) Theory of near-field optical imaging with a single fluorescent molecule used as
point-like detector
G. Colas des Fran@nd C. Girard, Chemical Physi282 pp. 277-287 (2002).
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(A33) Coplanar devices for the optical addressing of single molecules
G. Colas des Fran@nd C. Girard, Nanotechnolody, pp. 75-79 (2001).

(A34) Optical Analogy to Electronic Quantum Corrals (Article commenté dans le Physical
Review Focus du 22 mai 2001)
G. Colas des Franc€. Girard, J.-C. Weeber, C. Chicanne, T. David, A. Dereux] a
D. Peyrade, Physical Review Lettéd8 pp. 4950-4953 (2001).

(A35) Addressing and imaging high optical index dielectric ridges in the optical near field
R. Quidant, J.-C. Weeber, A. Dereux, D. Peyrade, G. Colagdexs C. Girard, and
Y. Chen, Physical Review B4, p. 66607 (2001).

(A36) Relationship between scanning near-field optical images and local density of photonic
states
G. Colas des Franc€. Girard, J.-C. Weeber, and A. Dereux, Chemical Physitw®tse
345 pp. 512-516 (2001).

(A37) Optical addressing at the subwavelength scale
J.-C. Weeber, A. Dereux, C. Girard, G. Colas des FrafcKrenn, and J. Goudonnet,
Physical Review B2, pp. 7381-7388 (2000).

Actes de conérencesa comitée de lecture : 6 titres

(AC1l) SNOM signal near plasmonic nanostructures : an analogy with fluorescence decay
channels
G. Colas des Frang<C. Girard, A. Bruyant, and A. Dereux, Journal of Microscopy
(NFO9)229 pp. 302—-306 (2008).

(AC2) Single molecules probe local density of modes (LDOS) around photonic nanostruc-
tures
G. Colas des Frangss. Sanchez-Mosteiro, M. Ujue-Gonzalez, L. Markey, N. van
Hulst, and A. Dereux, Journal of Microscopy (NFO)9, pp. 210-216 (2008).

(AC3) On the optimum form of an aperture for a confinement of optically excited electric
near-field
E. Bortchagovsky, G. Colas des Franbs Molenda, A. Naber, and U. Fischer, Journal
of Microscopy (NFO9R29, p. 223 (2008).

(AC4) Cartographie de la densité locale d'états photoniques de surface (résumé)
G. Colas des Frang€. Girard, T. David, and A. Dereux, & colloque sur les lasers
et 'optique quantique (COLOQ?9) Dijon, 7-9 septembre, 2005.
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(AC5) Near-field optical addressing of single molecules in coplanar geometry : a theoretical
study
G. Colas des Frang€. Girard, J.-C. Weeber, and A. Dereux, Journal of Micrggco
202 pp. 307-312 (2001).

(AC6) Near-field optical probing of two-dimensional photonic crystals : theory and experiment
D. Mulin, C. Girard, G. Colas des FrancM. Spajer, and D. Courjon, Journal of
Microscopy202, pp. 110-116 (2001).

Conferences et 8minaires invités : 6 titres

(Invl) Gain assisted propagation in a quantum dots doped plasmonic waveguide (invited
conf.)
G. Colas des Francs SPIE, San Diego (U.S.A) August, 2009.

(Inv2) Quantum emitter coupling to a plasmonic nanoparticle : models and numerical
simulations (Invited lecturé
G. Colas des Frangs HERODOT, Lille (France) 10-11 juin, 2009.

(Inv3) Plasmonique moléculaire : modélisation et simulation numérique (conf. invitée)
G. Colas des Frangsn Forum des microscopies a sonde locale, Hardelot, France,
16-20 avril, 2009.

(Inv4) Plasmonique moléculaire : matériaux hybrides pour la photonique intégrée (séminaire
invité)
G. Colas des Francm Institut Néel, Grenoble (France), 3 novembre, 2008.

(Inv5) Loptique sub-longueur et ses applications en nanosciences (conf. invitée)
G. Colas des Franand C. Girard, inSéminaire D. Dautreppe, Société Francaise de
Physique, Grenoble, France, 22-26 Mars, 2001.

(Inv6) Optical addressing and imaging with a single molecule (invited seminar)
G. Colas des Francand C. Girard, inResearch Conference within the EU projects
"Botton Up Nanomachines" and "Nanomol", Aspet, France, 3-6 Mai, 2001.

Actes de colloques sans condt: 6 titres

(Procl) Vers une nouvelle génération de microprocesseurs
G. Colas des Francs ICB News, 2009.
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(Proc2) Etude et caractérisation expérimentale de plasmons de surface confinés par des
guides d’'ondes diélectriques
S. Massenot, J. Grandidier, A. Bouhelier, G. Colas des Brdn¢. Weeber, , L. Mar-
key, A. Dereux, inJournées Nationales de I'Optique Guidée (JNOG), 2008.

(Proc3) Surface plasmon routing in dielectric—loaded surface plasmon polariton waveguides
J. Grandidier, S. Massenot, A. Bouhelier, G. Colas des BraneC. Weeber, L. Mar-
key and A. Dereuy, ifProc. SPIE 7033, 70330S, 2008.

(Proc4) Measuring the differential scattering cross-section* of gold nanoparticles
C. Huang, A. Bouhelier, G. Colas des FrangsC. Weeber, and A. Dereux, Rroc.
SPIE 7032, 70321E, 2008.

(Procb) Single molecule imaging using a highly confined optical field at a triangular aperture
D. Molenda, U. Fischer, G. Colas des Frarasd A. Naber, irQuantum Electronics
and Laser Science Conference QELS (22-27 May 2005) Vol. 1, 368, 2005.

(Proc6) Theory of near-field optical imaging with a single molecule as a light source
G. Colas des Franc€. Girard, and A. Dereux, iBpring School on Single Molecules
in Physics, Chemistry and Biology, Hofgeismar, Allemagne, 8-12 avril, 2002.

Communications orales dans des copfences : 8 titres

(O1) La molécule uniqgue comme sonde locale de la densité de modes électromagnétiques
J. Hoogenboom, G. Colas des Franés Dereux, and N. van Hulst, ifForum des
microscopies a sonde locale, Hardelot, France, 16-20 avril, 2009.

(O2) Fluorescence decay rate near a mesoscopic metallic particle : role of plasmon modes
and distance dependence
G. Colas des Frangi 10" International conference on near-field optics, nanophotonics
and related techniques (NFO10), Buenos Aires (Argentine) 1-5 september, 2008.

(O3) Couplage d’'une molécule unique avec une nanoparticule métallique : contributions des
modes plasmons
G. Colas des Francs Conférence C'NANO Grand-Est,28-29 mai, 2008.

(O4) Single-molecule emission control by coupling to photonic cavities
G. Sanchez-Mosteiro, J.P. Hoogenbgd@nHeinis, G. Colas des Francs, A. Dereux, and
N. van Hulst, in3rd international conference on Surface Plasmon Photonics (SPP3),
Dijon (France), 17-22 june, 2007.

(O5) Molecular relaxation near complex plasmonic devices : radiative and non-radiative
channels
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C. Girard E. Dujardin, and G. Colas des Francs,3ml international conference on
Surface Plasmon Photonics (SPP3), Dijon (France) 17-22 june, 2007.

(O6) SNOM signal near plasmonic nanostructures : an analogy with fluorescence decay
channels
G. Colas des Franc€. Girard, A. Bruyant, A. Bouhelier, and A. Dereux,dft Interna-
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PLASMONIQUE MOLECULAIRE

SPECTROSCOPIE SUR SURFACE METALLIQUE
ET
MATERIAUX HYBRIDES POUR LA PHOTONIQUE INTEGREE
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Introduction : parcours scientifique

Entre 1999 et 2002, j'ai préparé ma these sous la dired@oChristian Girard au CEMES, a
Toulouse. Je me suis alors intéressé a la fluorescen@euiaire en champ proche optique. Ce
travail théorique a conduit a une meilleure comprélmmdies images obtenues par microscopie
en champ proche optique (SNOM - Scanning Near-Field Ophitatoscopy). En particulier,
j'ai établi une analogie entre les images SNOM et le tauxed@xation de molécules fluores-
centes. D’autre part, j'ai modélisé la fluorescence muakEre dans une jonction pointe-surface
a partir des équations de Bloch optiques, appliquéesiamp proche.

Ensuite, jai effectué un séjour post-doctoral sous Epomsabilité du professeur Ulrich
Fischer a I'Université de Munster (Allemagne). J'ai@€ I'excitation localisée de molécules
fluorescentes dans une jonction pointe-surface. J'ai ipaiement modélisé le confinement du
champ proche optique a la sortie d’'une sonde originaleld@pée dans ce groupe (sonde a
ouverture triangulaire).

Finalement, j'ai integré I'équipe optique submicraméget nanocapteurs en octobre 2004
pour développer un axe plasmonique moléculaire quigmiesdes zones de contact avec deux
activites déja existanteda photonique inégreed’'une part et lexapteurs chimiqued’'autre
part. Il s’agit d’utiliser les propriétés de confinementiexaltation de modes supportés par des
nanostructures métalliques : [psmon-polaritons de surfad8PPs, surface plasmon polari-
tons). Ces modes résultent du couplage d’ondes électnogtigues et de charges de surface. lls
sont caractérisés par un fort confinement les rendantgttenrs pour des applications optiques
sous la limite de diffraction.

Ce document synthétise mes travaux de recherches surdal@&002-2009. Le couplage
de molécules avec des structures plasmoniques occupagramde place dans mes travaux, je
fais une breve présentation des plasmons de surface aiirehh Les trois chapitres suivants
présentent ensuite les axes majeurs de mon activite :

— Chapitre 2 : Microscopie et spectroscopie optiques en phaoche,

— Chapitre 3 : Relaxation moléculaire par couplage auxyptass, en particulier, la possibi-
lité de modifier les propriétés d’émission de molésypar couplage avec des structures
métalliques,

— Chapitre 4 : Composants plasmoniques pour la photonidéagriee, ou, a I'inverse, l'in-
géniérie de matériaux optiques (polymeres dopés,linéaire, ...) permet de contrdler
la propagation de SPPs le long de films métalliques.

Finalement, je démontrerai que ces axes peuvent conveegeda notion d’antenne plasmo-
nique, axe que je souhaite développer dans les procham&es A chaque fois que cela
sera possible, je replacerai dans le contexte national teuniational mon apport dans ces
thématiques. Les principales publications sont pladiestement dans le corps du mémoire,
juste apres une breve discussion qui met en lumiére iesipaux résultats.
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Chapitre 1

Plasmons : cfinition et applications

Ce chapitre présente brievement les différents typgdatmons-polaritons en s’appuyant
sur des modeles simples pour mettre en évidence leursipaies caractéristiques. La lecture
de ce chapitre est utile a la compréhension des chapieed 8t, dans une moindre mesure du
chapitre 2. Le lecteur un peu familier avec les plasmons da®ipeut passer cette partie.

1.1 Plasmon de volume

1.1.1 Plasma et modle de Drude

Nous nous intéressons aux propriétés optiques desumétas €lectrons de conduction
sont modélisés par un gaz d’électrons libres. Le mouveres électrons soumis a un champ
électriqueE(t) = R [E(w)e '] peut étre décrit par le déplacement moyedes électrons par
rapport a leur position d’équilibre. est régi par le principe fondamental de la dynamique, en
tenant compte de la dissipatigriors des collisions

d?r(t) dr(t) e it
o + v i m (w)e ™",

(1.1)

Soit n. la densité électronique, le vecteur polarisation de ldigra par unité de volume se
déduit aisément : .
nee
P(w) = —neer(w) = —————FE(w). 1.2
(@) @) =~ B (1.2)
La constante diélectrique du plasma apparait alorssiaeht en écrivant le vecteur polarisation
sous la forme :

P(w) = eolem(w) — 1E(w), (1.3)
wp
Em((U) =1- m, (14)

oUw, = */Zf—ni est la pulsation propre du gaz d’électrons (frequencdakanm). Par exemple,
pour I'or et 'argent, on trouve respectivement? = 5,8.10'5s~! (A2 = 324 nm) etw/* =
8,3.10"s! (A" = 227 nm). Le modéle de Drude, reproduit assez bien le comportedee

la constante diélectrique de 'or et de I'argent dans lélaset le proche infra-rouge [1]. Pour
des fréquences ultra-violettes, il faut ajouter des tsromerectifs tenant compte des transitions
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interbandes. Pour les simulations numériques présshdét au long de ce mémoire, nous avons
utilisé les valeurs expérimentales des matériaux rfeagdj 3]. Toutefois, dans ce chapitre,
nous conservons la description par le modeéle du plasma waéeljui permet d’introduire plus
simplement la notion de plasmon. De plus, en premiere appedion, nous négligerons la

dissipation §{ < w,), d'ol €, (w) = 1 — Z—é Les effets de la dissipation dans le métal seront
discutés en détail au cours des chapitres suivants.

Dans le paragraphe suivant, nous analysons la propagatina dnde électromagnétique
dans ce plasma.

1.1.2 Propagation d’'une ondeelectromagretique dans un plasma

L'équation de propagation d’'une onde pldagr, t) = EgeiTe~™! dans le plasma s’écrit

V2E(r,t) = u()% , avec (1.5)
D(r,w) = €, (w)E(r,w) . (1.6)

Ce qui conduit a une condition d’existence sur vecteur dido,

k(k.Eo) — K*Eo = #EO. (L.7)
A ce stade, il convient de distinguer les ondes transvetdes endes longitudinales.

— Pour une onde transverse, telle &, = 0, cette condition se réduit a la relation de
dispersion usuellé? = ¢,,(w)/c®. Aux frequences telles que,(w) > 0, le milieu est
transparent et 'onde se propage. A contrario, aux frecemelles que,,(w) < 0, le
milieu ne supporte pas d’onde propagative transverse cbsgorte comme un miroir.

— Dans le cas d'une onde longitudinake) Eq = 0 d’ou on tiree,,(w) = 0 puisw = w,,.

Le plasma supporte une onde propagative longitudinalesada frequence propre. Nous
discutons plus particulierement la nature de cette ond@i@s.

t=T/2 =?I/U)p

q ¥ -

forte densité e
D 4 faible densité e
¢ ¥

FIG. 1.1 — Perturbation du nuage électronique dans le plasmieesence d’'un champ électrique
longitudinal & = 0 et aprés une demi-périod&(z,t) = Eycos(kz — wyt)u,). Lamplitude
du champ électrique &= 0 le long du plasma est indiquée. Les électrons subissentarne

F = —¢E conduisant a I'alternance de zones de fortes et faiblesitdsrelectroniques.

La figure (1.1) représente schématiquement le mouvenesréldctrons libres soumis au champ

longitudinal. Il y a une oscillation collective des élexnis libres, a la frequence du plasma.
Ce mode s’apparente donc a une quasi-particule de plagpealégplasmon de volumePar
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ailleurs, ce mode est couplé a une onde électromagreetigsociée a la polarisation de matiere,
appeléeolariton. Ainsi, ce mode couplant oscillation collective et ondecilomagnétique est
dénommé@lasmon—polariton de volume[4]. La notion de plasmon-polariton étant maintenant

clairement établie, nous considérons I'effet du confiaetwlans deux cas : une simple interface
métal/diélectrique et une particule métallique. Cadasiamenera a définir differents types de
plasmon-polaritons deurface modes responsables du couplage de molécules fluorescente
avec des objets métalliques.

1.2 Plasmon-polaritons de surface

1.2.1 Mode ctlocali®

g
a) b)
plasmon
polariton

photon

couplags ©= ck d
fort ; =
plasmon g
N

w=w

05
K]as:wﬂ — polariton

,-”’j 5
(o] 0.5 1 1.5 2
chiem,

X (m)

FIG. 1.2 — a) Relation de dispersion a l'interface métallagr.couplage entre le plasmon et
le polariton conduit a la formation d’un plasmon-polanitde surface. b) Intensité électrique
associée @ = 0 a l'interface or/air § = 1,5um, €, = —131,95 + i12,65 [3]). Le vecteur
champ électrique est représenté par des fleches nbgsssignes “+” et “-” représentent les
charges de surface déduites de la polarisation.

Dans un premier temps, considérons le cas d’'une surfataligée semi-infinie. Comme
nous nous intéressons aux phénomeénes électromqgeéta l'interface métat( (w))/diélec-
trique (), il est pratique d’étudier le comportement des coeffisate Fresnel. Ainsi, le co-
efficient de réflexion s’écrit-il, dans le cas d’une ontkec&omagnétique polarisée transverse-
magnétique (TM) :

kzm - Em kz

cd em(@)kza (1.8)
Gdkzm + €m (w>kzd

k.; (i = m,d) est la composante du vecteur d'onde selon la normale &fifade dans chaque
milieu. Le coefficient de réflexion diverge lorsque sona@imateur s’annulegk ., +€,, (w)k.q =
0. Cela se produit lorque la composante du vecteur d’'ondélglara I'interface vaut [5]

Ty =

B Y €d€m (W)
e\ et em(w)’

(1.9)

qui devient avec le modele de Drude = %,/% (avecy < w), eteg = 1). Lafigure 1.2a)
représente cette relation de dispersion. Le mode comelsimb est représenté sur la figure 1.2b).
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Le mode correspond de nouveau a l'oscillation collecties @lectrons libres. Toutefois, il met
en jeu des charges surfaciques, d’ou I'appellagii@smon-polariton de surface

1.2.2 Modes localigs

Terminons ce paragraphe en poussant un peu plus le confinspetial du métal. Con-
sidérons le cas analytiqgue d’'une particule métalliquieesipue de rayor, dans un milieu
homogéne de constarntg La réponse de cette particule a un champ électriquexastament
décrite par la théorie de Mie [6]. Dans I'approximatiomA@tardéey/c — 0), la réponse de
la particule se simplifie et conduit a définir les polariitds quasi-statiques d’ordre

nlen ) ani) (1.10)
(n+ 1)eq + ney, ' '

Ay =

Physigquement, lorsque la particule métallique est ilhéaiavec un champ électrique non uni-
formeE, on peut décrire sa réeponse électromagnétique soosteefd’'un développement mul-
tipolaire impliquant les moments d’ordre n :

4mege
(n) _ 0¢d n—1

D
L=

lotgl® (arb.u)
o
D

0. :
400 450 500 550 600 650 700
A (nm)

FIG. 1.3 — a) Spectres de polarisabilités quasi-statiqugesb) Mode dipolaire (n=1) :
représentation schématique de I'oscillatiemporelledu nuage électronique (en vert) dans une
particule métallique (en gris) soumise a un champ &atpatroscillant (le champ est supposé
uniforme sur 'ensemble de la particule). c) Excitation dod® quadrupolaire (n=2) pour une
particule de diametre comparable a la longueur d’'ondeh&np inhomogéne induit une distri-
bution quadrupolaire des charges. En b) I'axe représertenips alors qu’en c), I'axe indique
le sens de propagation.

Par exemple, seul le dipofé?) = 4reye, 0 E subsiste pour un champ uniforme. Au contraire,
nous verrons que les fortes variations spatiales du chéoprigue émis dans le champ proche
d’'un émetteur quantique permettent d’exciter des modesitEs élevés (quadrupolaire n=2;
octupolaire n=3; ... 2"-polaire). Le mode d’ordre, est excité a la frequence, telle que
em(wn) = —@ed qui minimise le dénominateur de la polarisabilit¢ (éq. 1.10, et fi-
gure 1.3). Avec la constante diélectrigue donnée par ldaieode Drude, il apparait que ces
frequences de résonances sont comprises entrev,/v/3 (n = 1) etw = w,/v/2 (n — )
dans l'air ¢; = 1). Ici de nouveau, ces résonances sont associées dlétieai collective des
électrons libres dans la particule métallique (figure).1lI3s’agit de plasmon-polaritons de

surfacelocalisés par opposition au plasmon-polariton de surfde®cali€ vu precédemment.
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FIG. 1.4 — Domaines d’existence des differents types de plagmotaritons. La partie droite de

la figure indique les valeurs de longueurs d’ondes corredgquutrau cas de I'or (pour le modele
de Drude).

Finalement, contrairement au plasmon-polariton de volgmieest supporté a l'unique
frequence plasma, et est associé a une oscillation du nuage électronigong léamétal mas-
sif, les plasmon-polaritons de surface localisés etaddiges sont associés a des oscillations de
charges surfaciques et apparaissent dans un domaineégeeg) < hw < hiw,\/2, mode
délocalisé etw,/V/3 < hw < hw,/v/2, modes localisés) comme résumé sur la figure 1.4. Il est
important de noter que pour,/v/3 < w < w,/+/2, les modes de films et les modes localisés
d’ordres élevés se confondent (modes quasi-statig@et)aspect nous conduira a la notion
d’antenne optique, reposant sur le couplage de ces modepppager (mode délocalisé) et
confiner (mode localisé) le champ électromagnétique.

1.3 Plasmonique madculaire

La plasmonique moléculaire s’intéresse au couplage déaules avec des structures mé-
talliques [7]. Selon la forme et la nature de I'objet métpie et la frequence d’émission des
molécules, differents types de plasmon-polaritons déase seront vecteurs de ce couplage.
Par la suite, nous utiliserons le terme plasmon pour plagpateriton de surface par souci
de briéveté. Nous décrivons ici tres succintementques applications et perspectives de la
plasmonique moléculaire.

1.3.1 Capteurs chimiques et biologiques

Comme le démontrent les équations (1.9) et (1.10), Issr@nces plasmons sont tres sen-
sibles a I'environnement diélectriqug) a proximité du métal. Ceci est a I'origine de la déimat
tres sensible de molécules. Par exemple, le systeme eartatisé par la société Biacore utilise
la sensibilité de la résonance des plasmons de surfatecédisés) de films métalliques pour
détecter des molécules d’intérét biologique [8]. Denboeux groupes ont proposé d’utiliser
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le fort confinement des plasmons localisés de nanopagtiamiétalliques pour augmenter de
plusieurs ordres de grandeurs la sensibilité des capt@acs est a I'origine de la spectroscopie
exaltée sur surface métallique, et tout particulienetde la diffusion Raman exaltée sur surface
métallique (SERS - Surface Enhanced Raman Scatteringe @erniere application fait I'objet
d’'un tres important effort de recherche actuellement [9].

1.3.2 Therapie anti-cancéreuse

La resonance des plasmons localisés s’accompagne chaufiement significatif a proxi-
mité de la particule métallique( 10 °C)[10, 11]. Tres réecemment, le groupe de Naomi Halas
(Rice University, Houston) a démontré que ceci ouvre ia @aine méthode efficace de thérapie
anti-cancéreuse. En injectant des nanoparticules dits das souris atteintes de cancer, ils ont
montré que ces particules se concentrent préféresielht dans les tumeurs car leurs mem-
branes sont tres détendues. Ensuite, en illuminant dapsoche infra-rouge ces particules,
I'élevation de température conduit a la destructiséversible des cellules cancéreuses en en-
viron une semaine [12, 13, 14]. Des essais cliniques sonbersc

1.3.3 Exaltation de courants photo-induits

La figure 1.5 représente la diffusion par une particuleaftigtie. Hors résonance, le champ
électromagnétique semble éviter la particule alorada’résonance, il converge vers celle-ci.
Ceci se traduit par une forte augmentation de la sectionae#fid’absorption de la particule
[6]. Ce phénomene pourrait étre utilisé pour amélibegendement de cellules photovoltaiques
[15].

FIG. 1.5 — Lignes de champ associées au vecteur de Poyntingriliaion diffusée par une
particule d’aluminium (a) hors résonance et (b) a lamésce plasmon. D’apres [6].

1.3.4 Composants pour la photonique irggrée

A patrtir de la fin des années 1990, la plasmonique est apparmme un moyen de concilier
la miniaturisation de I'électronique avec la bande patesda I'optique guidée. Dans ce cas, le
vecteur d’'information est non plus I'électron (Electigque) ou le photon (fibre optique) mais
le plasmon-polariton de surface, délocalisé qui asslesi@eux [16, 17]. En fonctionnalisant
le guide plasmonique avec des films moléculaires ou ddsdquantiques, il est possible de
réaliser differents types de composants actifs (comtautamodulateur, transistor, ...) intégrés
sur une surface [18, 19, 20].
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Chapitre 2

Microscopie et spectroscopie optiques en
champ proche

La microscopie en champ proche optique (SNOM, Scanning-NgdrOptical Microscopy)
s'est véritablement développée a la suite des dewesugirandes familles de microscopies a
sondes locales : la microscopie a effet tunnel (STM) et lerosicopie a force atomique (AFM).
En particulier, ce développement s’est appuyé sur labodkes d’asservissement de la distance
pointe-échantillon. Apres une longue période de dgyeément de sondes optiques efficaces
mais aussi de débat sur la nature du signal mesuré peregaanhhées 1990, cette technique a
démontré son intérét pour imager les ondes électrogtagues de surface, notamment dans les
dispositifs photoniques intégrés. Dans le méme tempsaoanbreux groupes se sont intéressés
a la fluorescence dans une jonction pointe-surface. Depiicafions majeures motivent ce type
d’étude. Soit la sonde perturbe peu le systeme etudee®&NOM est un dispositif imageur de
la fluorescence, avec d’'importantes perspectives powdé&de systemes biologiques. Soit la
sonde modifie considérablement I'émission de fluoresedbans ce cas, le SNOM constitue un
systeme modele et contrblé pour I'etude de la fluoneseelans des géomeétries complexes. Une
discussion générale et approfondie de la microscopie ¢4 dpectroscopie en champ proche
est donnée dans I'ouvragginciples of Nano-Opticscrit par Lukas Novotny et Bert Hecht [1].

Ce chapitre rassemble les résultats que j'ai obtenus sludeescence dans une jonction
pointe-surface, en présence de structures métalliggsgpdtives. Ills constituent un prolonge-
ment de mes travaux de these, qui concernaient le mémedgypenfiguration mais dans le
cas de dissipation faible ou nulle. Bien que le formalisniksétsoit tres proche de celui mis
en place pendant ma these, nous verrons que l'introdudgostructures métalliques modifie
considérablement la forme du signal détecté. Par adlee chapitre constitue une étape impor-
tante pour la caractérisation des processus de relaxaid@&culaire par couplage aux modes
plasmons auxquels nous nous intéresserons aux chapétes 3

Le paragraphe 2.1 présente la formation d’'un champ exnéemt confiné par une sonde
optique métallisée a ouverture triangulaire et songatiion pour I'excitation de molécules in-
dividuelles. Je discute ensuite de la forme du signal neesichamp proche optique au-dessus
de nanostructures plasmoniques dans un modele simpdifé@dde dipolaire (82.2). Finale-
ment, le paragraphe 2.3 présente la modélisation nampetive de la fluorescence dans un
dispositif plasmonique a I'aide des équations de Blodigoles.
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2.1 Fluorescence hauteésolution dans une jonction pointe-
surface

2.1.1 Sondea ouverture triangulaire

schematic setup  b)!

illumination
optical
fibre
force
sensor
U SNOM butfer
»2mm probe solution
sample
[ — )
coveroless. L obiective lens

FIG. 2.1 — a) Description schématique du montage SNOM trardikn milieu aqueux [21]. b)
Sonde a ouverture triangulaire. c,e) Intensité du chelegtrfique mesurée (c) et calculée (e) ala
sortie de la sonde. d) Intensité électrique calculéesottie d’'une sonde a ouverture circulaire
pour comparaison. La fleche blanche indique la polarisa®l’illumination (\ = 488 nm).

Parmi la grande variété des sondes optiques en champegyieshsondes dites a ouverture
sont les plus couramment utilisées pour des applicatierisidrescence hautement résolues. Ce
type de sonde est généralement réalisé a partir d’breedptique tres étirée puis métallisée avec
de I'aluminium, opaque dans le visible. Seule I'extrénd€ |a fibre n’est pas métallisée, laissant
ainsi une ouverture circulaire sub-longueur d’onde quifioenfortement le champ électrique
(voir par exemple la figure 2.1d). Le diameétre de I'ouvestutilisée est souvent de I'ordre de
80 a 100 nm pour conserver une intensité électrique antfis Malheureusement, cela réduit
considérablement la résolution puisque celle-ci esteungupérieure au diametre de I'ouver-
ture, a cause de la présence des deux lobes (Fig. 2.1d)0@&2 Andreas Naber et Ulrich
Fischer (Université de Munster) ont développé une sanduverture triangulaire (figure 2.1b)
[22]. Celle-ci est obtenue en déposant 100 nm d’aluminiunus coin de verre. L'ouverture
triangulaire est ensuite réalisée par exemple en coligatrémité avec un faisceau d’électrons
focalisés (Focus lon Beam, FIB). Andreas Naber a démeaque cette géométrie conduit a une
ouverture numérique élevée de la sonde d’ou un pouwfrahsmission accru{(10~* contre
~ 107% pour une fibre optique effilee). Par ailleurs, la forme tgiaiaire de I'ouverture confine
le champ électrique sur un seul cdté, améliorant teteement la résolution accessibte (30
nm, figure 2.1c).

Lors de mon séjour post-doctoral a I'Université de Miéng2002-2003), j'ai analysé le
confinement du champ dans cette sonde [23]. La pointe esfesimpt modélisée par une
ouverture triangulaire de 50 nm de c6té dans un écramumiaium de 100 nm d’épaisseur.
Pour étre au plus prés des conditions expérimentalasydrture et le milieu incident sont du
verre alors que le milieu extérieur est de I'air. La figurég(R2.1e) représente l'intensité du
champ électrique calculé a 10 nm de I'ouverture lorsqeitei est illuminée par une onde
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plane. La forme et la position de l'intensité électrige@noduit correctement le signal champ
proche optique mesuré en balayant la pointe au-dessus 8illa de polystyrene dopée avec
des molécules fluorescentes (Fig. 2.1c). Finalement, dnphélectrique est confiné sur une
ellipse de petit axe 30 nm et de grand axe 40 nm. Au cours de egttle, nous avons aussi
considéré d’autres métaux pour étudier les mécargsteeconfinement. Nous avons montré
gue l'argent conduit a un signal plus intense, probabldérgeice a la propagation de modes
plasmons dans I'ouverture [24] mais au détriment du conferd du champ électrique [23].

A mon arrivée a Dijon, j'ai continué a collaborer avecgreupe pour mieux comprendre
la formation du confinement électrique a la sortie de lenwre. Nous avons donc étudié
numériquement differentes formes d’ouvertures, evple de I'angle d’incidence d’excitation
[25, 26].

Publications correspondantes

Cette étude est discutée dans l'article suivant :

“Enhanced light confinement in a triangular aperture : Experimental evidence and nu-
merical calculations”
G. Colas des Francs, D. Molenda, U. Fischer and A. Naber
Physical Review B2, 165111 (2005).

Deux autres articles discutent de differentes formeswadures et de I'excitation oblique de
I'ouverture (non reproduits)

Transmission of an obliquely incident beam of light throughsmall apertures in a metal
film
E. Bortchagovsky, G. Colas des Francs, D. Molenda, A. Nabeth Fischer
Applied Physics B34, 49 (2006).

On the optimum form of an aperture for a confinement of the optically excited electric
near field
E. Bortchagovsky, G. Colas des Francs, A. Naber and U. Fische
Journal of Microscopy?29, 223 (2008).
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We have recently demonstrated that the electric near-field emerging from a triangular aperture at the tip of
a metal-coated tetrahedron of glass exhibits a highly confined and intense spot when the light incident from
within the glass body is polarized perpendicularly to one edge of the aperture [Naber et al., Phys. Rev. Lett. 89,
210801 (2002)]. Here we present additional experimental material and a theoretical confirmation of this
near-field optical effect. Based on the model of a triangular aperture in a planar metal film, we studied the
influence of aperture size and film material on the field distribution. Even though our theoretical model is rather
simplified as compared to the experimental setup, we find our numerical calculations to be in very good
agreement to the experimental results. The simulation confirms that it is mainly the reduced symmetry of the
triangular aperture as compared to a circular one which leads to the enhanced confinement and strongly

increased transmission of the electric field.

DOLI: 10.1103/PhysRevB.72.165111

I. INTRODUCTION

Aperture-probe scanning near-field optical microscopy
(A-SNOM) relies on the extremely confined electric field
that emerges from a subwavelength aperture in a metallic
film to explore optical properties below the diffraction limit.
The most common way of aperture probe fabrication is to
coat a tapered optical fiber with metal in such a way that the
very tip remains uncoated. Using this method one can obtain
circular apertures of a diameter in the range of 100-50 nm or
even less. By coupling light into the fiber, an electric field is
created at the aperture which is confined to a subwavelength
area of a size comparable to the one of the aperture.' In
practice, however, the diameter of the aperture and thus the
optical resolution is commonly chosen >80 nm, because the
transmitted intensity decreases overexponentially with de-
creasing size of the aperture. This severe drop in output in-
tensity cannot simply be compensated by a higher input in-
tensity, since the metal cladding is destroyed at input powers
above a certain threshold (~10-20 mW).* Hosaka and Saiki
succeeded to implement aperture probes with smaller aper-
tures leading to SNOM imaging of single molecules at 15
nm in a selected example.” An important advantage of these
probes seems to be a larger taper angle leading to a higher
transmission of light through the probe. Recently we intro-
duced a kind of aperture probe (TA probe) featuring a full
taper angle of 90° and a triangular aperture (TA) at the tip of
a metal-coated tetrahedral glass body.6 We demonstrated that,
in contrast to a circular aperture, an equilateral triangular
aperture can concentrate the incident electric field with high
intensity to an area considerably smaller than the aperture
area if the polarization of the incident light is chosen to be

1098-0121/2005/72(16)/165111(6)/$23.00
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perpendicular to an edge of the aperture. Such a triangular
aperture was proven to be useful for near-field fluorescence
imaging at a resolution of 30-40 nm.® Tanaka et al.” and
Tanaka and Tanaka® numerically investigated different mod-
els of a triangular aperture in a metallic screen. Their results
are in good qualitative agreement to the field patterns at a TA
probe.

Here we present additional experimental data of the en-
hanced field confinement of a TA probe as well as a system-
atic study of the influence of aperture size and film material
on the field distribution at a triangular aperture in a planar
film. Though our theoretical model considerably deviates
from the actual geometry of a TA probe, the numerical re-
sults turned out to be in very good agreement to the mea-
surements. In preliminary calculations (not shown) for a
more complex three-dimensional geometry we did not find a
significant improvement. Our findings confirm the idea that it
is mainly the reduced symmetry of the triangular aperture
together with the boundary conditions of the electromagnetic
field at the edges which lead to the confinement and strongly
increased transmission of the electric field.

The paper is organized as follows: In Sec. II we briefly
describe the fabrication of the TA probe and its characteriza-
tion. A detailed account is given of the electric field distribu-
tion in the vicinity of the aperture as a function of the polar-
ization of the incident beam. In Sec. III we give a short
introduction to numerical simulations based on the field-
susceptibility method. In Sec. IV this formalism is applied to
a sub-wavelength triangular aperture in a planar metal film.
We discuss the energy confinement properties in the near
field of such an aperture irradiated by a plane wave at normal
incidence. For comparison, we also apply this method to a

©2005 The American Physical Society
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FIG. 1. (a) Measured field pat-

< O) - 8 terns (I-IX) at the triangular aper-
7 A ture (white line) of a TA probe for
2 N different polarization angles of the

“a incident light. The double arrows

indicate the respective polariza-
tion direction of the incident
beam. (b) Plots of the averaged
fluorescence intensity at the center
of the aperture edges 1-3 as a
function of the polarization angle
¢. The solid curves fit the data
with a cos?¢ law. The respective

circular aperture. An interpretation of the numerical results
based on the boundary conditions of the electric field allows
us to discuss the enhanced light confinement in simple terms.

II. EXPERIMENTAL RESULTS

The fabrication of the TA probe is based on a glass body
exhibiting a tetrahedron-shaped tip.>? After coating the glass
body with an opaque aluminum layer, the probe is attached
to a piezoelectric tuning fork serving as a force sensor for
sample-distance control in the SNOM measurement.®!? The
triangular aperture is created by gently squeezing the metal-
coated tip against a flat glass surface.%!!"1> The typical size of
the resulting aperture is in the range of 30—60 nm.

For the characterization of the aperture, ~20 nm-sized
dye-doped polystyrene spheres are imaged near-field
optically.®!? Due to the small size of the beads as compared
to the aperture, probe and sample change their roles in the
imaging process. The measured fluorescence intensity of the
beads depends on the local excitation intensity at the aper-
ture, so that the taken fluorescence image represents a highly
resolved map of the electric field intensity at the probe.!? In
Fig. 1(a) the measured field distribution at the aperture of a
TA probe is shown as a function of the polarization direction
of the incident laser light. The size of the triangular aperture
(indicated by a white line) has been mainly concluded from
the distribution of the field intensity in the vicinity of the
aperture® and comparable studies of circular apertures. '3

As in the case of circular apertures,'~> a high field inten-
sity arises at the metallic edges of the triangular aperture. For
a direction of the polarization normal to one of the edges
[Fig. 1(a): I, IV, and VII], we find a significant field intensity
only at this edge, whereas the other two edges then exhibit
only a comparatively weak field intensity. For other polariza-
tion directions, however, always two edges of the aperture
are excited with varying intensity distribution [Fig. 1(a): II,
III, V, VI, VIII, and IX]. In order to clarify the polarization
dependent course of the field intensity, in Fig. 1(b) the aver-
aged intensity at the center of each edge is plotted against the
polarization angle of the incident light. For each edge, a
simple sinusoidal function fitted to the respective data fairly
reproduces the polarization dependent changes in intensity.
The fitted curves are phase shifted ~60° to each other which

90

Polarization angle (deg)

plots for the sides 2 and 3 are both
shifted by an arbitrary offset.

!
180 270

agrees well with the behavior expected for an aperture with a
threefold symmetry.

III. THEORY

Several theoretical methods have been successfully ap-
plied to describe the near field of sub-wavelength apertures
in metallic films. However, so far the only case that has been
analytically solved is a circular hole in an infinitely thin and
perfectly conducting metal.!?> As far as only such idealized
films are concerned, the application of the generalized Babi-
net’s principles yields a simple and time saving numerical
method for a characterization of arbitrarily shaped
apertures.'“!> Nevertheless, as one is interested in the physi-
cal situation with an arbitrary aperture in a real metal film of
finite thickness, more complex numerical methods become
indispensable. Among them, the finite-difference time-
domain (FDTD) method’ and the field-susceptibility tech-
nique (also called Green’s dyadic)'®!” have been success-
fully applied to such systems. Here we use the field-
susceptibility technique which has proven to be particularly
well suited to near-field optics studies'®!® and investigations
of single molecule interaction with a confined field.'*?° In
the following, we briefly summarize the main steps of this
formalism. More details can be found in Ref. 18. The geom-
etry of the problem is schematically shown in Fig. 2. A ho-

FIG. 2. Geometry of the model for the numerical calculations.
An aperture of given shape in an aluminum film of 100 nm thick-
ness is illuminated by a plane electromagnetic wave (A=488 nm) at
normal incidence. The polarization angle ¢ of the electric field E is
measured in respect to the x direction.
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mogeneous electric field of vacuum-wavelength A\=2mc/w
=488 nm illuminates the aperture in an aluminum film at
normal incidence with a polarization angle ®. The metal is
described by its complex permittivity &,(w)=-34.7+1 8.7,
the upper and lower media are glass (g;=2.25) and air (&3
=1), respectively, to reproduce the probe characteristics.

An efficient way of using the field-susceptibility formal-
ism is to consider first a reference system for which the as-
sociated field susceptibility is known. In our case this refer-
ence system is a plane metallic film of thickness d and
infinite extension. The associated field-susceptibility
So(r,r’,w) of such a system is straightforwardly deduced
from a careful analysis of the electric field scattered by a
dipole in a stratified media and can be found in the
literature.!”?! Then we transform this reference system to the
studied geometry, here a hole in the film which is simply
modeled by adding N glass cubes of volume a® inside the
film. The field susceptibility associated to the final system
obeys the Dyson equation

S(I',I'I,a)) = So(r,r,,(,l)) + a3 2 SO(r9rk, Q))X((U)S(rk,r,,w),
k=1,N

()= ‘4—77(“’)

(1)
which is numerically solved.'® The electric field in the final
system is then obtained from the Lippmann-Schwinger equa-
tion

E(r,0) = Ey(r,0) + @’ 2 S(r,r;, ) x(0)E(r, o), (2)
k=1,N

in which E(r, w) represents the electric field of the reference
system that can be found in textbooks.?? Let us point out that
beginning with the aluminum film as the reference system
instead of free-space as in Ref. 16, the sum runs over the
aperture only. Nevertheless, a careful numerical evaluation is
required for integrals that appear in the field-susceptibility
expression of a stratified medium.?

IV. NUMERICAL RESULTS AND DISCUSSION

We consider here two geometries: a circular aperture with
a diameter of 50 nm and an equilateral triangular aperture
with a side length of 50 nm. In both cases, the thickness of
the metal film was chosen to be 100 nm. As illustrated in Fig.
2 the apertures are illuminated with polarized light at normal
incidence. The electric field intensity is calculated 10 nm
below the aperture which roughly corresponds to the mean
distance of the aperture to the center of the fluorescing
spheres in our experimental characterization. In all cases the
calculated intensity is normalized to the incident beam inten-
sity. As a reference we first simulated the field intensity at a
circular aperture in a planar aluminum film [Fig. 3(a)]. As it
is well-known from the solution of Bouwkamp? for an aper-
ture in an infinitely thin, ideally conducting film, two
maxima of equal intensity appear which are closely located
below the metallic rim and are oriented along the direction of
polarization. Due to the symmetry of the aperture the con-
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FIG. 3. Normalized electric field intensity computed at z
=—10 nm for (a) a circular aperture and a polarization angle ¢
=90°; (b),(c) the same for a triangular aperture with (b) ¢=90° and
(c) #=0°; (d),(e) measured field map of a TA probe at a distance of
~10 nm from the triangular aperture for (d) ¢=90° and (e) $=0°.
Location and shape of the respective apertures are marked by a
white line; double arrows indicate the polarization direction of the
incident light. Intensity scales linearly with grayscale; constant in-
crements between successive contour lines in (a)—(c).

necting line of the spots is always parallel to the polarization
direction and the shape of the pattern does not change with
the polarization angle.

Figures 3(b) and 3(c) show the calculated field intensities
at a triangular aperture for polarization directions parallel
and perpendicular, respectively, to the left edge of the tri-
angle. For comparison, the corresponding experimental field
patterns for a TA probe® are displayed in Figs. 3(d) and 3(e).
The shape and intensity distribution of the calculated field
patterns closely resemble the measured ones for both cases,
the parallel as well as the perpendicular polarization direc-
tion. Even the initially unexpected location of the measured
intensity maxima far outside the aperture is properly repro-
duced in the simulation. When the incident beam is perpen-
dicular to one edge, the electric field emerging from the tri-
angular aperture exhibits only one intense spot with a full
width at half maximum (FWHM) of ~30 nm. This highly
confined and intense electric field was shown to be useful for
optical imaging with a resolution in the range of 30-40 nm.®
For similar dimensions the circular aperture creates a less
intense and less confined near-field (FWHM ~100 nm). A
comparison of the calculated intensity values of the triangu-
lar and the circular apertures shows that the suppression of
one spot at the triangular aperture involves an at least three-
fold higher intensity at the remaining spot.

Furthermore, we numerically investigated the effect of a
continuous variation of the polarization of the incident beam
on the aperture field and compared the calculation with our
experimental data. Figure 4 shows the calculated intensity at
the center of one edge as a function of the polarization angle
¢ of the incident beam. A fit of our numerical solution to a
simple analytical function reveals that apart from a small
offset the polarization-dependent intensity closely follows a
cos®¢ law. This finding is in good agreement with the respec-
tive experimental data of a TA probe shown in Fig. 1(b).

Figure 5 displays the normalized intensity of the E, and
the E, component at the triangular aperture in case of a per-
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FIG. 4. Calculated intensity at the center of the bright spot of

Fig. 3(c) as a function of the polarization angle ¢ (cross symbols).
The solid line is a fit of the numerical data to a cos>¢ function.

pendicular polarization direction of the incident beam. The
respective intensity of E, is negligibly small and therefore
not shown. From Fig. 5 it follows that the large shift of the
confined spot seems mainly to be caused by a strong E,
component appearing on the metal film far outside the aper-
ture. Owing to the well-known boundary conditions of elec-
tromagnetic fields at interfaces, the normal component E, of
the electric field is continuous at a surface of discontinuity
and thus can take on large values even at a metal/air inter-
face. However, it is surprising that the intensity maximum of
|E.|? is shifted ~25 nm away from the aperture while at the
rim |E.|? is almost vanishing. In particular, such a behavior
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FIG. 5. Cross sections through the calculated field distributions
of |E.|?> (dashed line) and |E,|? along the y axis (x=0) at a distance
of z=—10 nm behind a 50-nm-sized triangular aperture. The dotted
lines indicate the position of the aperture [same orientation as in

Fig. 3(c)].
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does not seem to fit into a surface-plasmon-polarition (SPP)
model recently proposed as a possible transmission mecha-
nism through the aperture.® A clue to the phenomenon of the
displaced high electric field intensity may be found in the
near-field distribution of the magnetic field. Preliminary cal-
culations indeed indicate that magnetic fields penetrating the
aperture might play an important role in shaping the spot;
however, further theoretical studies are necessary to clarify
this point. Here we want to focus mainly on a discussion of
the field pattern in relation to the imposed boundary condi-
tions and on the influence of material parameters on the
shape of the spots.

The computational analysis presented so far clearly con-
firms our previous experimental result that the reduction of
symmetry of the aperture shape can lead to an enhanced
confinement of the electric near field. In the following we
want to point out that the number and the positions of the
bright spots are a direct manifestation of the boundary con-
ditions at the film-air interface.”!”->* When the incident beam
is polarized along the x axis, the electric field is normal to the
left edge of the triangular aperture depicted in Figs.
3(b)-3(e). The discontinuity of the field component normal
to the metallic film implies a nonzero field at this edge. The
other edges are inclined by 60 ° to the x axis and the ampli-
tude of the component of the x-polarized incident field E,
normal to these edges is E cos(60°)= %EO and its intensity is

Al-lEOZ. This simple argument thus explains almost quantita-
tively the result of the numerical calculations. The behavior
of electromagnetic fields at metallic edges also explains that
for a beam polarized in the y direction the intensity vanishes
at the edge oriented along the y axis. Since the electric field
component normal to the edge is proportional to cos ¢, the
boundary conditions predict the same polarization depen-
dency for the intensity as observed in our simulation.

After this general discussion about the shape of the near-
field pattern at the tip output we turn to the parameters gov-
erning the spot formation for an incident beam polarized
normal to one edge. The major aim of this investigation is to
find a way to further improve the performance of the TA
probe for near-field optical applications. In particular, we are
interested in parameters influencing spot confinement and
location. At first, we calculated the electric intensity 10 nm
below the aperture for several different sizes (see Fig. 6 and
Table I). It turned out that spot shift and confinement normal
to the edge are almost independent of the aperture size
whereas the transmitted intensity and the extension of the
spot along the edge increase with triangle length. Apparently,
due to the almost constant width of the spot in the direction
normal to the edge, no improved confinement can be ex-
pected by further decreasing the aperture size below a value
of ~30 nm. This behavior is in good quantitative agreement
to previous measurements with TA probes of largely different
aperture size (Figs. 2(d) and 3(d) in Ref. 6).

As a consequence, further improvement can only be ex-
pected by changing other parameters. In the following we
study the role of the metal properties in spot formation. Fig-
ure 7 represents the near-field intensity for a triangular aper-
ture in silver as well as in a very good conductor at optical
frequencies (VGC). The VGC is simulated by setting the
imaginary part of the dielectric permittivity to zero and the
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FIG. 6. Calculated intensity distributions at a distance of z
=-10 nm behind a triangular aperture in a 100-nm-thick Al film for
two different side lengths a of the triangle; (a), (b) @=33 nm, and
(b), (¢) a=72 nm. Double arrows indicate the polarization direction
of illumination. Intensity values scale linearly with grayscale and
are normalized to the incident intensity /.
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respective real part to a relatively large value.>> For such an
idealized metal, the transmitted intensity turned out to be
very low as compared to a real metal. For a better compari-
son, the thickness of the VGC film was chosen such that the
transmission of a plain film equals the transmission of a 100-
nm-film of aluminum. The electric field intensity at a trian-
gular aperture in a VGC film is clearly better confined
(FWHM ~28 nm) and the intensity maximum is located
much closer to the rim of the aperture. We assume therefore
that for a perfect conductor and vanishing distance the peak
intensity is located just below the rim of the aperture as it is
the case in Bethe’s model for a circular aperture. Using silver
instead of aluminum as screen material, the transmitted in-
tensity is much higher but the spot confinement is worse.
Thus, we conclude that in the case of a triangular aperture
the choice of the metal has a large influence on spot location
as well as on field confinement. The peak intensity shift is
probably a direct consequence of the finite field penetration
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FIG. 7. Calculated intensity distributions at a distance of z
=-10 nm behind a 50-nm-sized triangular aperture in a 100-nm-
thick metal film for (a), (b) silver (e=-=7.9+i-0.73) and (b), (c) a
very good conductor at optical frequencies (VGC, £=-100.0
+i-0.0) as film material. Double arrows indicate the polarization

direction of illumination. Intensity values scale linearly with gray-
scale and are normalized to the incident intensity /.
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of the electric and magnetic fields into the metal film. We
want to stress, however, that this shift depends on both metal
properties and aperture shape. Though the skin depth of a
silver film is about twice as large as the skin depth of an
aluminum film [S5(Ag) ~28 nm and &(Al)~ 13 nm], the ad-
ditional shift caused by the change in material (A=1.6 nm;
Al and Ag for a 50-nm-sized triangular aperture) is smaller
than the additional shift caused by the change in aperture
shape (A=2.8 nm; 50-nm-sized Al-coated circular and trian-
gular aperture).

In summary, we have shown in this study that the experi-
mentally and theoretically obtained field distribution in a tri-
angular aperture can be understood as a direct consequence
of the boundary conditions of electromagnetic fields at me-
tallic edges. An enhancement effect of the triangular aperture
with respect to the circular aperture is explained by the nu-
merical calculations. However, only a precise analysis of en-

TABLE 1. (a) Spot characteristics for a triangular aperture in a plane aluminum film of thickness d
=100 nm as a function of aperture size. The incident field is polarized along the x axis and the excitation
wavelength is A=488 nm. The side length a of the triangles ranges from 33 to 72 nm. The spot size (FWHM
~36 nm) as well as the peak shift (Ax~ 11 nm) is almost independent of the aperture size. The maximum
values of the transmitted light I,,,,, are given in relation to the incident intensity /. (b) For comparison the
respective values for a 50-nm-triangular aperture in silver (d=211 nm,e=-7.9+i-0.73) and a very good
conductor (VGC, d=61 nm,e=-100.0+i-0.0) as well as for a circular aperture in aluminum (diameter a
=50 nm) are also shown. The film thicknesses are chosen such that the transmission without aperture is the
same for all materials.

Aperture shape Triangular Circular
Material Al VGC Ag Al
a (nm) 333 50.0 55.6 61.1 66.7 722 50.0 50.0 50.0
FWHM (nm) 35 38 36 35 36 36 27 44 113
Ax (nm) 11 11 12 12 11 12 9 12 8
Tnax! Iy (X107%) 1.82 5.18 6.6 8.0 9.5 11.0 1.7 200 1.0
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ergy transmission through the aperture can lead to a conclu-
sive physical picture of the involved effects. We will
investigate this in the near future.

Finally, we want to mention, that there are still open ques-
tions. We frequently observe in our experiments that by mov-
ing the normal polarization direction from one edge of the
triangular aperture to another, the respective intensity ratios
of the bright spot to the weak spots can considerably vary. In
some cases this ratio is much larger than expected from cal-
culations in which the illumination angle is allowed to devi-
ate from normal incidence (not shown here). Though this
effect is of great advantage for the use of a triangular aper-
ture as probe in a SNOM measurement, because it results in
a further field confinement, we did not yet find a conclusive
explanation for it.

V. CONCLUSION

We have demonstrated experimentally and theoretically
that at a nanometer scale the shape of an illuminated aperture
in a metal film can have a large influence on both light con-
finement and transmission. On the basis of a simplified nu-
merical model we investigated the influence of aperture size
and film material on the field distribution at a triangular ap-
erture. Compared to a circular aperture the reduced symme-
try of a triangular aperture is accompanied by greatly en-
hanced and confined electric field intensities in the
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immediate vicinity of the aperture when the incident beam is
perpendicularly polarized to one edge of the triangle. The
agreement between experiment and simulation turned out to
be excellent, though our theoretical model of an aperture in a
planar film considerably deviates from the actual geometry
of the experimentally studied TA probe. This result can be
largely understood by considering the behavior of electro-
magnetic fields at metallic edges. By applying the boundary
conditions of electric fields to a triangular aperture in a metal
film, we found the same angular dependence of the field
pattern on the polarization state of the incident light as with
our rigorous numerical solution based on Maxwell’s equa-
tions.
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2.1.2 Fluorescence de métules individuelles

Discussion
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FIG. 2.2 — a) Représentation schématique des états alemnties (singuletss,, S, et triplet
T)) et vibrationnels (traits horizontaux) d’'une moléculefiescente (d’apres [27]). b) Spectre
d’absorption d’une solution de TDI (tiré de [28]).

L'objectif de cette discussion est de déterminer un ordrgrndeur du rapport signal sur
bruit de fluorescence accessible avec la sonde a ouveriangulaire caractérisée au para-
graphe précédent. La figure 2.2 donne une représenttitematique des états moléculaires.
Le cycle absorption-émission se produit entre les nivadlopationnels des deux états électro-
niques singulets, et S;. Le croisement intersysteme (ISC) vers I'état trigletcorrespond a
une transition non radiative, interdite de spin, et dimidoac le nombre de photons de fluo-
rescence. Le décalage Stokes entre les longueurs d’oralesodbtion et d’émission est di
aux relaxations vibrationnelles, non radiatives aussisein d’'un méme niveau €électronique.
Finalement, I'efficacité du processus absorption-flugase est quantifiee par le rendement
guantique de fluorescendg-, rapport du nombre de photons émis sur le nombre de photons
absorbés par la molécule. Les molécules fluorescentesles ont de$» compris entre 0,1 et
1. Dans I'expérience qui suit, nous avons utilisé desetuEs de terrylenediimide (TDI) qui
présentent une bonne stabilité et une efficacité quaagédevéed = 0, 9- Fig. 2.2b).

|
B

FIG. 2.3 — Représentation schématique du montage utilis& pexcitation localisée de
molécules individuelles. Des molécules dispersées deigne aléatoire dans une matrice de
polymere sont excitées localement avec une sonde SNOIiltide bloquant le signal d’excita-
tion transmis § = 633 nm). L : lentille, APD : photodiode a avalanche.
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Le rapport signal sur bruit de fluorescence d’'une molécnique est donné par [27]

SNR = 77det]fluo 7 (21)
\/ndetffzuo(l + kogipnV/oas) + NappT
POU
]fluo - UabsA—}”i(I)FT (22)

Dans cette expression.;ouws( Pt /Ahr)® T est le signal de fluorescence détecté, ayec
I'efficacité de la chaine de détection (incluant I'olijede collection, les filtres et I'efficacité de

la photodiodey,,; est estimé &.10~2 dans notre montagey,, la section efficace d’absorption
(0as = 3,5.1072° m? pour le TDI), P,,, la puissance d’excitation a la sortie de la sonde (en
W), A I'aire de focalisationhv I'énergie d’'un photon/y = 3,1.107'° J pour\ = 633 nm) et

T le temps d’acquisition.

Les termes au dénominateur déterminent le bruit de tiétedo,;;nV correspond a la
diffusion Rayleigh, a la longueur d’onde d’excitationy @ matrice contenant les molécules
fluorescentesk est l'efficacité de la chaine de détection a la longuéande d’excitation;

k ~ 107 pour un montage utilisant des filtres pour éliminer le sigtilumination. o, est

la section de diffusion Rayleiglof;;; ~ 1072* m?) etn la densité de molécules de la matrice
(n ~ 10%mol/um?). V est le volume d’excitation. Enfiny,ppT représente le bruit de fond
de la photodiode a avalanch¥ (rp ~ 100coups/s dans I'expérience qui suit).

Finalement, I'intérét de la microscopie en champ proah# pa spectroscopie de molécules
uniques apparait clairement. D’une part, la réductioalee d’excitation A augmente con-
sidérablement le signal de fluorescence emfis,(Ahv). D'autre part, le bruit par diffusion
Rayleigh est notablement diminué par réduction du voldmé'excitation. Ainsi, le rapport
signal sur bruit se réduit alors a

Ndet O abs (Pout/AhV)(I)FT

SNR ~ )
\/ndetgabs(Pout/AhV)q)FT + NAPDT

(2.3)

En utilisant le confinement du champ €électrique a la salgi¢éa sonde a ouverture triangu-
laire, on obtientd = 9,4.107'%m2. Ainsi l'utilisation du champ proche optique conduit-elle
a une aire d’excitation supérieure a la section efficdabsibrption moléculaire de seulement
quelques ordres de grandeurs,( = 3, 5.1072° m?). Il serait aussi possible d’augmenter la sec-
tion efficace d’absorption en travaillant a basse tenmpégaEn effet, les couplages phonons de
la molécule avec la matrice hote sont fortement rédaires basse température, ce qui permet
de s’approcher de la valeur maximale de la section efficaaesdrptiors\?/27 (de I'ordre de
10~13m? dans le visible) [29]. Ces quelques ordres de grandeugdeét/l’intérét de la micro-
scopie en champ proche, éventuellement combinée a tdrepeopie basse température, pour
I'étude de molécules uniques.

Pour une excitation de 2 mW, la puissance a la sortie de ldesestP,,, = 2.10~"W, ce
qui conduit a un rapport signal sur brgitV R = 50 pour un temps d’acquisition de 20 ms. Ce
rapport peut encore étre ameélioré sensiblement en antgmda puissance d’excitation.

Avant de discuter d’'une telle expérience, il faut souliggae des techniques de champ
lointain permettent d’obtenir des rapports similaireg@aneilleurs. Signalons la microscopie
confocale, avec des SNR de I'ordre de 100 mais une résol(ltiterale et axiale) moindre (li-
mitée par la diffraction). Enfin, il est apparu tres receemt une nouvelle gamme de techniques
de microscopie de champ lointain tres haute résolutiltesEont regroupées sous I'acronyme
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RESOLFT (reversible saturable optically linear fluoresegrcar elles jouent sur un effet de
seuil entre un état sombre (saturable) et un état fluonésmrir activer séquentiellement les
molécules sondes dispersées dans le systeme a étudediscussion de I'évolution de la mi-
croscopie optique vers la tres haute résolution esteedans la reference [30]. Ces techniques
sont extrémement prometteuses pour la caractérisatierlé systemes biologiques.

a) Polarised incidentlight b) Molecule M3 Molecule M4
perpendicular to one = an”

Near-field odgo {along x-axis)
distribution with
the strongest TA probe
vector component
of 60° to the z-axis
e S Sl
molecule (d) Sij"; Lvtoas|
- t ¥ b | L]
R I o dl}z"‘_, L% moﬂ.‘cuh{a} D‘
v 5 1 2 =} 135

[ =7 _:ﬁmlacul & (c) | \\5\\7‘?'

FIG. 2.4 — a) Excitation de molécules individuelles dispess&ur une surface. L'excitation est
réalisée grace a une pointe SNOM d’ouverture triarigall0 nm de cb6té) pour deux polarisa-
tions (parallele «« = 0°, ou perpendiculaire & = 90°, a une aréte du triangle). b) Image
de fluorescence mesurée (ligne du haut) et calculée (bignmilieu) pour deux molécules
differentes. L'orientation des molécules qui en estudiedest donnée sur la ligne du bas. La
position latérale de I'ouverture triangulaire est repersur chaque image.

Nous avons vu que la sonde locale permet de détecter ld gigflaorescence de molécules
uniques avec un rapport signal sur bruit satisfaisant. Desunes ont été faites par Daniel Mo-
lenda lors de sa these a I'Université de Munster. Il pad& un film de polyméthacrylate de
méthyle (PMMA) dopé avec des molécules de TDI (concéiotnd 0~8mol.L 1) sur un substrat
de verre. Il a ainsi obtenu des films de 10 a 20 nm d’épaisseza environ 10 moléculgsh?.

La sonde est ensuite balayée au-dessus des moléculegnhkde fluorescence détecté dépend
de I'orientation (aléatoire) des molécules sur la swfdgans un modele simple, la molécule
est représentée par son moment dipolaire de trangitibe signal de fluorescence est propor-
tionnel a la probabilité d’exciter la molécule par le oifaélectriqueE a la sortie de la sonde
soit |p - E|?. En considérant plusieurs orientations possibles et fectetint des simulations
numerigues, nous avons pu déterminer avec une grandssiprel’orientation des molécules
sur la surface (Fig. 2.4). Finalement, les images obtentéseptent une résolution d’environ
30 nm avec un rapport signal sur bruit de 20 en accord gubétetc I'ordre de grandeur obtenu
précédemment.

Cette configuration de SNOM avec une sonde a ouverturaytrlaime est désormais utilisée
dans I'équipe d’Andreas Naber, maintenant en poste av&isité de Karlsruhe, pour I'étude
de membranes biologiques [31].
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Abstract: A triangular nano-aperture in an aluminum film was used as a
probe in a scanning near-field optical microscope (SNOM) to image single
fluorescent molecules with an optical resolution down to 30 nm. The
differently oriented molecules were employed as point detectors to map the
vectorial components of the electric field distribution at the illuminated
triangular aperture. The good agreement of the experimental results with
numerical simulations enabled us to determine both the field map at a
triangular aperture and the exact orientations of the probing molecules.

©2005 Optical Society of America

OCIS codes: (180.5810) Scanning microscopy; (180.2520) Fluorescence microscopy;
(050.1220) Apertures; (050.1960) Diffraction theory; (999.9999) Nano-optics
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1. Introduction

Optical properties of single metallic or non-metallic nanostructures are still mainly
investigated by classical methods like absorption and transmission measurements of light.
Spatial information on a scale larger than half the wavelength of light (A/2) can be easily
obtained using conventional far-field optical microscopy techniques. The intensity distribution
of the electromagnetic fields in the immediate vicinity of nanostructures, however, can only
be deduced from near-field optical methods since the information contained in the evanescent
fields around such structures are not transferred to the far-field [1].

The usual way to measure an optical near-field is to scan a submicroscopic detector
several nanometers over the sample such that probe and sample can interact with each other
via evanescent fields. The achievable optical resolution is mainly limited by the size of the
detector and its distance to the sample. In a photon scanning tunneling microscope (PSTM),
for example, the sharp tip of a tapered optical glass fiber or a submicroscopic aperture at the
very end of a metal-coated glass fiber are employed as detectors for the near-field. The
interpretation of a PSTM measurement, however, can be rather complicated because the
influence of the probe on the field map as well as the special characteristics of the probe as
detector for different electric and magnetic field components have to be taken into account
[2,3].

A very effective method to determine the field map of an illuminated metallic
nanostructure with molecular resolution was found by Betzig and Chichester in the context of
the first single molecule fluorescence measurements at room temperature [4]. The
fluorescence of single molecules embedded in a thin film of polymer was locally excited
through a circular, 100-nm-sized aperture of a near-field probe and collected by an optical
microscope. By scanning the aperture at a distance of 10 nm over a molecule, the intensity of
the resulting fluorescence was modulated according to the varying local electric field intensity
of the extended field distribution around the aperture. Thus, the measured fluorescence image
corresponded to an intensity map of the electric field in the fixed direction of the molecular
dipole transition 10 nm below the aperture. By comparing the field map with results of a well
known theoretical model it was possible to roughly determine the orientation of a molecule
within the polymer film. So far, similar measurements could be accomplished only for
apertures sizes d > 70 nm and were carried out exclusively with circular apertures [4,5].
Recently, such a method was also used to characterize the electric field emitted by a tip-on-
aperture [6].

In this paper, the electric field map at a 50-nm-sized triangular aperture (TA) in a metallic
film is revealed using single molecule fluorescence measurements in combination with a
numerical model. The excellent agreement of experimentally obtained field maps with results
of the numerical simulation allowed us to determine with high accuracy the vectorial field
components at a triangular aperture as well as the orientation of the measured molecules. Vice
versa, we are able to demonstrate that a triangular aperture as near-field optical probe (TA
probe) makes it possible to detect single fluorescent molecules with an optical resolution
down to 30 nm. The high signal-to-noise ratio enabled us to localize a molecule within a few
nanometers on a time scale of 20 ms.

2. Background and experimental details

Our method to form a triangular nano-aperture is based on a tetrahedral glass body which is
simply fabricated by scratching and cleaving of a cover glass [7]. The common tip of three
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Fig. 1. Electron micrographs of an aluminum-coated tetrahedral glass tip before (left) and after
(right) focused ion beam milling. Cutting off the metal-coated, ultra-sharp glass tip routinely
results in a well-shaped triangular nano-aperture embedded in a flat aluminum end face.

orthogonal cleavage edges is known to be extraordinarily sharp which enables us to create
TAs with sizes in the 10-nm-regime. After coating the glass tip with an opaque film of
aluminum, an almost equilateral TA was formed either by gently squeezing the metal-coated
tetrahedral tip against a flat glass surface [8] or by side-milling using a focused ion beam [9]
(Fig. 1). The aperture is illuminated through the glass body along the direction of symmetry
by means of a focused laser beam (wavelength A=633 nm). Recently, such a TA was used as
near-field probe for imaging quantum dot aggregates with an optical resolution of 30-40 nm
[8]. Owing to the large opening angle of the glass tip, a TA probe proved to have an optical
transmission coefficient several orders higher than conventional SNOM aperture probes based
on thermally pulled fiber tips.

Previously, we have used single 20-nm-sized polysterene beads doped with a large number
of differently oriented fluorescent molecules to map the optical near-field of a TA probe [8].
Due to the isotropic absorption properties of such beads, however, only the scalar intensity
distribution could be measured. The results of a numerical simulation based on the field
susceptibility technique were shown to be in good agreement to the experimental results
though only a simplified model of an aperture in a planar film was used for the calculations
[10].

To illuminate the unique electromagnetic properties of a TA, the calculated field maps of a
circular aperture and a TA are compared in Fig. 2. Instead of two intensity maxima as in the
case of a circular aperture, the electric field distribution at a TA is mainly confined to one side
if the TA is illuminated with light of a polarization directed perpendicular to one of the three
edges. For a polarization direction parallel to an edge, however, a field map is created which
corresponds qualitatively to the one of a circular aperture (not shown) [8,10].

(a) (b) I1
50 nm > <> i
— 0

Fig. 2. Scalar electric field intensity calculated near a circular (a) and a triangular nano-aperture
(b). The aluminum slab (thickness d=100 nm) separates a glass and an air half-space; the
aperture is filled with glass. For the simulation, the aperture is assumed to be illuminated from
the glass side by a monochromatic plane wave (A=633 nm) which is linearly polarized parallel
to the slab (white arrows). The intensity map is calculated at the air side in a plane 10 nm
below the film (see also Fig. 5(a)). Intensities are normalized to the respective maximum
values.
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Fig. 3. Near-field optical fluorescence image of randomly oriented TDI molecules embedded in
a 10-nm-thin PMMA film. The molecules are excited by means of a triangular aperture probe.
The aperture is aligned relative to the sample as indicated by the white triangle. The white
double-arrow represents the incident beam polarization. For an enlarged view of the framed
area, see Fig. 4.

The major aim of this work was to measure the vectorial components of the electric field
map at a TA by making use of differently oriented single molecules as detectors and to
compare the experimental results with numerical calculations from our theoretical model. For
this purpose, terrylenediimide (TDI) molecules were embedded in a 10-nm-film of
polymethylmetacrylate (PMMA) by spin-coating an appropriate  solution of
TDI/PMMA/toluol on a clean cover slide. Our measurements described below indicate that
under ambient conditions the spatial orientation of the TDI molecules in the PMMA film
seems to be frozen to an arbitrary direction. Mainly as a result of the finite thickness of the
PMMA film, the distance of the molecules to the TA ranges from 10 nm to 20 nm.

Fluorescence excitation of the molecules occurred through the near-field of the aperture
which was illuminated by focused laser light (A=633 nm) with a typical power of ImW. The
fluorescence light was collected by a 1.3-numerical-aperture oil-immersion-objective and was
detected by an avalanche photo diode after passing a filter combination to suppress the
excitation light (for more details, see Ref. 8).

3. Experimental results

Figure 3 displays a fluorescence image of TDI molecules in PMMA taken by a TA probe with
a 50-nm-sized optical aperture. The image covers an area of 3um x 3um in which ~100
fluorescence spots of varying shape and intensity appear. Each of these patterns is interpreted
as near-field map of a triangular aperture probed by a single, arbitrarily oriented molecule.
The signal-to-noise (S/N) ratio of the intense spots is in the range of 20-30 (pixel time of 20
ms) and thus clearly higher than in comparable studies using fiber probes with larger
apertures. Since the TA probe turned out to withstand laser intensities of > 50 mW, the S/N
ratio may even be further improved easily. The distinct improvement of S/N ratio originates
from the special geometry of a TA probe: first, the large taper angle of ~90° provides a
relatively high transmission of light; and second, the excitation light is focused directly to the
aperture through an only 0.5 mm long piece of glass thus avoiding unwanted background, for
example, from a light-guiding fiber.

The fluorescence spots appearing in the image can be roughly classified in two categories:
about half of the spots are composed of two sub-spots of different shape and intensity with a
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Fig. 4. (a,b) Enlarged view of the framed sample area in Fig. 3 for two different polarization
directions of the incident light (indicated by double-arrows). As a result of the polarization
rotation the intensity maximum and distribution of the fluorescence spots drastically changed.
The different shape of the spots within an image is caused by different orientations of single
molecules and represents a map of the electric field component at the triangular aperture in
direction of the molecular dipole. Integration time per pixel was 20 ms. (c¢) Cross-sections
along polarization direction through the center of the fluorescence spots M1-M4 in (a).

total extension of > 50 nm whereas the other half are mainly bright single spots with a size of
30-40 nm. A more detailed view of several different field maps produced by differently
oriented molecules is presented in Fig. 4. The images Fig. 4(a) and 4(b) display exactly the
same area of the sample, only the polarization direction of the incident light was rotated from
0o=0° (normal to left side, Fig. 4(a)) to 0=90° (parallel to left side, Fig. 4(b)). Nonetheless, the
appearance of the fluorescence spots completely changed with polarization direction in shape
as well as in intensity. Sections along the x-direction through the center of the spots of the left
image are presented in Fig. 4(c). Interestingly, the emission intensities between the sub-spots
of M1, M2 and M3 decrease within 20-25 nm to the background level indicating that the
continuously varying electric field changes its polarity between the sub-spots.

4. Comparison with numerical simulations

In order to determine the orientation of the molecules as well as the different field components
at a TA, the measured field patterns are compared to numerical simulations of an aperture in a
planar aluminum film of 100 nm thickness. At first, we calculated the electric field
distribution E(x,y) at a distance of 10 nm behind a 50-nm-sized aperture for two different
polarization directions of the incident light. The shape of the aperture has been chosen not
exactly equilateral for reasons of numerical discretization (cell size is 5.8 x 5.8 x 5.8 nm’; for
more details, see Ref. 10). The excitation intensity I(x,y), which depends on the location (X,y)
of the aperture with regard to the probing dipole, is then calculated for many different dipole
orientations p using the relation I(x,y):lp~E(x,y)I2. Note that the simulation does not include
fluorescence quenching caused by the metallic end face which can occur for a probe-molecule
distance smaller than a few nanometers [1,6].

In Fig. 5(b), a limited number of field maps calculated for several different polar angles 6
and azimuth angles ¢ (cf. Fig. 5(a)) are organized in two panels for two different polarization
directions of illumination. In case of a polarization normal to an edge (table on the left), three
sub-spots of different intensity generally appear at the aperture. The intensity ratios of the sub-
spots strongly vary with dipole orientation so that most orientations create an almost
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Fig. 5. (a) Numerical model for the simulation of fluorescence patterns caused by single molecules

excited through a triangular aperture. The triangular aperture is illuminated at normal incidence with

a plane wave which is linearly polarized either perpendicular (0=0°) or parallel (0=90°) to the left

aperture edge. The orientation of the absorption dipole moment is represented by the two spherical

angles 0 and ¢@. (b) Calculated fluorescence maps for various dipole moment orientations organized

in two panels for the two polarization directions 0=0° and 0=90°. The color scale of each image has

been normalized with respect to its maximum intensity value. The number in the upper right corner

displays the relative normalization value in percent.
individual pattern. Only for polar angles 6>120°, the patterns are less characteristic because
two of the three spots are almost fully suppressed. For this range of polar angles, however, the
patterns produced by an illumination polarization direction parallel to an edge (table on the
right) are much more sensitive to a change in dipole orientation. Thus for a particular dipole
orientation a pair of fluorescence patterns taken from the two panels indeed provides a unique
fingerprint.

In order to identify the orientation of a particular molecule, the two measured fluorescence

patterns are compared to the calculated field maps of Fig. 5 regarding shape as well as relative
intensities of the two maps and the sub-spots. The precision of the orientation determination is

then further optimized by gradually changing the angles ¢ and 0 in steps of 1°. As an
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Fig. 6. Comparison of the measured fluorescence patterns (upper row) to the simulated intensity
maps I(x,y) (lower row) for the molecules M1 to M4 in Fig. 4(a). For each molecule the maximum
intensity of the simulated maps was fitted to the experimental ones without changing the intensity
ratio of the two maps for 0=0° and 0=90°. The deduced dipole moment orientation of each
molecule is shown below the images.
example, the measured patterns M1-M4 of Fig. 4 are compared in Fig. 6 to the respective field
maps selected in this way.

The agreement between experiment and simulated field maps turned out to be excellent.
Not only shape and extension of the patterns but also relative intensities of the fluorescence
maxima for both polarizations are reproduced properly. Since molecule-metal interactions
were neglected in the simulation, quenching thus seems to have only a minor location-
dependent effect on the fluorescence of a fixed molecule in front of a small TA, which is
possibly a result of the relatively large probe-molecule distance of >10 nm. Small differences
in the near-field distributions of experiment and theory can be attributed to a real molecule-
aperture distance deviating from the assumption made in the simulation. In the case of
molecule M1, for example, the maximum intensity for a=0° occurs near the center of the
aperture whereas in the simulation the maxima are located at the rim. Such a movement of the
field maximum to the center is well known to occur with increasing distance to the aperture.
The good agreement of theory and experiment together with the high S/N ratio of the data
allowed us to determine the orientation angles of a molecule with an uncertainty clearly below
10°. The lateral position of a molecule could be localized with a precision down to a few
nanometers (at a pixel time of 20 ms).

Regarding the relative intensities of two differently oriented molecules the agreement
between measurement and simulation turned out to be less convincing though the qualitative
behavior is similar. Considering the experimental conditions, however, a better agreement
could not be expected for at least three reasons: first, the distance of two different molecules
to the aperture may differ up to 10 nm (the sample thickness) resulting in a markedly different
excitation intensity because the near-field decreases exponentially with distance to the
aperture; second, differently oriented molecules have different angular radiation
characteristics so that their fluorescence is generally collected with different efficiency (finite
numerical aperture of the objective); and third, it is well known, that a metal film near a
molecule has a considerable distance- and orientation-dependent influence on the quenching
rate and the fluorescence yield of the molecule [1].

From the successful simulation of the experimental fluorescence patterns of single
molecules, we can conclude that the simple model of a TA in a planar film is perfectly
adequate to describe the near-field optical properties of a real TA probe. A preliminary
simulation of a more complex, three-dimensional model of the TA probe confirmed this
conclusion, since it produced almost the same results as the simple model. The tetrahedral
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Fig. 7. Square of the electric field components in x-, y- and z-direction at a 50-nm-sized
triangular aperture for an illuminating beam polarized normal (upper row) or parallel (lower
row) to the left edge. The intensities are normalized to the maximum intensity of the upper left
image.

form of the waveguide thus seems to have only a minor influence on the performance of a TA
as near-field probe. The spatial distribution of the near-field is mainly shaped by the physical
transmission mechanism of electromagnetic fields through the triangular aperture and is much
less dependent on the particular way of illumination. In numerical simulations published
elsewhere, we could show, for example, that the field distribution is almost independent of the
direction of the illuminating beam as long as the film is sufficiently thick and the size of the
aperture is much smaller than the wavelength [11]. This is also consistent to our recent result
that the general shape of the field pattern at small apertures can be simply deduced from the
boundary conditions of electromagnetic fields within the aperture [10].

The experimentally confirmed validity of our numerical model allows us to report the
vectorial electric field maps at a real TA probe. These maps are identical with the respective
field patterns in Fig. 5 produced by a dipole transition with an orientation in x-direction
(6=90°, @=0°), y-direction (6=90°, ¢=90°), and z-direction (6=0°). For a better comparison,
the vectorial components of a TA are compiled without normalization in Fig. 7. For both
illumination conditions the field component along the direction of the incident electric field is
the strongest whereas the respective perpendicular component along the x-axis or y-axis is
negligible. In both cases the strength of the z-component is around 60% of the most intense
component. Recently, Tanaka and Tanaka discussed the enhanced intensity of the z-
component in terms of a surface plasmon polariton excitation on the sidewalls of the aperture
[12]. For the field maps resulting from our study, however, it is striking that the intensity
maxima are clearly outside the aperture; for the z-components the maxima are even ~25 nm
away from the edges. We think that this behavior may be readily explained by considering
also the magnetic near-fields at the aperture; related numerical calculations are currently
carried out.

5. Conclusion

So far, a triangular nano-aperture was primarily used as ultra-local light source in SNOM
measurements. The detailed understanding of the behavior of electromagnetic fields at a
triangular aperture described in this paper thus enables a far better interpretation of near-field
optical images taken with such a probe. We have demonstrated that the relatively high
transmission of triangular nano-apertures together with the enhanced field confinement at only
one edge makes it possible to image single fluorescent molecules with high S/N ratio at high
optical resolution. Today, most studies employing single molecule detection are based on con-
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focal or wide-field optical microscopy. Owing to the diffraction-limited resolution, however,
these approaches require the concentration of fluorescent particles to be largely diluted. In a
natural surrounding, e.g. for a biological membrane in its native environment, this is not
always possible, so that ultra-sensitive imaging at high optical resolution again becomes
desirable [13-15]. Especially in applications where the molecular dipole is free to rotate (e.g.,
biomolecules in solution), an optical resolution down to 30 nm is readily feasible using a TA
probe since on time average the electric field component at the distinguished edge will always
be dominant. For molecules with a fixed orientation (e.g., in a lipid membrane) the overall
optical spot size may be much less confined so that the optical resolution will be accordingly
lower. In this case, however, shape and relative intensities of the measured patterns can be
analyzed to figure out the molecular orientation with an accuracy of better than 10°.
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2.2 Modele du dipole effectif

Idéalement, la sonde champ proche optique se comporte eamutipdle ponctuel. Quelques
configurations s’approchent de ce cas idéal. Citons le’cag deule molécule fluorescente [32]
ou d’'une nanoparticule métallique [33, 34] attachéeeatiemité d’'une fibre optique effilee.
Plus généralement, les sondes de microscopes optiqgoesao/ent modélisées par un dipble
effectif pour obtenir une analyse simple du signal. Lors @dethése, cela nous avait conduit a
interpréter les images de SNOM en mode illumination en ¢etien densité locale d’états pho-
toniques (LDOS), en analogie directe avec la microscopiefiet tunnel électronique (STM).
J'ai poursuivi ce travail en arrivant a Dijon, pour étaltdi forme du signal mesuré en présence
de nanostructures meétalliques supportant des modes @asi®5, 36]. Le groupe de H. Oka-
moto (Japon) s’est inspiré de ces travaux pour établieexpentalement la relation de disper-
sion de barreaux métalliques [37].

Lors de ce travail, j'ai cherché a préciser les diffésanécanismes intervenant dans le trans-
fert d’énergie en champ proche. Plus précisemment, yiangjfié les contributions de la dissi-
pation et de la diffusion dans la formation d'images en chanmghe en présence de structures
plasmoniques [35].

L'analogie entre I'émission (quantique) spontanée eiyennement (classique) dipolaire de
la pointe nous a conduit a demontrer que le signal mesar@mpmicroscope optique en champ
proche est similaire au taux de relaxation moléculairéa @émontre I'intérét de cette configu-
ration comme systeme expérimental modele de la fluonegcen géomeétrie complexe. Et m’a
naturellement conduit a m’intéresser précisemmentagessus de relaxation moléculaire en
présence de structures métalliques. Je discute ce pod#tail au chapitre 3.
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FIG. 2.5 — Caractérisation du comportement dipolaire d’'umelsdESNOM. L'émission est me-
surée dans le plan image et dans le plan de Fourier. Le coempent dipolaire conduit a imager
la LDOS de I'echantillon dans le plan image et une émisai®t 2 lobes dans le plan de Fou-
rier, semblable a I'emission d’un dipole sur une surfacadul). La fleche rouge indique la
polarisation de I'excitation de la sonde. L'image de LDO8&t&a 6btenue avec une sonde sans
ouverture (fibre optique étirée métallisée avec de lar’'image dans le plan de Fourier avec
une sonde a ouverture circulai® & 100 nm) commercialisée par la société JASCO. La lon-
gueur d’onde d’excitation est= 633 nm).

En parallele de ce travail théorique, nous avons chexatgactériser expérimentalement le
comportement dipolaire de pointes SNOM ou de structurpesies sur une surface. A cette fin,
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Aurélien Bruyant a développé pendant son séjour postettal un montage pour caractériser
I’émission de sondes dans le plan de Fourier. Il a com@af@ e du signal a 'émission d’'un
dipble sur une surface (non publi€). Le montage est tiéarila figure 2.5. Le comportement
dipolaire de la sonde est révélé par la mesure de la LD@S léglan image et par une eémission
angulaire caractéristique d'un dipole (magnétique pm#& sonde a ouverture et €lectrique pour
une sonde diffusante) dans le plan de Fourier [38]. La pi&sel’'une émission sous I'angle
critique dans le plan de Fourier est due aux fuites dans [esate la pointe SNOM. Ces ondes
radiatives sont éliminées lors de 'imagerie dans le plaact avec un masque, assurant que
seules les ondes évanescentes participent a la forndeibimage LDOS.

Nous avons ensuite utilisé ce montage pour caractéremidsion de nanoparticules d’or
couplées. Nous avons ainsi pu caractériser la formatiogrpssive de zones de champs confinés
par couplage de plusieurs nanoparticules [39] puis medardiagramme d’émission d’un
dimere [40]. En patrticulier, il apparait des zones dee®rexaltations du champ électroma-
gnétique entre les deux particules. Ce type de configuréiol’objet d'une recherche intense
pour des applications de Spectroscopie Raman Exaltéereat8 (SERS) avec des applications
pour améliorer la sensibilité de capteurs chimiquesQ@te étude, menée principalement par
Alexandre Bouhelier, est reproduite en annexe.

Publications assoces

“Energy transfer in near-field optics
G. Colas des Francs, C. Girard, M. Juan and A. Dereux
Journal of Chemical Physid23 174709 (2005).

L’équation (13) comporte une erreur. Le terme de diffudigg; ne doit pas apparaitre car il
est pris en compte implicitement. Cette erreur provienhd’'mauvaise interprétation des effets
de taille finie et sera discutée en détail au chapitre stiv@utefois, I'expression approchée de
la diffusion reste valable et cet article quantifie les cbations de la diffusion et de la dissipa-
tion dans le signal (figure 3).

L’'analogie avec I'émission de fluorescence est discusaes dfarticle suivant reproduit en
annexe.

"SNOM signal near plasmonic nanostructures : an analogy wih fluorescence decay chan-
nels*
G. Colas des Francs, C. Girard, A. Bruyant and A. Dereux
Journal of Microscopy29, 302-306 (2008).

Dans deux autres articles, nous avons caractérisé erpdoartain le couplage de nanopar-
ticules d’or (le premier est reproduit en annexe).

"Gain, detuning and directivity of nanoparticles optical antennas*
C. Huang, A. Bouhelier, G. Colas des Francs, A. Bruyant, Aéau, E. Finot, J.-C.
Weeber and A. Dereux
Physical Review B8 155407 (2008).

"Far-field imaging of the electromagnetic local density of ptical states”
C. Huang, A. Bouhelier, G. Colas des Francs, G. Legay, J.-<€2baf and A. Dereux
Optics Letters33, 300-302 (2008).

56



THE JOURNAL OF CHEMICAL PHYSICS 123, 174709 (2005)

Energy transfer in near-field optics

Gérard Colas des Francs?

Equipe Optique Submicronique, Laboratoire de Physique Université de Bourgogne/Centre National de la
Recherche Scientifigue (LPUB/CNRS), 9 Avenue Alain Savary, F-21078 Dijon, France

Christian Girard and Mathieu Juan

NanoSciences Group Centre d’Elaboration des Matériaux et d’Etudes Structurales/Centre National de la
Recherche Scientifigue (CEMES/CNRS), 29 rue Jeanne Marvig, BP 4347, F-31055 Toulouse,

France

Alain Dereux

Equipe Optique Submicronique, Laboratoire de Physique Université de Bourgogne/Centre National de la
Recherche Scientifigue (LPUB/CNRS), 9 Avenue Alain Savary, F-21078 Dijon, France

(Received 15 June 2005; accepted 7 September 2005; published online 3 November 2005)

When the probe tip of a near-field optical microscope illuminates nanoparticles with marked
absorption bands, a large number of photons are absorbed before reaching the detector. These energy
losses enhance the dark contrast usually observed in the vicinity of metallic nanoparticles. We
demonstrate theoretically that this phenomenon can be exploited to image, in the optical frequency
range, dissipative domains with a nanometer scale resolution. Simulations performed with
noble-metal particles indicate that the detected signal significantly drops down when the excitation
frequency is approaching the plasmon resonance of the particles. © 2005 American Institute of

Physics. [DOI: 10.1063/1.2101567]

I. INTRODUCTION

Over the two last decades the extensive exploitation of
all different kinds of near fields existing spontaneously or
artificially at the immediate proximity of the surface of ma-
terials has generated a considerable amount of new exciting
developments. Behind the average properties of these near
fields (usually generated or detected by a local probe tech-
nique), it is important to emphasize that the associated par-
ticles (photons or electrons) are randomly exchanged through
the gap lying between the probe tip and the surface of the
material. Consequently, it becomes possible to both trigger
and analyze, with a nanometer scale resolution, a large class
of dissipative phenomena by controlling these different near
fields.

We can first mention the scanning tunneling microscope
(STM), where the introduction of some material in the gap
between the source and the detector leads to well-identified
dissipative phenomena. For example, tunneling electrons can
be coupled to some vibration modes of the material confined
inside the tunnel barrier. This gives the opportunity to per-
form inelastic electron tunneling spectroscopy (IETS).! In
such experiments, the insulator embedded in the planar junc-
tion contains specified molecules. The transferred electrons
are inelastically coupled to the vibration levels of these
molecules.” We had to wait several years before the first
actual experimental evidence of this effect was observed at a
single molecule scale. Such observations were reported very
recently2 with C,H, and C,D, molecules and with CO
molecules.’

In van der Waals force microscopy, the discrete ex-
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change of virtual photons cannot be directly observed.* Al-
though, their role could be very important in determining the
noise level in the van der Waals dispersion force measure-
ments, the virtual nature of the particles exchanged precludes
a direct measure in the very near-field zone.

In near-field optics, the transfer process involves indi-
vidual photonic particles as well. However, when working
with standard light sources (laser) the pure quantum aspect
of photon is masked by the fact that the observable electro-
magnetic field is an average on many photon states. With
such classical waves a local density of photonic states (pho-
tonic LDOS) can be defined from Maxwell’s equations.5 In
strong analogy with STM that maps the electronic LDOS of
dense metallic surfaces, the scanning near-field optical mi-
croscopy (SNOM) can reveal the photonic LDOS variation
sculpted by the nanostructures themselves.®™® Because pho-
tonic LDOS is an important parameter for the interpretation
of light-matter interaction, SNOM images measuring this
quantity were recorded near several systems, including
semiconductor, ! photonic crystals,11 designed structures
for light localization,”™'* and plasmonic nanostructures.
Plasmonic nanostructures present resonant effects at visible
Wavelengthsm_16 generally accompanied by a significant
amount of energy dissipated by Joule effect. As analyzed in
the following sections, these losses can affect the imaging
process in near-field optics.

Although the evanescent electromagnetic field displays
imaginary wave-vector components, it may be considered as
a classical quantity that will enter the coupling Hamiltonian
(between electric near field and nanostructures) with the sta-
tus of a parameter. Consequently, in near-field optics, a real-
istic description of dissipation effects is directly related to a
proper description of the imaginary parts of either the dy-

© 2005 American Institute of Physics
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DETECTION

FIG. 1. Schematic representation of a SNOM setup. The active part of the
probe is represented by an ideal pointlike dipolar light source p, that illu-
minates nano-objects supported by a transparent surface. The signal trans-
mitted below the surface is recorded in far field when the probe tip is
scanned over the sample. r( indicates the tip position.

namical response functions of the nanostructures or the dy-
namical polarizabilities of molecules adsorbed on the surface
sample.

In this article, we demonstrate theoretically that the
SNOM can provide a unique opportunity to image, in the
optical frequency range, dissipative regions with a nanom-
eter scale resolution. In particular, in the vicinity of nanopar-
ticles with marked absorption bands, we will show that the
detected signal can reveal the dissipation properties of the
sample at the nanometer scale. Simulations and experiments
performed with noble-metal particles indicate dramatic
change of the SNOM images when working near the plas-
mon resonance of the particles while we observe the photon-
unoccupied states maps tailored by the nanostructures when
working far from these resonances.'® As an alternative to the
photothermal imaging method'” or confocal microscopy,18
we show how these features can be recorded with a SNOM
working with a pointlike dipolar tip design.

Il. SNOM SIGNAL AND ENERGY LOSSES

Figure 1 represents schematically the transmission
SNOM setup considered throughout this article. A probe tip
illuminates in the near-field nanostructures lithographied on
a glass substrate and the energy transmitted below the sur-
face is detected in the far-field zone with a high numerical
aperture objective. Several other configurations exist. They
are generally classified in two families: illuminating and col-
lecting mode devices. The setup described in Fig. 1 belongs
to the first family but, with the help of the reciprocity theo-
rem, a strict equivalence between these two families has been
demonstrated. " Actually, as we will see below, the main
point is the high numerical aperture of the system. Therefore,
SNOMs working either in collecting or emitting configura-
tion, in which a specific direction for detection or injection is
used, are not considered in this paper. Nevertheless, our for-
malism can be generalized to these conﬁgurations,15’16

In SNOM instrumentation, the optimization of local
probe design can lead to efficient tips that behave like ideal
emitting dipoles.g’mf23 The signal recorded by a SNOM
setup (Fig. 1) below the sample can be computed by using
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the Green dyadic tensor formalism.>* ¢ Nevertheless, in this
section, we have adopted a more pedagogical method that
will enlighten on the elementary mechanisms of the energy
transfer in near-field optics.27 Furthermore, to simplify the
discussion, we will assume that the intensity scattered in the
whole space approximates the experimental signal usually
recorded after a large detection angle below the surface.

The detected signal is then obtained in two independent
steps:

(1) First, we determine the amount of light that can be
emitted by the source dipole when it interacts with the
sample.

(i)  In a second stage, we analyze what portion of this
emitted light can really reach a far-field detector after
absorption and scattering by the sample.

In the Appendix, we give a direct derivation of the signal
for a simplified configuration. This leads to an original inter-
pretation in strong analogy with the optical theorem.

A. Light emission by the probe tip

The flux of radiation emitted by a small dipolar light
source is significantly modified when the dipole is brought
close to an object. To introduce this basic issue, we apply the
laws of electrodynamics to the geometry of Fig. 1. By apply-
ing Poynting’s theorem, the power that can be delivered by
the dipole source is a linear function of the current density
j(r,7) associated with the fluctuating dipole (cgs units):*®

Iemilled =- f drj(l',t) : E(r’t) ) (1)
Vi

0

where E(r, 1) defines the local electric field and Vj, is a small
volume including the emitting dipole.29 In addition, we as-
sume that the probing dipole of magnitude p, oscillates ac-
cording to the simple cosinusoidal law py(z)=np, cos(wgt)
along a direction n located in the surface plane. The associ-
ated current density is therefore proportional to a Dirac &
function centered on the dipole position r:

apo(t)

T 5(1‘ - ro) =—Npyw, Sin(wot) 5(1' - 1’0) . (2)

i(r,n)=
At this point of the demonstration, we introduce the relation-
ship between the local electric field and its local source. That
leads to a simple constitutive relation

400

E(r,r) = dr'S(r,rg,t—t") - po(t’), (3)

—o0

which introduces the so-called field-susceptibility S(r,r,t
—t') of the optical surroundings seen by the source dipole.
This dyadic tensor describes how an electric field appears in
r when a dipole is placed in r,. This scattering contribution
to the detected signal turns out to be proportional to the
imaginary part Im S(r,r,, w) of the Fourier transform of the
various components of S. Indeed, with « and 3 labeling the
Cartesian components x, y, and z of vectors, elementary al-
gebra based on substituting relations (2) and (3) into Eq. (1)
leads to”°
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Iemitted == < f
V,

drj(r,z) - E(r,t)>
0
2
= wOTpOE ngiglIm Sa,,g(ro,l'(),wo), 4)
a.B

where we defined the Fourier transform by (7=r—1")
+00
S(r7r0’ (.00) = f dTS(r7r07 T)ginT' (5)

Now, to enhance the physical meaning of relation (4), it is
worthwhile to introduce the concept of photonic LDOS
p(rg,wp). This scalar function represents the probability to
detect a photon of angular frequency wy at a given position
ro. From the scattering theory of scalar waves, it is well
known that any LDOS can be formulated as a function of the
imaginary part of the Fourier transform of the field
susceptibility.s’30 Here, due to the vector character of light
fields, this function appears as the sum of three partial LDOS
palry, wy), each of them being related to each Cartesian di-
rection

p(ro,w)) = 2 palro,ap), (6)
a=x,y,z
where
() = —5— T S, (0. T0, ) ™)
r), =——1ImS,,(rgryw).
Pa\Xo, Wo 2772000 0,T0> W

At this point, it is instructive to fix a specific orientation « of
the dipolar source p, along anyone of the Cartesian axis. In
this case, it is possible to establish a relation between the
scattered signal and one of the partial LDOS

Iemitted = w(2)ﬂ2p(2)pa(r07 wO) . (8)

B. Energy dissipation into the sample

Some part of the light delivered by the source dipole is
absorbed by the sample. This dissipative term” represents
the power dissipated by the system by Joule effect. It is
proportional to the imaginary part Im[ e(r, w)] of the dielec-
tric permittivity of the nanostructures:

w
QdiSS = 8—Of Im[é(r, wo)]|E(r, w0)|2dr, (9)
T object

where E(r, w,) defines the local electric field inside the ma-
terials. This local field, that is directly produced by the tip,
can be expressed with the field-susceptibility tensor S [see
Eq. (3) and below].

C. Light scattered by the nanostructures

Another part of the light emitted by the dipole source is
scattered by the sample. This contribution is proportional to
the square modulus of the dipolar polarization P(r,w,) in-
side the volume of the nanostructure. Indeed, each elemen-
tary volume dr scatters an energy:

J. Chem. Phys. 123, 174709 (2005)

4
(0]
203 [P(r o) dr (10)

per time unit, and the total power scattered by the nanostruc-
ture is given by
4
Yo

Lo = _3f |P(l‘, w0)|2dl'. (1 1)
3¢ object

In this last expression, the dipolar polarization P(r, wy) is
induced by the SNOM tip. Consequently, it is directly pro-
portional to the local field E(r, )

P(r.an) = Yoo Blr.00 = L B0y (12
Let us note that expression (10) has been established from
the formula of the radiative power of a dipole in vacuum. In
the vicinity of a plane surface of low optical index this ap-
proximation is justified by the weakness of the LDOS varia-
tion. Furthermore, due to its induced character, contribution
(11) is expected to be much weaker than the two other con-
tributions (8) and (9) and generally appears as a small cor-
rection to the total signal.

D. Far-field detection

An expression of SNOM signal including radiative and
nonradiative losses can be deduced from the previous sub-
sections. That leads to

](rm wO) = Iemitled + Iscatt - Qdiss’ ( 1 3)

where, with Egs. (8), (9), and (11), we have gathered all the
ingredients needed to investigate SNOM signal behavior in
the presence of dissipative materials. In the following, we
will discuss this problem with a single spherical nanoparticle
lying at the location r; on the substrate, and the emitting
source dipole will be aligned along the x axis. In this case,
the linear response of the nanoparticle is completely charac-
terized by its polarizability a:

x(r,w) = a(w)d(r-r,) with a(w) =a'(w) +id"(w).
(14)

This particle modifies the field-susceptibility Sy(r,r’, w,) as-
sociated with the bare sample. At the first Born approxima-
tion, we can write
S(r,r", wp) = Sy(r, 1", wp)
+8(r,ry, @) - al@p) - Sop(ry,r’,@p).  (15)

Finally, after straightforward algebra, the various contribu-
tions to the signal simplify to (for the sake of clarity, we have
introduced the notation Sy(r,,ry, wy)=S;+iS;

Ck4 2 |p |2 _ -
I(r07w0) = ﬂ 1+ _52 + Apx(rO’ wO) - Qdiss(rO’wO) ’
3 pol
(16)
with
Ps = a(@y)Sy(r,, T, @) - Po, (17)
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Ap(rg, @) = (p(rg, o) — p2Arg, o))/ I (18)

k301 "(w)) E SOBXSOﬁx

B=x,y.2
+ —a " (w) E (SOBX S08.0)- (19)
and
Qiss(r0, 0) = 2k3 —d'(w) X (S(),Bx 6%;,,()- (20)

B=x.y.z

The overline indicates that the parameter is normalized with
respect to the free-space signal Iy=ckgp3/3 (ky=wy/c). The
physical meaning of expression (16) appears clearly:

(1) the first two terms represent the scattering of both
source P, and induced dipoles pg, respectively.

(ii))  the x-LDOS Ap, variation describes how the nanopar-
ticle modifies the emission process of the source di-
pole.

(iii)  the last term accounts for the energy dissipation inside
the nanoparticle.

Let us remember that this expression is not rigorously exact
because the induced dipole scattering term includes an ap-
proximation [cf. previous remark concerning Eq. (11)]. How-
ever, it compares rigorously with the direct calculation ex-
posed in the Appendix where we have removed the bearing
surface. For more complex geometry, the emitted and the
dissipative contributions to the signal are treated exactly in
Eq. (16). Finally, a detailed comparison between the different
terms of expressions (19) and (20) shows that a part of pho-
tons emitted by the tip dipole is then immediately reabsorbed
by the particle (term 3/2k; "(wO)ES ). After combining
the different relations [(16) (20)], the SNOM signal reduces
to

Ckgpz "
0 1 +|a(wy))? E SO%,x

I(ry, wp) =
3 B=x.y.z

3 ’ "
+ E[a,(ﬂ)o) E SOB,XSOB,X
0

B=x.y,z

— ey S ngh] . 1)
B=x.y,2

This last expression is reminiscent from the inelastic tunnel-
ing current measured and described in Ref. 31. It shows
precisely the balance between scattering and dissipation
when the nanoparticle is locally excited [see also relation
(A6) in the Appendix]. Apart from the scattered part (term in
|af?), the major contribution of the signal depends on the
third power of the particle radius a. It is of great interest for
optical characterization of very small particles. Similar ex-
pression has been derivated for confocal microscopy.18

lll. NUMERICAL RESULTS

From the dielectric data of Ref. 32, we have applied our
formalism to a single silver particle (cf. Fig. 2). In the vicin-

J. Chem. Phys. 123, 174709 (2005)

O = N W H&» O N

Polarizability (arb. units)

' 0
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2 25 3 35 4 45 5
Frequency (eV)

FIG. 2. Numerical simulation performed with a single silver particle [in-
cluding the surface coupling (Ref. 24)]. Plot of the spectral variation of the
dipolar polarizability (solid line: real part, dashed line: imaginary part).

ity of wy=w,=3.2 eV, the dipolar polarizability is greatly
enhanced revealing the excitation of a localized plasmon
mode. As expected, this resonance corresponds to a sign
change of the real part of the polarizability. Far away from
this resonance, we have plotted in Fig. 3(a) the individual
variations of the LDOS [Eq. (19)], dissipative [Eq. (20)], and
induced dipole scattering [Eq. (17)] contributions to the total
signal. In this off-resonance regime, we note that the main
contribution to the signal is produced by the lateral variation
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FIG. 3. Numerical simulation of the contributions to the total signal de-
tected when a dipole is scanned over a single silver nanoparticle supported
by a transparent surface. (a) Off-resonant wavelength (w,=2 eV). (b) Reso-
nant wavelength (wy=3.2 eV). All the signals are normalized with respect to
their value without the silver particle.
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FIG. 4. Direct numerical integration of the signal transmitted below the
surface (dashed curve) and signal obtained from the approximated expres-
sion (21) (solid curve) at wy=2 eV (c) and wy=3.2 eV (d). All the signals
are normalized with respect to their value without the silver particle.

of the x-LDOS. Both induced scattering and dissipative con-
tributions remain weak. Recently, SNOM experimental sig-
nals have been recorded near both metal particles8 and me-
tallic patterned structures! by working far from any
localized resonances. These data display similar contrast re-
versal when the tip scans above the structures.

Let us see what happens when the excitation frequency
comes closer and closer to ), [see Figs. 3(b) and 4(b)]. Ac-
cording to the polarizability variations, we observe a neat
enhancement of the so-called dissipative signal. As discussed
above, a large amount of photons does not reach the detector
because of the absorption process (Qgis). Consequently, this
effect tends to reinforce and enlarge the depression of the
scan line around the metal particle. In conclusion, an increas-
ing of the dark contrast areas is associated with some absorp-
tion phenomena [Fig. 4(b)]."**

We have also computed the SNOM signal by applying a
numerical integration of the electric intensity transmitted be-
low the surface (see Ref. 26 for details). Far from the reso-
nance, the analytical expression (21) reproduces satisfacto-
rily the exact calculation [Fig. 4(a)]. These two numerical
simulations reveal that the small difference is not related to
the evaluation of the scattered contribution in (21), but it
rather originates from the 4 sr solid angle integration used
to obtain the analytical expression (21).>* At the plasmon
resonance, the divergence between analytical and numerical

J. Chem. Phys. 123, 174709 (2005)

a) o
14

FIG. 5. SNOM images computed in the vicinity of nanometer-sized metal
particles among dielectric scatterers. The tip dipole is oriented along the x
axis and scans the sample at a constant distance Z;=80 nm from the surface.
(1) is a 20-nm-radius silver nanoparticle, while (2) and (3) designate, re-
spectively, two 20-nm-radius and 25-nm-radius dielectric particles (optical
index of 2.2). (a) frequency wy=2 eV and (b) wy,=3.2 eV. The calculated
signal is obtained by the numerical integration of the signal transmitted
below the surface.

approaches increases [Fig. 4(b)]. Nevertheless, even in this
particular case, our analytical expression remains precious
for the understanding of elementary mechanisms of the en-
ergy transport from probe tips towards detectors.

To get more insight on the transition between scattering
and dissipation regimes, we have simulated in Fig. 5 two
SNOM images with a single nanometer scale Ag particle
located among two other optically inactive particles of dif-
ferent sizes. Far away from the plasmon resonance, the Ag
particle [labeled (1)] behaves like the two other ones with the
usual image shape that is associated with a polarized
x-LDOS change.g’26 Near the resonance frequency of the sil-
ver particle, the image displays profound changes. The dark
contrast observed around the silver particle increases dra-
matically and tends to weaken the visibility of the other non-
dissipative particles. In this case, the SNOM maps look dif-
ferent from the usual partial LDOS maps observed in the
off-resonance regime.

IV. CONCLUSION

To conclude, we have presented calculations of the in-
fluence of dissipation effects on the SNOM image formation.
We have shown that the position of the excitation frequency
with respect to the resonance frequencies of the object can
lead to drastic changes of the expected contrast. The results
are in overall good agreement with previous experiments
performed in the off-resonant regime in the vicinity of me-
tallic posts and could be a useful guide to extract the dissi-
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FIG. 6. Configuration used for a direct calculation of the SNOM signal. An
ideal pointlike dipolar light source illuminates a nanoparticle. The scattered
light is collected in the whole space.

pation map from SNOM signal near the resonance. This
could also be an interesting alternative to the photothermal
imaging method described recently.”’35
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APPENDIX: DIRECT CALCULATION OF THE SNOM
SIGNAL

When considering the simple configuration of Fig. 6,
from the first principles of electrodynamics, one can elabo-
rate a rigorous analytical expression of the scattered signal
without splitting the total power in three parts (emitted, scat-
tered, and absorbed). This second approach will be used to
compare with the results obtained in Sec. II.

The dipole source is moved in front of a spherical nano-
particle of radius a, located at r;=(0,0,0). For simplicity, we
restrict our demonstration to a dipole source aligned along
the x axis po=pge, and moving vertically [r,=(0,0,z,)]. The
complete demonstration can easily be generalized to arbi-
trary configuration.

The w-Fourier transform of the fluctuating dipole p,(w)
induced in the particle by the source dipole py(w) is propor-
tional to the dipolar polarizability a(w) of the particle. One
has then

ky ko 1| .
p,(w) = a(w)E(r, ) = a(w,) _+l_2—_3 e"0%pe,.
20 0 2o
(A1)

The electric field emitted by these two dipoles at a point
located in the far-field zone is given by

J. Chem. Phys. 123, 174709 (2005)

E(rObs’ (1)) = Sm(robs’ro’ (1)) ‘Pot+ Soc(robs’ rg, (1)) * Py (A2)
where
2gik()robs .
Sx(robsa r; CU) ce, = kO elkoz,- cos 6
Tobs

X[ 1-sin* O cos® gp)e,

—sin? @ cos ¢ sin de,

—sin 6 cos 6 cos d)ez] (A3)

is the field radiated by a unit dipole oriented along the x axis.
Fops, 0, and ¢ are the three spherical coordinates used to
locate the observation point. If one assumes an energy col-
lection over a solid angle of 41 sr, the recorded signal is

T 2
c .
1(z9) = —f dﬁf dr?, JE(r s, )]? sin 6. (A4)
87T 0 0

After introducing expression (A2) in this equation, we can
distinguish several contributions to the signal:

Ckgpz T 21
00 [ "ap [ agf + atoo s
™ Jo 0

+2a' (wp)Re(s e 00 %)
— 2 (wp)Im(s "0 < 9)](1 = sin® 6 cos” ¢)
(AS5)

I (Zo) =

with s, =[(k3/z0) +i(ko/z5)—(1/23)]e 0%, After evaluation of
the angular integrals, we obtain

ckip? 1 kK i
0p0|:1+|a(w0)|2<—6——2+—(2)

3 25

1(z9) =

20
k_ 3 +L)
kzg kozd

Ko
2
20
2
37
20

2
2
kozo
2 2
3 2
kozo

2

3
+ E a" (wo)Sin(Zk()ZO)

3
- Ea"(wo)sin(Zkao

)
3
+ 2 "(wg)cos(2kpzp) (

3 3
— —a" (wg)cos(2kyzg) - )
27 "N ko2 ZS kozs

P
20
3 1 1k
-—d"(w )(— —+t ):| (A6)
2 0 kS kezp 7
The physical meaning of the first and last lines of this ex-
pression is straightforward using relation (A1).

* The first term is the signal scattered by the dipole
source.

* The second term can be rewritten in the form
|awg)P(1/z5~ko/ zg+ki/ z) =|o*/ Ipol* 50 that it
clearly represents the induced dipole scattering.

. Similarly, the last term is rewritten as 3/2a” (wg)
X (111325~ 1 Koz ko! 23)1=312K30 (o) |E(r,) P/ po 2
which is the energy dissipated 1n51de the nanoparticle
[see Eq. (9)].
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The other terms describe an interferential term between
the light emitted by the source and induced dipole. Finally,
after introducing the vacuum field-susceptibility expression
in relation (21), we recover the result (A6) of this Appendix.
In strong analogy with the optical theorem,”>° the interfer-
ences between the light emitted directly by the dipole source
and the light scattered by the nanoparticle are responsible for
the source emission modification described by the LDOS

[see Eq. (8)].
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2.3 Equations de Bloch optiques en champ proche

Emission et relaxation en pésence de structures plasmonigues

Lors de ma these, défendue a I'Université de Toulous20i, j'ai demontré I'intérét des
équations de Bloch optiques pour modéliser la fluoreszencléculaire en présence de na-
nostructures non dissipatives. Ce travail reposait suefeerlisation des équations de Bloch
optiques en champ proche. Depuis mon arrivée a Dijon, jesai appliqué a adapter cette
méthode en présence de structures plasmoniques (fibmdwt et nanoparticules métalliques).

W,

%%ZA
|

FIG. 2.6 — Représentation schématique d’'une molécule fheerde en interaction avec un en-
vironnement complexe. L'excitation@ pompe la molécule dans un état vibrationnel excité
|2 >. Aprés relaxation vibrationnelle vers le nive@u>, il y a @mission de fluorescenceug.

I'; (i=1,2) est le taux de relaxation du nivejgu-. K est le taux de relaxation vibrationnelle.

La figure 2.6 donne une représentation simplifiée d’'uneémgdé en interaction avec un
environnement quelconque. Seuls les niveaux vibratierswait représentés. On peut facilement
introduire un état triplet non radiatif si nécessaireil(\a fig. 2.2). Les équations de Bloch
optiques traitent la molécule de maniére quantique eay@nnement électromagnétique de
maniere classique. Cela conduit a faire apparaitre gatametres importants :Ig fréequence
de Rabi{)(r,,) = —p - E(r,,)/h, décrit le couplage avec le champ d’excitation, ete taux
d’émission’(r,,) .

J'ai indiqué la dépendance de ces grandeurs avec lagrosjtide la molécule dans son en-
vironnement dont il faut tenir compte dans les systemedi@s. En particulier, le taux d’émission
spontanée vérifie la regle d’or de Fermi

Tw?

[(tn) = 7 (1 cotho ) o Ppuln, ). 2.4)
ou p, décrit la densité locale de modes électromagnétiquie®g), tenant compte de I'orien-
tationu du moment dipolaire de transitignet de la contribution électrique uniquement (unité
de la LDOS ers.m~3). Ce terme inclut 'ensemble des modes électromagnésigiisponibles
pour que le niveau moléculaire excité se relaxe soit eattamt un photon, soit par couplage
non radiatif avec le métal. Ce point sera discuté en détachapitre suivant.

Dans le cas d’'un systeme a deux niveaux, le signal de floenes s’écrit en régime station-
naire (le cas d'un systéme a 3 niveaux est traité darefémence [41])
Q(r,0) /4
Ta()?/4 + (1) /2

[fluo(rm) = hw2r2(rm) (25)
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Il est important ddraiter le couplage d’'une méktulea un mode plasmon de fagon non pertur-
bativecar le champ électrique d’excitation peut-étre fortetrexalté a la resonance plasmon.
La Fig. 2.7 décrit I'evolution du signal de fluorescencdamction de l'intensité du laser inci-
dent. La fluorescence est d’abord contrdlée par le chdecgrigiue d’excitation (Fig. 2.7A) puis
par la LDOS (Fig. 2.7F) lorsque la saturation est attein®.[@ette description nous a permis
d’homogénéiser I'interprétation d’expériencesaies d’excitation de molécules fluorescentes

en champ proche optique [41].
& C 8D

.
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FIG. 2.7 — Cartographie de I'émission de fluorescence d’'uneoutd excitée par couplage
avec des nanostructures métalliques. Le passage duaégimsaturé (A2 = 100M Hz) au
régime saturé (K) = 2,5G Hz) est visible. Les oscillations d’interférences qui agpssent
progressivement indiquent que la molécule émet ou norhotop par couplage avec les modes
supportés par le systeme. En régime de saturation, halsite fluorescence reproduit donc la
densité de modes (LDOS).

A court terme, je souhaite appliquer ce formalisme a I'gpalde la diffusion Raman exaltée
en surface. Cette description fine des processus d’iniengale molécules avec des nanostruc-
tures plasmoniques est particulierement adaptée awtrepeopies exaltées en surface telle
qgue le SERS [43]. Une description plus aboutie du couplagécule-plasmon passera aussi
par I'écriture des équations de Maxwell-Bloch qui tienheompte de la perturbation du champ
par la molécule [44]. Par la suite, je souhaite aussi ratiggser a la statistique de comptage de
photons d’'un émetteur quantique couplé a des strucplasmoniques. De telles configurations
sont prometteuses pour optimiser par exemple le rendereestttices de photons uniques [45].
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The new optical concepts currently developed in the research field of plasmonics can have
significant practical applications for integrated optical device miniaturization as well as for
molecular sensing applications. Particularly, these new devices can offer interesting opportunities
for optical addressing of quantum systems. In this article, we develop a realistic model able to
explore the various functionalities of a plasmon device connected to a single fluorescing molecule.
We show that this theoretical method provides a useful framework to understand how quantum and
plasmonic entities interact in a small area. Thus, the fluorescence signal evolution from excitation
control to relaxation control depending on the incident light power is clearly observed. © 2007
American Institute of Physics. [DOI: 10.1063/1.2748753]

I. INTRODUCTION

The current research stream towards optical system min-
iaturization is motivated by a need for (i) higher density of
integrated photonic components, (ii) low threshold biological
and chemical sensors, and (iii) molecular scale characteriza-
tion of complex biomolecules. In the rapidly growing field of
the nanophotonics, systems consisting of isolated molecules
in interaction with noble metal nanostructures'” are used as
prototype models to test and validate new proposal of active
plasmonic devices.

In the early stage of the surface molecular spectroscopy,
the unusual optical properties of plasmonic materials were
already invoked as possible mechanisms for the surface en-
hanced Raman spectroscopy.3 Very recently, with the demon-
stration of the control of fluorescent resonant energy transfer®
through thin layers of plasmonic materials, a new step to-
wards the molecular plasmonics has been achieved.*” These
new experiments use the excitation of surface plasmons to
enhance and control the efficiency of the light transfer be-
tween two remote molecular sites. This control of light trans-
fer in ultrareduced geometry&9 could have a positive impact
on a future optical technology scalable to molecular
dimension."” In a closely related context involving the spatial
control of sharp metal tips or the effective realization of
nanoparticle plasmon waveguides, single molecules are often
used as efficient local sensors of the plasmonic near-field
intensity.

To support the development of these molecular plas-

YElectronic mail: gerard.colas-des-francs @u-bourgogne.fr
YPresent address: LNIO-Université Technologique de Troyes—12, rue
Marie Curie BP2060, F10010 Troyes, Cedex, France.
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monic devices, specific theoretical frameworks must be
imagined. They should be able to include the complex phys-
ics we have to deal with when we couple quantum systems
with plasmonic environments. For example, from numerous
models, it is well known''™" that nanostructured surface
samples can dramatically modify the fluorescence lifetime of
molecules. However, such information is not sufficient to
predict the complete photophysical behavior of the molecule
and to determine the amount of energy released by the mol-
ecule as a function of both excitation energy and the excita-
tion frequency. Especially in the presence of plasmonic de-
vices that sustain localized plasmon modes, such an analyzis
requires a special attention to properly include local field
enhancements, Ohmic losses, and radiative decay rates. In
this article, we show that all these characteristics can be in-
cluded by applying a combination of the field-susceptibility
technique 3 together with the formalism of the optical Bloch
equations.mf17 This self-consistent version of Maxwell Bloch
equation approach relies on the fact that quantum-
mechanical calculations can be restricted to the molecular
system,18 while the complex optical environment can be
treated classically using the field-susceptibility technique.

Il. LIGHT GUIDING AND CONFINEMENT

To illustrate our technique, we have chosen a system of
experimental interest (cf. Fig. 1). In this example, the sample
consists of metallic nanoparticles arranged to form plas-
monic chain waveguides.19 Three years ago, direct experi-
mental evidence of short range coupling has been reported
by measuring electromagnetic energy transport along silver
nanoparticle plasmon waveguides.19 As described in this ref-
erence, the simplest optical method aimed at addressing sur-

© 2007 American Institute of Physics
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FIG. 1. (Color online) Perspective view of a periodic linear chain of metal
particles deposited on a dielectric surface. The chain is optically addressed
by the extremity of a SNOM tip. Fluorescent molecules are located at the
chain exit.

molecule

«

face nanostructures consists in using and controlling the light
polarization state of the electromagnetic field generated at
the apex of the probe tip of a scanning near field optical
microscope (SNOM).?® To describe the excitation electric
field, we can assume that the effective tip dipole m(z), lo-
cated at ryp, is driven by an external monochromatic excita-
tion of angular frequency w, and polarized in a direction a
parallel to the surface. It thus oscillates according to the
simple cosine law

m(7r) = am cos(wyt). (1)

The total near-field distribution &(r,f) generated by the
SNOM tip around the plasmonic device can be easily ob-
tained by solving a dyadic integral equation

E(r,1) = HE(r, wp)expliogt) +c.c.} 2)
with
5(1‘, a)O) = S(r’rtip7 wO) -am (3)

where S is the total field-susceptibility dyadic tensor of the
plasmonic device. This tensor obeys Dyson’s equation

S(r7rtipa wp)

=S(r,ryp, wp) + J S(r,r,mp) - x(wg) - S(r',r,wp)dr’.

metal
4)

In this relation, S is the field-susceptibility associated with
the bare dielectric surface and x(w) represents the suscepti-
bility of the metal. Equation (4) can be solved numerically
by using an algorithm based on a three-dimensional meshing
of the metal chain." The electric field around the system is
then used to compute at the chain exit (i.e., in a predefined
location R,,) near-field transmission spectra

Ichain(Rm’ wO) = |5(Rm’ wO) |2- (5)

When the SNOM tip optically addresses one of the extremi-
ties of the chain, the evanescent electric field that tails off the
very tip couples with the closest metal post so that significant
energy transfer can be triggered along the chain. In Fig. 2,
we present transmittance spectra of a gold nanoparticle
chain. The transmittance bands correspond to the coupling
of localized plasmon modes sustained by each gold pad
(located around 620 nm for an isolated gold pad). More pre-
cisely, they result from the superimposition of these indi-

J. Chem. Phys. 127, 034701 (2007)
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FIG. 2. (Color online) Optical transmittance of a metal particle chain com-
posed of 15 square shaped gold nanoparticles (100X 100X 40X nm?)
spaced by 100 nm. The arrow inside the inset frame schematizes the SNOM
tip dipole orientation: (in blue) the tip dipole is along the longitudinal axis;
(in red) the tip dipole is perpendicular to the chain.

vidual resonances that are redshifted by their mutual interac-
tions. To complete our analysis, we present in Fig. 3 two
electric intensity field maps computed around the chain for
two wavelengths corresponding to the two maxima of Fig. 2.
The guiding efficiency is significantly improved when the
extremity of the chain is excited by a transverse electric field
[see map (A) of Fig. 3]. Furthermore, in this case the trans-
mittance band (see Fig. 2) is sufficiently broad to address a
large family of dye molecules with excitation spectra ranging
from 680 to 750 nm. Consequently, in the following of this
paper we will use this polarization mode.

lll. MOLECULAR FLUORESCENCE

Let us consider a molecular system located at the posi-
tion R,, of the chain exit [Fig. 4(a)]. In order to simplify the
description, the fluorescing molecule will be schematized by
a two-level quantum system characterized by its ground state
|g) and its excited state |e) so that &, =w,—w, is the detuning
factor between the laser frequency w, and the resonant mo-
lecular absorption frequency w,.

The matrix density operator p is introduced to describe
the molecule dynamics. We define u=Re(pge ), v
=Im(pg.e™"*"), and w=(p,,—p,,)/2 the usual Bloch vector.
The optical Bloch equations are then written in the rotating
wave approximation

i=8v-T,(R,)ul2, (6)
b= 8u—-QR,)w—T,(R,)0/?2, (7)
W= Q(Rm)v - Fe(Rm)W - Fe(Rm)/za (8)

where we have introduced the Rabi frequency Q(R,,)
=—|P,,-E(R,,, wy)|/7 and the decay rate I' (R,,), which both
depend on the molecule position near the metallic structures.
According to Fermi’s golden rule and applying the
fluctuation-dissipation theorem, this total decay rate is
known to depend on the orientation b of the transition mo-
ment P,, of the molecule with the relation'*
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FIG. 3. (Color online) Two near-field optical images along the gold particle
chain. The images have been calculated for two polarization modes: (A)
transverse mode (A=690 nm) and (B) longitudinal mode (A=668 nm).
Color scale increasing from dark brown to bright yellow.

2P?
I,R,)=T"+ —ﬁﬁ Im{S(R,,R,,,®,)}:bb. 9)

Note that the field susceptibility that enters the decay rate is
nothing but the tensor already introduced to define the elec-
tric field in Egs. (2)—(4). Within this numerical scheme, the
fluorescence rate and the excitation field are simultaneously
obtained by solving the same Dyson equation (4). Addition-
ally, the complex polarization of the electric near field re-
sponsible for the molecular excitation is naturally introduced
in the Rabi frequency through the S dyadic tensor. Finally, it
is worthwhile to note that both dissipation and radiative fluo-
rescence relaxation channels are included in the decay rate
expression.21 Figures 4(b) and 5 represent, respectively, the

Theory of molecular excitation and relaxation near a plasmonic device

J. Chem. Phys. 127, 034701 (2007)
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FIG. 4. (Color) (A) Geometry of the molecular addressing area. The mol-
ecules deposited in this area lie at 1 nm from the dielectric surface support-
ing the gold structures. (B) Map of the square modulus of the Rabi fre-
quency |Q(R,,)|> computed in the addressing area defined in (A). The used
wavelength ;=690 nm corresponds to the peak of the transverse mode and
the transition dipolar moment of the molecule is perpendicular to the chain
(see orientation of the red arrows). Rainbow color scale increasing from
blue to red.

square modulus of the Rabi frequency Q? and the molecular
decay rate I', computed when the molecule is successively
oriented along (OX) and (OY) directions. A close look at
these three maps indicates the striking difference between
excitation light distribution and decay rate topography. For
instance, typical local density of states (LDOS) oscillations
are observed when moving away from the plasmonic wave-
guide. These are attributed to the interferences between the
fields emitted by the source and reflected by the structure in
the classical driven dipole model of the decay rate. In quan-
tum description, node(antinode) of LDOS simply reveals
no(good) coupling of the emitted photon to the electromag-
netic modes supported by the sample.

The stationary population of the molecule levels can be
deduced from the three equations [Egs. (6)—(8)]. For the ex-
cited state we obtain

O*(R,)/4
pee(Rm) = > B .
& +T,(R,)%/4 + QX(R,,)/2

(10)

As indicated by Eq. (10), the molecular population rate p,,
intricately depends on both Rabi frequency and excited state
decay rate. This population coefficient enters the effective
signal delivered by the molecule (expressed in energy per
time unit) as follows:

Imol(Rm) = pee(Rm)hweFe(Rm) . (1 1 )
g B i
’E é - [
B
x o
4 s u . IEEENEE .
500 1000 1500 500 1000 1500

Y(nm)

FIG. 5. (Color) Sequence of two maps of molecular decay rate (fluorescing
wavelength \,=690 nm) computed in the green area depicted in the device
of Fig. 4(a). In these simulations this quantity has been normalized with
respect to the natural linewidth l"im. (A) The molecule is aligned along the
(OX) direction; (B) same as (A) along the (OY) direction. Rainbow color
scale increasing from blue to red.
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FIG. 6. (Color) Sequence of six maps that describe the evolution of the
expected molecule signal when increasing gradually the laser intensity used
to address the plasmonic waveguide (fluorescing wavelength \,=690 nm).
These signals have been computed in the green area depicted in the device
of Fig. 4(a). (A) Off-saturation absorption regime: Rabi frequency [Q]
=100 MHz; (B) |Q]=500 MHz; (C) |Q2|]=1 GHz; (D) |Q|=1.5 GHz; (E)
|Q|=2 GHz; (F) |Q2|=2.5 GHz. Rainbow color scale increasing from blue to

red.

(@)

(i)

In the limit case, where we work at low Rabi fre-
quency, these relations clearly indicate that the mol-
ecule probes the local near-field intensity
|E(R,,, @p)|? in the direction (b) of its transition di-
pole moment.

In the general case described by Egs. (10) and (11),
the saturated absorption regime occurs when increas-
ing the square modulus of the Rabi frequency beyond
the magnitude of I',(R,)>. The appearance of this
phenomenon has been simulated in Fig. 6 by gradu-
ally increasing the applied field amplitude. These
simulations of the power delivered by the molecule
are based on the complete numerical implementation
of the Maxwell-Bloch equations [Egs. (2), (4), and
(9)—(11)]. The detuning factor has been put to zero
and we have fixed the linewidth I'y at 1 GHz. In Fig.
6, we begin the sequence with two maps labeled (A)
and (B) in which the Rabi frequency is weaker than
the linewidth. In this regime, the molecule essentially
responds to the optical near-field intensity that exits
the plasmon device. A profound change of the mol-
ecule signal occurs when the Rabi frequency range
goes beyond the critical value |Q]=1 GHz. In this
case, the molecule tends progressively to deliver a
signal proportional to the LDOS tailored by the plas-
monic device itself. For example, in maps (E) and (F)
of Fig. 6, the saturation regime is reached and the
molecule analyzes the partial LDOS (Ref. 22) along
the (OY) axis [see the comparison between Figs. 5(b)

Normalized decay rates

100

50

J. Chem. Phys. 127, 034701 (2007)

20 40 60 80

100
X (nm)

FIG. 7. Normalized total I', (solid line) and nonradiative I'yg (dashed line)
decay rate for molecule at distance X from the last gold pad. The molecule
is oriented along the Y axis and is located 1 nm above the substrate.

(iii)

and 6(f)]. In this case, the molecule looses the history
of the successive absorption events and emits fluores-
cence photons that probe the partial LDOS associated
with the environment. Such experimental conditions
can be obtained by working at low temperature in
order to minimize the absorption linewidth I', of the
molecular probe. Very recently, Michaelis et al. suc-
ceeded in operating a low temperature SNOM con-
figuration where the source of light was reduced to a
single fluorescing terrylene molecule embedded in a
paraterphenyl microcrystal, which itself was glued on
the apex of a sharpened optical fiber.® These authors
have recorded signals related to the variation of the
local density of photon states tailored by aluminum
surface patterns.

The fluorescence signal actually detected is the emit-
ted signal [Eq. (11)] minus the power dissipated in-
side the metallic particles. The dissipated rate is also
easily obtained within the field-susceptibility formal-
ism as®*

1—‘INR(Izm) =

| oo

Im)(f |S(R,.R,,@,) - Po|*.  (12)
metal

This nonradiative contribution to the total decay rate
is represented on Fig. 7. Near the metal, the decay rate
is dominated by Joule losses responsible for quench-
ing but the dissipation becomes negligible above
40 nm. In the case of low temperature conditions as
discussed above, this term remains small even at short
distances so that the evolution described on Fig. 6
remains valid for the recorded signal.

IV. CONCLUSION

In conclusion, we have developed a unified formalism to
describe molecular photophysical processes triggered by
complex plasmonic devices. This approach includes a non-
perturbative treatment of the excitation field so that large
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field enhancement of plasmonic system is naturally taken
into account. The generalization to a many level molecular
system can be made without any formal difficulty and the
method can be easily adapted to other experimental configu-
rations of the nano-optics world (metal tips, apertures,
multilayer environment, etc.). Finally, photon counting sta-
tistics might be properly treated by applying the generaliza-
tion of optical Bloch equations recently proposed by Zheng
and Brown."’
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2.4 Conclusion

Dans ce chapitre, nous avons établi des outils utiles gtudiér la fluorescence moléculaire
dans une jonction pointe-surface, en mettant I'accenegunésence de structures plasmoniques.

Ces outils, expérimentaux (SNOM) et théoriques (équatide Bloch en champ proche
optique), ouvrent la voie a de nouveaux concepts. En péidic il a recemment &té proposé
de réaliser des expériencesptique quantique sans ca@ien profitant du confinement modal
intrinséque des plasmon-polaritons de surface [45].d2emtes expériences ont demontré que
le couplage d’'un émetteur quantique individuel a uneipag plasmonique exalte les taux
d’excitation et d’émission, tout en conservant les preg@s de source de photons uniques [46,
47, 48]. Cet axe de recherches est particulierememt agbtied’hui. Le chapitre suivant, qui
décrit les processus de relaxation moléculaire par @@ggaux plasmons, s’'inscrit dans cette
démarche.
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Chapitre 3

Relaxation moleculaire par couplage aux
plasmons

L'étude de l'interaction d’'une molécule avec des nanagtrres métalliques est fondamen-
tale pour interpréter les mesures de spectroscopieeexalif surface métallique, telle que le
SERS. J'ai rappelé au chapitre 1 les principales pragsiées plasmon-polaritons de surface et
les applications de la plasmonique moléculaire. Briesetnil existe deux types de plasmons
de surface : les plasmons localisés supportés par depawitoles métalliques et les plasmons
délocalisés supportés par des structures métalligteaslues (films, fil, ...). Les deux formes
présentent une forte exaltation du champ électromagretDe plus les plasmons localisés
présentent un volume modal effectif extremement faiasurant un excellent couplage avec
des molécules fluorescentes ou Raman actives, a I'ordlir®ERS par exemple [49]. Les plas-
mons délocalisés sont des ondes se propageant a laesdrfanétal et sont activement étudiés
en vue d’'applications pour la photonique intégrée, commss le verrons au chapitre 4.

Nous avons montré au chapitre 1 gu'il existe un domaineisterce commun pour les deux
types de plasmons de surface (Fig. 1.4). Ce domaine, quesmond a la limite quasi-statique
(donc non propagative), assure la possibilité de cougsipthsmons propagatifs avec des plas-
mons localisés, par exemple avec une structure métalfigasant adiabatiquement d’'une forme
étendue a une forme nanostructurée telle qu’'une pofitte Ce point est important car il as-
sure un bon couplage entre une onde propagative et une zdoet denfinement du champ
électromagnétique, dans le visible ou proche du visibédte propriété est a la base du nouveau
concept dantenne optique[51]. Au-dela d’une simple relecture de la microscopie karop
proche optique, la notion d’antenne optique conduit ssgirer de I'ingéniérie développée dans
le domaine des antennes radio-électriques et a 'adaptdomaine visible (voir la figure 3.1)
[52, 53, 54]. Les applications sont nombreuses, citonsajarie de systemes biologiques [55]
et 'optimisation de cellules photovoltaiques [56].

Finalement, I'eétude du couplage d’une molécule avec tmetsire plasmonique nécessite
de bien comprendre les processus de relaxation en prédersystemes métalliques. En parti-
culier, le role et la contribution des differents typespii@smons qui interviennent. De plus, a
température ambiante, la dissipation par effet Joule dam&tal implique de perdre une partie
du signal émis par la molécule. Il est donc tres importicontroler et mesurer la part de
dissipation, de diffusion et éventuellement de propagadiun plasmon dans le processus de
relaxation d’'une molécule couplée a une structure hnge.

J'ai abordé ce probleme de deux fagons. Premieremantpkaboration avec le groupe
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FIG. 3.1 — Analogie entre I'antenne radio-€lectrique et kammte optique, reproduit de Taminiau
et al[57].

de Niek van Hulst (ICFO, Barcelone), nous avons mesuréales tle fluorescence dans des
géomeétries simples, permettant des comparaisons aseidelations numériques (83.2). D'au-
tre part, j'ai développé un modele analytique dontuit approfondie conduit a une interpréta-
tion simple des processus de transferts d’énergie en cpamape (83.3).

3.1 Regle d’or de Fermi

Le taux de relaxation spontanée d’'une molécule fluordec@verse de la durée de vie de
fluorescence, est donné par la regle d’or de Fermi, introduite au 82.&rApérature ambiante,

celle-ci devient
1 B 2mw3

Plew) =~ = 505 p|*pu(rm, w) (3.1)

ou p, est la densité de modes électromagnétiques (LDOSkfartselon I'orientation du mo-
ment dipolaire de transitiop de la molécule. En particulier les modes plasmons sontisncl
dans cette définition. Bien que la présence de dissipatewée rende abusif le terme de densité
de modes (durée de vie tres faible), nous continuerotifiseule terme de LDOS, couramment
accepté par la communauté internationale. Finalemettie grandeur gouverne la relaxation
moléculaire et doit étre caractérisée dans toutestitmgliquant le couplage molécule-plasmon.

Plusieurs solutions apparaissent pour établir une capige de la LDOS en surface :

— Mesure de la durée de vie de fluorescence, inverse du tatetad@tion. Bien que seule
mesure exacte (non perturbative) de la LDOS, cela posefiaulié de connaitre avec
précision la position de la sonde fluorescente dans lesyestDe plus, la longueur d’onde
de mesure estimposée par le spectre d’eémission de féune€ette approche est discutée
dans le paragraphe 3.2magerie de la duge de vie de Fluorescence - (FLIM)

— Des 2001, nous avons profmene nethode originale pour cartographier la LDOS dans
le domaine optiquel’idée repose sur le comportement dipolaire d’'une poBiOM
(Scanning Near-field Optical Microscope). Cette approcatealiscutée au 82.2 du cha-
pitre 2.

— En analogie directe avec le rayonnement du corps noir, i¥ame Wilde (ESPCI Paris)
et Jean-Jacques Greffet (ECP Paris) se sont intéresdesnatert d'eénergie en champ
proche. Cela a conduit Y. de Wilde a réaliser en 2005 un TOEBNThermal Scanning
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Optical Microscope) [58]. L'intérét de ce montage potudéer localement les échauffe-
ments dans des circuits €lectroniques est évident. Rdre;da loi de Planck implique
que la LDOS soit mesurée dans l'infra-rougex 10,m) pour des températures proches
de la température ambiante. Les applications dans le aenugitique (exaltation de la
fluorescence) ne sont donc pas accessibles avec ce montage.

3.2 Imagerie de duiee de vie de fluorescence (FLIM)

L'imagerie de la durée de vie de fluorescence - (FLIM - FIsoence lifetime imaging) est
tres utilisée pour caractériser in situ des systemelepiques. Dés mon intégration au CNRS,
jai suivi une formation pour me familiariser avec cetteheique’. J'ai ensuite proposé de
I'utiliser pour caractériser les canaux de relaxatiom@xmnité de structures plasmoniques, en
collaboration avec I'equipe de Niek van Hulst (ICFO- Bdooe).

Dans un premier temps, nous avons mesuré les durée daleienolécules dispersées dans
un corral optique (constitué de nanoparticules d’or di&es en cercle) [59]. En effet, nous
avions déja cartographié la LDOS dans ce type d’échamtiNous espérions comparer les me-
sures de LDOS faites par microscopie en champ proche SNOMIlaganesures de taux de
fluorescence de molécules, en lien avec la regle d’or daiHéxq. 3.1). Des molécules de colo-
rants ont été dispersées dans un film de PMMA d’environrBQaeposé sur I'échantillon. La
fluorescence des molécules individuelles est ensuiten@esu’aide d’'un microscope confocal.
La difficulté pour comparer ces données avec les mesur@\Bétait de placer suffisamment
de molécules pour sonder tout le systeme mais suffisamespatées pour faire des mesures in-
dividuelles et éviter tout couplage entre les molécuasis avons pu démontrer des variations
de durée de vie mais tres faibles.
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FIG. 3.2 — a) Image de fluorescence & 665nm) de molécules individuelles dispersées sur
une surface de verre entre deux miroirs d’or (indiqués and)l Chaque point correspond a une
unigue molécule. La couleur indique 'orientation de lalexole dans le plan. b) Durée de vie
mesurée pour deux orientations en fonction de la distameeiwir le plus proche. ¢) Durée de
vie calculée.

Nous avons alors décidé de considérer une géométrsesphple : une cavité ouverte cons-
tituée de deux rubans d’or déposés sur un substrat de (Fég. 3.2) [60]. La distance entre les
miroirs varie de250 nm a2 pm. Un point important du montage développé a I'lCFO estlqu’
permet de déterminer I'orientation des molécules damdde en mesurant I'émission dans le

Impact des microscopies photoniques pour I'étude desisesfet des systémes auto-assemblés, Université
Paris Sud, novembre 2005.
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substrat selon deux plans orthogonaux (Fig. 3.2a) [61]uleapart, les molécules étant suffi-
samment espaceées, il est possible de déterminer lediguosvec une grande précision. Il suffit
de prendre le centre du signal de fluorescence mesuré eosti@ie confocale. La résolution
n'est limitée que par le nombre de photons détectés. lesunes réalisées ont été faites avec
une résolution de I'ordre de 30 nm. Ainsi, nous avons pu mdes taux de fluorescence pour
chaque molécule en fonction de la taille de la cavité, &attice de la molécule aux miroirs, et
I'orientation de la molécule. Les valeurs obtenues som@ellent accord avec les simulations
numeériques faites avec un modele simplifié (Fig. 3.2¢slia noter que le seul parametre libre
du calcul est la durée de vie de la molécule isolee. Caltv a été fixée a une valeur moyenne

obtenue lors d’une précédente expérience. Nous avaastirent établi les differents modes de
la cavité responsable de la relaxation moléculaire (Fig).
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FIG. 3.3 —a) LDOS partielle calculée dans la cavité pour umenteition parallele aux miroirs.
b) Durée de vie correspondante ¢ 1/LDOS. c) Contribution des modes de la cavité a la

relaxation moléculaire en fonction de la position de la @éaale dans la cavité. La distance
entre les miroirs est fixée@&0 nm.
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ABSTRACT

We use superresolution single-molecule polarization and lifetime imaging to probe the local density of states (LDOS) in a metal nanocavity.
Determination of the orientation of the molecular transition dipole allows us to retrieve the different LDOS behavior for parallel and perpendicular
orientations with respect to the metal interfaces. For the perpendicular orientation, a strong lifetime reduction is observed for distances up
to 150 nm from the cavity edge due to coupling to surface plasmon polariton modes in the metal. Contrarily, for the parallel orientation we
observe lifetime variations resulting from coupling to characteristic A/2 cavity modes. Our results are in good agreement with calculations of
the nanoscale variations of the projected LDOS, which demonstrates the potential of single molecules as nonperturbative, nanoscale vectorial

point probes in photonic and biological nanostructures.

Recent advances in high-resolution optical microscopy have
highlighted the possibility of truly nanoscopic, subdiffraction
limited, far-field imaging using single fluorescent probes.!
Novel modalities like photoactivated localization microscopy
(PALM)? and stochastic optical reconstruction microscopy
(STORM)** rely on confinement of the fluorescence emission
down to the level of a single molecule. By collection of a
statistically sound number of photons from each single
emitter sequentially, their individual positions can be re-
trieved resulting in a spatial resolution on the order of 20
nm.>® While the possibility to image spatial structure with
nanoscopic resolution already presents an important break-
through, the intrinsic multiparameter character of fluores-
cence emission provides a means to also acquire functional
information with nanometer-scale precision. For instance,
using different labeling strategies for spectrally shifted
fluorophores, biological functionality can be mapped onto
spatial structure.”® So far, however, the intrinsic variations
in single-molecule fluorescence properties due to variations
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in the local nanoenvironment of the emitters have been only
sparsely exploited in combination with high-resolution spatial
imaging.” As we will demonstrate in this Letter, this scheme
provides a means to acquire detailed spatial, and in addition
vectorial, functional information, in our case on the mode
density in photonic nanostructures.

The fluorescence characteristics of a molecule are deter-
mined by both the internal energy level diagram and the
external photonic local density of states (LDOS), as ex-
pressed by the well-known Fermi golden rule.'® Since the
pioneering work of Drexhage!' the distance-dependent
lifetime variations near mirror and grating planes have been
investigated by positioning a bulk amount of europium
fluorophores at fixed distances using nanometric polymer
Langmuir—Blodgett multilayers.'>'* In recent years, the
ability to create photonic structures with nanometric position
control has led to a renewed interest in fluorescence lifetime
and spectra control through tailored modification of the
LDOS. Controlled emission in systems like nanoantennas,
cavities, photonic bandgap materials, and plasmon nano-
structures holds promise for applications in sensing, light
harvesting and energy conversion, photon sources, and
quantum computation. Indeed, modification of lifetime,'* 2*
spectra,'”**? emission directivity,?® and intersystem crossing
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Figure 1. Schematic indication of the cavity design and relevant
experimental parameters. Upper left part of the figure shows a top
view of the cavity structure where red stripes indicate the gold bars
and blue dots the randomly positioned molecules. Upper right part
shows a side view with the relevant excitation and detection light
paths indicated. Bottom left shows a SEM image of the metal mirror
cavity prior to deposition of the polymer and molecules. Three
cavity structures were fabricated next to each other: spacing between
first and second and third and fourth metal bar was kept constant
at 250 nm, the spacing between the second and third bar was
gradually increased as indicated in the upper left image. The 150
nm width of the gold bars prevents long-range interactions between
molecules located in adjacent cavities. The cavity structure is
imaged in transmission mode (middle image) while DiD molecules
are simultaneously imaged in fluorescence mode (bottom right).
Retrieved positions of mirror planes and molecules are indicated
with white stripes and dots. Red and green color coding in the
fluorescence image refers to orthogonal emission polarization
directions as indicated by the arrows.

rates?’ has recently been explored. However, while experi-
ments on single fluorophores positioned in a cavity have
recently been reported,!”?*24282 the high-resolution single-
molecule spatial accuracy has not yet been used in combina-
tion with retrieval of such functional information. While
several alternative techniques to probe the LDOS in photonic
nanostructures have been proposed,*®*! direct measurement
using fluorophores®? ultimately yields nanoscopic spatial
resolution. Embedding the nanoscopic molecular probe in
the cavity structure, bears the further advantage that the probe
itself does not in turn perturbate the LDOS.?* In addition,
the fixed transition dipole moment of an immobilized
molecule holds the clear advantage of probing the LDOS in
a vectorial fashion.

Here, we use high-resolution single-molecule fluorescence
lifetime imaging to spatially and vectorially probe the LDOS
in a metallic nanocavity. This provides us with a full vectorial
lifetime-LDOS map throughout the nanocavity. Our results
are compared to the expected behavior based on direct
calculations of the projected LDOS inside the cavity.

The two-dimensional nanocavity we investigated consists
of two gold bars, each of 150 nm width and 50 nm height,
fabricated by electron-beam lithography on an indium tin
oxide substrate using a standard lift-off procedure. On the
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samples, three nanocavities were fabricated next to each
other, the outer with a fixed width of 250 nm, the middle
one with width varying between 250 nm and 1.2 um. The
layout is schematically indicated in Figure 1. By spin coating
from a toluene solution, the structure was embedded in a 60
nm high poly(methyl methacrylate) (PMMA) film containing
about 107% M of fluorescent 1,1'-dioctadecyl-3,3,3",3'-tet-
ramethylindocarbocyanine perchlorate (DiD, Invitrogen)
molecules. The thickness of the PMMA film was chosen to
be larger than the height of the mirror bars in order to
minimize curvature of the polymer—air interface in the
cavity, while still maintaining a sufficiently thin film to avoid
focal overlap of molecules located at different heights in the
film. The quantum yield of DiD is 1, which means that unless
additional nonradiative decay channels are opened such as
quenching in very close proximity (<10 nm) to the metal
surface, lifetime changes are reminiscent of changes in the
radiative decay rate. The structure was imaged in optical
transmission and fluorescence simultaneously (as indicated
in Figure 1) using a home-built confocal microscope.
Excitation was performed using a 635 nm diode laser
(Picoquant LDH-635, 90 ps fwhm, 20 MHz). Fluorescence
light was separated from reflected excitation light using a
dichroic mirror (Omega 650DRLP) and a 665 nm long pass
filter (Omega 665ALP), split by a polarization cube and
collected on two avalanche photodiodes (APD, EG&G
Electro Optics SPCM-AQ-14) connected to a time-correlated
single photon counting card (TCSPC, Picoquant Timeharp
200). Images were acquired using a reduced power density
of 0.11 kW/cm? to avoid rapid photobleaching, with a pixel
size of 39 x 39 nm? and a 1 ms dwell time. After image
scanning, fluorescence from selected single-molecule loca-
tions was collected by continuous excitation at 3 kW/cm?.
Single-molecule positions were extracted from the fluores-
cence image by applying a Gaussian filter followed by
calculation of the center-of-mass for selected molecular
intensity profiles (see Figure 1). The fluorescence lifetime
was calculated from the intensity time trace recorded for a
specific molecule by constructing the histogram of photon
arrival times and fitting to a single-exponential decay. Both
positional® and lifetime accuracy** are dependent on the
number of detected photons. For the highly photostable DiD
molecule (typically 10*—10° detected photon counts), we
have molecular positional accuracy ~30 nm, and lifetime
accuracy ~0.1 ns. Positions of the metal mirror bars were
retrieved from the transmission image. In addition to the
high-resolution determination of dipole position and lifetime,
the polarization-sensitive detection of emission light allows
us to also determine the orientation of the dipole emitter.

Measured position- and orientation-dependent fluorescence
lifetimes are compared to the outcome of LDOS calculations.
For an emitter with a fixed transition dipole moment, like
our immobilized DiD molecules, the fluorescence decay rate
I'—the inverse of the lifetime—is related to the projected
LDOS (pLDOS) through Fermi’s golden rule!”
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where r is the position of the emitter, @ its resonance
frequency, u the transition dipole moment, and p, the pLDOS
along the direction u of the transition dipole moment g =
wu. The pLDOS is determined using Green’s dyad formula-
tion. In order to take into account the unknown transition
dipole moment in Fermi’s golden rule, the decay rate relative
to a reference decay rate is calculated. As a reference we
take the average decay rate for DiD molecules in a thin
PMMA film. We will see below that this reference also
allows us to take into account the intrinsic heterogeneity in
the experimental single-molecule lifetime distribution.

In total, we extracted positions and lifetimes inside the
cavity for 880 DiD molecules. The position in the cavity
was defined as the distance to the nearest cavity edge. In
Figure 2a the single-molecule lifetime as a function of
position inside cavity is given. As can be seen, the distribu-
tion of lifetimes broadens and shifts to lower values with
decreasing distance to a mirror. In addition to the cavity
molecules, we measured 158 DiD molecules at a macroscopic
distance from the mirror cavities to extract the reference.
This reference distribution, yielding an averaged DiD lifetime
of 2.6 ns, is indicated in Figure 2b together with the full
distribution for the cavity molecules. Here, we note a clear
shift of the distribution average to lower lifetime values as
well as a broadening toward even lower, sub-1-ns lifetimes
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Figure 2. (a) Lifetime as a function of distance to the nearest mirror
bar for all 880 molecules measured inside the mirror cavity. (b)
Distribution of fluorescence lifetimes for all these cavity molecules
(in red), compared to the reference histogram of 158 molecules
measured far away from the cavity structure. The reference
histogram shows the effects of intrinsic molecular variations in the
lifetime due to, e.g., variations in the local nanoenvironment of
the molecules, and the finite size of the PMMA film and the
proximity of the glass plate. Compared to the reference distribution,
the distribution of lifetimes in the cavity is markedly shifted to
lower values, with a tail extending to sub-1-ns values. (c) Average
lifetime as a function of distance to the nearest mirror (black line)
compared to the expected lifetime behavior based on LDOS
calculations (red line). Both experimental and calculated curves have
been retrieved by applying a 50 nm averaging window and are
averaged over all orientations and cavity sizes. The lower panel
indicates the number of experimental data points (i.e., molecules)
in the averaging window as a function of distance.
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for the cavity molecules. This result along with Figure 2a
strongly indicates position-dependent lifetime modifications
for molecules located inside the cavity.

A second point to note here is that the reference distribu-
tion of “free” molecules already shows broadening and thus
lifetime variations from molecule to molecule. This broaden-
ing is predominantly caused by the proximity of polymer—air
and polymer—glass interfaces due to the finite size of the
PMMA film. These interfaces lead to modifications in the
LDOS and thus in fluorescence lifetimes for molecules at
different heights in the film and with different out-of-plane
orientations* (note that in the polarization-sensitive fluo-
rescence image in Figure 1, we measure the molecular
orientation projected onto the substrate). In addition, small
variations in lifetime from molecule to molecule may be
caused by variations in the local nanoenvironment.>’ Thus,
in order to extract position-dependent information on mo-
lecular lifetime variations, one has to either measure the same
molecule in different conditions, which is rather cumbersome
but could in principle be performed with a scanning probe
microscope'®!®% or an ion trap,”® or one has to explicitly
take into account the distributed lifetimes, as we will do in
the following.

First, we construct a position-dependent average lifetime,
by averaging the data in Figure 2a with a 50 nm window.
The result is indicated in Figure 2c, together with the
expected lifetime behavior based on LDOS calculations. In
the calculations, we consider a 1D cavity, neglecting the finite
height of the cavity. Note that refractive indices of substrate
and polymer film are very similar (around 1.5) and that
molecular lifetime variation due to the finite polymer
thickness will be accounted for in the experimental results
by comparison to the reference distribution. In Figure 2c,
we observe a good agreement between the experimental and
calculated results, indicating that the observed modifications
in molecular lifetime distributions are indeed due to the
modified LDOS inside the cavity. At this point, however,
we have to bear in mind that data are averaged over all
molecular orientations and all cavity widths. These two points
will be disentangled consecutively.

Now, we note that a different lifetime behavior may be
expected for molecules with a transition dipole moment
located parallel and perpendicular to the mirrors (indicated
in Figure 3a). The molecular dipole orientation can be
evaluated from the measured fluorescence polarization by
defining the degree of polarization P = (I, — I)/(I; + I,),
where I, and I, denote detected intensity on red and green
APD channels, respectively (see also lower right image in
Figure 1). Figure 3a depicts the histogram of degree of
polarization for all cavity molecules. Now, we define the
subsets of parallel and perpendicular oriented molecules as
indicated in Figure 3a. For both these subsets we apply the
same procedure with a 50 nm integration window as above
to plot the molecular lifetime as a function of distance to
the mirror (Figure 3b). A clearly different behavior for
parallel compared to perpendicular molecules can be ob-
served. Most notably, the strong decrease in lifetime for
distances <100 nm to the mirror is mostly due to perpen-
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Figure 3. (a) Histogram of the degree of polarization of all 880
molecules inside the cavity structure. For vectorial probing the
cavity LDOS, we look at two subdistributions, which are defined
by their relative orientation with respect to the cavity design, as
indicated in the drawing. For selecting both parallel and perpen-
dicular sets of molecules, the outmost 12.5% of molecules on both
sides of the distribution were taken (102 parallel, 85 perpendicular).
(b) Measured fluorescence lifetime as a function of distance to the
nearest mirror for both distributions of molecules oriented parallel
and perpendicular to the mirror. The lower panel indicates the
number of molecules within the 50 nm averaging window as a
function of distance. (c) Calculated dependence of the lifetime on
distance to the mirror for both orientations. There is a good
agreement between experimental and calculated results in terms of
the strong reduction of lifetime for perpendicular orientation for
distances below 100 nm, the more gradual increase of lifetime away
from the mirror for the parallel orientation, and the crossover
between parallel and perpendicular curves at ~100 nm and ~190
nm.

dicular oriented molecules, while the parallel molecules
display a more gradual decrease with decreasing distance to
one of the mirrors. In addition, comparing both curves to
the results based on LDOS calculations (given in Figure 3c),
we see that the relative behavior of both curves is in
correspondence with the theoretical predictions. Thus, the
fixed transition dipole moment of an immobilized molecule
is found to reproduce LDOS variations in a vectorial fashion;
i.e., it probes the projected LDOS (pLDOS).

Next, we turn to the behavior for both orientations for
different cavity sizes. We note that different behavior may
be expected for cavities that differ in size by integer times
half the effective wavelength, iA/2n = 223 nm, with A =
665 nm and n = 1.49. In Figure 4 the calculated pLDOS
and corresponding lifetimes for all cavity sizes and all
positions within the cavity are shown. A clear difference for
dipoles oriented parallel with respect to the axis compared
to those with a perpendicular orientation can be observed
over the full range of cavity widths. This difference originates
from coupling to two different types of modes in the
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nanocavity. For a parallel orientation, the pLDOS, depicted
in Figure 4a, is dominated by Fabry—Perot type cavity modes
(see Supporting Information). Here, the number of maxima
increases with i as expected. Thus, for i = 1, i.e., cavity
size A12n < d < A/n, we observe a single maximum in the
pLDOS at the cavity center. For very small distances (<10
nm) to the metal edge, strong nonradiative decay due to
quenching to the metal takes place leading to a steep increase
of the pLDOS. At positions equal to 0.25 and 0.75 of the
size of the i = 1 cavity, pLDOS is at a minimum. For i =
2, Aln < d < 3A/2n, two maxima in the pLDOS are observed,
and so on for increasing i. Note that the actual values are
slightly smaller than i*A/2n due to the penetration depth in
the metal.3® The pLDOS translates into inverse behavior for
the fluorescence lifetime as indicated in Figure 4b for a
parallel oriented dipole.

For the perpendicular orientation, given in panels ¢ and d
of Figure 4, an entirely different behavior is observed. In
this case the pLDOS is dominated by surface plasmon
polariton (SPP) modes in the metal edges* (see Supporting
Information), which, for distances <150 nm from the edge,
leads to a gradual decrease in lifetime when approaching
one of the edges. At distances >150 nm, the fluorescence
lifetime is basically unaffected by the presence of the metallic
nanocavity.

We compare the pLDOS calculations with our experi-
mental data for two different cavity types, namely, the
smallest one (i = 1) and the i = 3 cavity. These are indicated
with dashed lines in Figure 4. In the experimental data we
collect all molecules in cavity size range supporting these
mode types, i.e., 0.454/n < d < 0.671/n for the i = 1 cavity
and 1.40A/n < d < 1.90A/n for the i = 3 cavity. These values
deviate slightly from integer times A/2n due to the penetration
depth in the metal and the fact that we exclude the region
close to the mode cutoff. For the i = 3 cavity, the criteria
for parallel and perpendicular molecules was increased to
respectively P < —0.05 and P > 0.05 to have sufficient
molecules in each subset (66 and 93, respectively, compared
to 115 and 48, respectively, for the (shorter) i = 1 cavity),
where we verified that applying these criteria to the entire
set of molecules, the curves in Figure 3 remained unchanged.

The experimental data for the lifetime as a function of
distance to the nearest mirror is given in Figure 5, together
with the theoretical results for cavity sizes of d = 225 and
670 nm, respectively, which correspond to the positions
indicated by dashed lines in Figure 4. For the i = 1 cavity,
it can be seen that the lifetime at every position in the cavity
for both orientations is reduced compared to the average
lifetime in the reference distribution (indicated by the dashed
line) in correspondence with the lifetime calculations and
the strong increase in pLDOS in Figure 4c. Moreover, we
see that while for the parallel orientation the lifetime only
shows small variations between 7 = 1.5 ns and 7 = 2 ns,
the perpendicular orientation displays even lower lifetime
values which gradually decrease below 1 ns upon approach-
ing the mirror. As the response time of the APD is of the
order of 200—400 ps, the few molecules in the 50 nm
averaging window with relatively longer lifetimes dominate

Nano Lett.,, Vol. 9, No. 3, 2009
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Figure 4. (a) Calculated pLDOS in the direction parallel to the cavity interfaces, as a function of both position in the cavity and cavity size.
(b) Corresponding fluorescence lifetime for a DiD fluorescent molecule oriented parallel with respect to the cavity. (¢) pLDOS and (d) DiD
lifetime for a perpendicular orientation. The pLDOS is normalized with respect to the free space value, its color scale is saturated with
maxima reaching 15 for parallel (top left) and 35 for perpendicular orientation (bottom left). Indicated in the top left image are the cavity
types i that group cavity sizes based on the number of sustained modes. A clear difference between both dipole orientations can be seen,
which results from predominant coupling to cavity modes for a parallel orientation compared to coupling to SPP modes for the perpendicular
orientation. Dashed lines indicate the location of the curves shown in Figure 5.
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Figure 5. Average lifetime as a function of position to the nearest metal mirror plane for the two cavity sizes indicated in Figure 4. Cavity
size is indicated in reduced units (relative to the effective wavelength in the PMMA matrix), which corresponds to (a) cavity type i = 1
(interval of 200 < d < 300 nm), and (b) cavity type i = 3 (625 < d < 850 nm). Open dots refer to the molecular lifetime, averaged over
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the experimental interval. Top panels (black curves and dots) are for a dipole orientated parallel to the mirror, middle panels (red curves
and dots) for a perpendicular dipole orientation. The lower panels indicate the number of molecules in the averaging. The dashed lines
indicate the average fluorescence lifetime without cavity structure. For both cavity sizes a clear difference between the two dipole orientations
can be observed, closely following the expected behavior based on the LDOS calculations.

the averaging. Thus our averaged experimental lifetime data
has a lower limit of ~1 ns, while the calculated result decays

to the cavity center. For the perpendicular orientation,
fluorescence lifetime is only modified from the reference

toward zero.

For the i = 3 cavity, we observe a different behavior
with smaller reduction of fluorescence lifetime due to
smaller LDOS variations in line with the results from the
calculations. At comparatively larger distance from the
mirror, the lifetime is about equal to its reference value
with, for the parallel case, a reduction to 2 ns for distances
smaller than about 200 nm (0.454/n) as well as very close
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value for distances smaller than 110 nm (0.251/n), where
it steadily decreases to zero due to coupling to the SPP
mode in the metal like for the i = 1 cavity. All in all, we
observe clearly different behavior for both cavity sizes
and for both orientations, in all cases in line with the
expected lifetime behavior based on pLDOS calculations.
Thus we conclude that our single-molecule lifetime
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measurements map the LDOS with vectorial sensitivity
at nanometer-scale, single-molecule spatial resolution.

The approach presented here, relying on superresolution,
single-molecule, spatial imaging of fluorescence lifetime and
polarization anisotropy, can be highly relevant for biological
systems, extending the possibilities of novel nanoscopy
techniques' like PALM? and STORM.** While polarization-
sensitive superresolution microscopy, based on fluorescence
photoactivation (P-FPALM),* has very recently been dem-
onstrated, the inclusion of fluorescence lifetime measure-
ments*' truly exploits the multiparameter character of
molecular fluorescence for unraveling biological structure
and functionality at the nanoscale. The vectorial information
gives access to (locally restricted) rotational diffusion, and
thus viscosity, and to emerging orientational and positional
ordering. Note that this holds both for situations where the
molecular transition dipole moment is fixed, like in our study,
and those situations where it is not. The latter case also allows
a single molecule to probe part of the orientation and position
phase space; however, it should be noted that this comes at
the expense of position accuracy, which directly depends on
the number of detected photon counts. Adding to the vectorial
information, molecular fluorescence lifetime variations may
be related to differences in the biochemical environment of
the probe or to binding or energy transfer events. Moreover,
fluorescence lifetime is an important discriminator between
different fluorophores and can thus be used to map func-
tionality using different labeling strategies. Clearly, correlat-
ing lifetime and orientation data, like in our nanophotonics
structure, extends these capabilities, for instance revealing
orientation-dependent interactions and transfer processes in
biomolecular machinery.

In our study, we have an estimated average accuracy of
~30 nm in position and ~0.1 ns in lifetime. For localization
microscopy using photoactivated fluorophores, position
resolution of ~20 nm has been reported. Both position and
lifetime resolution are dependent on the number of detected
photon counts>** and thus mostly limited by photobleaching.
The use of photobleaching-resistant quantum dots, or aniso-
tropic quantum rods, would allow for detection of a fixed,
aimed number of photon counts, and could push this
resolution to 10 nm, if photoblinking*? can be substantially
prevented. With respect to lifetime, we currently encounter
a lower limit of ~0.5 ns, set by a detector response time of
200—400 ps, compared to an average molecular fluorescence
lifetime of 2.6 ns. Here, the tens of nanoseconds or larger
lifetime of quantum dots would considerably increase the
dynamic range, which would for instance be important in
probing strong quenching close to the metal interface.
However, care should be taken to properly analyze and
interpret the multiexponential decay of single quantum
dots. 4

In summary, we have presented the use of single fluores-
cent molecules as local nanoscopic probes for the LDOS in
a metallic nanocavity, mapping the full position- and cavity-
size-dependent lifetime LDOS curve. The single-molecule
probe holds the demonstrated advantages of vectorial sen-
sitivity and ultimate nanometer-scale spatial resolution; i.e.,
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it is a vectorial point-probe. In addition, probing is performed
in a nonperturbative fashion. Thus, this approach has the
promising perspective of probing functional nanophotonic
structures like nanoantennas, photonic crystals, high-Q
resonators, and sensors based on near-field enhancement. In
addition, the methodology can be relatively straightforwardly
extended to the probing of nanofocusing effects, local field
enhancement, and enhanced quantum efficiency in such
structures. Finally, as discussed, the concept of superreso-
lution single-molecule fluorescence lifetime, and polarization
imaging has great prospects for nanoscopy of biological
systems.
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Supplementary information for the manuscript “The single molecule probe: nanoscale vectorial
mapping of photonic mode density in a metal nanocavity”

by J. P. Hoogenboom, G. Sanchez-Mosteiro, G. Colas des Francs, D. Heinis, G. Legay, A. Dereux,
and N. F. van Hulst

In the pLDOS calculations described in the manuscript, we can determine the contribution of each
of the modes in the cavity to the total pLDOS by applying the formalism described in ref. 33
(Barnes, W. L. Journal of Modern Optics 1998, 45 (4), 661-699). In the following figure, the
emitted power as a function of molecular position x (with respect to the center of the cavity), and in-
plane wave vector k, (normalized with repect to free-space wave vector k) is given for both dipole
orientations for an i = 3 cavity (d = 670nm). Figure (a) depicts the emitted power for a dipole with
an orientation parallel to the cavity interfaces, figure (b) the same information for a perpendicular
oriented dipole. We observe clear, distinct cavity modes for values k,/kg < 1.49 (= npyma) and a
surface plasmon polariton (SPP) mode for k,/ko = 1.66. The cavity modes can be assigned as TE and
TM modes depending on their mode profile (figure (c)). For the parallel oriented dipole, we see that
the emission is dominated by coupling to the TE, and slightly weaker the TM, cavity modes, with a
noticeable coupling to the SPP mode only for very short distances from the metal interface.
Contrarily, for the perpendicular oriented dipole, excitation of the SPP mode is dominant over
distances up to 150nm from the metal cavity interface. In addition, closer to the cavity center,
emission into TM, and, very weakly, TM; modes occurs. For the perpendicular oriented dipole, TE
modes are forbidden. As expected, the dipole-mode coupling strength is proportional to lu*E(x)I,
where, as in the main text, u is the dipole transition moment.

Elazb. unics

;oMo —

E (aze.

/MO ——
T e

\ ; E_l_

-200 0 200 -200 0 200 L
X (nm) X (nm) 7300 200 00 0 100 200 a00

X (nm)

Figure: (a) Emitted power as a function of both molecule position and in-plane wave vector
(relative to free-space wave vector) for a dipole parallel to the cavity interface. (b) Same
information for perpendicular orientation. (c¢) Cavity modes profiles. The modes effectives indices
are nef(TEo)=1.42, ne(TE|)=1.18, nes(TE2)=0.59 for TE polarization and nes(TMg)=1.29,
Nefr(TM)=0.65 for TM polarization, and nei(SPP)=1.66.
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3.3 Transfert d’énergie en champ proche

Ces dernieres années, plusieurs expériences ont démarpossibilité de mesurer préci-
semment l'interaction de molécules uniques avec des tratgres plasmoniques. Le point
crucial est le contrdle de la distance entre la moléculmbjet métallique. Cela peut se faire
en attachant une unique molécule a I'extrémité d’'um FADN dont 'autre extrémité est at-
tachée a la particule métallique [62, 63]. Une autre gumétion repose sur l'utilisation d’'un
microscope a sonde locale. La nanostructure est acaachéxtrémité de la sonde qui est ap-
prochée de maniere tres contrbléee de moléculesithades déposées sur un substrat [64, 65].
La plupart des études ont considéré des particules gloersgues qui permettent des com-
paraisons avec un modele analytique exact. En particldisrtaux de relaxation radiatifs et
non radiatifs d’'une molécule en interaction avec une liikgallique peuvent s’écrire sous un
développement de Mie faisant apparaitre explicitemesnikdres des modes impliqués. Cela
a permis de déterminer simplement les modes intervenast ldgprocessus de relaxation par
couplage aux plasmons [66]. Ainsi, la modification du tawdatf est principalement issue du
couplage avec le mode dipolaire de la particule alors queubertion radiatif résulte du couplage
avec les modes d’ordres élevés [67] (voir la figure 3.4)eftet, 'émission de fluorescence, de
nature dipolaire, génére des gradients de champs suffigaar exciter efficacement 'ensemble
des modes de la particule (voir par exemple I'équation @iiidhapitre 1).

a) b)
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FIG. 3.4 — a) Intensité du champ électrique, b) taux radiatif¢) taux non radiatif calculés
a 10 nm de la surface d’'une particule sphérique d’or entfonau rayona de la particule
et de la longueur d’onde. Le champ électrique d’excitatieria molécule suit la relation de
dispersion du mode dipolaire (Fig. 3.4a) alors que le tadiatd résulte d’'un couplage avec
le mode dipolaire puis quadrupolaire de la particule loeslgLtaille de celle-ci augmente (Fig.
3.4b). Enfin, la faible dispersion du taux non radiatif estcteristique du couplage avec le
mode plasmon d’interface du systéme.

Dans ce contexte, je me suis intéressé a la compréhefisedu transfert d’énergie entre
la molécule et la bille métallique, notamment en lien a@ewonservation de I'eénergie [67, 68].
Par exemple, aux trés courtes distance de séparatiée transfert non radiatif prend la forme
approchée suivante (les polarisabilités quasi-staigy sont données par I'équation 1.10 du
chapitre 1)

NR 00
YT 3 (n+1)
~ k‘zo 3 Z (2n+1 (3.2)

Yo
(n—l— 1)K+t o
n(2n — HN(2n + DN
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atff = 11—

Cette expression montre que le transfert non radiatif $@é&aicouplage aux modes plasmons.
De plus, pour chaque modg le terme proportionnel &n(a’//) décrit I'extinction du signal
émis par la molécule, soit par absorption, soit par diffagpar la particule. En soustrayant la
contribution de la diffusion (terme proportionne|df’//|?), on obtient la contribution non ra-
diative. Toutefois, il faut signaler que la conservatio'éeergie n’est assurée dans cette forme
approchée que si on tient compte de de la taille finie de lkcpér [68]. Cela conduit a intro-
duire les polarisabilités effectives définies par latiefa3.3. L'interprétation microscopique du
terme correctif—i (2("“)’“2”“ o, est une force de friction, appelée réaction de rayonngmen

Lo n(2n—1)!"(2n+1) ;
qui décrit la perte d’énergie par rayonnement des aasten mouvement [69].

Publications correspondantes

“Fluorescence relaxation in the near-field of a mesoscopic etallic particle : distance
dependence and role of plasmon modes
G. Colas des Francs, A. Bouhelier, E.Finot, J.-C. WeebeDé&eux, C.Girard and E.
Dujardin
Optics Expresd 6, 17654-17666 (2008).

Les effets de taille finie sont discutés dans la Commurtinatilivante (disponible en acces libre
a http ://www.mdpi.com/1422-0067/10/9/3931)

“Molecule non—radiative coupling to a metallic nanosphere: an optical theorem treat-
ment”
G. Colas des Francs
International Journal of Molecular Sciendd), 3931-3936 (2009).

Enfin, la relaxation moléculaire dans une jonction-posueface de géométrie complexe est
analysée dans l'article reproduit en annexe

“Molecular quenching and relaxation in a plasmonic tunablesystem”
G. Baffou, C. Girard, E. Dujardin, G. Colas des Francs and @xtix
Physical Review B77, 122101(R) (2008).
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Abstract: We analytically and numerically analyze the fluorescence
decay rate of a quantum emitter placed in the vicinity of esjglal metallic
particle of mesoscopic size€ with dimensions comparable to the emission
wavelength). We discuss the efficiency of the radiative deede and
non—radiative coupling to the particle as well as theiratise dependence.
The electromagnetic coupling mechanisms between the esnatid the
particle are investigated by analyzing the role of the pasmodes and
their nature (dipole, multipole or interface mode). We destmte that
near-field coupling can be expressed in a simple form vexgfyhe optical
theorem for each particle modes.
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1. Introduction

The precise control of the coupling efficiency between a graremitter (fluorescent molecule,
guantum dot. . .) and a metallic nanopatrticle is at the orditme new field ofmolecular plas-
monics[1]. In these composite systems, coupling with the mole@itaainly of electromag-
netic origin, principally mediated by plasmon resonandé® optical properties of metallic
nanoparticles are strongly relying on different plasmafaptons modes with specific proper-
ties. For instance, an elongated metallic particle canaumoth a dipolar (localised) plasmon
mode characterized by high electromagnetic field confinérmed an interface (propagating)
plasmon mode able to guide electromagnetic energy alonggittiele surface. The strong con-
finement of the localised plasmon mode leads to a very efficaumpling with a nearby emitter.
This coupling strength is at the origin of surface—enharspettroscopy. In addition, the exci-
tation of the interface mode of the particle is responsibtaransferring luminous energy away
from the source of emission. By controlling the electrometgnconfinement at a nanorod ex-
tremity and understanding the propagation of the opticaleradong its surface, it was recently
proposed to realize an antenna in the optical domain [2,.3@dfical antennas are fundamen-
tal devices for interfacing light with nano-objects and Icbibe used for instance to efficiently
couple a single photon source to an optical fiber [4, 5]. Ojatition of an optical antenna is a
difficult problem since its spectroscopic response stypdgpends on the shape, the chemical
nature of the materials, and the surrounding environmemb®g several methods available to
describe the electromagnetic response of metallic panicarbitrary shape, boundary element
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method [6], multiple multipole technique [7, 8], finite—@ifence time—domain simulations [9],
and Green dyadic formalism [10] have been used to analyzeoiingling between a fluorescent
molecule and an optical antenna.

All these purely numerical studies however, can be supphedeby analytical approaches
for which mathematical solutions exist. Indeed, an anadytstudy of simplified geometries
can facilitate the description of the elementary processasved in these coupled systems.
Despite restricted shapesg.spheres or ellipsoids, some important behaviors and treawals
be identified [7, 8, 11, 12, 13, 14]. In a recent work, using asiistatic model, Bharadwaj
and Novotny discussed the optimal fluorescence wavelengiticund that it should be red-
shifted from the interface plasmon resonance of the parfi@]. In the same time, Merteres$
al compared full electrodynamical theory to a corrected gattic model and demonstrated a
trade—off between emitter-particle coupling, efficient $mall spheres, and signal scattering,
efficient for large particles [14]. They obtained an optirsihere diameter around 50-100 nm,
in the optical domain.

In this article, we address, from analytical argumentsptiodlem of optical near—field cou-
pling processes governing the fluorescence of a molecutegia the vicinity of a mesoscopic
spherical metallic particle, i-e a nanoparticle with cleéeaistic dimensions that are not very
small compared to the emission wavelength. In particularpwecisely distinguish the radia-
tive and non-radiative channels and clearly identify défg coupling mechanisms. In section
2, we describe the asymptotic behavior of the decay ratelseirvéry near-field of a metal-
lic particle. The coupling of the emitter to the differenapinon modes is demonstrated from
detailed analysis of the analytical expressions. The wigtalependence of the decay rates is
then investigated in section 3. Finally, we discuss in secti the fluorescence enhancement
optimization.

2. Near-field behavior

Figure 1 describes the model we consider. A single emittptased at a distancg from a
spherical particle of radiua. The surrounding medium optical indexns. In the following,

we adopt the classical point of view for the description & tlecay rate. This model assumes
that the fluorescent emission can be identified to the powdtezirby a dipolepy oscillat-

ing at the fluorescent frequenay = 2mc/Ag in vacuum. Here the classical dipole represents
twice the quantum transition dipole moment of the emitterd&monstrated in [15], this model
is appropriate for describing weak coupling regime. In titicle, we also assume that the
electromagnetic properties of the metallic particle arscdbed by a bulk optical indexs.

For molecule—particle distance below one nanometer, nocalHescription of the optical index
should be taken into account [16, 17].

2.1. Analytical formulation based on Mie’s expansion

The decay rates of a molecule in presence of a sphericatigacin be solved by using well—
known Mie formalism [18, 19]. When they are normalized wiéispect to the decay rayg of
the free molecule, total decay rates write [19]:

o 3.8 i w ]
i Ng 1+§Renzln(n+1)(2n+1)8nl U ) (1)
% - nB{1+3Rez n+ 3 {%} +An[h511)(U)]2H, 2)
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Fig. 1. Model used to study the molecule-particle coupling.

where the subscript (||) indicates a dipole perpendicular (parrallel) to the péetsurface and
u=kgzy = 2rmgzy/ Ao. For the sake of clarity, the analytical expressions of the ddefficients

A, andB;, will be detailed in the appendix. The two special functihH% and({, that enter Eq.
(1) and (2) represent the spherical Hankel and Ricatti-@Bdsactions, respectively. Prime
stands for differentiation with respect to u.

The radiative decay rates can be written as follows [19]:

2
yad  3ng & jn(u) + Bnhi (u)
sl 7n:1n(n+1)(2n+1)f : 3)
ad o / / 2
M e S ey i)+ Ak 2+ | 4L Endelt) ] @
Yo = u

where j,, is the spherical Bessel function aggl(u) = ujs(u). From these four relations, the
non-radiative decay rate can be obtained by computing ffe¥elice between total and radia-
tive decay rates. Since we are interested in describingticelly the coupling process, we had
to express this difference. Applying the procedure describ [20] in the presence of dielectric
sphere to the present case of a metallic particle, we firstldpuihe expressions (3) and (4) of
radiative contributions to the relaxation rate. After saaigebra, this leads to

Y2 3np & [Bohh (u)[2 + 2jn(u)REBahL (u)]

prll e+ —- Zn(n+1)(2n+1) 2 ; (5)
n=1

yrad 3 Y

HW - ns+$ S (2n+1) (6)
n=1

+ 1BaZi" (U)2 + 2y (WREBREYY ()]
u2

UAnh&”<u>]2+ 2jn(WREANS (u)]

The non-radiative decay rates are now easily expressee afftbrence between the total and
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radiative rates. After a few manipulations, we obtain

" ad @ )
% = % —ZTBZ n(n+1)(2n+1) h”u(u) [—Re(Bn)—|Bn|2], 7)
yNR v
% e ®

3ng & 1 W o 2
-2 Z u [~ReBn) — |Bn|?] + [ (u)[2[~Re(An) — [An[?]

Let us note that the difference between the two terms prapaitto [—RegBp)] or [—Re(An)]
(extinction) and tdBy|? or |An|? (scattering) directly relates to the energy conservatodis:
cussed in section 2.2.1 [18]. Up to now, no assumption has besle on either the emitter-
particle distance or the particle size. In the followingtget we show how the expressions
(1-8) simplify for short coupling distance regime.

2.2. Relaxation channels at very short distances

As recently discussed by Bharadwaj and Novotny [13], the—nadiative decay rate of a
molecule is mainly dictated by an efficient coupling to théeiface plasmon mode of the
antenna whereas the radiative decay rate is associated extitation of a dipolar mode of
the metallic particle. Indeed, in the very near—field, flisoence relaxation processes are dom-
inated by non-radiative transfer to the metal. It should bed that for an emitter located at
very short distance from the particle, the otherwise custgthce can be approximated by a flat
interface. We therefore define the very near-field as thawmiést range such théty — a) < a.
This criterion will be refined in section 3 devoted to the stud distance dependence of the
decay rates.

The radiative channel, however, has other characteriséicause it describes the power ra-
diated in farfield zone by the whoteolecule plus particlsystem. Since the particle dipolar
mode presents the highest scattering cross—section, diegiva emission rate of the system
may be similar to that of a molecule placed in the presencesohple dipolar particle.

In the following, we will focus on the study of radiative andm-radiative contributions in
the domain of the very short emitter-particle distances.

2.2.1. Nonradiative channel

At very short distances, the emitter-particle couplinggeimainly on the non-radiative channel.
Using the asymptotic behavior of the spherical Bessel fanstnear zero [21], we can write
from Eqg. (7) and (8) respectively

ﬁ ~ 3ng c n+1 2n+1 (9)
Yo u-0 2ud z (2n+1)
n+i 41|y |2
['m(a”) MLy ke (o] and

R o
e Z NN+ 1)(N+1/2), 0.1
Yo U0 2 & (2n+1u@+y B

n+1 1)y |2
[ “nn— e ore 9l

(10)
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Fig. 2. Error done on the non radiative decay rate when ajpaied by Eq. (9) or (10) for
a perpendicular or parallel orientation, respectivelye Tiolecule is located 1 nm from a
gold particle in air. The emission wavelengtig= 580 nm.

where(2n+1)!I! = 1 x 3x 5... x (2n+ 1) and we introduce the!" order polarizability of the
sphere

an = n(fs— SB) (2n+1) (11)

(n+1)eg+ nes '
Figure 2 represents the error done using the approximagessions (9) or (10). The error is
less than 10 % fokga < 0.5 and is around 20 % for mesoscopic particlesga(~ 1).

Eqg. (9) and (10) are an important result of this paper, siheenbn-radiative rate appears
in a form that generalizes the expressions obtained prsljiowith a purely dipolar sphere
[22, 23], by including in a similar way all the particle mod&oreover, within this formulation,
the non radiative decay rate respects the optical theoremafth mode. More precisely, the
first term in Eq. (9) or (10), proportional tan(an), encodes the whole emission extinction,
due to both absorption into the metallic particle and sdattein the far—field. The second
term, proportional tdan|? gives the fraction of power scattered by the particle itgence,
the non-radiated decay contribution is given by the difieesbetween this two terms, as a
direct consequence of the optical theorem [18, 22]. Finalysidering Eq. (9) and (10), it
clearly appears that when the molecule approaches thelimgtticle, it couples first to the
dipole mode, then to multipole modes and finally to the imtegfplasmon mode for very short
distances. This directly originates from the highest canfiant of high order modes.

Termsk2" L ap /u™1) are proportional tda/z)>"*1, therefore, when the emitter is placed
in close vicinity to the particlezy — a), the high order terms] n?(a/z)?"*'] dominate the
expressions of the non-radiative decay rates. Under thmsditons, Eq. (9) and Eq. (10) can
be approximated by

R _ 2n
LS 3_”§3|m(83 SB) S n2<3) : (12)
o o woa 2082 &+ée/) e \D
3ng E&—EB 1
20:a 8_kg|m<gs+88) (Zo—a)s (13)
yNR o 2n
a . o 3—n§3|m(£S 88) > nz(i) : (14)
o o woa AUz &+té/) =1 \D
3ng &s— € 1
20-a 16|<g|m(€s+ SB) (z0—a)3" (15)

Note that we used the fact that the serie divergegfora, so that the infinite serie sum reduces
to its highest order term and can be compared to the serimsiprof(1—a/zy) 3 (see also
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Fig. 3. Non radiative decay rate dependence for an emiteepl 5 nm above a gold
nanoparticle (80 nm diameter) embedded in a PMMA matrixidsiate) or above a flat

gold/PMMA interface film (dashed line, quasi-static appneation). (a) Dipole parallel to

the surface. (b) Dipole perpendicular to the surface. ¥aftines indicate the Au/PMMA

interface plasmon mode resonance.

[15]). Expressions (13) and (15) exactly reproduce thetstamge (quasi-static) behavior of
non-radiative decay rate near a flat metal surface [24].

As a concrete example, we now consider a fluorescent molétyeesence of a 80 nm
diameter gold nanoparticla & 40 nm) since similar systems were the topic of recent exper-
imental [7, 11, 12] and theoretical works [8, 14]. The sunding medium index isig = 1.5
corresponding to both PMMA (polymethylmethacrylate) attesg indices since molecule are
generally dispersed into a PMMA matrix deposited on a glabstsate. Note that in this case,
ksa ~ 0.3 for emission wavelength in the visible range, correspogdd a particle of meso-
scopic size. Figure 3 represents the wavelength dependétive non radiative decay rate in
the very near—field of a gold particle or a flat film. As expectbd non—-radiative coupling to
a spherical metallic particle is very well reproduced byuasisig the quasi—static approxima-
tions (13) or (15). In both cases, a resonance occu¥rsab15 nm indicating a coupling to the
interface plasmon mode.

2.2.2. Radiative channel

We apply a similar procedure to the radiative contributitaking the limitu — O in expression
(5), the radiative decay rate for a dipole perpendiculahéoparticle surface is given by

yad 3 2 2 n+1
LA -~ 1)2(2 1 —k4n+2 2
Yo uﬁ0n5+2u2nzln(n+ Fen+D) [(2n+1)l1j2un+278 [anl
2 2n+1
Ty Dupne Rean)

2 ny.zn
- (2n—D[(2n+ 1)!!]3u2 6 H'm(a”)}' (16)

Numerical simulations (not shown) reveal an error up to 5Q@¥niesoscopic particles . The
behavior of the radiative decay rate is drastically difféfeom the non-radiative contributions
in the very near-field of the particle. Having in mind that tha&arizability depends on the
sphere radius ag®™*1, we note that the series converges to zero in the near-fialgeréor
small particle sizes. Therefore, the radiative decay ratebe reduced to the first terms only.
Neglecting the last term in Eq. (16) compared to the two athibie radiative decay rate for a
vertical dipole simplifies to

J_ad 4 4 »
—_ :anB 1+ <Reo) + —=| a1 a7

Y 3 3
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Fig. 4. Radiative decay rate for an emitter placed 5 nm abayalénanoparticle (80 nm
in diameter). (a) Dipole parallel to the surface. (b) Dippkrpendicular to the surface.
The solid curves are calculated from Mie formalism (Eq. 3T4e dashed curves assume a
dipolar response of the patrticle, including finite size e@fgEq. 28) and (29) in appendix
(6.2)]. Vertical lines indicate the sphere dipolar resa®an

which exactly reproduces the radiative contribution at Istiatance assuming a dipolar re-
sponse of the metallic sphere (s&g[23]). In case of a dipole parallel to the sphere surface,
we obtain the following relation:

Vﬁad 2 1 )

" ZO:anB{l zgRe(al)+Zg|a1| }, (18)
that is once again in agreement with a dipolar response ah#tallic sphere. Note that these
expressions slightly differ from the equation given in [B§]the absence of the radiation reac-
tion term in the polarizabilityr;. This term, which comes from the finite size of the particde, i
necessary in order to satisfy the optical theorem. In a midtieal way, a correct description of
scattering resonances requires to include simultanebaostythe radiation reaction teramda
dynamic polarization term [25]. This can be easily achievétin the volume integral methods
and leads to the following polarizability [26]

Oeff = [1—MB%]710(1 (19)
Mg = 2[(1—ikga)e*ed—1] (20)

whereaq is the static polarizability as defined in Eq. (11) and theolip response of the
particle to an external electric fieleh obeysp = 4mepeg e iEo.

As shown on Fig. 4, the dipolar model qualitatively reproelithe wavelength dependence
of the radiative decay rates. Clearly, the resonances drshifted compared to the dipolar
mode frequencyy; (A1 = 2mc/w; = 560 nm). More precisely, the resonance is only slightly
red-shifted in case of a dipole parallel to the particleatefd =570 nm instead oh; = 560
nm), whereas a stronger deviation is observed for a dipateepelicular to the surface of the
metallic particle f =595 nm). This red—shiftis due to a more important dipoleef#igoupling
between the molecule and the gold particle for this dipolertation. The efficiency of dipole-
dipole coupling also explains the higher decay rate obthivieen considering dipolar response
of the particle compared to Mie description in which the gyés dispersed on all modes. Let
us also note that the distance dependence of the radiatbas date should strongly depends
on the emission wavelength. Far from any resonance, theitahplof the particle dipole is
proportional to the field emitted by the emitter. Consequealzg3 dependence is expected for
a particle in the near-field of the quantum emitter. As alyedidcussed in [23], an additional
Forster—type dependence contributiz@ﬁq is expected close to the particle resonance because
a strong dipole—dipole coupling dominates between thegbarnd the emitter. Note that in
this case, a corrective term should be added to properlyidestie whole decay rate [15, 27].
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Fig. 5. Non radiative decay rates as a function of the digtdne (zo — a) to the particle

surface (solid lines) or gold flat film (dashed lines, quaatis approximation) for a parallel

(a) and perpendicular (b) dipole. The emission wavelersgily = 580 nm.

3. Distance dependence

In this section, we have chosen the emission wavelehgth580 nm of the terrylene molecule.
This molecule is widely used in single molecule spectrogayperiments and the position of
emission wavelength ensures that both the parallel anépdrgular radiative channels should
be strongly enhanced. The embedding medium is again PMMAcMgare the distance de-
pendence to the two limiting cases (quasi-static flat seréax dipolar particle) introduced in
the previous section. Exact expressions of the differecageates are given in the appendix.

Figure 5 represents the non radiative decay rate variatio@nwncreasing the particle—
molecule distance. The quasi-static approximation remsatisfying only below 10 nm, cor-
responding tad/a < 0.2 as the range where the spherical surface can be approxiigte
flat interface. As expected,di 3 law is observed for these very short distance corresponding
to the creation of an exciton in the bulk of the metal [28]. &ltitat ad—* law can be expected
for even shorter distances, due to the creation of an exaitdine metal surface [29]. Such a
description needs to properly describe the metal/dieteictierface and to take into account the
nonlocals effect into the metal dielectric constant [28].

We now consider the radiative contribution to the decay, raibel compare it to a dipolar
response of the particle (Fig. 6). In order to improve the garison accuracy, we include finite
size effects into the polarizability. The dipolar modelygualitatively reproduces the radia-
tive decay rate behavior, indicating that higher plasmomicies are involved in the radiative
process [14]. At large distances, however, the dipolar nidefficient to describe the radia-
tive emission evolution, as far as finite size effects argerly included. Finally, we do not
observe simple distance dependence law for small separdistance since the tvvzg3 and

zy 6 processes compete [23].

4. Fluorescence enhancement and particle size effect

In this last section, we discuss the influence of the parsice on the fluorescent enhancement
for a molecule coupled to a gold particle. The fluorescentmsity enhancement is given by

| 2

ad
Ntiuo(ro) = |U-E(AexsT0) Vry (fo) (21)

(ro) ’

whereE is the normalized electric field computed at the moleculationr from Mie theory
[18] at the excitation wavelengthy: andy@ /y represents the quantum efficienayndicates
the orientation of the molecule transition dipole moment.

A critical parameter for fluorescence enhancement is posif both the excitation and
emission wavelengths compared to the plasmon modes resmsf 13]. Indeed, the excited
field mainly couples to the dipolar mode and therefore stiyodgpends on the particle size, as
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Fig. 6. Radiative decay rate dependence with respect toistended between the parti-
cle and the molecule: for a dipole (a) parallel or (b) perpeudr to the particle surface.
‘Exact’ curves refers to Mie formalism (Eq. 3,4ipolar’ corresponds to a dipolar model,
including finite size effects [Eq. 28) and (29) in appendiXfpand‘dipolar (point—like)’
assumes a point-like dipolar response of the particle toxemreal field [(Eq. 28) and (29)
where de ¢ IS approximated byx;]. The insets show far-field behaviours. The emission
wavelength is\g = 580 nm.
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Fig. 7. Normalized electric-field intensity (a), decay réigand non-radiative rate (c) cal-
culated 10 nm away the particle surface as a function of batrelength and particle radius.
The system is shown in the inset of Fig. 7(a). The moleculeiented perpendicularly to
the sphere surface.

shown by Eq. (19). Moreover, as discussed above, the raeli@dicay rate also mainly originates
from coupling to the dipolar mode. However, due to dipolpedi2 coupling, an additionnal red-
shift occurs, particularly for dipole perpendicular to tharticle surface (see Fig. 4). On the
contrary, the non-radiative rate is governed by interface@wso that it does almost not depend
on the particle size for small emitter-particle couplingtences.

We consider again a gold nanoparticle embedded in PMMA ealpd a fluorescent
molecule. The molecule is perpendicular to the particldasar since strongest effects are
expected in this case. Figure 7(a) represents the excitéiéital intensity near the particle in
function of both the particle size and the excitation wangté. Figures 7(b) and 7(c) show
respectively the radiative (Eqg. 5) and non-radiative (Bglétay rates when varying emission
wavelength and also the particle radius. Independent qfdhticle size, the non radiative chan-
nel is resonantly opened for emission wavelengths ardgned 515 nm (see Fig. 7(c)) due to
coupling to the interface mode. As expected, the excitatitamsity (Fig. 7(a)) and the radiative
decay rate (Fig. 7(b)) present very similar behaviors,atioselated to the dipolar mode of the
metallic particle. Let us note, however, that for partidéius abovea ~ 80 nm, the radiative
channel also couples to quadrupolar mode as can be seen.of{IBiflL4].

1
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Fig. 8. Fluorescent enhancement for 'DiD-gold particleupled system embedded in
PMMA.

Therefore, strong fluorescent enhancement can be expectadrfolecule—particle coupled
system such that: i) the absorption wavelength is closeg@#tticle dipolar resonance to en-
hance the excitation field, ii) the emission wavelengthigriam the interface mode resonance
to reduce ohmic losses and iii) the particle is small enoaghvbid molecule coupling to the
guadrupolar mode resonance and strongly enhance theivadibainnel. Finally, we consider
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a specific dye molecule, namely DiD which presents absarmind emission peaks around
Aexc = 635 nm andA = 665 nm respectively. Figure 8 presents the fluorescent eenzant
for several particle radius, in function of the emitter{gde distance. A strong 17 fold en-
hancement is observed for radius¥i®< a < 50nm at separation distance aroudds 8 nm
(d/a=0.2). Itis worthwile to note here that matching the excitaton detection wavelengths
to the molecule absorption and emission peaks respectivelprofit from both the molecule
absorption and fluorescence cross-sections and also fbem@senhancement due to coupling
to the metallic particle.

5. Conclusion

In summary, we have theoretically and numerically investd the decay rate of an emitter
coupled to a mesoscopic metallic particle. By starting framasymptotic expansion of the
different decay rate contributions in the very near—fielcacdpherical metallic particle, we
demonstrated that the non-radiative channel processasiassd with a coupling to the inter-
face plasmon mode of the particle whereas the radiativeydata process involves a transfer
to dipolar plasmon mode. We have examined the extent of teegaings and compared it with
two asymptotic models: a flat metal surface and a dipolaroresp of the particle. We found a
red-shift of the radiative decay rate due to dipole-dipolealing between the molecule and the
particle. We also demonstrated that near-field couplingbeaexpressed in a simple form that
obeys optical theorem for each particle mode. These reshti& that a deep understanding
of the complex fluorescence decay mechanisms can be obtimoradch simple and analyti-
cal model. Finally, it provides some guidelines for optimithe particle size to enhance the
molecular fluorescence.
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6. Appendix

To facilitate the reading of this article, we reproduce iis tappendix the various expressions
of the decay rates assuming a dipolar response of the sphpaidicle. These expressions can
be easily deduced from the classical description of the tsp@ous emission rates and can be
found in the literature.

6.1. Mie coefficients

An exact description of the particle electromagnetic resgdo an external field needs to prop-
erly describe all the particle modes. TH8 mode contribution depends on the two Mie scat-
tering coefficient#\, andBy [18, 19] ks = 2rmg/Ag andks = 2rms/Ag are the wavenumbers
into the embedding medium and the sphere, respectively)
in(ksa) W) (ksa) — jn(ksa) W) (ksa
jn(ksa){n(ksa) —hn~ (ksa) Y (ksa)
_ #8in(ksa)Yp(ksa) — &sjn(ksa) Yn(ksa)
Bn = - @ . (23)
esjn(ksa)y(kea) — eshi” (kea) Yy (ksa)
wherejn andhﬁ,l) are the usual spherical Bessel and Hankel functionsyafg = zj,(z) and
{n(2) = zh Y (z) the Ricatti-Bessel functions [18, 21].
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6.2. Dipolar spherical particle
The total decay rates write [22, 23, 26]

, | .
% = nB{1+3—;BIm{aeffez'“(é+é—u—l3)2]}, (24)
Lo nB{1+6k§Im{aeffe2i”(u—:g—$)2}}, (25)

wherede i+ is the particle effective polarizability associated todliy@olar mode, including finite
size effects as expressed by Eq. (19). The non radiativeydates write

yNR 3 243 1 1 1

I N 2

W% Tkg{lm(aeff)—TBWefﬂ ] {@—er@} ; (26)
R 2k3 1 1

% = 6kgnB |:|m(aeff) — ?Blaeff|2:| |:m + E:| . (27)

Then the radiative decay rates are calculated as the differbetween the total and the non
radiative decay rates:

ad
ad R
_yryo _ %_—V:O. (29)
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3.4 Conclusion

En analysant finement les processus de couplage de malémde des structures plas-
moniques, nous avons pu établir quelques propriétéplesnEn particulier, une meilleure
compréhension de ces phénomenes de couplage est peecet@iale pour déterminer gros-
sierement les géométries et matériaux les plus aptasé&alisation, par exemple, d’antennes
optiques. Bien entendu, les parametres peuvent endnéepiecisés en s'appuyant sur des
méthodes de simulations numériques dédiées [70].

D’autre part, je souhaite attirer I'attention sur le ponéda regle d’or de Fermi fait avec la
guantification du plasmon. En effet, I'émission spontarésulte du couplage de I'état excité de
la molécule avec les modes électromagnétiques de soroenement [71]. La généralisation
de la regle d’or de Fermi en présence de structures nugtedi pose la difficulté de la quan-
tification du champ en présence de dissipation [72, 73].cBatre, elle peut étre facilement
obtenue & partir de la description dipolaire classiquéé&taission de fluorescence, démarche
adoptée dans ce chapitre. Toutefois, de récents travaypopent de réaliser des expériences
d’optique quantique a partir de structures plasmonigdgs [Une description rigoureuse de ces
expériences impose de traiter correctement la secondificeation du champ.

Enfin, puisque le couplage d’un émetteur quantique avepaicules métalliques conduit
a I'émission spontanée de plasmon-polaritons de seirfaest naturel de s’intéresser a I'emis-
sion stimulée de plasmons, phénomene purement quani@pla a conduit Bergman et Sto-
ckman a proposer en 2003 I'analogue plasmonique du lage6SPASER (Surface Plasmon
Amplification by Stimulated Emission of Radiation) [74]. ala configuration proposée, un
milieu a gain est couplé a une particule plasmonique suppt des modes plasmologalises
qui remplace la cavité laser. Le fort confinement des modkesyons permet de réaliser des
sources cohérentes de plasmons de tres petites dimsifigijnDans le chapitre suivant, nous
discuterons de I'emission stimulée de plasmons par emgph des modeatelocali€s en ana-
logie avec les amplificateurs optiques.

Finalement, I'étude de la relaxation moléculaire parptage aux plasmons, ou plus géné-
ralement la notion d’antenne optique, ouvre de nouveaumpiale recherche. Je reviendrai
sur ce point lors de ma conclusion générale.
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Chapitre 4

Composants plasmoniques pour la
photonigque integréee

Des 1965, Gordon Moore, cofondateur d'INTEL, constata lgueomplexité des circuits
électroniques intégrés doublait chaque année, aamistant. Cette observation, d’autant plus
spectaculaire que les circuits électroniques venaidrtalinventés, le conduira a énoncer peu
apres la fameuse loi de Moorele nombre de transistors intégrés sur une puce de silicium
double tous les 2 ansCette prédiction s’est avérée étonnament juste jasapjourd’hui. Tou-
tefois, cette progression ne pourra se poursuivre qu’audernouvelles technologies. En effet,
la miniaturisation des transistors ne pourra sans doutellga®n-deca d’environ 20 nm, taille a
laquelle apparaissent des courants de fuites, et qui déuraintteinte vers 2015. Une alternative
est donc d’augmenter la bande passante des composagtéspdur faire transiter une grande
quantité d'informations par le méme canal. L'optiquedfié est une technologie parfaitement
adaptée a ce besoin comme l'atteste le fort débit peranidgs fibres optiques. Malheureuse-
ment, cette technologie est peu compatible avec la minsation car celle-ci s’Taccompagne
d’une forte dégradation du signal par diffraction.

C’est dans ce contexte que nous nous intéressons aux guiad@soniques. En particulier,
un guide métallique peut transporter simultanément uge @lectrique et une onde électroma-
gnétique et apporte donc une solution élégante poutd“@tectronique. Nous espérons ainsi
combiner la miniaturisation de I'électronique et la ladg bande passante de I'optique pour
aller au-dela de I'état de I'art.

Il existe de nombreuses configurations de guides plasmesidpes 1997, Takahara a pro-
posé d’utiliser des nanocylindres métalliques pour guith plasmon avec d’excellents confi-
nements [76]. Cette proposition a rapidement été suiid&monstrations expérimentales sur
des fils d’argent [77, 78]. Cependant, ces structures imypabsavoir une cristallinité du métal
bien contrdlée, faute de quoi la longueur de propagatiariecconsidérablement [79]. Seules
les méthodes de synthese et dépdt par voie chimiquegbtennt d’obtenir des fils de bonne
cristallinité, limitant les formes accessibles. La plipdes autres configurations de guides
plasmoniques implique des formes réalisables par litqgge (UV, par faisceau d’électrons
ou par faisceau d'ions). Dans ce cas le métal, est évadorie dans une phase amorphe, ce
qui implique des pertes importantes lors de la propagatiomdde. La réalisation de guides
métalliques de formes bien contrdlées et de haute bt est sans aucun doute un défi
majeur. Toutefois, de hombreuses démonstrations de gesdpar modes plasmons ont été
réalisées ces 10 dernieres années. Les référen6ed {1 donne un bon apercu de I'état de

107



I'art. De nombreux composants passifs (guide, miroir sefiechissant, coupleur directionnel,

interferometre, ...) ont été réalisés. Il a etée@ment proposé d’établir une loi de Moore pour
les circuits photoniques intégrés passifs, selon wfits criteres [80]. Lorsque I'on considere

la densité d’intégration des filtres optiques (réseaigrierometre Mach Zehnder, .. .), la plus
forte densité d’intégration est obtenue avec un compggdasmonique.

L'étape suivante consiste a réaliser des composargmplaiques actifs (commutateur, mo-
dulateur, transistor, ...) indispensables pour envisdgevéritables applications pour I'opto-
électronique. Quelques réalisations de principe rieseexistent, généralement impliquant des
modes plasmons de films métalliques étendus [18, 20, Ejse chapitre, nous nous étudions
des guides plasmoniques confinés par un ruban diéleetrlggiruban diélectrique assure un
bon confinement du mode plasmon. De plus, I'utilisation d&ints matériaux diélectriques
permet de réaliser des fonctions optiques variées. Lagpaphe 4.1 présente les propriétés de
guidage et de confinement de ces guides. Nous considérsngesta propagation du mode
plasmon assistée par émission stimulée de puits quesstidispersés dans le ruban diélectrique
(84.2). Le paragraphe 4.3 discute finalement de la forme deslanance du mode guidé, en
particulier en présence d’émission spontanée.

4.1 Guide plasmonique config par un ruban diélectrique

La figure 4.1a) présente un guide planaire confiné par aledrique (“dielectric loaded
waveguide”). Cette configuration est tres utilisée pas dpplications de photonique intégrée.
En effet, le mode est confiné latéralement sans étre aaciavec le ruban diélectrique, d’ou
une réduction des pertes par diffusion sur les bords dued8it]. Une autre configuration, ap-
propriée pour I'opto-électronique, confine le mode plemantre deux électrodes métalliques
(Fig. 4.1b). Le projet PLASMOCOM (Polymer based nanoplasice components and de-

b)

a) "_oodng strp

Metal strips

métal

Substrote L Lol
ubstrote

FIG. 4.1 — a) Guide planaire confiné par (a) un ruban diélastriqu (b) des électrodes
métalliques (D’apres [81]). (c) Guide plasmonique coafipar un ruban diélectrique
(DLSPPW). Le confinement modal est schématisé en rouge.

substrat

vices) étend ce concept au mode plasmon. La configuratitenob (dielectric loaded sur-
face plasmon polariton waveguide - DLSPPW) est schéemissir la figure 4.1c. Un ruban
diélectrique, par exemple un polymere, est lithographif un film métallique (de I'or ou de
I'argent, généralement). Le systéme repose sur un sulus verre. Sous certaines conditions
un mode plasmon-polariton de surface se propage a I'atermétal-diélectrique. Il est utile
de noter que le mode étant confiné a cette interface,U@nite du polymere est sans doute
plus forte que dans un guide usuel chargé par diélectogue mode est confiné a l'intérieur
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du guide planaire (Fig. 4.1a). La propagation du mode dan®ldeguides peut ensuite étre
contrdlée en utilisant des matériaux non-linéairesles polymeres dopés par exemple.
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FIG. 4.2 — Gauche : LRM - (leakage radiation microscopy). Moatdigiscopique. Le mode du
guide d’onde est excité grace a la diffusion du laserlfseaur un défaut du guide (entouré sur
en a). Les fuites du mode dans le substrat sontimagéedaimaaient dans le planimage et dans
le plan de Fourier. a) Image optique du guide de PMMA (w=35Qxr&D0nm) lithographié sur
un film d’or (épaisseur 50 nm). b,c) Images mesurées dapisuteimage (b) et dans le plan de
Fourier (c).

Dans ce projet, jeo-encadre la tlese de Jonathan Grandidierdepuis février 2007. Dans
un premier temps, nous avons déterminé les dimensionsales du ruban de polymere pour
confiner le mode avec un modele simple (approximation caelie effectif) et des simula-
tions numériques (méthode difféerentielle [82], codévaloppés par Jean-Claude Weeber et
Sébastien Massenot - post-doctorant, ou méthode de @8kque je développe). Le facteur
de confinement est défini par la proportion de I'intensiiétbde dans le polymere (Fig. 4.3).
C’est un parametre gu'’il faut maximiser pour optimisentéraction du mode guidé avec le
polymere, en vue de la réalisation de composants actffexiopage du polymere (84.2).
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FIG. 4.3 — (a) Facteur de confinement en fonction de la largeur uddegw pour quatre
épaisseurs de PMMA. Sur chaque courbe, le trait vertical indique la finrdgime mono-
modal A\ = 1.55 um). (b) Intensité électrique du mode calculée pour desdiions optimales
(t = 600 nm etw = 600 nm). Le facteur de confinement calculé est de 71%.

Les guides sont caractérisés expérimentalement paosctiapie des fuites radiatives (LRM

- leakage radiation microscopy), a la fois dans le plan enepdans le plan de Fourier (voir
la Fig. 4.2). C’est le méme type de montage que celui atifisur étudier le comportement
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dipolaire de nanostructures au chapitre 2 (82.2). Ainsivpag-nousdéterminera la fois la
constante de propagation et la longueur de propagation ddexquice [84]. La figure 4.1 donne
un exemple. Lintensité mesurée dans le plan image (bpheame longueur de propagation de
4,8 £ 0,5um en accord avec la valeur calcul&e Zum). Dans le plan de Fourier (c), le mode
plasmon polariton a I'interface Au/air conduit a la fortioa de deux arcs de cercles, qui suivent
la polarisation TM. La constante de propagation du mode ¢agsiide apparait comme un
segment de droite tel que sa projection sur I'axe du guidecestante:, /ko = (1,08=+0, 003),
proche de la valeur théoriqui,(k, = 1, 09).

Nous avons étudié les propriétés de guidage et de coménepour differents parametres
(dimensions du guide, longueur d’onde d’excitation, largdu film d’or) dans le proche infra-
rouge [82, 85]. Tout particulierement, nous avons étgidi I'amélioration du confinement mo-
dal se fait au détriment de la longueur de propagation. Cefestitue une limitation fonda-
mentale pour des applications integrées. L'utilisatiam matériau a gain comme diélectrique,
discutée au prochain paragraphe, est une réponse aldempm

Publications correspondantes

Cette étude est présentée dans I'article suivant :

“Dielectric-loaded surface plasmon polariton waveguides figures of merit and mode
characterization by image and Fourier plane leakage microsopy”
J. Grandidier, S. Massenot, G. Colas des Francs, A. Bouh&h€. Weeber, L. Markey,
A. Dereux, J. Renger, M. U. Gonzéalez and R. Quidant
Physical Review B8, 245419 (2008).

Les autres articles associés sont reproduits en annexe
- La caractérisation de modes guidés par microscopieudtssfradiatives est discutée sur un
cas simple la lettre suivante

“Polymer-metal waveguides characterization by Fourier pane leakage radiation micro-
scopy”
S. Massenot, J. Grandidier, A. Bouhelier, Colas des Franes, Weeber, L. Markey and
A. Dereux
Applied Physics Letter91, 243101 (2007).

- Enfin, les méthodes numériques développées dansifiégpour modéliser les DLSPPW sont
détaillees dans deux articles (le second est préserié.&)

“Differential method for modelling dielectric-loaded surface plasmon polariton wavegui-
des”
S. Massenot, J.-C. Weeber, A. Bouhelier, Colas des FranGsaddidier, L. Markey and
A. Dereux
Optics Expresd 6, 17599-17608 (2008).

“Integrated plasmonic waveguides : a mode solver based on dsity of states (DOS) for-
mulation”
G. Colas des Francs, J. Grandidier, S. Massenot, A. Bouh&l€. Weeber and Alain
Dereux
Physical Review B, accepté pour publication (2009).
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Waveguiding of surface plasmon polaritons by dielectric-loaded metal structures is studied in detail by
combining numerical simulations and leakage radiation microscopy. These types of waveguides are first nu-
merically investigated using the effective index model and the differential method. We analyzed systematically
the influence of the ridge width and thickness of the waveguide on the properties of the surface plasmon guided
modes. In particular we investigated the confinement factor of the modes and their associated propagation
lengths. These two parameters can be optimized by adjusting the thickness of the dielectric layer. Waveguides
loaded with thick and thin dielectric ridges are then optically characterized by leakage radiation microscopy.
The mode propagation distance is measured by direct-space imaging and the propagation constants are evalu-
ated by Fourier imaging and analysis. Good agreements are found between theoretical and experimental data.

DOI: 10.1103/PhysRevB.78.245419

I. INTRODUCTION

Surface plasmon polaritons (SPPs), originating from the
coupling of an electromagnetic wave to the free electrons of
a metal, open new perspectives in optoelectronics."? In the
last years there has been an increased effort toward the de-
velopment of surface plasmon-based devices, and the design
of appropriate SPP waveguides constitutes a key element in
this route. Different configurations have been already pro-
posed and validated, and their degree of applicability
analyzed.”8

One of the considered configurations relies on the exten-
sion of the concept of dielectric-loaded waveguides to plas-
mon polariton mode and consists on the deposition of a di-
electric stripe atop a metallic surface. This approach has been
experimentally demonstrated recently,’ and the theoretical
analysis of the properties of these dielectric-loaded SPP
waveguides (DLSPPWs) shows their high potential in inte-
grated photonics.'®!! In fact, bends, splitters, and couplers
based on these DLSPPW have already been experimentally
proved.'>!3 Moreover, the dielectric layer can be artificially
doped by suitable materials so that its optical properties
could be externally modified to actively control the SPP
mode. This configuration opens then an interesting way for
active plasmonics (e.g., electrically or optically controlled
plasmonics).

Taking into account the perspectives offered by this kind
of waveguides, a detailed analysis of their performance is
needed. This study can be done in terms of appropriate fig-
ures of merit defined to describe the suitability of a given
configuration to a particular application.'* In this paper, we
provide an extensive study of the dielectric-loaded surface
plasmon polaritons waveguides by means of two different
figures of merit: one that takes into account the aptness of the
DLSPPW to transport information over relatively long dis-
tances and the other that evaluates the confinement of the
waveguide mode. Based on these figures of merit, we iden-

1098-0121/2008/78(24)/245419(9)
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tify two regimes of interest for DLSPPW: thick (thickness
~\/2) and thin (thickness<<\/2) dielectric loads. Thick di-
electric loads provide a strong-mode confinement within the
dielectric stripe, making them suitable for the development
of bends, splitters, and active devices. Thin dielectric loads
offer longer propagation distances, allowing their use as sim-
ply connecting waveguides.

Once these two regimes have been identified (Sec. II), we
have calculated numerically the more appropriate sets of di-
mensions for each case to highlight their characteristics.
These dimensions were used to design and fabricate dielec-
tric structures on thin-metal films. Section III presents the
experimental characterization carried out on the fabricated
structure to confirm and further analyze their behavior. This
experimental study has been done by means of leakage ra-
diation microscopy (LRM)." -7 LRM is a highly appropriate
technique to perform this study since it is possible to image
both the direct and Fourier planes. These two operation
modes provide information about the intensity distribution
and propagation length of the guided modes as well as their
effective indices. In a previous letter, we assessed this
method by characterizing a rectangular dielectric waveguide
used as a reference.'® We now use it to fully understand
mode construction in DLSPPW.

II. FIGURE OF MERIT AND CONFINEMENT FACTOR OF
DLSPPW

Figure 1 schematically describes the DLSPPW geometry
considered in the following. A dielectric ridge of thickness ¢
and width w is deposited on a gold film of thickness d cov-
ering a glass substrate. For the calculations, the gold thick-
ness and the incident wavelength are fixed to d=50 nm and
No=780 nm [n,,=0.18+i4.92 (Ref. 19)], respectively. To
evaluate the performance of a waveguide we introduce a set
of parameters that can be optimized. These parameters are
the confinement factor R, the mode area A, (Ref. 14), and its

©2008 The American Physical Society
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FIG. 1. (Color online) DLSPPW configuration. The guided
mode is excited by a TM-polarized wave incident in total internal
reflection.

propagation length Lgpp. In this section we systematically
study the influence of the ridge thickness and width on these
parameters.

Recently, Berini!* proposed the concept of figures of
merit for determining optimized dimensions of surface plas-
mon polariton waveguides. For SPP waveguides consisting
of metal stripes, small sizes and limited losses are prerequi-
sites. The figure of merit for these parameters can be defined

as14:20
a
M7 = \/A_(ZXLSPP)~ (1)

Adapted for propagation length and mode area, this figure
of merit lacks information on the mode confinement which is
of great importance for applications in active plasmonics. If
the dielectric layer is doped to introduce an external control
of the guided SPP mode, the amount of mode sustained in-
side the dielectric stripe determines how strong the influence
of the changes would be in the whole mode. The confine-
ment factor measures the proportion of the mode energy in-
side the waveguide. A high degree of confinement would
ensure a stronger interaction between the SPPs and an active
material. We compute the confinement factor R as

f f P-ds

R= — guide ’
f f P-ds
—0 >0

where P is the poynting vector. Note that in the regime of
thin-metal film (d <60 nm), the modes studied here are in-
trinsically leaky through the substrate. Consequently, we
limit the integration above the substrate for the normaliza-
tion.

Considering the application range of dielectric-loaded
SPP waveguides, we have evaluated their performance based
on both the figure of merit and the confinement factor. The
mode properties are calculated using the effective index
model (EIM) (Refs. 10 and 21) and the differential
method.'®?? In general an excellent agreement between the
effective index model and the differential method is found
except for the propagation length which is often overesti-
mated in the EIM. This discrepancy is attributed to the limi-

(2)
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FIG. 2. (Color online) Confinement factor calculated using EIM
for several PMMA film thicknesses as a function of ridge width.
The crosses indicate the TM,; cut-off width. The PMMA optical
index is n,,=1.49.

tation of the EIM in taking into account the corners of the
dielectric stripe, which therefore disregards the mode scatter-
ing along these corners. Therefore, the DLSPPW properties
accessible from the effective index model (number of modes,
effective index values, cut-off conditions, mode expansion,
and confinement) are determined first. The intensity distribu-
tion of the modes is then calculated using the differential
method which is more time consuming compared to EIM.

A. Thick dielectric load

We first consider the case of a thick dielectric load, i.e.,
with a thickness around N/2n,=260 nm. The dielectric
stripe consists of poly-methyl-methacrylate (PMMA) since it
is an electron-sensitive resist that can be structured by
electron-beam (e-beam) lithography and it can be readily
doped with different active substances. Using the effective
index model, as described in detail in Ref. 10, we determine
the confinement [Eq. (2)] of the mode supported by the DL-
SPPW. The values for the mode confinement as a function of
the width of ridge w and for different PMMA thicknesses ¢
are presented in Fig. 2. The field confinement increases with
PMMA thicknesses and tends to saturate for thicknesses
larger than 300 nm. Moreover, increasing the dielectric ridge
width allows the excitation of higher-order modes in the
waveguide.'? In order to maximize the interaction between
the mode and the polymer, we impose monomodal condi-
tions, corresponding to ridge widths below 350 nm. Finally, a
set of parameters (¢,w) that combines good confinement and
monomodal waveguide is around ¢=350 nm and w
=300 nm.

Having determined an optimized set of parameters for the
PMMA ridge, we investigate the mode characteristics using
the differential method.'3??> A detailed description of the dif-
ferential method applied to DLSPPW analysis has been pub-
lished elsewhere.??

Following the discussion above, we realized a sample
with the following parameters (see Sec. III A): the gold film
thickness is d=50 nm, the PMMA ridge width w=240 nm,
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FIG. 3. Reflectivity map with varied incident angles 6 and ¢
(see Fig. 1). The DLSPPW is made of a PMMA ridge of width w
=240 nm and thickness =330 nm. The incident wave-vector com-
ponents along the x and y axes are k./ky=n; sin #cos ¢ and
ky/kg=n, sin @ sin ¢, respectively.

and thickness #=330 nm. The incident wavelength is A
=780 nm. Note that by using the differential method, we
obtain a mode propagation length in the range of Lgpp
=6.5*=0.5 wm for a ridge width varying from 150 to 500
nm. This justifies a posteriori that we only focused on the
confinement properties when optimizing the ridge dimen-
sions.

Figure 3 shows the reflectivity diagram calculated with
the differential method when the DLSPPW is illuminated
with a plane wave from below the substrate at different
angles of incidence.'® A low reflectivity circle is clearly vis-
ible at neg=k/ko=1.02 where kj=(k2+k2)'? is the wave-
vector component parallel to the gold surface. This is the
signature of the excitation of the Au/air surface plasmon po-
lariton mode. Two absorption lines also appear at ngy
=|k,/ko|=1.30. These two bands originate from light cou-
pling to DLSPPW modes which propagates toward increas-
ing y direction (k,/ky>0) or decreasing y direction (k,/k
<0) inside the guide.'® Note that the same value for the
effective index of the mode (n.4=1.30) is obtained using
effective index model.

Figures 4(a) and 4(b) show the electric-field intensity dis-
tribution of the mode across a section of the waveguide and
its evolution along the propagation direction, respectively.
The profiles are calculated using a TM-polarized incident
beam oriented along the waveguide (¢=90°) and matched to
the mode momentum [ @=arcsin(n.z/n;)=60°]. The calcula-
tions show that the mode is well confined by the dielectric
structure and has its maximum at the Au/PMMA interface as
expected from a SPP wave. The decay along the propagation
is exponential. We deduce from Fig. 4(a) the confinement
factor R=69% and from Fig. 4(b) a propagation length at
1/e attenuation of Lgpp=6.1 um. R is in excellent agreement
with the confinement calculated using the effective index
model (see Fig. 2).

B. Thin dielectric load

While optimized mode confinement can be achieved by
nearly squared waveguide sections (e.g., w=350 nm X7
=300 nm), DLSPPWs formed by thinner loads offer a dif-
ferent range of guiding properties.'> In this section, we focus
our attention on a 70-nm-thick dielectric. For this range of
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FIG. 4. (Color online) (a) Electrical-field intensity distribution
inside the guide. The mode is excited using an incident wave at 6
=60°. (b) Cross section along the ridge center. The inset shows a
linear fit in semilogarithmic scale.

thickness, the confinement R is small (see Fig. 2) and the
mode substantially extends out of the dielectric structure.
Nonetheless, these types of waveguides benefit from longer
propagation length as compared with thick dielectric. Thin
DLSPPW can therefore provide the basic units for designing
more complex SPP routing (mode couplers, filters, etc.). In
this respect, the figure of merit M%D defined in Eq. (1) is the
critical parameter.

On the basis of the effective index model, we first deter-
mine the modes supported by a 70 nm thin SiO, DLSPPW.
The choice of SiO, over PMMA is dictated by its compat-
ibility with current microelectronic technology (of interest if
this kind of DLSPPW is useful in SPP routing systems) and
do not change the general conclusions drawn so far.

Figure 5 shows the effective indices for the different TM
modes supported by the DLSPPW. The effective index of the
fundamental mode TM,, increases with w from the Au/air
effective  index (n=1.02) up to that of a
Au/SiO,(70 nm)/air system (n.=1.15). Higher-order
modes are populated when the ridge width increases. As an
example, the TMy; and TM,, modes have a cut-off width at,
respectively, 700 nm and 1.5 um.

245419-3



GRANDIDIER et al.

Effective index N
P
[¢5)

1.02‘.!.I.I.I.I.I.I.I.I.I.I.-
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 40 45 5.0 55 6.0
Waveguide width (um)

FIG. 5. (Color online) Effective indices of the fundamental and
higher-order modes associated with a 70-nm-SiO, (n,,=1.453) DL-
SPPW as a function of the waveguide’s width.

Figure 6 shows the calculated mode intensity pattern
across the DLSPPW for several ridge widths. For very nar-
row waveguides only the fundamental mode TM, is present.
For the narrowest waveguide shown w=100 nm, the field
intensity is spread across the dielectric loading (indicated by
a blue rectangle in the figure) and the surrounding air media.
Thus, the n. of the guided mode is comparable to that of the
gold-air SPP mode. As the waveguide width increases, the
TM,, mode becomes more confined in the SiO, loading as
well as above the structure [see Figs. 6(b)—6(d)] and its ef-
fective index increases accordingly. Note that the dielectric
load thickness is below TE, mode cutoff so that no TE-
polarized mode is supported.'”

It can be seen in Fig. 5 that the 70 nm SiO, DLSPPW
becomes multimodal for a width larger than 700 nm. Note
that the first higher-order appearing mode TM,; shows an
odd field distribution (not shown here) and therefore cannot
be excited by a plane wave impinging along the waveguide
direction. On the contrary, even modes can be easily excited
and their corresponding field patterns for a width w=4 um
are shown in Figs. 6(e) and 6(f).

Figure 7 represents the figure of merit M%D associated to
the fundamental mode TMy, calculated from Eq. (1) using

FIG. 6. (Color online) Calculated mode intensity distribution
across the DLSPPW in the air half space. [(a)—(c)] TMy, patterns
for waveguide widths w=0.1, 0.5, and 2 um, respectively. The
dielectric waveguide is indicated by the blue rectangle. [(d)—(f)]
Pattern for the even modes TMy, TM,y,, and TM, for a waveguide
of w=4 um. The aspect ratios are different for the sake of
visibility.
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FIG. 7. Figure of merit obtained from differential method for the
fundamental TMy, mode for a 70-nm-thin SiO, ridge loaded on a
62-nm-gold film.

the differential method. Thin ridges are characterized by a
better figure of merit than thick ones (not shown). In spite of
the spreading of the mode outside the dielectric ridge, the
longer propagation distances of the mode in this case lead to
a large value for M%D ; mainly for narrow waveguides. Note
also that the values of the M3” obtained for the thin SiO,
DLSPPW are high despite the large ohmic losses of gold at
the frequency we consider.?’

III. EXPERIMENTS
A. Thick dielectric load

With the aim of controlling the numerical results, a
sample was prepared according to the following procedure: a
gold layer with a thickness of 50 nm was first evaporated on
a glass substrate. A 330-nm-thick electron-sensitive PMMA
layer was then spin coated onto the gold film. The PMMA
was then exposed by standard e-beam lithography to form a
ridge of 240 nm width. The surface plasmon modes sup-
ported by the waveguide can be excited following different
diascopic or episcopic excitation schemes. A schematic of
the setup in diascopic configuration is shown in Fig. 8. A
0.52 numerical aperture (NA) objective incident from the air
side focuses a collimated laser beam onto the ridge structure.
The polarization state was controlled by inserting a retarder
in the optical path. Momentum transfer through scattering on
the ridge or on a defect ensured that part of the incident
energy was coupled in the SPP mode. To investigate the
characteristics of the guided modes, we collected the intrin-
sic radiation leaking through the gold film by using a high
numerical aperture oil immersion objective (Nikon 60X and
NA=1.49). The intensity of the leakage radiation emitted at
the substrate/gold interface is directly related to the intensity
distribution of the SPP mode and provides therefore a unique
mean to easily assess SPP properties.

1. Measurement at \y=780 nm

A typical DLSPPW structure of the sample is shown in
the bright-field optical micrograph of Fig. 9(a). A defect,
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FIG. 8. (Color online) Sketch of the leakage radiation micros-
copy setup. A 0.52 NA objective focuses the incident light onto the
structure or a defect. The modes are excited through scattering and
momentum transfer. Leakage radiation of the guided modes is col-
lected with a 1.49 NA objective and recorded either in the image
plane or in the Fourier plane.

helping to convert part of the incident energy into the SPP
mode, is indicated by the white circle. Figure 9(b) shows the
spatial intensity distribution of the radiation leakage as re-
corded in the image plane. The focalization of the incident
light by the 0.52 objective is readily visible in the bottom
part of the image as a bright overexposed spot. The SPP
guided mode is recognized as the confined streak of light
propagating from the bottom to the top of the image. An
exponential fit of the decaying intensity gives a propagation
length of 5.5 wm, in very good agreement with the calcu-
lated value [6.1 um; see Fig. 4(b)].

Figure 9(c) shows the leakage radiation recorded in the
Fourier plane of the microscope. The bright central disk cor-
responds to the numerical aperture (NA=0.52) of the top
illuminating objective and is used for calibration of the Fou-
rier plane.'® The two symmetric half moons that appear at
ner=1.02%=0.03 correspond to leakage radiation coming
from the Au/air SPP mode. The NA of the objective limits
the upper value of the mode index, which is 1.49 in our

DLSPP Guided Mode

El=1.32

-
13}
2
7}
°
e,
9
S
©
Ll
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FIG. 9. (a) Optical micrograph of a typical PMMA waveguide
fabricated on a gold substrate. The DLSPPW modes are excited by
focusing a TM-polarized beam on the defect marked in (a). LRM
observation of the propagation along the waveguide: in the (b) im-
age plane and in the (c) Fourier plane.
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TABLE 1. Experimental and theoretical values (calculated using
differential method and effective index model) of the mode effec-
tive index.

Effective index

Ao (nm) Differential method EIM Experiment
750 1.32 1.31 1.28
760 1.32 1.31 1.28
770 1.31 1.30 1.26
780 1.30 1.30 1.26
790 1.29 1.29 1.26
800 1.28 1.28 1.26
810 1.28 1.28 1.25
820 1.27 1.27 1.24
830 1.26 1.27 1.24
840 1.26 1.26 1.23
850 1.25 1.26 1.23
860 1.24 1.26 NA
870 1.24 1.25 NA
880 1.23 1.25 NA
890 1.23 1.24 NA
900 1.22 1.24 NA

experiment. The signature of the guided mode inside the DL-
SPPW appears as a horizontal line in the Fourier plane. This
line corresponds to the value of the propagation constant and
has a measured effective index of n.;=1.32+0.04, in fair
agreement with the theoretical reflectivity measurement
shown in Fig. 3. Note however that only the mode that
propagates in the forward direction appears in Fig. 9(c) be-
cause the waveguide is not well defined below the defect
used for the excitation. Additionally, the intensity of the DL-
SPP mode is significantly weaker than the other features on
Fig. 9(c) because of the SPPs coupling efficiency of our ex-
citation scheme.

2. Measurements at different wavelengths

Wavelength influence on the mode properties is now con-
sidered. Table I and Fig. 10 present the effective indices and
propagation lengths measured and calculated for 750 nm
=7p=900 nm. Despite a few atypical points, the Lgpp evo-
lution is quite monotonous with increasing wavelength since
the imaginary part of the gold refractive index decreases in
the infrared domain. A fair agreement is obtained between
experimental data and numerical simulations. Note that ef-
fective indices for A\g=860 nm were not measured experi-
mentally since low radiative losses at these wavelengths lead
to poor signal-to-noise ratios in the LRM images.

B. Thin dielectric load

The fabrication procedure for thin SiO, loads also relies
on standard e-beam lithography followed by thermal deposi-
tion of SiO, layer and a liftoff of the resist. Thin DLSPPWs
were also characterized by leakage radiation microscopy.
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FIG. 10. (Color online) Experimental and theoretical values
(calculated using differential method) of the propagation length as a
function of the wavelength for a 330 nm X 240 nm PMMA
DLSPPW.

Figure 11 shows the experimental images for thin
waveguides with several ridge widths. Instead of exciting the
DLSPPW mode by focusing onto a defect,* SPPs on the
bare 62-nm-thick Au film were excited using a total internal
reflection (TIR) illumination scheme.'>? Therefore, the in-

Iau‘ng

(9)

Calculation
|.W=1 5 um

Calc. Fourier

SPP \1_ Fourier SPP
= w=15um

— w=15um

FIG. 11. (Color online) LRM images of light propagating
through a thin SiO, ridge (=70 nm) waveguide for different
widths w at A;=800 nm. (a) Sketch of the excitation configuration.
The SPPs are launched on the gold film by TIR illumination and hit
the end face of the DLSPPW, thereby exciting the waveguide
modes. [(b)—(e)] Direct-space LRM images of the waveguides. (f)
Calculated (differential method) field intensity for light propagating
along a DLSPPW of width 1.5 um excited by a Gaussian beam
impinging on the waveguide. (g) Fourier plane image correspond-
ing to the waveguide of w=1.5 um. (h) Calculated reflectivity map
in a portion of the reciprocal space for a waveguide of w
=1.5 um. The excited modes are indicated by arrows in the image.
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cident TM-polarized light having a wavelength \j=800 nm
was displaced from the optical axis and slightly focused onto
the back focal plane of the immersion-oil objective (Olym-
pus 60X and NA=1.45). This results in illuminated areas of
10 pwm by 15 um that appear as white distorted ellipses in
Figs. 11(b)-11(e). The back-reflected field saturates the
charge-coupled device (CCD) camera. We focus the beam
several microns before the entrance of the dielectric stripe, as
sketched in Fig. 11(a). The light matching kgpp excites the
SPPs having most of its energy at the gold/air interface. The
SPPs propagate a few tens of micrometers toward the DL-
SPPW as indicated by the red arrow. During propagation, the
SPPs produce the leakage radiation visible in Figs.
11(b)-11(e) in between the incidence spot and the dielectric
stripe. The modes existing in the DLSPPW are leaky because
of the finite gold layer thickness of 62 nm and can be easily
imaged by LRM.

The LRM images for DLSPPW of different widths are
displayed in Figs. 11(b)-11(e). The images clearly reveal the
strong dependence of the mode characteristics on the width
of the dielectric loading. For a 5-um-wide SiO, stripe [Fig.
11(e)], which has nearly the same width as the incident SPPs,
most of the SPPs are converted into the DLSPPW modes.
The intensity along the waveguide decays much more rap-
idly compared to SPPs on the unloaded gold-air interface.
For narrower DLSPPWs, the section of the DLSPPW does
not fully overlap the width of the incident SPPs and three
distinct regions can be distinguished. The first one corre-
sponds to leakage radiation along the waveguide and origi-
nates from the coupling of the incident SPPs into the guiding
structure. The second region corresponds to the portion of
the incident SPPs not coupled into the waveguide. This un-
coupled part propagates sidewise the guides along both
edges and is readily visible in Figs. 11(b)-11(d). Finally, the
third region is associated with incident SPP which is backre-
flected and/or scattered by the DLSPPW edge. This latter
portion is dominantly emitted into the air space.

From the LRM images, we can determine the character-
istic properties of the waveguides, namely, the effective re-
fractive index n.y and the propagation length Lgpp. The latter
was determined by fitting the intensity decay along the
waveguides for a variety of widths and is displayed in Fig.
12. In the case of a multimodal waveguide, the measured
Lgspp represents an average decay length considering all the
excited modes.

The upper limit for Lgpp is given by the unloaded gold
surface and is indicated by the horizontal red dashed line in
Fig. 12 (theory Lgpp=35.3 um). The experimentally deter-
mined decay value for our gold films is Lgpp=33.6 wm, in
very good agreement with this theoretical value. The green
dashed line at Lgpp=9 um corresponds to a complete
70-nm-Si0, dielectric film and provides a lower bound for
Lgpp. This lower limit is reached for DLSPPW width greater
than approximately 2 wm. For narrower waveguides, the
value of Lgpp increases significantly toward the upper limit.
This general behavior is in good agreement with the figure of
merit M;” shown in Fig. 7: for narrow waveguides M7”
strongly increases as a consequence of the higher propaga-
tion length.

The experimental effective indices of the DLSPPW
modes inside the waveguides were assessed from LRM Fou-
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FIG. 12. (Color online) Evolution of the propagation length Lgpp
with the width w of a thin SiO, ridge (t=70 nm) waveguide (TM
polarization and N\g=800 nm). The red and green dashed lines cor-
respond to the upper and lower limits of this propagation length,
respectively: the plasmon of the interface air/Au and that of the
interface air/70-nm-SiO,/Au. The blue line shows the theoretical
values for Lgpp, corresponding to TM,, mode only, calculated with
the differential method.

rier images, as the one shown in Fig. 11(g). In contrast to
Fig. 9(c) where the waveguided mode was excited by the use
of a local defect, here the TIR configuration outlined above
was used. Figure 11(g) is the Fourier plane image of a DL-
SPPW with w=1.5 um [Fig. 11(d)]. The excitation geom-
etry gives rise to a strong reflection spot in the Fourier im-
age. The size of the spot is a measure of the distribution of
incident wave vectors. To efficiently couple the SPPs, the
location of the spot in the reciprocal space is adjusted to
coincide with the SPP resonant wave vectors. The coupling
to the SPP mode is detected by the presence of a dip within
the distribution. This dip is however not clearly visible in the
image since the saturation of the detector was adjusted to
enhance the weak signature of the waveguided modes. Note
that outside the incident distribution of wave vectors, the
SPP coupling at the Au/air interface can be recognized as a
small crescent (indicated with an arrow in the figure). It
originates from SPPs propagating in directions diverging
from the incident excitation. More importantly, the signature
of the DLSPPW modes also marked with arrows appears as
straight bright lines extending out of the incident wave-
vector distribution. For this particular width, two modes are
observed in the Fourier plane image of Fig. 11(g). The n. of
the various modes appearing for each waveguide was mea-
sured using the kgpp position of SPPs propagating at the bare
gold/air interface as a reference. The results are gathered in
Fig. 13.

As expected, the effective indices of the DLSPPW modes
are within the limits given by the bare gold surface (7
=1.02, dashed red line) and a gold surface completely loaded
with 70 nm SiO, (n.=1.15, dashed green line). In order to
identify the order of the modes associated for each value, we
have also plotted the n.g values obtained from the EIM cal-
culations presented in Fig. 5. The experimental results for
neg are in good agreement with the predictions and the small
differences originate from experimental uncertainties such as
the exact shape of the dielectric loading, the surface rough-
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FIG. 13. (Color online) Evolution of the mode effective index
nege With the width w of a thin SiO, ridge (r=70 nm) waveguide
(TM polarization and A\y=800 nm). The values of n. should be
comprised within those of the plasmon in an air/Au interface (red
dashed line) and the plasmon in an air/70-nm-SiO,/Au interface
(green dashed line). The solid lines report the effective index ob-
tained from EIM (see Fig. 5).

ness, and the exact thickness of the SiO, layer. For instance,
a thickness difference of only 5 nm would shift the upper
limit of ngy from 1.154 (70 nm SiO,) to 1.14 (65 nm SiO,).
We note that the TM,;; mode was not observed for any of the
waveguides, while higher-order modes were detected. This
particular mode has an odd symmetry of the field and cannot
be excited with a beam impinging along the waveguide di-
rection. This explanation is confirmed by the calculated re-
flectivity map shown in Fig. 11(h), corresponding to a DL-
SPPW of w=1.5 wm. For this width, three modes are
supported: TMo, TMy,;, and TM,,. However, only TM,, and
TM,, are intersecting with k,=0 value, indicating that they
can be excited by a beam parallel to the waveguide. The
TM,; mode has a signature for k, # 0 values and can only be
excited with a tilted illumination. The absence of the TM,
mode in our experiment indicates that the angular spreading
of the beam used to excite the waveguides was not broad
enough to excite this mode.

The multimode nature of the DLSPPWs for w greater than
approximately 1.5 um does not only manifest itself in the
Fourier plane but in the LRM images of Figs. 11(b)-11(e).
The two wider waveguides w=1.5 and 5 um are certainly
multimode and they show modulated intensity patterns. The
difference in the intensity distribution inside the waveguides
indicates that different modal structures are involved. The
1.5-um-wide waveguide, for instance, presents two identi-
fied modes: TM, and TM,. The field distribution of these
two modes shown in Fig. 6 has, respectively, one central
maximum and three maxima. The interference between these
two modes creates a beating with a chainlike distribution
observed in Fig. 11(d). The beating period of the intensity
along the center of this waveguide A, as calculated from the
image, is 7+ 0.2 wm. Beating of the two considered modes
TM,, and TM, can be obtained from the expression A
=27/ (kTMoo_kTMoz)=6'9 um, in good agreement with the
measured value. Figure 11(f) shows the field intensity distri-

245419-7



GRANDIDIER et al.

bution along a 1.5 um wide DLSPPW calculated with the
differential method and excited by a Gaussian beam. The
angular spread of the Gaussian beam was restricted to only
excite the TM, and TM,;, modes. The intensity distribution
shows a very similar chainlike pattern as observed in the
experimental image.

For waveguides being narrower than w<<1.5 um, only
the fundamental mode is excited and the intensity shows no
spatial pattern across the waveguide [see Figs. 11(b) and
11(c)]. We have however detected some beating in the inten-
sity along these waveguides whose periodicity is given by
A=2mx/ (kTMOO—kspp). This beating comes from the interfer-
ence of the fundamental DLSPPW mode and SPPs propagat-
ing on the gold film. Hence, the beating period increases for
narrower DLSPPW and, for example, cannot be measured
for the 100-nm-wide waveguide.

In summary, since the incident SPPs at the gold/air inter-
face couple simultaneously to all of the available guided
modes, the propagation distance and intensity distribution of
thin DLSPPW become strongly dependent of w. For w
=1.5 wm, multiple modes are excited generating a strong
beating and Lgpp is very close to the SPP decay of a homo-
geneous gold/SiO, interface (about 9 wm). This reflects the
fact that the excited modes are mostly confined laterally
within the silica load in this case. When reducing w below
1.5 wm, the incident energy couples to the TM,, mode only.
For very narrow DLSPPW, the field extends further into the
air resulting in an increase in the propagation length and
lower effective index of the mode. Despite low transversal
confinement, the figure of merit M7” shows a respectable
value (see Fig. 7) and efficient guiding is indeed achieved
along 100-nm-wide DLSPPW with Lgpp=20 um.
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IV. CONCLUSION AND PERSPECTIVE

In this paper, dielectric-loaded surface plasmon polaritons
waveguides were theoretically and experimentally investi-
gated by leakage radiation microscopy in direct and Fourier
planes. Depending on the thickness of the dielectric load, the
figure of merit or mode confinement can be optimized. For a
thin load, the large values of the figure of merit allow the
propagation of surface plasmon guided modes over distances
of several tenths of micrometer in the near-infrared region.
For thicker loads, the decay is shorter but the three-
dimensional confinement is drastically increased. This re-
gime of thickness is suitable for applications requiring a
large density of plasmonic devices. The calculated values of
the effective indices and decay lengths of the guided modes
obtained with our numerical approach are in agreement with
the experimental values. This is encouraging for extending
the range of our calculation to telecom bands (N,
=1300 nm or 1550 nm). Note that at these wavelengths,
leakage radiation microscopy is probably not a suitable tool.
Radiation losses through the metal are negligible and near
field microscopy is more appropriate.26-28
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FIG. 4.4 — a) Guide plasmonique dopé avec des puits quantiquesnfum Dots, QDs). Le
mode guidé est excité)a= 1, 55 um sur un bord du guide et les QDs sont pompés optiquement
a\ = 532nm. b) Simulation numérique de la propagation assistéeepassion stimulée. La
propagation en absence de pompage des QDs est repré&séataat ¢’ = 0). Laugmentation
de la longueur de propagation grace a I'émission semudst visible a I'arriere de la figure
(€” = —0,007). €’ représente la partie imaginaire de la constante di@getrdu guidec” < 0
décrit un matériau a gain.

Dans ce paragraphe, nous nous intéressons a la comperdasi pertes de propagation par
émission stimulée de plasmons. La configuration coméal&irectement inspirée des ampli-
ficateurs optiques, est représentée sur la figure 4.4. hemrde polymere (PMMA, épaisseur
600 nm, largeur 400 nm) dopé avec des boites quantiques(@u Dots, QDs) est déposé sur
un film d’or de 50 nm. Le confinement du mode dans le polymeige @&-3b) assure une bonne
interaction avec les QDs pompés optiguement, d’ou unsipl@scompensation des pertes par
émission stimulée.
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FIG. 4.5 — (a) Longueur de propagation mesurée en fonction gelisance de pompe. b)
Largeur a mi-hauteur de la resonance en fonction de |sance de pompe. L'insert montre le
profil de la résonance mesurée dans le plan de Fourier agamile. ¢) Gain intrinseque déduit
de la longueur de propagation [points bleyss 1/Lspp —1/Lspp(1,)] ou calculé en fonction
de la partie imaginairé€’ du polymere (courbe verte).

La mesure de la longueur de propagation en fonction de Ia@uie de pompe (Fig. 4.5a)
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fait apparaitre un accroissement de prés de 30%, avectwffaede seuil vers00 W.cm =2,
typique du processus d’émission stimulée. Le rétsssigent de la largeur de la résonance,
représentée sur la figure 4.2b) confirme le processusisgon stimulée de plasmons [86]. Des
simulations numériques, basées sur un modele simgkfi&emission stimulée montre un bon
accord avec le gain mesuré (Fig. 4.2c). Sur la base de cegasions numériques, nous avons
estimé qu’une amplification (régénération) du sigaéd Sortie du guide est envisageable, ou-
vrant la voie a la réalisation d’un amplificateur plasntu@, composant clé pour la photonique
integrée. Des études sont en cours pour affiner la neat&in de la propagation assistée par
émission stimulée. En patrticulier, il est important dermire en compte I'inhibition d’@mission
par transfert non radiatif vers le métal [87]. Il faut sgulér tout I'intérét du travail présenté au
chapitre 3 sur la relaxation moléculaire dans ce contexte.

Publication assocee

Ce travail est analysé en détail dans l'article suivant

“Gain assisted propagation in a plasmonic waveguide at tetmm wavelength”
J. Grandidier, G. Colas des Francs, S. Massenot, A. Bouhklidarkey, J.-C. Weeber,
C. Finot and A. Dereux
Nano Letters®, 2935 (2009).

122



Downloaded by UNIV DE BOURGOGNE on August 31, 2009 | http://pubs.acs.org

Publication Date (Web): July 27, 2009 | doi: 10.1021/n1901314u

Gain-Assisted Propagation in a
Plasmonic Waveguide at Telecom

Wavelength

NANO
LETTERS

2009
Vol. 9, No. 8
2935-2939

Jonathan Grandidier, Gérard Colas des Francs,* Sébastien Massenot,
Alexandre Bouhelier, Laurent Markey, Jean-Claude Weeber, Christophe Finot,

and Alain Dereux

Institut Carnot de Bourgogne, UMR 5209 CNRS et Université de Bourgogne, 9,

avenue A. Savary, BP 47870, 21 078 Dijon, France

Received April 24, 2009; Revised Manuscript Received June 16, 2009

ABSTRACT

The spatial confinement of surface plasmon polaritons is a promising route for realizing optical on-board interconnects. However, mode
losses increase with the confinement factor. To overcome this road block, we investigate propagation assisted by stimulated emission in a
polymer strip-loaded plasmonic waveguide doped with nanocrystals. We achieve 27% increase of the propagation length at telecom wavelength
corresponding to a 160 cm~" optical gain coefficient. Such a configuration is a step toward integrated plasmonic amplifiers.

At the interface between molecular optics and solid state
physics, molecular plasmonics combines chemical engi-
neering and surface plasmon polaritons (SPPs) properties
to produce hybrid materials available for biosensing, data
storage, photovoltaic cells, or integrated photonic applica-
tions.! In particular, the design of a surface plasmon
circuitry is the object of intense research due to its ability
to transfer optical information on a subwavelength scale.
In the last years, a large set of passive plasmonic
components were integrated to control and manipulate
SPPs in a planar circuitry.? Very recently, the feasibility
of using SPP waveguides for achieving 10 Gbit/s chip-
to-chip data transfer has been demonstrated.* Recent works
also proposed novel configurations to realize all-optical
active SPP functionalities*”” or to utilize quantum effects
related with SPPs.® These approaches are however plagued
by the existing trade-off between confinement and propaga-
tion. To overcome this stringent limitation, strategies are
emerging to reduce the intrinsic losses associated to SPP
modes existing on metal surfaces. In particular, stimulated
emission of surface plasmons exploiting optical pumping of
molecular dyes®!” or erbium ions'' was recently demonstrated
for weakly confined modes. In this letter, we demonstrate
an increase of propagation length for confined SPP modes
in dielectric-loaded surface plasmon polariton waveguides
(DLSPPWs). A DLSPPW typically consists of a dielectric
strip - usually a polymer - deposited on a metal film."
Efficient integration of passive components based on this
technology was recently demonstrated.'*!* These waveguid-

* Corresponding author. E-mail: gerard.colas-des-francs @u-bourgogne.fr.

10.1021/n1901314u CCC: $40.75
Published on Web 07/27/2009

© 2009 American Chemical Society

ing structures are characterized by a large confinement factor
of the mode inside the polymer structure at the expense of
a reduced propagation length.'> To address this shortcoming,
we developed a strategy to partially compensate confinement-
induced SPP losses by doping the DLSPPW polymer layer
with quantum dots (QDs) nanocrystals undergoing stimulated
emission. We therefore take advantage of an efficient overlap
between the SPP mode and the active material.

Lead sulfide (PbS) QDs (Evident Technologies, concentra-
tion in the waveguide N ~ 9 x 10'® cm™3) were inserted in
a polymethylmethacrylate (PMMA) polymer strip waveguide
fabricated on a 40 £ 3 nm thick gold film using a
UV-lithography technique (Figure 1, and Supporting Infor-
mation). These QDs were chosen for their high photostability
and tunability.'® The waveguide thickness and width were
adjusted for single mode operation. This waveguide geometry
supports a TM (transverse magnetic)-polarized SPP mode
propagating along the guide axis. The magnetic field writes

H(x,y,2) = Hy(x, z)exp(i(ksppy — wt)exp(—y/ZLspp)ex
(D

where kspp and Lspp are the wave-vector and attenuation
length of the mode, respectively. Experimentally, kspp and
Lspp are evaluated from leakage radiation microscopy
images recorded in the Fourier and images planes'
(Supporting Information). In the image plane, the detected
intensity is

I(x,y) o IH(x, y,z)I” = 1Hy(x, z)’exp(—=y/Ly,))  (2)
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Figure 1. (a) DLSPPW configuration. A PMMA strip confines the
plasmon at the gold/polymer interface. An additional tapering
structure is designed to efficiently excite the SPP guided mode with
an external infrared laser (Figure 3a). The effectives indices used
in the numerical simulations are indicated on the figure. (b) Atomic
force microscopy image of the DLSPPW. The dimensions of the
waveguide are 600 nm height, 400 nm width, and 65 um long.

where z; is the objective focal point. Hence, the propagation
length Lgpp can be readily inferred by measuring the SPP
intensity distribution. In the Fourier plane, the recorded signal
is

1Ak, zo)I*
(k, = kpp)” + (1/2Lgpp)*

Ik

X

) .
k) o< 1H(ky Ky, z0)> =

3

where tilde stands for Fourier transform. The intensity
recorded in the Fourier plane has a Lorentzian shape centered
on the wave-vector of the mode kspp and with a full-width-
at-half-maximum (FWHM) given by 1/Lspp.

We first investigated the coupling of QDs emission into
waveguide modes (Figure 2). A 532 nm laser was focused
on the doped polymer waveguide to pump the QDs in their
excited states. The fluorescence emitted around 1500 nm was
recorded in the image plane (Figure 2a). A vertical trace
extending on either sides of the excitation area indicates a
guided mode. Figure 2b shows the modal distribution of
effective indices measured in the Fourier plane. The image
was obtained for a large excitation area in order to identify
all the modes supported by the fabricated structures (see also
the inset of Figure 2c). One horizontal line labeled TMyy is
visible at an effective index ner = ky/ky = 1.18 (ko is the
free space wavenumber).'®> This is the signature of a mode
propagating inside the DLSPPW with a constant k, wave-
vector. Importantly for the following, this mode results from
the preferential decay of QDs spontaneous emission into a
SPP mode supported by the DLSPPW. The single mode
nature of the DSLPPW is evident from Figure 2a,b. Ad-
ditionally, three arcs of a circle are also visible in Figure
2b, indicating an isotropic propagation of a mode in the
surface plane. The inner circle originates from fluorescence
coupling to a gold/air SPP mode (n. ~1.0) located on either
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Figure 2. (a) QDs fluorescence (emission wavelength around 1.5
um) recorded in the image plane. The QDs are excited with a laser
(A =532 nm, NA = 0.16) focused at the center of the guide (bright
spot). Two fluorescence traces extending on both sides of the
excitation spot indicates that the emission is coupled to guided
modes. (b) QDs fluorescence recorded in the Fourier plane for an
extended defocused excitation. The arrows indicate the different
effective indices (ner = ky/ko) of the modes existing within the
illuminated area. The gold/air SPP mode effective index (neg ~ 1)
and objective numerical aperture (NA = 1.49) were used to calibrate
the Fourier plane. The image is saturated for clarity. (c) Averaged
spontaneous emission intensity for increasing pump powers (dots,
standard deviation indicated) with a linear regression (blue line).
The inset shows an homogeneous emission inside the waveguide
since an extended illumination was used.

side of the DLSPPW. The two other circles are assigned to
film modes existing inside the PMMA tapering region
adjacent to the waveguide (Figure 1). Specifically, they are
a TM, gold/PMMA surface plasmon (n.; ~ 1.46) and a
transverse electric TE) mode (n. ~1.22) guided into the
large tapered PMMA portion. Both TM and TE modes are
excited due to the unpolarized emission of the QDs and the
multimodal character of the 600 nm thick polymer taper.
Using the Differential method,!” we calculated the effective
indices of the detected modes. We obtained n.(TMyy) =
1.18, ne(TMy) = 1.45, and new(TEp) = 1.20 at A = 1.525
um (QDs emission peak) in agreement with the measured
values. Finally, Figure 2c shows the QDs spontaneous
emission intensity versus pump power. The emission inten-
sity was measured as being the intensity averaged over the
complete waveguide homogeneously excited. As expected
from spontaneous decay, this signal linearly increases with
pump power.

The doped PMMA layer can act as a gain medium for the
DLSPPW guided mode if the QDs can undergo stimulated
emission into SPPs.!! To this aim, a TM-polarized infrared
laser beam (A = 1.55 um) is focused on the tapering region
to excite a SPP mode.'"® Figure 3a shows the single-
exponential decay of the laser-coupled mode along the
waveguide (Lspp = 13.6 £ 0.8 um) and its intensity
distribution (inset) without pumping the QDs. Because of
QDs absorption, Lgspp is slightly lower than the propagation
length measured in an undoped (passive) waveguide (Lspp

Nano Lett.,, Vol. 9, No. 8, 2009
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Figure 3. (a) Attenuation length of the SPP mode inside the
DLSPPW measured in absence of QDs pumping (blue curve). The
data can be fitted by a single exponential decay of the form of eq
2 (green curve) with a decay constant of 13.6 um. Inset: Image of
the intensity distribution of the mode inside the waveguide. The
SPP guided mode is excited by focusing an infrared laser beam
(A = 1.55 um) onto the tapering region. (b) Propagation length
measured for increasing pump irradiance (A = 532 nm) at constant
IR laser power (dots). The blue curve is a guide for the eyes.

= 14.1 £ 0.5 um) with the same dimensions. We note that
this difference is small due to the low concentration of QDs
within the waveguide (N ~ 9 x 10'® cm ™3 corresponding to
a volume fraction f = 7 per thousand). This low propagation
length originates from strong radiative losses. This allows
rapid investigation by leakage radiation microscopy, limiting
thus QDs photobleaching.

To investigate the influence of the pumped QDs on the
SPP guided mode, the waveguide is homogeneously excited
by the 532 nm pump beam (see Figure S2 of Supporting
Information). Figure 3b presents the fitted propagation
lengths Lgpp (Ip) as a function of pump irradiance Ip. The
propagation length remains constant around 13.5 um for
pump irradiance below 500 W-cm ™2 and increases up to 17.2
+ 1 um for 1000 W-cm ™2, exceeding the propagation length
of the undoped waveguide. This 27% net gain cannot be
solely explained by a thermal variation of the optical index
of the PMMA,* suggesting a contribution of stimulated
emission of SPPs.”~!! A signature of stimulated emission is
a spectral narrowing of the emitted light.'° To check this,
we used a single-mode fiber-coupled spectrograph working
at room temperature. Unfortunately, the combination of
coupling losses, weak signal-to-noise ratio at ambient tem-
perature and limited acquisition time (photobleaching)
prevented an unambiguous demonstration of a spectral
narrowing.

Nevertheless, stimulated emission was qualitatively con-
firmed by a line width narrowing of the effective index of
the DLSPPW mode. Stimulated emission of SPP can be

Nano Lett,, Vol. 9, No. 8, 2009
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Figure 4. (a) Effective index line width of the DLSPPW mode
measured in the Fourier plane without QDs excitation (blue curve).
The line width is well approximated by a Lorentzian fit (green curve,
see also eq 3). (b) Full-width-half-maximum (FWHM) of the
effective index variation Aneg versus pump irradiance. (c¢) Density
of mode calculated as a function of wave vector k, and free space
frequency w. Red dotted lines correspond to A = 1.55 um excitation.
(d) QDs emission spectrum. Comparing panels ¢ and d, we see
that the mode wave-vector varies from k, = 4.5 um™ ! (nge = 1.17)
to k, = 5.4 um™! (n. = 1.24) on QDs emission spectrum FWHM.

either investigated in frequency space at a fixed mode
momentum or in momentum space at a fixed frequency (see,
e.g., Figure 2 of ref 10). On the basis of a Fourier analysis
of the mode propagation, we report in Figure 4 the effect of
stimulated emission on the effective index line width. The
stimulated emission is associated with a narrowing of the
coupled wave-vectors because the resulting mode is strictly
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Figure 5. Intrinsic optical gain coefficient g = [1/Lgpp(0) —
1/Lspp(Ip)] measured versus pump irradiance (blue dots, bottom
scale) or calculated as a function of the imaginary part ¢ of the
DLSPPW dielectric constant (green line, top scale).

identical to the SPP mode responsible for the stimulation.
Below the transparency threshold (population inversion), the
mode width is mainly governed by the large QDs emission
spectrum so that the effective index width remains ap-
proximately constant for pump powers below 500 W-cm 2
(Figure 4b). More precisely, Figure 4c represents the density
of modes calculated in the QDs emission spectrum range,
revealing the dispersion relation @ = fik,)."” For low
pumping power, the QDs spontaneous emission couples to
the DLSPPW mode with a large spectrum, leading to an
effective index broadening (see also Supporting Information).
When the population inversion is achieved, stimulated
emission increases the amount of energy coupled into the
mode propagating at A = 1.55 um. Figure 4b clearly shows
a decrease of the effective index line width above 500
W-cm 2. This line width narrowing indicates that stimulated
emission of SPP'*!! occurs in conjunction with a net increase
of Ly, (Figure 3b). Importantly, the observed narrowing of
the effective index comes from two contributions, which are
not independent. The first contribution originates from a
compensation of the losses. Reducing the losses strongly
narrows the mode line width since Ak, (A) = 1/Lgpp(A). The
second contribution is the result of a decrease in the
contribution of the spontaneous decay channel in favor of
the stimulated emission channel.

Finally, the optical gain coefficient g = [1/Lspp(0) —
1/Lspp(Ip)] is reported versus pump irradiance in Figure 5. g
was compared to numerical simulations obtained by imposing
negative values to the imaginary part &” of the waveguide
dielectric constant. The gold layer thickness was adjusted
to 35 nm so that the propagation length calculated for ¢” =
0 equalizes the one measured without pump. The small
difference with the experimental thickness (40 nm) is
explained by additional extrinsic radiative losses due to
scattering by gold roughness and PbS nanocrystals. ¢” can
be estimated'® from the QDs density (N ~ 9 x 10' cm™),
their emission rate (y ~ 10% s™!), their absorption (o, = 4.3
x 1075 cm?), and their stimulated emission (0y) cross
sections. 0y is an unknown parameter and was adjusted at 3
x 107 cm? to reproduce the experimental gain at 1000
W-cm 2 This value is probably underestimated due to
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emission quenching near the metal so that more refined
models should be considered.?® Nonetheless, the experimental
optical gain is qualitatively well reproduced by the theoretical
curve above the transparency threshold (~500 Wecm2).
In conclusion, our experimental results unambiguously
demonstrate the occurrence of a surface plasmon polariton
optical gain by stimulated emission of SPPs in a waveguiding
architecture. The gain obtained partially compensates the
losses introduced by confining a plasmon. While this does
not constitute an amplification, several strategies are possible
to realize a plasmonic amplifier. Optical gain in PbS quantum
dots is limited due to the 8-fold degeneracy of the first excited
states requiring at least four excitons for population inver-
sion.! An optimized gain medium as well as thicker gold
films (reduced SPP radiative losses) would certainly con-
tribute to enhance the optical gain. Finally, different strategies
for active pumping can also be investigated such as
semiconductor electrical pumping.?*** The realization of
integrated plasmonics amplifiers could represent a key step
toward miniaturized all-optical on-board interconnects.
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Figure S1 Concept of plasmon loss compensation in confined geometry. The intensity
distribution of a plasmon propagating in a QDs doped DLSPPW is calculated when QDs are in
their fundamental (front) or are optically pumped to an excited state (back). Stimulated

emission of SPPs significantly increases the mode propagation length.

Figure S1 schematically describes the plasmon propagation ddsistémulated emission investigated

in this letter. A plasmon mode propagates along a gold surface #atéraly confined by a PMMA
1



strip doped with PbS nanocrystals. The intensity is calculated 50bore dhe waveguide with the
Differential method for a passiveg=0) and gain €'=-0.007) medium. When the QDs are optically

pumped, stimulated emission of SPP significantly increases the propagatidnoetigt guided SPP.

Doped DL SPPW fabrication

A dielectric-loaded surface plasmon polariton waveguide doped with PloSrgstals is fabricated on a
gold film by deep UV lithography according to the following processtatk solution of PMMA/QDs

is first prepared by dissolving 600 pL of PbS solution (10 mg/mL, tolwateent, Evident
Technologies) into 2.4 mL of PMMA solution (4% w/w in chlorobenzene). Simed¢oluene dissolves
efficiently the PbS nanocrystals and does not phase separatehlatbbenzene, an homogeneous
dispersion of the QDs into the PMMA solution is obtained. A 40-nm thiak @jat is then prepared by
thermal evaporation onto a glass cover slip. A 600 nm thick PMMA/Q@Dsig$ then deposited by a
two-step spin coating process (1800 rpm, thermal annealing at 170 f@aadespin coating). The 400
nm width waveguides were prepared by deep UV exposure (250 nm wavel@@fitmJ/crf) using a
vacuum contact mask aligner (Siss Microtech MJB4) and a comhwhmanium mask (Photronics),

followed by a chemical development.

Characterization of the mode linewidth in the Fourier plane

Figure S2 schematically represents the leakage radiatioosoapy setup. Apart from imaging in the

direct plane, it is also possible to investigate the mode propagation in the Fourier plane
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Figure S2 Leakage radiation microscopy setup. The DLSSPW is excited with an infrared
laser beam focused on the PMMA tapering portion. A 532 nm laser pump the QDs in their

excited state. The signal transmitted below the surface is recorded in the image and Fourier
plane at near infrared frequencies. We used a cooled charge-coupled device (CCD) camera

to obtain well-defined leakage radiation microscopy images.

Strictly speaking, the signal recorded in the Fourier plane iBdbger transform of the signal recorded
in the image plane as reported in eq. (2) and (3) of the letter. pecesely, direct comparison of eq.
(2) and (3) shows that the FWHMNhi; in the effective index plane is related to the mode propagation

length Lsppmeasured in the image plane at a given waveléngth

Lspp:X/(ZTCAneﬁ ) (S 1).

This relation is satisfied foh=1.55um as can be seen from Fig. 3p13.5 um) and Fig. 4
(Anex=1.8.107) of the letter.

We propose here to link the signal recorded in the wave-vector pléme frequency spectrum. This is

made possible by the dispersion of the mega=f(k,) relating mode frequency to wave-vector.



Figure 4c in the letter represents the DLSPPW mode dispersatiome For simplicity, we assume that

both QDs emission spectrumdfj(and the recorded intensity in the Fourier Plang K{) have

Lorentzian shapes:

_ Aw
Fle)= (@ - oy, )2+ A’ (52
(.k, )= Aalk,) (S3)

[@ - ogpp(K) )] 2+ A0)(k//)2
wherewmsyo is the emission peak of the QDs.

Therefore, QDs decay into DLSPPW modes is a camionl of these two Lorentziahs

Aa)+2Aa)(k,,) _ (s4).
[@ 440 =~ @spp(K))]” +[Aw + Aar(K,)]

I( k//):_[da’F (o)l (0,k,) =

Since we characterized the waveguide mode in tieetafe index plane (Fourier plane), it is useful t
rewrite Eq. (S4) as a function of,.kTo this aim, using the group velocity of the modg we

approximate the dispersion relation to

ospKy)= onuotVglKi- Ki(onuw)] Nnear the QDs emission wavelength so that Epesémes

Ao+ Ao(k,)
ng[k// —ky (a)ﬂuo)]2 +[Aw+Aw(K, N?

I(k, )= (S5)

I(k,) has also a Lorentzian shape in the momentum plagteus note that the QDs emission is better

fitted with a Gaussian profile so that the convetlintensity is a Voigt profile, which is not anétgl.
However, the above discussion gives a physical nsteleding of the signal recorded in the Fourier
plane and roughly explains the effective index bemang measured in Fig. 4b below the transparency

threshold.
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4.3 Modelisation de la resonance

Dans le paragraphe précédent, nous avons caractéersgsion stimulée par la largeur de la
résonance du mode guidé (Fig. 4.2b). En effet, de nomlpph&romenes de résonance suivent
un profil lorentzien. Un cas bien connu en physique du sobtlaredéfaut électronique localisé.
On peut montrer que la densité d’états électroniquesasoiis un profil dit de Breit-Wigner
(lorentzien), en fonction de I'énergie. Ce profil caraist® le canal de diffusion électronique
induit par la présence de I'impureté. Treés recemmeamismous sommes appuyés sur I'analogie
entre les formalismes décrivant la diffusion multipleld¢trons ou d’ondes électromagnétiques
pour demontrer que la densité de modes supportés parida guit profil similaire [83].
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7 Ak,=0.023m
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FIG. 4.6 — (a) DOS d’un guide DLSPPW en fonction de la frequenat de la constante de
propagatiornk,. b) Coupe aw fixée (correspondant & = 1,55um). La courbe “Fit” est une
lorentzienne avec les parametres indiqués sur la figure.

La figure 4.6a) représente la relation de dispersion d'uSBRW déduite de la densité de
modes guidés (DOS, density of states) autour de la longdiende télecom. Le mode fon-
damental est le mode plasmon, nét2 P et un second mode, transverse électriug,, est
supporté par le guide au-dessusude- 1.23 x 10%s71 (A = 1.53um). A frequence fixée, la
DOS suit un profil lorentzien, centré sur la constante degagationt,, du mode et de largeur
a mi-hauteur\k, = 1/Lgspp, OU Lgpp est la longueur de propagation du plasmon guidé (Fig.
4.6b). Une comparaison directe avec l'intensité mesda®s le plan de Fourier en microscopie
des fuites radiatives est possible (comparer avec l'irtkela figure 4.5b).

Toutefois, en cas d’excitation non monochromatique du i@ forme de la résonance
mesurée dans le plan de Fourier est plus complexe. Par éxdonp de I'étude du gain au
paragraphe précédent, le couplage de I'emission spéatdes QDs avec le guide conduit a un
elargissement de la résonance. Ce point est discutdel8applementary Informatiaiu Nano
Letters reproduit a la fin du paragraphe précédent.
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I. INTRODUCTION

Optical integrated circuits (OICs) are widely used since the 1960’s due to their high abil-
ity for data communications at small cost. A widely used configuration consists of a strip
of dielectric material deposited on top of a planar waveguide. This structure is called a
strip-loaded waveguide. The dielectric strip leads to a lateral mode confinement into the
planar waveguide [1]. Since the mode does not overlap the loading strip boundaries, scatter-
ing losses by the strip corners are limited. Moreover, depending on the dielectric material
(polymer, semi-conductor, non linear glass, ...), various optical devices are achievable [1].
In addition, metallic electrodes can also be used as loading striplines with useful appli-
cations for designing electro-optical devices [1]. Recently, the concept of dielectric loaded
surface plasmon-polariton waveguide (DLSPPW) has been proposed. This configuration,
comprised of a dielectric material strip deposited onto a metal film, optimizes the opportu-
nities of combining electrical and optical properties [2-4]. Very recently, we demonstrated
loss compensation in strongly confined DLSPPW, in direct analogy with integrated optical
amplifier [5]. To this purpose, the dielectric load was made of a polymer strip doped with
quantum dots, and played the role of gain medium under optical pumping. Other dielec-
tric materials have to be developed to manage all-optical integrated devices. In particular,
ultra-fast photonic circuits can be achieved using non-linear materials such as chalcogenide
glasses [6]. These glasses have high-linear indices, so that chalcogenide-DLSPPW support
bound modes. However, these bound modes are not easily accessible using e.g differential
method which was recently adapted to the DLSPPW configuration [7].

Therefore, we develop here a mode solver based on density of states formulation, avail-
able for two-dimensional (2D) waveguides of arbitrary shape and nature. This formulation
is directly inspired by the study of localised electronic defects and impurities in condensed
matter. Indeed, the electronic density of states presents then a Breit-Wigner (lorentzian)
form near scattering resonances, characterizing the scattering channel involved in the pro-
cess [8]. We will profit here of the strong analogy between light and electronic scattering
formalism [9, 10] to fully characterize a guided mode throughout the optical density of states
associated to the waveguiding structure.

The paper is organized as follows. Section II will present the theoretical frawework.

Numerical simulations are reported in section III for the example of a leaky mode already
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FIG. 1: (color online) a) DLSPPW configuration. A dielectric ridge (thickness t, width w,optical

index ngje = (ediel)l/ 2) is deposited on a metal film of thickness d and optical index nera =
(ememl)l/ 2. The substrate index is ng,;, = (esub)l/ 2. b) Reference system: substrate/metal/air slab.

See text for details.

extensively investigated in the literature. Finally, section IV considers bound modes sup-

ported by a high index material.

II. THEORETICAL BACKGROUND

The main idea of this paper is to work with the optical density of states (DOS) of the
waveguiding structure. In this first section, we briefly summarize DOS definition and prop-
erties, useful for characterizing integrated photonic waveguides. Without loss of generality,
we focus on the DLSPPW configuration, described in Fig. (la). A dielectric load locally
modifies the optical index near a metallic film deposited on a substrate. Such a config-
uration is well-known to support a surface plasmon polariton mode, laterally confined at
the metal/dielectric interface [2, 3]. Due to the translational invariance along y-axis, the
wavevector component k, is a constant of the system, that characterizes a guided mode.
The electromagnetic density of states p(k,;w) is the density of electromagnetic modes in
the wavevector interval [k,, k, + dk,] at fixed frequency w. Since v = k7 is the eigenvalue of
the wave equation, it is easier to work with p(kZ;w) = (2k,) ™' p(k,; w) that is related to the
wave equation kernel (2D-Green’s dyad) G associated to the system by [9, 11, 12]

2 0) = —LIm Tr [(Glhy;w)] = & {lfm In [det eG(ky;w)]} | (1)

7 dv |m
This relation has to be manipulated with care since it holds only in region where ¢(r) does
not change sign so that Sturm-Liouville theory applies [13]. Since metallic film possesses a

negative dielectric constant, it is convenient to restrict the domain of investigation on the



dielectric strip only. Moreover, the Dyson’s equation expresses the Green’s dyad G of any

arbitrary system as a function of the Green’s dyad G,y of a reference system [12]
G = [I - Grefv]_lGref> (2)

where V' = k?(€,ef — €0b;) represents the perturbation due to the object (k = w/c). In our
case, we choose the substrate/metal /air slab system described in Fig. (1b) as the reference
system, so that V = k2(1 — €g4ier) inside the dielectric strip and is nul elsewhere. Then, the

variation of DOS due to the guiding structure can be written as [14]

ApN(/{,‘Z, (U) = ﬁ(kjy w) - ﬁref(kg; w)

= —%%Imln[D(/ﬁy;w)],wi‘ch (3)
D(ky;w) = detll — GyosV]. (4)

The presence of V' in eq. (4) indicates an implicit integration over the perturbation surface.
Applying then standard procedure for multiple scattering description, one can demonstrate
that the DOS variation has a lorentzian shape near a resonance [8]. For this purpose, we
express DOS variations in term of the scattering phase shift 8(k,;w) = — arg[D(k,; w)]:
1.dd
Ap(kyw) = ~—~

T ordv 5)
This expression is analogous to the electronic DOS derivation n(E) = dN(E)/dE with N(E)
being the number of electronic modes at the energy E. Therefore, §/7 can be seen as the
number of electromagnetic modes created in presence of the guiding structure. Due to a
change of Riemann sheet, 6 varies of m around Re[D(kyo;w)] ~ 0. After a Taylor expansion

of Re[D(k,;w)] near vy = kZ,, we obtain, following a procedure similar to that described in

y0»
ref. [§]

r/2

Ap(RZw) ~ 2 ith

PR = =y ™ v
[ —o ImD(k,;w)

[dReD(ky;w)/dv]y,
where g is the waveguide degeneracy at w and k:jo. Remembering that v = k;, we can now

express the DOS variation Ap(k,;w) = 2k,Ap(k?; w) near a resonance

Mk = S Ry "
g Ak, /2 r

Q

with Ak, =

7 (ky — kyo)? + (Aky /2)2 Zkyo

4



where we use (k7 — k) = 2kyo(ky — kyo) near kyo [15].

To summarize, the variation of the density of states presents a lorentzian form near a
guided wavector resonance kg, in exact analogy with the Breit-Wigner (lorentzian) pro-
file followed by the electronic density of states in presence of a localised electronic de-
fect. The optical resonance full width at half maximum (FWHM) Ak, gives the mode
propagation length Lgpp = 1/Ak,. Additionnally, the number of supported mode is
N(w) = [dk,Ap(ky;w) = g. Obviously, the density of created modes is maximum at
the resonance and is Ap(kyo,w) = 29Lgpp/m. In case of DLSPPW configuration, this sim-
ple relation shows that a mode can be supported if and only if its propagation length is long
enough since the collective oscillation of electrons has to establish. Equivalently, the DOS
variations can be expressed as a function of w [16]. The maximum DOS difference expresses

Ow

then Ap(kyo,wo) = 2g7/(mv,), where 7 is the mode lifetime and v, = o is the mode group

velocity. Again, this means that the mode need sufficient time to establish (see also section
9.4.1 of ref. [17]).
Knowing the mode wavector ko and propagation length Lgpp, the mode electric field is

computed thanks to the Green’s dyad as

E(’r‘//, t) = E2D(r//)ei(kyoy_Wt)e_y/LSPP , with (9)

E2D(r//) = G(I‘//, I‘(/)/, k‘yo) P — GO(I'//, I‘?/, k‘yo) P (10)

where r/, = (z,z) represents the coordinates in the (XZ) plane and p is a 2D dipoles
line source, located at an arbitrary place r? , near the waveguide, used to excite the mode.
Go(r/, r?/, kyo) is the free-space Green’s dyad so that the second term in the right hand
side of eq. (10) removes the excitation field and expression (10) gives the mode field only.
It is worth noting that we do not use expression (3) to evaluate DOS difference since
it leads to numerical instabilities because of the difficulty to properly choose the Riemann
sheet where the scattering phase shift 6(k,,w) is defined. Instead, we go back to the generic
expression (1). Practically, DOS variation in presence of the waveguide is numerically cal-

culated by

2k
Ap(ky;w) = —%Im/dr//[e(r//)G(r//,r//, ky,w) = €ref(r)))Grep(r)) 1)/, ky,w)],  (11)

Since we are interested in the waveguide modes, confined inside the object, we can limit the

integration to the object only [12]. Last, due to the vectorial nature of the electromagnetic

bt



field, one interestingly defined partial DOS variations as [18, 19]

Apilkyiw) = 2 (12)

™

Im/dr// [e(r//)G,-i(r//,r//, ky,w) = €ref(r)))Grefii(r)/ 1)), k:y,w)] Ji=z,y,2).

The Green’s dyad is numerically calculated as described in ref. [20].

III. LEAKY MODES

In this section, we demonstrate the reliability of our approach by considering leaky modes
supported by a DLSPPW. These modes have been already theoretically studied using either
effective index model [3], finite element numerical simulations [3, 4, 21] or differential method
[7] and experimentally investigated by both near-field [22] and leakage radiation microscopies

5, 23).

A. Single mode waveguide
1. Dispersion relation

The DLSPPW characteristics are optimized as indicated in ref. [3] for the telecom wave-
length A = 27¢/w = 1.55um. The gold film is d = 100 nm thick and the dielectric ridge
thickness and width are ¢ = w = 600 nm. Figure (2) represents the waveguide modes dis-

persion around telecom wavelength. Below w = 1.23 x 105~}

(A = 1.53um), the waveguide
is monomodal. Apart for k, = 0, one cannot separate TE (transverse electric) and TM
(transverse magnetic) polarization in partial DOSs [12, 20]. However, z-DOS is clearly pre-
ponderant (Fig. 2d), indicating that TM polarization is concerned. The dispersion relation
of this fundamental 7'My, mode is in good agreement with the figure (1c) of ref. [4]. The

first excited mode also appears in Fig. (2a). It is the T'Ey mode as confirmed using the

differential method and noticing the main contribution of the x-DOS (Fig. 2b).

In the following, we fix the wavelength to A = 1.55um. The guided SPP mode (7' My)

propagation constant is k,o = 5.23um ™"

at A = 1.55um. The DOS variation, presented on
Fig. (3), perfectly matches a lorentzian profile as expected from eq. (8). The curve FWHM

Ak, = 0.023 pm™" corresponds to a propagation length Lgpp = 1/Ak, = 43pum. We also

6
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FIG. 2: a) DOS variations calculated for a DLSPPW. The white lines indicate the fundamental
mode propagation constant at telecom wavelength A\ = 1.55um. The dispersion curve slope gives
a group velocity vy/c = 0.6 at this wavelength. This mode is extensively studied in the following.
Figures b,c and d show the x-,y- and z-DOS contributions to the total DOS variation, respectively
(note the different scales). The structure is made of a 600 nm x 600 nm PMMA strip deposited

on a 100 nm gold film. Dielectric constants are taken from ref.[24].
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FIG. 3: (color online) Cross-section of dispersion relation (fig. 2) at given frequency (corresponding

to A = 1.55um). Fit curve is a lorentzian fit (eq. 8) with parameters indicated on the figure.

calculate the DOS variation versus w at fixed k, = 5.23um™"! (not shown) and obtain a
lorentzian profile with a FWHM Aw = 3.96 x 101257 giving a mode lifetime 7 = 1/y = 252
fs [16]. Group velocity satisfies v, = Lgpp/T = 0.57¢ in good agreement with the dispersion

slope in Fig. 2.

2. Mode effective index at telecom wavelength

In the following, we work at fixed frequency so that eq. (8) is rewritten

A g n//
k, w) =~
/0( va) ko (ky//fo — neff)2 42’

with n” = (Ak,/2ko) (13)

where n.sr = kyo/ko is the mode effective index. n” is defined so that the mode complex
effective index is written as fi.sf = n.ss +in”. The mode propagation length is then Lgpp =
A/4mn”. Since an image recorded in the Fourier plane by leakage radiation microscopy is
easily calibrated in effective indices, it is advantageously compared with expression (13)
23, 25]. Specifically, it presents the same Lorentzian profile (apart from amplitude) [5].
Figure (4a) represents the partial DOSs variations. A resonance clearly appears at
ky/ko = 1.291. As indicated previously, the z-DOS is clearly preponderant near the res-
onance, since the mode is TM polarized. There is also a non negligeable y-DOS contri-
bution as expected for a longitudinal plasmon mode. We deduce the mode effective index

nerr = 1.291 and propagation length Lgpp = A/(4wn”) = 43.2um (n” = 2.85 x 107%) in



agreement with previous studies [3, 7, 21]. The guided mode is also characterized considering
a TM polarized 2D gaussian excitation. The mode intensity decaying in the near-field of the
waveguide clearly appears in Fig. (4b). An exponential fit gives L35, = 44.4um. Note that
the difference between the propagation lengths deduced from DOS FWHM and from gaus-
sian beam propagation originates from 3D and 2D mode shape [21]. Importantly, the exact
3D mode characteristics associated with the 2D waveguide are obtained through DOS shape.
The mode pattern, calculated in Fig. (4c), demonstrates the good confinement [23]. Finally,
the mode intensity at a given time is shown in Fig. (4d). The collective charge oscillation,
mode enhancement and confinement at the metal /dielectric interface, typical from a surface
plasmon mode are visible. The plasmon mode wavelength Agpp = 1.202um = \/n.ss is

again consistent with ners = 1.29.

B. Coupling strength

In order to demonstrate the versatility and efficiency of DOS formulation as a mode
solver, we now investigate coupling strength between two identical waveguides. The DOS
variation for two DLSPPWs separated by 500 nm (edge to edge) is presented in Fig. (5a).
Comparing DOS amplitudes in Fig. (5a) and Fig. (3), it appears that no new mode is created
but modes coupling breaks the degeneracy as expected. Due to the coupling between the two
isolated waveguide modes, a symetric and antisymetric supermodes appear at effective index
ngrr = 1.309 and ng,, = 1.269 respectively. These two modes present identical propagation
length Lypp = Lipp = (A/4mn”) = 41.4um, slightly below the isolated waveguide mode
propagation length since some additionnal leakages occur during energy transfer to the

nearby waveguide. Finally, the coupling length between the two waveguides obeys

A

Lo = )
2(”fo - ngff)

(14)

We obtain Lo = 19.2um for d = 500nm. We again compare this result with the direct
calculation considering excitation of one of the two guides. The electric intensity shown on
fig. (5b) presents typical oscillation due to energy transfer from one guide to the other.
The coupling length is in excellent agreement with the number obtained previously. Figure
(5b) represents the supermodes effectives indices as a function of guide separation distance.

Finally, the evanescent coupling between the two waveguides, follows an exponential law
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FIG. 4: (color online) Single waveguide characterization. a) Partial DOSs calculated as a function
of ky/ko. xDOS is magnified 50x to be visible. b) (Time-averaged) electric intensity calculated 50
nm above the dielectric ridge when the system is excited by a (2D-) gaussian beam by total internal
reflection from the subtrate centered at incident angle arcsin(neyss/nsu) = 53.8°. The blue curve
is an exponential fit with decay length L%2, = 44.4um. c) ¢) Mode intensity pattern Eop(r/). d)
Electric field intensity computed at a certain time, far from the incident excitation spot (see Fig.
(4b)), revealing the mode propagation. The white arrows indicate the electric field orientation.
“— —"and “+ 4" represent the charges density signs at the metal surface, deduced from the field
polarization. The dielectric ridge (nge; = 1.535) is t = 600 nm thick and w = 600 nm width. The
gold film and glass substrate optical indices are n,y,e1q; = 0.55 + i11.5 and ng,, = 1.6 respectively.

Incident vacuum wavelength is A = 1.55um. Electric intensity is normalized with respect to the

incident intensity at the focal point (y=0,2z=0).

with a lateral wavector component k, = 1/290 nm~" (Fig. (5c)), in good agreement with
finite element study done in ref. [21], and indicating a strong field confinement near the
guide.

We would like to draw a temporary conclusion here. The DOS computation in presence
of a complex waveguiding structure allows direct and complete characterization of the sup-
ported mode: propagation constant and length, as well as polarization state. In addition

coupling between two waveguides is also easily described.

10
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FIG. 5: (color online) Coupled DLSPPWs.a) DOS difference computed for two guides separated
by d = 500 nm (edge to edge). b) Electric intensity calculated 50 nm above the DLSPPWs when
the top waveguide is excited with a (spatially truncated) 2D-gaussian beam at incident angle 53.8°.
c¢) Coupled waveguides DOS as a function of separation distance. d) Coupling length for several
separation distance deduced from DOS variations ('DOS’) or effective index model ("EIM’). The

dotted line is an exponential fit with a slope k, = 1/290 nm 1.

IV. BOUND MODES

In this last section, we apply the DOS method to bound (lossy) modes. The modes

investigated above have effective indices below the substrate optical index so that they

11
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FIG. 6: (color online) a) DOS variation for a high index (n = 2.437) strip above above a 50 nm

gold film. b) Mode intensity profile in the (XZ) plane.

radiatively leak into the substrate. In order to improve the mode confinement, we now
investigate bound modes in DLSPPW. They are characterized by effective indices higher
than substrate and superstrate (air) optical indices and can be obtained with high index
dielectric materials. In this section, we consider a dielectric strip of optical index n = 2.437
that corresponds for instance to chalcogenide glasses [26] or BM4i4i polymer, two materials
that present strong non-linear properties promissing for all-optical integrated photonic [6].

Using effective index model, we first roughly determine the strip thickness and width that
optimize the mode confinement and insure monomodal conditions [3, 23]. We found that a
strip with square section of 300 nm side allows for a good mode confinement, and supports
a single mode (T'Myy). We deduce from DOS variation (Fig. 6a) the mode effective index
(ness = 1.773) and propagation length (Lgpp = 9.8um). The mode profile, represented on
Fig. (6b) is similar to PMMA leaky mode (Fig. 4c). However, although being a bound mode
(effective index higher than the substrate index), this mode has a very low propagation length
compared to the leaky PMMA mode. This is due to the high dielectric index that pushes
the mode field into the lossy metal. This can be clearly seen considering thin gold films.

Figure (7) represents the mode profile for leaky and bound modes for two gold thicknesses.

12
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FIG. 7: (color online) Mode intensity profile in the (YZ) plane for a,b) PMMA (¢ = w = 600nm)
and c,d) chalcogenide (t = w = 300nm) DLSPPW. The gold film thickness is 50 nm (a,c) or 10
nm (b,d). The vacuum wavelength is A\ = 1.55um. In b), ksupstrate represents the leaky mode
wavector into the substrate. The mode effective indices and propagation length obtained from

DOS calculation are indicated on the figures.

As the gold film thickness decreases, radiatives losses of the leaky modes into the substrate
increase so that the PMMA-DLSPPW mode propagation length drops to Lgpp = 1.5um for
10 nm gold film (Fig. 7b). In case of bound mode, no radiative loss is observed (Fig. 7d)
but due to the high mode effective index, strong mode penetration into the lossy gold film
is visible so that rather low propagation length (Lgpp = 1.4pm) is also obtained.

Finally, this study shows that one has to avoid high index materials for DLSPPW ap-
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FIG. 8: (color online) Comparison of the effective indices (a) and propagation length (b) obtained
with either effective index model, differential method or DOS calculation. The chalcogenid strip
thickness is 300 nm and its width varies from 0 to 1 gm. In a), the horizontal line at the substrate

index separates bound and leaky modes.

plication, in contrats to standard dielectric integrated waveguides [27]. Figure (8a) also
compares effectives indices obtained using approximated effective index model [3] and two
exact numerical methods, namely the differential method and the DOS variations. Numer-
ical methods are in excellent agreement for leaky modes. Bound modes can not be easily
investigated by the differential method, since it generaly relies on mode excitation through
the substrate [7], but they are accessible using DOS formulation. The agreement is within

10% as far as propagation length is concerned (Fig. 8b).

V. CONCLUSION

In conclusion, the evaluation of density of modes modification in presence of a photonic
waveguiding structure allows direct estimation of both mode effective index and propagation
length for either leaky and bound modes. Moreover, a close inspection of partial DOSs, that
build up the density of modes, directly reveals the mode polarization state. Finally, it is

worthwile noting that although we investigated a specific configuration, namely DLSPPW|

14



this method is general and is available for any 2D guiding structure. Last, we would like to

mention that this method intrinsically concerns lossy modes. In case of absolutely no loss

(neither by leakage, absorption nor corners scattering), it could be applied by artificially

adding an extremely small absorption to the waveguide.
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4.4 Conclusion

Les guides plasmoniques confinés par un ruban diéleetrifcrit dans ce chapitre, consti-
tuent une premiere étape pour réaliser des disposiisyoniques actifs. Outre une améliora-
tion du gain, nous allons travailler dans les prochainegasia demontrer d’autres fonctions en
utilisant des matériaux diélectriques variés (polyenermo-optique, verre non linéaire, etc.).
Un important travail de recherche de matériaux compatialec un guide plasmonique et ou-
vrant la voie a la réalisation de portes logiques s’'impbleeffort tout particulier doit étre fait
aussi pour assurer la compatibilité avec la technolodgjigitsin, incontournable pour proposer
une alternative a I'industrie électronique.

Ce dernier point est I'objectif du projet européen PLATQI0@9-2012) auquel notre équipe
participe. L'ambition de ce projet est de réaliser des cosapts plasmoniques intégrés permet-
tant des transferts de données de I'ordre du Th/s. Pourited@rend le concept de DLSPPW,
inséré dans une plateforme photonique integrée witiciCette configuration est un premier pas
vers les composants opto-électroniques intégrés dacsuprofitant de la technologie plasmo-
nique et offre une alternative originale au tout électyomei ou tout optique.

Toutefois, de nombreux défis restent a relever. En prehaer la réalisation de disposi-
tifs actifs, basés sur la technologie plasmonique, égeqlus haut. Un autre point important
concerne taux d’intégration de ces composants plasmesidin effet, méme si certaines confi-
gurations, comme un nanofil métallique, ne posséde paailile de coupure, la plupart des
configurations testées jusqu’a aujourd’hui ne permetgadepasser I'état de I'art atteint par la
photonique intégrée. Bien que la combinaison de guidatgue et électronique sur une méme
structure métallique constitue en soi un atout majeur desits plasmoniques, un effort im-
portant doit étre fait pour penser a des configurationgimaies. La question des pertes restent
aussi cruciale. La propagation assistée par gain optgmontrée dans ce chapitre, consti-
tue une réponse, mais cela n’évite pas de réflechir aodgeaux matériaux plasmoniques a
faibles pertes. Lutilisation de structures métallighesitement cristallines, réalisables par voie
chimique, est une piste prometteuse.
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Conclusion et perspectives de recherches

Au cours de ces six dernieres années, j'ai développéatigte de plasmonique molécu-
laire. Sur la base de simulations numériques et en m’apysa le parc d’'instruments déja
présent dans I'équipe ou développé avec l'aide de daots, post-doctorants et de collegues,
j'ai pu démontrer l'intérét de la plasmonique pour coter le signal de fluorescence de molé-
cules uniques. Ce travail repose aussi sur des collabosativec des groupes ayant une bonne
connaissance de la fluorescence de molécules individguelle

D’autre part, je participe activement a l'activité devdB®ppement de micro-circuits op-
tigues ou opto-€électroniques basés sur les propragasnode plasmon-polaritons de surface.
Cette activité se fait en lien étroit avec Alain Dereuxarlaude Weeber et Alexandre Bou-
helier.

Enfin, depuis peu, il a été proposé d’adapter la notiontdiane au domaine optique (voir
I'introduction du chapitre 3, page 75). Ce nouveau concémbténnes optique®2, 53] pro-
pose d'utiliser des nanoparticules plasmoniques pourendfficacement une onde propaga-
tive vers un domaine tres nettement sub-longueur d’onde de fortes potentialités allant de
I'amélioration du rendement des cellules photovolta&gi5] jusqu’a la réalisation de sources
de photons uniques performantes [45, 47]. Comme disquitéséeurs reprises dans ce mémoire,
les antennes optiques sont généralement des structétaliqgues supportant des modes loca-
lisés (confinés) mais aussi des modes délocalisésdpatifs).

Fort de I'expérience acquise dans I'étude et la concepd® guides a plasmons et de la
spectroscopie exaltée, j'ai débuté une activité suheene avec le projet PlasTips (2009-2013)
et le co-encadrement de la thése de Pierre Bramant, d&eamroctobre 2008.

Le projet PlasTips, que je coordonne, est consacré almsation, la caractérisation et I'op-
timisation de sondes plasmoniques pour le champ prochgquaptCes sondes se composent
de structures métalliques déposées sur une fibre opeitjlee. Une originalité de ce projet est
d’utiliser des structures métalliques synthétiseekepbsées par voie chimique et non déposées
par évaporation thermique. Nous bénéficierons ainsiaderiktallinite du métal limitant les
pertes par effet Joule. Un axe fort de ce projet concertaed&du couplage entre un émetteur
guantique unique et les sondes plasmoniques. Ceci pooreaier a la réalisation d’'une source
de photons uniques efficacement couplée a une fibre optitnestelle configuration serait un
excellent outil pour étudier de maniere approfondie lmportement d’'une source de photons
uniques. Le développement d’une nouvelle technologiédasr le comportement quantique de
la lumiere pourrait en bénéficier. Ainsi, les sourceslietpns uniques sont un éléement essentiel
dans de nombreuses expériences de cryptographie quaifigju L'adaptation de cette confi-
guration en version photonique intégrée peut aussi plavsioie a la réalisation de nouveaux
dispositifs de calcul quantique assimilable & une puceqgotique.
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Summary

Scanning Near-field Optical Microscope (SNOM) is based on
local excitations of nanostructures deposited on a substrate
(illumination mode). Ideally, the local source behaves like a
dipolar emitter so that the SNOM signal is strongly similar
to the fluorescence decay rates of an excited molecule that
would be located at the SNOM tip position. We present here
how the SNOM signal near plasmonic nanostructures can be
used to analyze radiative and non-radiative contribution to the
fluorescence decay rate.

Introduction

In illumination mode, the scanning near-field optical
microscope (SNOM) is used to excite locally nanostructures
on a substrate (Novotny & Hecht, 2006). When the whole
light (forbidden and allowed light) transmitted below the
substrate is detected, the SNOM signal can be related to
the local density of photonic states (LDOS) at the probe
position (Chicanne et al., 2002). This is of great interest in
studying molecule fluorescence in confined geometry since
the fluorescence rate depends on LDOS as described by the
Fermi’s golden rule. In addition, plasmonic nanostructures
present strong field enhancement properties so that it is
possible to increase significatively the fluorescence signal near
plasmonic structures like in SERS (surface enhanced Raman
spectroscopy) (Barnes, 1998; Stefani et al., 2005; Anger et al.,
2006; Kiihn et al., 2006).

In this context, SNOM is a useful tool to characterize the
plasmonic nanostructures properties (Imura et al., 2005a).
However, near the resonance, plasmonic structures present
strong dissipation that can strongly affect the SNOM signal

Correspondence to: G. Colas des Francs, e-mail: gerard.colas-des-francs@u-

bourgogne.fr

(Colas des Francs et al., 2005), in strong analogy with
the fluorescence decay channels for a molecule located
near a metallic system. We propose here to precise the
analogy between the SNOM signal and the fluorescence rate
and to explicitely detail how SNOM signal can be used to
qualitatively evaluate the radiative and non-radiative channels
contributions to the spontaneous relaxation of an excited
molecule.

Fluorescence decay rate

Fermi’s Golden rule in confined system

Due to its coupling to the environment, an excited molecule
(with energyh wq) spontaneously relaxes to its ground level
with the probability given by Fermi’s golden rule in case of weak
coupling

flog

1
I'(r,) = . (1 + coth KT

c ) |M0|21m[u - S(ty, Y, o) - u]
0

(1)

where Sisthe field-susceptibility of the molecule surroundings,
o = Mou is the molecular emission dipole moment and
r, represents the molecule position in the system. It is
worthwhile to note that thisrelation remains valid formolecule
near absorbing structures. At ambient temperature and for
standard optical transitions, the term in bracket tends towards
two so. Equation (1) simplifies to

2
F(rm) = —|,u0|21m[u-S(rm, I'm, w()) 'll]. (2)
HE()
Thisexpression indicates how the presence of the surroundings
perturbates the fluorescence decay rate I'. Indeed, in vacuum,
this expression reduces to the well-kwown level broadening
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In addition, for a molecule placed in close vicinity of

nanostructures, the decay rate is then modified according to

Egs (1)-(3):
C(ew) _

(6%/4
=1+ —Imfu - Sepj(tm, tm, wo) - u] . (4)
) ko

In this expression, we have explicitely isolated the object
contribution S to the field-susceptibility (S = So + Sop; where
So denotes the free-space field susceptibility). Relation (4) is
strictly equivalent to the power radiated by a unit dipole u
normalized with its free-space power Py = wj|u|?/12rc €.
This leads to the classical description of fluorescence rate
perturbation in confined geometry (Novotny & Hecht, 2006).
In the following, we will only refer to this classical model as
it is sufficient to describe the fluorescence rate modification.
In this classical point of view, S corresponds to the electric
Green's dyad of the molecule surroundings (actually, the field-
susceptibility is proportional to the electric Green's dyad:
S = k%G and the dipolar electric field is E(r) = 1/€oS(r, rp,
wp) - u).

Finally, the object contribution is easily deduced from the
Dyson’s equation (Ae = ¢ — 1 with € the object relative
permittivity)

S(r, ¥, w) = So(r, ¥, ®) + Sobi(r, ', w) (5)

S(r7 r,s (U) = S()(ra r,a CU) + / dl‘”S()(r, r”a CU)
obj

x Ae(r’, w)S(r", v, w). (6)

This self-consistent equation can be numerically solved by
discretizing the object in N small cells of volume V ,(n=1, ...,
N) and permittivity €,. The singularity of the free-space field-
susceptibility Sq at the origin has to be treated very carefully.
This leads to (Lakhtakia & Mulholland, 1993; Novotny &
Hecht, 2006)

S(l”i,l"j,w)=so(l”i,l”j,w) Z So(ri, 1y, @)

n=1,N,n#i
x A€y V,S(ry, 1y, w) + (M A¢; — L)S(r;, 1), )
x(i,j=1,---,N,j#i) (7)

where M; and L come from the singularity treatment at
the origin. More precisely, L is the depolarization term and
M; generalizes the radiative reaction of the finite size cell
(Lakhtakia & Mulholland, 1993). They depend on the cell
shape and can be evaluated for simple geometries analytically
(Jaghjian, 1980) or numerically (Chaumet et al., 2004). For
spherical cells of radius a, they are given by (Lakhtakia &
Mulholland, 1993)

2 ,

M= g[(l — ikoa)e™ o — 11 (8)
1
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The physical meaning of these equations appears clearer when
considering one single nanoparticle of small radius (kga <« 1),
located at ry. Then, the Dyson’s equation is solved and the
particle polarizability «(w) appears (Lakhtakia & Mulholland,
1993):

Sobj (X, rj, @) = So(rj, ry, ®) - a(w) - So(rs, rj, ) with

(10)
2 3 -1
a(w)=[1—4k0 ao(w)—ikfoao(w)] ag  (11)
Tae be

where oy = 4wae(e(w) — 1)/(e(w) + 2) is the quasi-static
polarizability of the nanoparticle. For a molecule at a distance
d from the nanoparticle and with a dipole moment parallel to
the particle surface (1), this leads to the following expression
for the decay rate

I(r 3k;
Tn) _ 1 43R0 1| (o) exp(2ikod)
F() 8w

><<1+ P 1>2 (12)
kod) T hod? ~ kod?) |’

In this expression, the term in bracket is the electric
field backscattered at the molecule position by the excited
nanoparticle, leading to the so-called driven-field description
of the decay rate perturbation (Novotny & Hecht, 2006).

Decay channels

The spontaneous relaxation process can occur through two
channels: the radiative emission of a photon and the non-
radiative coupling to the sample with Joule dissipation into
the metallic structure. These two terms can be calculated,
respectively, as the power radiated in far-field and the power
absorbed by the dissipative sample for an oscillating dipole
modelling the excited molecule. Actually, it is simpler to
calculate both the total rate I' and the non-radiative rate
I'nr so that the normalized radiative rate is the difference
Iﬂrad/l_‘() = F/FO - FNR/FO = F/FO - Qabs/PO where Qubs
is the power absorbed in the sample, given by (Jackson, 1998;
Colas des Francs et al., 2005)

W€
Qunslr) = 22 /b Imfe(r, wo)|[E(r, wo) dr (13)
object
=22 [ Imler, wo)lIS(r, T, wo) - ul dr.  (14)
2€0 Jobject

The normalized probability for relaxation through the non-
radiative channel simplifies to the following analytical form
considering a molecule coupled to a single nanoparticle
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Normalized decay rate

* (nm)

Fig. 1. Normalized decay rate calculated for a molecule located 15 nm
above a 20 nm diameter gold nanoparticle. Solid line: decay rate, dotted
line: non-radiative rate and dash-dotted line: radiative rate. The dipole
moment is parallel to the particle surface. The gold permittivity is taken
from Palik (1985).

(Fig. 1):
FNR(rm) _ Qabs(rm) _ 1@ 1 i
o Py 87 |[(kod)  (kod)?
2
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It appears here that the non-radiative rate is simply the
extinction cross-section minus the scattering cross-section as
expected from energy conservation considerations (Das & Puri,
2002; Colas des Francs et al., 2005; Carminati et al., 2006).

Figure 1 represents the decay rates contributions calculated
near a gold nanoparticle. The total decay rate is only weakly
perturbated except near the plasmon resonance (around
510 nm) where strong dissipation appears, opening a new
decay channel (Gersten & Nitzan, 1981; Dulkeith et al.,
2002; Colas des Francs et al., 2005; Carminati et al.,
2006). Unfortunately, the non-radiative process dominates
the spontaneous relaxation, so that a very low fluorescence
quantum yield is observed near the plasmon resonance (Colas
des Francs et al., 2005; Carminati et al., 2006; Anger et al.,
2006; Kiihn et al., 2006).

SNOM signal

We now consider the signal recorded with a SNOM setup. In
SNOM configuration, a sample deposited on a transparent
surface is locally excited with a probe tip and the light
transmitted below the surface is collected with a high
numerical aperture. Every SNOM tip is generally based on two
principles: a localized source or a subwavelength sink is built
in the cut-offregion of an optical fiber. The localized source can

be either a fluorescent molecule, a quantum dot, a plasmonic
edge mode or a metallic nanoparticle. The subwavelength sink
is simply an aperture opened inside a metal coated optical
fiber, which has been elongated below its cut-off diameter. Very
recently, it was also proposed and achieved to gather these two
principles, forming a ‘tip on aperture’ with a highly confined
electromagnetic field (Frey et al., 2004; Taminian et al., 2007).
Another improvement can also be obtained by coupling the
source with a resonant antenna, in a bowtie antenna (for a
recent review, see the chapter 6 of ref. Novotny & Hecht, 2006,
and reference therein).

The exact nature of the emitted signal strongly depends
on the tip shape and nature and is beyond the scope of this
paper. Nevertheless, some important feature can be easily
deduced from a multipole expansion for localized source
or aperture in waveguide (Jackson, 1998). Obviously, the
multipole expansion converges satisfactorily for a small source
or hole so that it is well adapted to near-field optical probes.
Apart from the aperture probes which behaves like a magnetic
dipole, the SNOM can be generally modellized by an electric
dipole (Novotny & Hecht, 2006). We propose to analyze SNOM
images within this model. More precisely, the SNOM tip is
modellized by an effective dipole not necessarily located at
the tip end and the signal recorded below the surface when
the tip is raster scanned above the sample is easily deduced
from the Green'’s dyad formalism. We do not reproduce here
the equations since they can be found in the literature (Colas
des Francs et al., 2002; Novotny & Hecht, 2006). Using
this formalism, we have demonstrated both theoretically and
experimentally, that the SNOM signal is a good approximation
of the normalized fluorescence decay rate when considering
poorly dissipative system (Chicanne et al., 2002). Here we
attempt to generalize this result and to show how the SNOM
signal can be used to determine the decay channel available
for a molecule located close to plasmonic nanostructures.
Obviously, this comparison relies on the dipolar like emission
of the SNOM tip. This point is in good agreement with previous
experiments done even near plasmonic structures (Novotny
etal, 1997).

Let us consider a gold nanorod as a typical sample for our
numerical study. Such plasmonic structures are widely studied
for possible applications for subwavelength waveguiding
(Ditlbacher et al., 2005) or spectroscopic enhancement
(Bouhelier et al., 2005; Imura et al., 2005). The calculated
spectrum is given on Fig. 2, showing a plasmonic resonance
at wavelength 633 nm which could be easily excited with
standard He—Ne laser.

We reproduce on Fig. 3 the different contributions to the
decay rate of a molecule located near the gold nanorod. We
have also represented on Fig. 4 the normalized SNOM signal
calculated considering an effective dipole which is scanned over
the same sample. Strictly speaking, the normalized radiative
decay rate is equivalent to the total intensity detected below and
above the substrate when a dipole is scanned over the sample.
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Fig. 2. DOS spectrum of a gold nanorod (20 x 20 x 420 nm?>) deposited
on a glass substrate.
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Fig. 3. (a) Normalized decay rate map above the gold nanorod at A =
633 nm. (b) Non-radiative contribution to the decay rate. (c) Radiative
contribution to the decay rate obtained as the difference between (a) and
(b). The transition dipole is along the long axis of the rod (x-axis) and
located 10 nm above the nanorod.

However, we observe that the agreement with the transmitted
signal only remains qualitatively good (compare Figs 3¢ and
4a). Therefore, SNOM setup with high numerical aperture
should reveal some interesting information about the decay
channels for an excited molecule located in close proximity of
plasmonic structures. Let us mention that considering non-
absorbing system, the agreement between the transmitted
SNOM signal and the decay rate is almost perfect (Colas des
Francs et al., 2001).

Recently, in a original experiment Imura et al. demonstrated
that the SNOM signal goodly reproduces the total decay
rate, even near plasmonic resonances (Imura et al., 2005a).
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Fig. 4. (a) Normalized transmitted intensity detected below the surface
when the effective dipole modellizing the SNOM tip is scanned 10 nm above
the nanorod (A = 633 nm). (b) Normalized reflected intensity that should
be detected above the substrate in reflection SNOM mode. The effective
dipole is along the x-axis. The signals are normalized with respect to the
intensity recorded without the rod on the surface.

Particularly, they measure the dispersion curve of gold
nanorods. Although the SNOM tip end they used was in close
proximity of the nanorods during the scan, their images donot
reproduce the expected perturbation due to Joule dissipation
inside the metallic structures. This indicates that the effective
dipole that should modellize the SNOM tip is further away from
the very tip end (Radko et al., 2006).

Conclusion

We have demonstrated that SNOM setup with high numerical
aperture should delivered a signal similar to the normalized
radiative decay rate of a molecule located at the tip position.
This is of great interest for qualitative and versatile study
of metallic sample before doing more precise dynamical
fluorescent measurement. Moreover, the formalism detailled
in section II is also relevant for numerical study of fluorescent
decay rates near plasmonic structures of arbitrary shape.
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For their capability to localize and redirect electromagnetic field, metal nanoparticles have been recently
viewed as efficient nanoantenna operating in the optical regime. In this article, we experimentally investigated
the optical responses of coupled gold antenna pairs and measured the critical parameters defining antenna
characteristics: resonant frequencies and bandwidths, detuning and gains, and radiation patterns.
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I. INTRODUCTION

Optical antennas are fundamental devices for interfacing
light wave to nanoscale elements because of their capability
to drastically confine and direct incoming radiation to rel-
evant dimensions.!? In the optical regime, this property
originates from surface plasmon resonances and scattering
properties of metal nanoparticle(s) constituting an optical an-
tenna. Understanding the optical response of antenna/metal
nanoparticles has therefore been a center of interest from the
designer point of view. It is interesting to note that mainly
two particle-dependent quantities are driving research efforts
for fabricating optimal optical antennas. First, it was realized
that radiowave antenna concepts are not fully applicable in
the optical regime. To correctly design the dimensions of an
optical antenna, an effective wavelength taking into account
the surface plasmon resonant frequency was introduced.*”’
Single-particle dark-field spectroscopy is usually employed
to provide the spectral location of resonances, giving thus
insights about dimensions of an antenna® and possible near-
neighbor coupling mechanisms.>!” Second, optical antennas
characterized by strong plasmon resonances provide an im-
portant mechanism for locally amplifying electromagnetic
field. This characteristic is of particular interest to enhance
weak optical responses such as single-molecule Raman
scattering.!! The field enhancement factor of a given antenna
geometry is generally deduced from measurements involving
the optical response to amplify: Raman scattering,'”
fluorescence,” or nonlinear photoluminescence.!!'>!* While
these type of signals inform about antenna’s amplification
at the molecular probe emission wavelength, they do not
directly provide antenna’s property at the wavelength used
to excite them. Furthermore, the spectroscopic response of
metal nanoparticles is known to be extremely sensitive to
the surrounding environment. An external molecular re-
porter has therefore a perturbative influence on antenna
characteristics. '

In this article, we report on nonperturbative experimental
investigations of single optical antennas constituted of indi-
vidual gold nanoparticles and dimers. In particular, we mea-
sured important parameters defining an optical antenna:
spectral coverage, detuning, bandwidth, gain, and partial ra-
diation pattern. To the difference with previous studies in-
volving molecular probes, we are measuring antennas’ char-
acteristics at the excitation frequency, providing thus an
important experimental tool to the designer.
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II. EXPERIMENT

Our approach essentially relies on the experimental mea-
surement of the partial local electromagnetic density of states
(LDOS) obtained by integrating the differential scattering
cross section of the antenna.'® The LDOS uniquely describes
the available optical eigenmodes in which photons can exist
at a specific spatial location,'” and any resonances occurring
in an antenna will be encoded in the measured signal. Our
apparatus, schematically described in Fig. 1(a), is based on
efficient Fourier filtering of the specular scattered modes. As
opposed to confocal dark-field microscopy,'® our detection
scheme retains only the frustrated evanescent components of
the antenna (a more detailed description can be found in Ref.
16). The integrated forward-scattered intensity is detected in
the image plane of the microscope by a photomultiplier
(PMT) in a confocal-type arrangement. The antennas are
scanned through the excitation and detection volumes to re-
construct an image of the scattering magnitude. The align-
ment of the illumination and detection was adjusted in the
axial direction to maximize the scattered intensity detected
and to reduce the point-spread function to a diffraction-
limited response. To obtain the radiation diagram of the an-
tennas, a charge-coupled device (CCD) appropriately placed
at the Fourier plane (conoscopic detection) records the angu-
lar distribution of the evanescent modes collected by the 1.45
N. A. collection objective. More details on the arrangement
will be given in Sec. IV.

The antennas were fabricated by electron-beam lithogra-
phy followed by standard lift-off procedure and gold thermal
evaporation. The nanoparticles forming the antennas have a
varying diameter ranging from 66 to 90 nm and a height of
ca. 70 nm. For the dimer antennas, the distance between
particles (edge-to-edge) was systematically varied from 140
nm down to contact with a minimum separation distance of
10+2 nm. Figure 1(b) shows electron micrographs of dimer
antennas together with close up images of selected pairs. The
spacing between dimers was kept constant to 3 wm to avoid
any significant array-induced optical coupling between
dimers.

III. DETUNING AND GAIN OF OPTICAL ANTENNAS

Figure 2 shows a two-dimensional scan of the scattered
intensity from an array of individual antennas at an excita-
tion wavelength A.,.=633 nm. The polarization of the inci-

©2008 The American Physical Society
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FIG. 1. (a) Experimental scheme. The antennas are illuminated by a 0.65 N. A. objective and the scattered components are collected by
a 1.45-N. A. lens. The evanescent scattered angular spectrum is Fourier selected by a beam stop. (b) Electron micrographs of some of the

antennas characterized in this study.

dent light was oriented along the dimer [Fig. 2(a)] or perpen-
dicular to it [Fig. 2(b)] as indicated by the white arrows. The
diameter of the antennas and the gap distance were system-
atically varied within the array [dotted arrows on the left and
on the top of Fig. 2(a)] from 66 nm to 90 nm and from
contact to approx. 140 nm, respectively. The first column on
the left corresponds to scattering from single gold nanopar-
ticles whereas the last two columns on the right of the array
are bridged particles [see electron micrographs in Fig. 1(b)].

For a given polarization, the magnitude of the scattered
intensity is not constant within the array. In Fig. 2(a) for
instance, the brightest antennas appear for larger particle di-
ameters and smaller gaps consistent with an increase in the
scattering cross section for larger particles. Figures 2(c) and
2(d) are three-dimensional (3D) renderings of the boxed lines
in Figs. 2(a) and 2(b). For a polarization oriented along the
dimer, the scattered intensity increases by reducing the gap
between dimers before an abrupt falloff for the last two an-
tennas (bridged particles: red circle). Interestingly, Fig. 2(d)
shows an almost constant intensity regardless of the gap even
for the two particles that are in contact (red circle).

To gain understanding on these intensity variations, we
systematically measured scattered spectra from individual
coupled antennas using dark-field spectroscopy. Typical
spectra scattered from a single dimer with an approximate

10-nm gap and 70-nm diameter are shown in Fig. 3(a) for
unpolarized illumination and for a polarization parallel and
perpendicular to the dimer axis, respectively. As the result of
a strong coupling between the two interacting particles, a
well-known hybridization of the resonance occurs.'??° Fig-
ure 3(b) shows typical dependence of the resonance maxima
A for varying gaps and for particle diameter of 80 nm. The
vertical bars indicate the full width at half maximum of the
resonances. The splitting of A, starts for particle separation
below 30 nm and a redshift of A, is observed for a polariza-
tion oriented along the main axis of the antennas in accor-
dance with the literature.?!>> We note that averaged measure-
ments on large arrays of coupled nanoparticles revealed a
small blueshift of the resonance for an electric field perpen-
dicular to the main axis.?! We do not see such a shift in our
single-dimer measurements. Instead, we measured a system-
atic redshift of the resonances [Fig. 3(b)]. We attribute this
difference to the unique fingerprints of individual dimers.
These individual different responses can also be observed
from dimers with large gaps (>50 nm) whereby the position
of the maxima exhibits spectral oscillations despite nomi-
nally comparable particles [Fig. 3(b)].

To correlate the variations in the scattered intensity at the
laser frequency with the spectral signature of the antenna, we
define the amount of detuning |S\| by differentiating the la-
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Increasing Diameter
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FIG. 2. (Color online). (a) and (b): Scattering intensities at A
=633 nm from single antennas constituted of gold nanoparticle
dimers for a polarization parallel to the dimer axis and perpendicu-
lar to it, respectively (white arrows). The first column on the left is
single-particle antenna, and the two last columns on the right are
bridged particles. Top line displays particles with diameter of 60 nm
increasing up to 90 nm for the bottom line. (c) and (d) are 3D
rendering of the dotted line in (a) and (b).

ser wavelength to the resonance maxima: |N=|Nexe—Ngp-
Let us also introduced the relative gain G of an antenna. In
antenna theory, G describes the ability of an antenna to in-
crease scattered intensity in the direction of the peak radia-
tion. This parameter is usually normalized from a reference
radiator, i.e., a dipole.?? For small particles compared to the
wavelength of light, an isolated spherical nanoparticle be-
haves essentially like a dipole. We therefore define G by
measuring the magnitude of the scattered intensities /; origi-
nating from dimers and normalizing it to the one issued from
single-particle antennas /; of the same diameter: G=1,/1I,.
This definition assumes that the scattered angular distribution
and the collection efficiency of our experimental setup are
constant regardless of the particle arrangement. The validity
of this assumption will be asserted in Sec. IV.

Figure 4(a) shows the evolution of the parameters |O\|
and G by reducing the gap between the dimer and for an
excitation field at 633 nm polarized along the dimer axis. For
large gaps (>50 nm), detuning from the excitation laser
|6\ |633 um is kept below 25 nm, indicating that the antennas
are close to resonance with the laser line. This is confirmed
by the trend of the G factor, which varies around 2.5. For a
group of identical particles characterized by a weak mutual
optical interaction, G should scale linearly with the number
of particle present in the detection volume if the excitation is
homogeneous. However, the measured value is slightly
larger than the expected value (G=2). We think this small
difference originates from the polarization-sensitive inhomo-
geneous field distribution inside the excitation and detection
volumes.?*2

For smaller gaps, a strong electromagnetic coupling be-
tween the particles constituting the antenna rapidly increases
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FIG. 3. (a) Characteristic spectra for an isolated strongly
coupled dimer. The unpolarized spectrum (black) features two
polarization-sensitive resonances identified by a polarized excita-
tion (dark gray and gray). Gap~ 10 nm and particle diameter 70
nm. (b) Dependence of the dimer resonance(s) on the gap values.
For small gaps, a redshift and a hybridization of the resonances are
observed. The vertical bars indicate the breadth of the resonances.
The particle diameter is 80 nm.

the amount of detuning and |O\|g3 nm reaches 55 nm for a
15-nm gap. In this coupling regime, G dramatically drops
from a maximum of 3.3 to a value of 0.3 for the bridged
dimer, indicating that the optical antenna is detuned from its
optimum excitation frequency.

Figure 4(b) shows the trend of |S\|¢33 nm and G for a
polarization oriented perpendicular to the dimer. |\|g33 nm
oscillates around 15 nm and stays within the full width at
half maximum of the surface plasmon resonances [see Fig.
3(b)]. The gain features two plateaux of almost constant G
values (G=2.3 and 1.6 with variations ~10%) for gaps be-
low 50 nm and gaps above 50 nm, respectively. Since
|6\ ¢33 nm Stays near resonance with the excitation line and G
is close to its expected value of 2, we also attribute these two
plateaux to the particularity of the focal field distribution: it’s
only when the particles are close to each other that the exci-
tation intensity can be assumed to be spatially constant. We

155407-3



HUANG et al.
60+ —A— Gai 135
5] % A Gain G
50] {3.0
45] K—' o
'E\40_ A A425 a
£35 1208
30 —0— 3\ (633nm v
= 5] - o ) 115
©
20 {100
15]
104 / a) {05
5{2 0.0
0 10 20 30 40 50 60 70 80 90100110120
Gap distance (nm)
50 25
45] —A" —A—GainG
40] A/A 20
- - -
35]
€ 301 A\A/ 115 5
< 2], B
B 20| {10 €
15 =
1o- {os 3
5- —o o\ (633nm)

0.0
0 10 20 30 40 50 60 70 80 90 100110120
Gap distance (nm)

FIG. 4. (a) and (b): Detuning factor |6\|g33 nm (gray) and gain
factor G (black) for parallel and perpendicular polarizations with
respect to the dimer axis, respectively. Particle diameter: 80 nm.

note that the experimental magnitude of G does not reach
very large enhancement values as predicted from strongly
coupled nanoparticle pairs and small gaps.?®?” This rela-
tively low gain have also been observed in Ref. 28. It is
worth emphasizing that the enhancement factors calculated
in the literature are usually normalized to the applied field,
whereas in the present work we compare G to a reference
dipolar antenna. We note that |O\|¢33 m and to some extend
G show some oscillatory behavior with increasing gap dis-
tance. This particularity is observed regardless of the particle
size within the fabricated array and polarization orientation.
We did not see in our measurement a systematic correlation
between the positions of the oscillatory peaks and the inter-
particle distance. We therefore believe that the observed os-
cillations are resulting from variations in the antenna mor-
phology inherent to the fabrication process.

In only one instance in the study of the array depicted in
Fig. 2(a) was G significantly increased. Figure 5 shows ex-
perimental values of G and |O\|g33 o for the upper most line
of the array (particle diameter is 66 nm) and a polarization
oriented along the axis joining the dimers. In this graph, we
observed typical spectral variation in |O\|g33 ,m for large
gaps already seen in Fig. 4(a). The gain factor is constant for
the two largest gaps (G~ 2) and displays a small increase for
the 37-nm-gap dimer consistent with the low value of
|6\|633 nm- For smaller gaps however, the antennas are being
detuned and yet G keeps increasing to reach a value of 6.3
for the 18-nm-gap dimer. G undergoes then an abrupt falloff
for the bridged pair. Despite the antennas being detuned with
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with respect to the dimer axis, respectively. Particle diameter is 66
nm.

respect to the laser line, the optical coupling and field ampli-
fication characterizing these particular antennas were suffi-
cient to not only compensate G for the detuning of the an-
tenna but also enhance it by a sixfold factor. The measured
gain for this coupled antenna was not reproduced inside the
fabricated array and emphasizes the difficulty to design elec-
tromagnetic hotspots by such fabrication technique.

To validate our approach, we investigated the antenna ar-
ray depicted in Fig. 2 at a laser wavelength of 780 nm. Fig-
ure 4(a) demonstrated a rapid decrease in G when the anten-
nas are red detuned from the excitation at 633 nm. It is
therefore expected that by reducing the detuning by using a
780-nm laser line, the gain will be restored. Figure 6(a) dis-
plays the evolution of G and |6\|,g nm for the same set of
antennas featured in Fig. 4(a) and for a polarization parallel

as a consequence of the redshift of the resonance, and as
hypothesized, strongly coupled dimers exhibit a significant
recovering of G. To the difference with an illumination at
633 nm, antennas characterized by small gaps are tuned to-
ward resonance for a 780-nm-excitation line. It should be
noted that the relatively high values of G (up to G~ 17)
originate from the weak intensity /; scattered by the refer-
enced single particle. This single-particle antenna is not at
resonance at 780 nm.

Figure 6(b) showed the case for a perpendicular polariza-
tion. |6\|7g9 nm indicates that the antenna is significantly de-
tuned for this polarization regardless of the gap size. Accord-
ingly, the antenna gains have low values compared to the
orthogonal polarization. Nonetheless, a slow decrease in
|6\ |780 nm for small gaps is observed concomitant to a two-
fold increase in G.

IV. RADIATION PATTERNS OF OPTICAL ANTENNAS

With radio-frequency antenna,”? the radiated power at

large distances is the parameter of interest, and radiation pat-
terns are traditionally measured considering the antenna in
an homogenous dielectric medium. Optical antennas, how-
ever, are typically fabricated on a substrate and the presence
of an interface considerably modifies the radiation pattern.
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FIG. 6. (a) and (b) Detuning factor |S\|;g9 nm and gain factor G
for a 780-nm excitation wavelength and for a polarization oriented
along the dimer axis and perpendicular to it, respectively. Particle
diameter is 80 nm.

For small particles behaving like dipoles close to a dielectric
interface, the radiated power is principally emitted in the
denser medium at the critical angle,29 and backward scatter-
ing can be neglected. We use a 1.45 oil-immersion objective
[Fig. 1(a)] to retrieve this forward-scattered contributions. At
the exit pupil of the objective, i.e., the primary Fourier plane,
the angular distribution of the scattered intensity is a direct
measure of the radiation pattern in the substrate. With mod-
ern objective lenses, however, this primary Fourier plane is
located inside the objective’s body, and relay lenses are usu-
ally employed to image the objective’s back aperture at a
secondary Fourier plane.39-34

To retrieve the near-field contribution and to discriminate
it from the overwhelming illumination contribution, a beam
stop removes the part of the light angularly distributed below
the critical angle as sketched in Fig. 1(a). The filtering only
retains radiated intensity corresponding to frustrated evanes-
cent modes of the antenna collected by our objective, i.e., its
partial induction field. In the following, the term radiation
patterns will be referred to the angular distribution of the
scattered intensity located above the critical angle and is
therefore a partial measure of the total pattern.

Figure 7 shows experimental scattered diagrams for an
optical antenna constituted of a single colloidal 80-nm Au
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FIG. 7. (Color online). (a) to (d) Angular distributions of the
intensity scattered by a single Au nanoparticle. The white arrow
indicates the incident polarization and the broken arrow the ana-
lyzer orientation. The intensity peaks at the critical angle. (e) to (h)
are the corresponding calculated intensity distributions.

nanoparticle illuminated by A.,.=633 nm. Here we choose
to utilize perfectly spherical nanoparticles from a colloidal
solution to set a reference for the following and to avoid any
shape-induced artifacts remnant with electron-beam lithogra-
phy. Figure 7(a) represents the intensity distribution for a
polarization indicated by the thick arrow. Two lobes perpen-
dicularly oriented to the polarization are observed peaking at
the critical angle. These lobes are characteristic from a dipole
emission oriented parallel to a dielectric interface.3! This
scattered pattern is in very good agreement with our numeri-
cal calculation of a dipole emission shown in Fig. 7(e). Fig-
ures 7(b) and 7(c) display the scattered diagram of the same
particle analyzed through parallel and cross polarizers, re-
spectively (broken arrow). Note that all the experimental im-
ages are rotated to compensate for a 45° tilt of the outport of
our microscope. Figures 7(f)-7(h) are numerical simulations
of the dipole emissions corresponding to the experimental
polarizer and analyzer orientations. Note that all angles be-
low 6, were included in the calculations. A significant por-
tion of the intensity is located in the vicinity of 6., indicating
that our Fourier filtering rejects a negligible portion of the
scattered diagram.

We now turn our attention to the scattered pattern of the
antennas constituted of coupled pairs of nanoparticles. Ar-
rangement of strongly interacting core-shell nanoantennas
were predicted to significantly modify radiation patterns.’
For coupled dimers, however, the angular emission is almost
unaffected and only the intensity distribution is modified.
Figures 8(a)-8(c) shows diagrams for selected antennas with
gap values of 126, 68, and 15 nm, respectively. The diameter
of individual nanoparticles was fixed at 80 nm. The polariza-
tion is aligned with the dimer axis and the illumination
wavelength is 633 nm. Figure 8(d) shows the 15-nm-gap
antenna pattern for a polarization oriented perpendicularly to
the dimer axis. These scattered diagrams do not significantly
differ from the diagrams characterizing the single-particle
antenna showed in Fig. 7: the intensity distribution is peaked
at the critical angle and the two-lobe patterns are readily
recognized. These antennas essentially have a dipolar re-
sponse of their radiation pattern. However, a close inspection
reveals some differences. Let us define the contrast ratio #:
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where I,,, and I;, are the orthogonal intensity maxima and
minima of the scattered diagram. The # parameter indicates
the deviation of the antennas’ scattered diagram from an
ideal dipole pattern. For reference, the values of contrast ra-
tio extracted from the colloidal particle emission pattern of
Fig. 7(a) and calculated dipolar diagram of Fig. 7(e) are in
agreement at 7=0.5. Here, however the reference isolated
single particle yields a higher value of 7=0.72 for the two
polarizations and does not significantly change with the di-
ameter of the particles investigated. The difference of con-
trast between the scattered diagram of a colloidal nanopar-
ticle and lithographed particle of nominally similar diameters
remains unclear, but is probably linked to the different mor-
phology of the later particle type. Figure 8(e) shows the evo-
lution of the contrast ratio 7 for varying gaps and for the two
orthogonal orientations of the incident field. Interestingly, 6,
has an opposite trend between the two polarizations. For an
incident field oriented along the axis of the dimer and for
wider gaps, 7 increases and reaches a value comparable to
the reference isolated particle (=0.72). This is clearly indi-

PHYSICAL REVIEW B 78, 155407 (2008)

cating a reduced interaction between the two particles for
large gaps. On the contrary, for a polarization perpendicular
to the dimer, # is approaching the reference contrast of an
isolated particle for the shortest dimer separation. The mag-
nitude of 1, does not significantly vary across the different
antennas (variation <5%). The evolution of 7 is mainly gov-
erned by the value of I;,. We attribute the trends of 7 to a
modification of the azimuthal radiation direction for antennas
characterized by interacting nanoparticles: for a polarization
along the dimer, the particles are more likely to interact in
the near field since the far-field radiation pattern of indi-
vidual particles are oriented perpendicular to the electric
field. For the orthogonal polarization, however, the far-field
radiation patterns of the two particles are aligned with the
main axis of the dimer, and the interaction is therefore stron-
ger for larger gaps.

V. CONCLUSIONS

For their ability to interface free-space radiation with
nanoscale elements and devices, optical antennas are likely
to play a major role in the next generation of photonic de-
vices and sensors. Knowing the important parameters defin-
ing the properties of individual optical antennas is therefore
essential for this goal. We have developed experimental tech-
niques to rapidly compare the basic units constituting an op-
tical antenna and measure their critical performances. By
only retaining a part of the evanescent spectrum scattered by
individual nanoantennas and by correlating the magnitude of
this signal with their spectral characteristics, we experimen-
tally measured the gain and the detuning factors for a given
excitation wavelength. We also recorded radiation patterns of
various type of antennas and found that their partial radiation
pattern is essentially dipolar in nature. Important is the fact
that our approach allows us to characterize the antennas at
the excitation frequency. It does not require the use of re-
porter molecules or nonlinear phenomena to probe the anten-
na’s response and is therefore completely nonperturbative.
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Abstract

By combining the field-susceptibility technique with the optical Bloch equations, a general formalism is developed for the inves-
tigation of molecular photophysical phenomena triggered by nanometer scale optical fields in the presence of complex environments.
This formalism illustrate the influence of the illumination regime on the fluorescence signal emitted by a single molecule in a complex
environment. In the saturated case, this signal is proportional to the optical local density of states, while it is proportional to the

near-field intensity in the non-saturated case.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decade, numerous experimental config-
urations have been proposed for studying single mole-
cule photophysical phenomena triggered by nanometer
size light fields [1-8]. These configurations involve the
interaction of microscopic entities with their macro-
scopic environment. Similar situations, where elements
exhibiting very different length scales interact, exist also
in solid state physics and materials science [9].

The main objective of this communication is to
propose a formalism for analyzing a large class of exper-
imental configurations where various molecular photo-
physical processes are induced by highly confined
optical fields in the presence of a complex environment.
The approach is based on the combination of the field-
susceptibilityl Green’s-tensor technique [10,11] with the
optical Bloch equations [12,13]. The former provides an

* Corresponding author. Fax: +33 5 62 25 79 99.
E-mail address: girard@cemes.fr (C. Girard).

0009-2614/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2005.01.059

accurate electromagnetic description of the system,
including the local electric field and local density of
states (LDOS) [14]. These parameters are then intro-
duced into the optical Bloch equations to obtain the
population evolution of the molecular energy levels
and deduce the molecular fluorescence signals [15-17].
Our approach relies on the fact that quantum-
mechanical calculations can be restricted to the molecu-
lar system, while the complex optical environment can
be treated classically using the Green’s tensor. This con-
trasts markedly with earlier theoretical works on fluores-
cence in confined geometries where the molecule was
treated as a classical emitting dipole [18-21]. Indeed,
in the present approach the population equations can
be solved in a non-perturbative manner, irrespective of
the complexity of the environment seen by the mole-
cules. Like this, one or several molecules including an
arbitrary number of energy levels can be investigated.
Different experimental illumination regimes can be
investigated and effects such as saturation are readily
accessible to the technique. These complex effects play


mailto:girard@cemes.fr 

C. Girard et al. | Chemical Physics Letters 404 (2005) 4448 45

a central role in the interpretation of single molecule
experiments in the presence of highly confined optical
fields.

The Letter is organized as follows: A general formal-
ism for the evolution of the different fluorescence signals
generated by a molecule placed in a complex environment
is first developed. Two limiting cases are then studied in
detail to illustrate the dependence of the fluorescence sig-
nal on the illumination conditions.

2. Formalism

Let us consider a molecular system located at the po-
sition r,,, in a complex environment and characterized by
its dipole operator g and Hamiltonian Hy (Fig. 1). The
Fourier transform E(r,,) of the local electric field
E(r,,, ?) can be obtained everywhere in the system from
the generalized field propagator K(r,r’, w) [10]:

E(ry, o) = /K(rm,r’,w) -Eo(r', ) dr, (1)

where Eo(r', ) represents the Fourier transform of the
illumination field Eq(r,?) = Eqcos(wot—ko - r), and the
integral runs over the entire environment. The dyad
K(r,r',w) can be expressed in terms of the optical field
susceptibility tensor S(r,r’, w) associated with the entire
system

K(r,r',0) =6(r —r') + S(r,r, w) - x(r', »), (2)

where g is the optical susceptibility of the complex envi-
ronment. Eq. (1) can be solved using a recursive series of
Dyson’s equations associated with S, leading to the field
E(r, ®) in the system [10]. The dipolar coupling Hamilto-

‘\m

Fig. 1. Schematic representation of a three levels molecular system in
interaction with a complex optical environment. Symbols |1) and |3)
represent ground single state and first excited singlet, respectively. K
characterizes the vibrational relaxation decay of state |2) and E, is the
amplitude of the illumination field.

nian W(¢) = —ji - E(ry,, ¢) can then be obtained from the
generalized propagator (2). Applying the usual rotating
waves approximation that neglects non-resonant terms
in the interaction process [12], one obtains

wW(t) = Z m“T(rm){efi<wot+¢a(rm>)‘2><1| + C.C.}, (3)

u=x,y,2

where Q,(r,,) is the a-component of the vectorial Rabi
frequency. This quantity is proportional to the a-com-
ponent of the absorption transition dipole u,

,U .aE%(rm)
Qa(rm) = _ZTa (4)
with
E“(l'm) = Z /Kzﬁ(l’m,l'l, 7600)67“{01‘/ dl',Eoﬁ . (5)
P=xy,z

In Eq. (3), the three phase factors ¢,(r,) (with
o = X,y or z) are obtained by taking separately the phase
of the three components of the complex number
E(ry,®). This splitting of both the phase factor and
the Rabi frequency into three distinct components orig-
inates from the presence of evanescent fields [22,23].

At this stage, we have all the ingredients required to
write Liouville’s equation that governs the matrix den-
sity evolution of the molecule

PO = o Ho + W(0), p(0] + P + Aatlo(), (6)
where the two Redfield operators Zgpone and Ay, de-
scribe, respectively, the couplings with the photons bath
and the internal vibrational states of the molecule [12].
This leads to a coupled system of four optical Bloch
equations [12]:

p33(t) = Kpy(t) — I'3p5(t), (7)
P(t) = =(K + T2)py(t) —1Q p1p (1) +iQ7py (1), (8)

pia(t) = [iéL - %]Plz(t) —1Q7 (2p(1) 4 p33(2) — 1),

©)

. . r L

pa(t) = — [15L "‘72} P21 (1) +1Q7 (2p5 (1) + p33(8) — 1),
(10)

with

o=} Qz(zrm) (it (tm) (11)

0=X,y,z

When the phase factors ¢,(r,,) weakly vary from one field
component o to another, we can put ¢,(ry) = ¢(ry) for
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o = x,y or z. In this case, the two factors Q* and Q can
be related to the usual Rabi frequency Q(r.,):

o = (@) = ) ot (12)

In Egs. (7)-(10), we have also introduced four useful
parameters, namely, (i) the detuning J; = w, — wq be-
tween the laser and the resonant absorption frequency
of the molecule, (ii) the vibrational relaxation constant
K between the excited state and the first excited singlet,
and finally (iii) the two radiative decay rates of the mol-
ecule [15]:

2#%/3
h

where u is a unit vector that characterizes the mole-
cule orientation, ;3 represent the transition dipole
between the ground state and the |2)/|3) levels, and
r é% are the spontaneous decay rates of the isolated
molecule (Fig. 1). These parameters appear in the
optical Bloch equations after application of the Red-
field operator on the matrix density operator. In the
present case, symmetry considerations imply that sev-
eral Redfield operator matrix elements vanish [12].
The stationary population p33 of the first singlet state
|3) gives direct access to the detected fluorescence sig-
nal when the molecule is illuminated in permanent re-
gime. In this case, the four terms on the left-hand side
of Bloch equations tend simultaneously to zero. This
leads to

Iy = F(z(}); + Im{S(rm, Fm, ws3) } : uu, (13)

) -1
p33 = |:1 + <E+A1 +A2)F3:| , (14)
with
2 (1 1
A== )~ 1
1 Q*Q{K+F2} (15)
and
I, I,
Ay =———< 1 +—5. 16
2 4Q+Q-{ +K} (16)

The fluorescence signals generated by the molecule is
then given by

o ha)3F3
L+ (44 + AT

Eq. (17) together with Egs. (15) and (16) demonstrate
the possibility of self-consistently bridging the gap
between molecular and macroscopic scales. The entire
optical information related to the dielectric environment
is implicitly contained, via the field-susceptibility S, in
the factors I'y;; and Q*/~. Consequently, this approach
is well-suited for investigating a large class of photo-
physical phenomena in confined geometries.

]ﬂuo(rm) (17)

3. Limiting cases for different illumination modes

Another important advantage of this approach
should also be emphasized. As illustrated by the previ-
ous analysis, a proper selection of the only active molec-
ular levels for a given photophysical process leads to
quasi-analytical expressions for the fluorescence signals.
For example, two limiting cases particularly pertinent to
on-going single molecule near-field optical experiments
can be extracted from Eq. (17).

3.1. Saturated absorption regime

When the laser frequency wq excites the molecule at
the absorption frequency w,, the detuning factor J; in
Eq. (15) and the factor 4, tend towards zero. The mag-
nitude of the excitation power can then be adjusted to
approach the so-called saturation regime that occurs
when the product 4,I'5 is much smaller than unity in
Eq. (17). This condition is fulfilled when the Rabi
frequency Q(r,) verifies the following relation
(see Egs. (12) and (16)):

Q(ry) > \/I1I;. (18)

Moreover, for customary fluorescent molecules, the
term 2 I'5/K in Eq. (17) remains always much smaller
than unity. Consequently, within this asymptotic case,
the fluorescence signal becomes merely proportional to
the radiative decay I';:

Isat(rm) =~ hw3r3(rma (()3). (19)

After substitution of Eq. (13) into Eq. (19), the variation
of Iquo(rm) with respect to the molecule location ry, is
found to be proportional to the imaginary part of the
field susceptibility S associated with the entire
environment,

Lar(tm) =~ hs T + 21203 Im{S(ty, B, 03)} s un.— (20)

For a specific orientation of the molecule along the
a-direction, the factor Im{S(r,,,rm,w>/3)}:uu can be re-
lated to the partial photonic LDOS n,(r,,,»3) at the fluo-
rescence frequency ws [14],

ny(fm, w3) = Im{S, ,(tm, rm, ®3)}. (21)

2T52(1)3

Finally, substitution of Eq. (21) into Eq. (20) leads to

Lat(tm) = hen T + 40312720, (1, 03). (22)

Consequently, when the saturation regime is reached,
the molecule tends to gradually forget any initial infor-
mation related to the structure of the excitation field. In
this case, the molecule loses the history of the successive
absorption events and emits fluorescence photons that
probe the partial photonic LDOS associated with the
environment. Such experimental conditions can be
obtained by working at low temperature in order to
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minimize the absorption linewidth I', of the molecular
probe. Very recently, Michaelis et al. succeeded in oper-
ating a low temperature SNOM configuration where
the source of light was reduced to a single fluorescing terr-
ylene molecule embedded in a paraterphenyl microcrys-
tal, which itself was glued on the apex of a sharpened
optical fiber [7,24]. At 1.4 K, the terrylene linewidth is
about 47 MHz, which provides ideal conditions to ob-
serve, under saturated conditions, the variations of the
LDOS as the micro-crystal is raster-scanned [25].

A simulation of this operation mode is presented in
Fig. 2b, where a single terrylene molecule raster-scans
the sample depicted in Fig. 2a. The fluorescence wave-
length A3 = 2nc/w; of terrylene is 630 nm and its fluores-
cence transition dipole p; oriented along the y-axis.
According to Eq. (22), the molecule signal is modulated
by the partial y-LDOS computed at the fluorescence
wavelength A;. The presence of symmetrical ripples
around the dielectric cylinders indicates that a LDOS
map characterizes a given system independently of the
illumination mode [26]. Let us note that the other partial
x-LDOS can be probed by rotating the molecule by /2
in the xy-plane.

3.2. Off-saturation absorption regime [27]

In this second asymptotic case, we also maintain the
detuning factor ¢ close to zero and consider the fluores-

cence signal when the molecule is excited at a low Rabi
frequency. This regime is described by the following
inequality,

Q(l‘m) < F2F3, (23)

which corresponds to the condition 4,13 > 1. The fluo-
rescence signals Jogeai(rm) reads then

h(l)3 o 4hCO3KQ+ Q_

A K+ 24)

Ioff-sat (rm) =~

In the case of low near-field phase variations (Eq. (12)),
this signal becomes proportional to the square of the
Rabi frequency Q(r,,) at the molecule location:

L off-sat (rm) = AQ2 (rm)7 (25)

with 4 = hw;K/T»(K + I'5). For a particular orientation
of the molecule along the o-direction, Q*(ry) =
3E2(ry,), and the molecule probes the local near-field
intensity [27,28],

Ioff—sat (rm) = A,UgEi (rm) . (26)

This result shows that, unlike what happened in the fluo-
rescence saturation regime where the molecule probed
the photonic LDOS (Eq. (22)), the off-saturation regime
leads to a fluorescence signal that is proportional to the
local near-field intensity. According to Eq. (23), this
condition is easily verified when the Rabi frequency is
small compared to the absorption linewidth. These

Fig. 2. (a) Geometry used for the calculation: three dielectric cylindrical protrusions (diameter 100 nm, height 60 nm, ¢ = 4.41) are placed at the
corners of an isosceles triangle with base 600 nm and perpendicular 1000 nm on a glass surface (¢ = 2.25). The red ellipsoid represents the molecule
that raster-scans the sample at a constant height z = 150 nm above the surface. The system is illuminated from underneath in total internal reflection
with s-polarization. (b) Fluorescence signal computed in the saturation regime (Eq. (22)) when the molecule raster-scans the sample. (c) and (d)
Fluorescence signal computed in the off-saturation regime (Eq. (26)), for two different propagation directions of the illumination field: y-direction
(¢) and x-direction (d). Map dimensions: (a) 1.2 x 1.4 ym?, (b)~(d) 3 x 3 pm>
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conditions have been used in a series of beautiful exper-
iments performed at room temperature where the detec-
tion of local signals emitted by individual molecules was
reported [2,28]. In particular, it was demonstrated in
Ref. [2] how individual fluorescing molecules were able
to precisely map the electric field intensity generated at
the apex of a metal coated tip, thereby providing the first
direct verification of Bethe’s theory of light diffraction
by a subwavelength aperture.

Two simulations of this off-saturation mode, calcu-
lated at the illumination wavelength 1, = 578 nm, are gi-
ven in Figs. 2c and d. In this case, it may be seen that the
molecule probes the intensity E}2 associated with the
y-component of the optical electric near-field confined
by the environment. Unlike what happened in the satu-
rated absorption regime (Fig. 2b), the recorded fluores-
cence signal dramatically depends on the illumination
conditions and does not provide direct information on
the sole topography of the sample.

3.3. Arbitrary illumination regime

When neither conditions examined under (i) or (ii)
apply, no evident simplification can be made and the
detected fluorescence signal must be computed from
the general relation (17). In this case, information
related to the electric field distribution is entangled with
local information related to the LDOS calculated at the
fluorescence frequency.

4. Summary

In conclusion, we have developed a unified formalism
to describe molecular photophysical processes in a con-
fined geometry. This approach includes a non-perturba-
tive quantum treatment of all the different active
molecular levels, as well as the complex and rapidly
varying field distributions associated with a complicated
optical environment. The combination of these two fea-
tures renders the method particularly powerful for the
accurate analysis of experiments performed with local
probe techniques and single active molecules. The ob-
tained equations provide new insights into the signal
effectively radiated in the near-field by a single molecule.
Important limiting cases in the saturated and off-
saturated absorption regimes can be recovered from this
general formalism.
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Summary

According to Fermi’'s golden rule, the fluorescence decay
rate is directly proportional to the projected local density of
photonic modes (LDOS) at the molecule location. The relevant
LDOS depends on the molecule orientation. In this paper, the
direct measurement of the fluorescence lifetime near gold dot
photonic structures is investigated and compared to calculated
LDOS. Detailed analysis of the decay channels is presented on
the basis of numerical simulations.

Introduction

Since the work of Purcell, it is well known that spontaneous
emission is governed by the local density of photonic modes
(LDOS) p (Purcell, 1946). Considering weak coupling between
the excited molecule and the electromagnetic environment,
Fermi’s golden rule expresses the fluorescence decay rate I"
(inverse of fluorescence lifetime 7) in terms of the number of
allowed electromagnetic modes available for the emission of a
photon:
T

[0)]
I(ry,) = E“Wpu(rm, o), (1)

In this expression, p,(r,;, wg) is the projected LDOS (PLDOS)
along the direction u of the transition dipole moment p = pu
at the molecule position r,, and fluorescence frequency wg
(Novotny and Hecht, 2006). Because of boundary conditions,
o depends strongly on the molecule location and orientation
in the system. This property can be used to tune the
fluorescence rate by tailoring the optical surroundings of

Correspondence to: G. Colas des Francs. Tel: 03 80 39 9067; fax: 03 80 39 6024;

e-mail:gerard.colas-des-francs@u-bourgogne.fr

molecule

the molecule. For instance, by placing an emitter in a
microcavity, one can cancel all transitions except the one in
resonance with the cavity, with applications in single photon
source elaboration (Lounis & Orrit, 2005). On the other
hand, Rigneault et al. recently proved that increasing the
fluorescence decay avoids saturation effects in fluorescence
correlation spectroscopy studies (Rigneault et al., 2005).

We report here the measurement of the single molecule
fluorescence lifetime near photonic structures (in the
‘experiment’ section). In the ‘Discussion’ section, the lifetime
is compared to the PLDOS numerically evaluated inside the
system. Moreover, a detailed analysis of the PLDOS reveals the
decay channels for the molecule relaxation.

Experiment

We place the molecule in so-called optical corrals because it has
been previously demonstrated that it is possible to modulate
differently the X, Y and Z-LDOS inside the corral (Chicanne
etal., 2002). Optical corrals of various shapes are obtained by
standard electron beam lithography technique. They are made
of gold pads of 100-nm diameter and 45-nm height on a thin
glass substrate forming a circle, an ellipse or stadium, as shown
in Fig. 1(a). Dye molecules (DiD, molecular probes, Invitrogen,
Carlsbad, CA, USA) are diluted in polymethylmethacrylate
(PMMA, Acros, USA) at concentration 1078 mol. L™! and
spin coated on the substrate. Fluorescence intensity is collected
by confocal scanning fluorescence microscopy (Zeiss Axiovert
200, inverted microscope, Carl Zeiss Ltd, UK) with an oil
immersion objective lens (OlympusNA 1.3, 100 x Olympus UK
Ltd, Watford, UK) (Sanchez-Mosteiro et al., 2006). Circularly
polarized light (Aexe = 635 nm, ps laser diode head LDH-
635, PicoQuant) was used as excitation through the same
objective and separated from the excitation light by the

© 2008 The Authors
Journal compilation © 2008 The Royal Microscopical Society



LOCAL DENSITY OF MODES 211

* R
Traugnbhuun®

5 B
‘.’I

Fig. 1. (a) SEM images of gold optical corrals lithographied on 170-p m glass substrate. (b) Luminescence scan of the photonic structures at excitation

wavelength 635 nm and detection wavelength above 665 nm.

combination of a dichroic mirror (Omega 650DRLP) and
a long pass filter (Omega 665ALP). The fluorescence light
was then sent to two avalanche photodiodes (APD, SPCM-
AQ-14, EG&G Electro Optics). A polarizing beam splitter in
front of the APDs separates the light into two orthogonal
polarizations. Because of the gold luminescence (see Fig. 1b),
the optical corrals are clearly seen, so that it is possible to
locate with confocal resolution the position of molecules inside
the system. Typical fluorescence images are represented in
Fig. 2. The optical corrals are easily identified and each spot
is the fluorescence signal of individual molecules spread on
the substrate. Direct analysis of the far-field emission reveals
the molecule orientation, which is indicated by a false colour
code. Green pixels refer to horizontal polarized light, red pixels
refer to vertical polarization. Finally, focusing on each spot,
we record the fluorescence lifetime for each molecule. In
this preliminary study, we present a statistical analysis of the
lifetime modification by the optical corral. The distribution of
recorded lifetimes is reported in Fig. 2(d).

Molecules far away from any structure present a lifetime
distribution ranging from 1.6 nsto 3 ns, as hasbeen previously
reported in a similar configuration (Vallée et al., 2001). This
distribution is clearly broadened for molecules located inside
the stadium. The fluorescence lifetime of these molecules
ranges from very short lifetimes (not detected) resulting from
quenching, up to 35% larger than the lifetimes of molecules
situated far away from any structure.

© 2008 The Authors

Discussion

Formalism

The LDOS involved in the Fermi’s golden rule [Eq. (1)] is a
classical quantity that is related to the classical electric Green’s
dyad G associated with the molecule surroundings. This dyad
describes the electric field scattered at any point r of the system
by a dipole u located at r,,:

2

k
F"(r) = 7OG(r5 rmv CL)()) N uy k() - C()()/C
€0

is the free-space wavenumber (2)

and the PLDOS can be expressed as (unit is in s. m~?)
2w
pulr, w) = mlm[u -G(r,r,w) - u]. (3)

Because the dipolar transition moment of the molecule is
unknown, it is easier to consider the normalized decay rate
=D O Gl b w0) w4
Co ko
in which 'y = 1/t = (3.5 ns)~! is the free-space molecule
decay rate considered as a parameter.

The expression of Green'’s dyad is analytical only for a few
highly symmetric systems but can be numerically evaluated for
any arbitrary system (Girard &Dereux, 1996).Inthe following,
we describe the construction of Green'’s dyad associated with
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06 12 18 24 3.0 3.6

Lifetime (ns)

Fig. 2. Fluorescence images of single molecules spread on optical corrals. Red/green colour indicates the molecule’s dipole orientation in the substrate
plane. (a) 30 x 30 um? image of circular corrals, (b) 30 x 30 p m? image of corral stadiums. (c) 10 x 10 1 m? image of a single corral stadium and
(d) fluorescence lifetime distribution for molecules far from (filled bars) and inside (open bars) the stadium corrals.

the optical system of the experiment described above, the
gold dots stadium embedded in the polymer slab. We first
described Green's dyad associated with the bare slab that
has to be considered to analyze the fluorescence lifetime

2

distribution far from the structures. Using Dyson’s equation,
the stadium perturbation is then numerically evaluated

and compared to the lifetimes measured inside the optical
corral.

b)
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Fig. 3. (a) Normalized decay rate calculated for a molecule parallel (solid line) or perpendicular (dashed line) to the surface and located in the middle of
the PMMA slab when varying the thickness. (b) Corresponding fluorescence lifetime. For a thick film, the normalized decay rate tends towards its value
in a homogeneous PMMA background (y = n» = 1.49). The index of refraction is given in the inset of Fig. b).
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Lifetime dispersion inside the PMMA slab

We define first the reference system as the PMMA film lying on
the glass substrate and exposed to air (see the inset of Fig. 3b).
The fluorescence decay rate is easier expressed considering the
angular spectrum representation of the dipole field (Novotny
& Hecht, 2006):

6 o
Vslab () = ko Im[u - Ggjap (X, Xy, wo) - u] = / dk{)P(kp)v
0
(5)

where the normalized power P(k,) emitted by a dipole
embedded inside the dielectric slab is straightforwardly
expressed as a function of the Fresnel coefficients (Novotny &
Hecht, 2006). The decay rate and corresponding lifetime of a
single molecule embedded in the PMMA slab are represented in
Fig. 3 for several slab thickness. Small interferences oscillations
appear because of reflections at the interfaces. Because the
tangential electric field is continuous at the interfaces, the
parallel lifetime is only weakly perturbated by the polymer. On
the contrary, the perpendicular lifetime is strongly modified
below thickness of about half wavelength (Lukosz, 1980;
Rahmani et al.,, 1997). Finally, as the number of allowed
modes (decay channels) decreases, the lifetime increases up
to 7.5 ns.

The plane wave spectrum of the emitted power, represented
in Fig. 4, provides some information about the available decay
channels. For a dipole perpendicular to the surface, almost
all the light is radiated into the substrate, whereas the main
contribution for a horizontal transition dipole moment comes
from light tunnelled from the PMMA into the glass substrate
(1.492 < ky/ko < 1.51) (Fan et al., 1997; Danz et al., 2002).
Finally, the measured lifetime distribution isin good agreement
with this model as described before (Vallée et al., 2001).
However, in the previous experiment, polystyrene (n, = 1.58)
wasused instead of PMMA. The calculated lifetime dependence
on the position inside the PMMA film is given in Fig. 5.
Although a lifetime dispersion ranging from 2.2 ns to 7.5 ns
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Fig. 5. Fluorescence lifetime calculated inside the film for an in-plane
(solid line) and out-of-plane (dotted line) oriented dipole.

is expected from dipolar model, the experimental data present
a lifetime distribution from 1.6 ns to 3 ns for molecules far
from the stadium. Confocal single molecule detection mainly
shows in-plane or close to in-plane molecules, because of
the in-plane excitation field component. As a result, the long
lifetimes up to 7.5 ns are not found in the experiment (Vallée
et al., 2001). The presence of a range of lifetimes reveals
the inhomogeneity of the polymer film (Vallée et al., 2001,
2003, 2005).

Lifetime dispersion inside the optical corral

LDOS modulation inside the optical corral. Green’'s dyad
associated with the optical corral embedded into the PMMA
slab is deduced from the bare slab dyad thanks to Dyson’s
equation (Ae = ¢ — ¢, with ¢ the object (gold) dielectric
function (Palik, 1985) and €, = n3 the PMMA dielectric

kp,/kO

Fig. 4. Angular spectrum dependence of the normalized emitted power P(k,). The molecule is placed at the centre of a 35 nm PMMA slab. (a) Parallel
decay rate and (b) perpendicular decay rate. Vertical lines indicate the limits for radiative mode in air (k,/ko < 1) or in substrate (k,/ko < 1.51).
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function) (Martin & Piller, 1998):
G(r, Y, w) = Ggap(r, ¥, )
+ ké/ dr” Ggiap (r, ¥/, 0) Ae(r”, 0)G(Y", ¥, w) .
dots (6)

This self-consistent equation can be numerically solved by
discretizing the gold dots (Girard & Dereux, 1996). Then, the
PLDOS and fluorescence lifetime are obtained from Eqs (3) and
(4), respectively.

The calculated Z-LDOS inside the stadium is shown in Fig. 6.
To avoid time calculation limitations, we consider a single
interface air/PMMA because the substrate and the PMMA
film have very similar optical index. Moreover, we use the
nonretarded (static) form for Green's dyad (Gay-Balmaz &
Martin, 2000). Obviously, this forbids us to take into account
the slab modes discussed above. This point will be discussed
hereafter. The LDOS’s maps show characteristic modulations
inside the stadium as previously studied using a scanning
near-field optical microscope (SNOM) (Chicanne et al., 2002).
The retardation effect (dynamic theory) is included in the
numerical simulations of Fig. 6(b). We present both X-and
7Z-LDOS compared to the bare slab. Because of new boundaries
conditions, similar variations are expected for both in-plane
and out-of-plane molecules. Nevertheless, even in the most
favourable situation (out-of-plane molecule, dynamic theory),
the LDOS decrease (lifetime increase), does not explain the
observed change in the fluorescence lifetime (3% instead
of 35%). Indeed, LDOS variation inside the corral is small.
Nevertheless, these first calculations show that the main effects
appear near the gold dots. We explore this point in more details
in the next paragraph.

air

(@)

PMMA

1.004

Normalized LDOS

1.002

(o] (0] [0] {0] -

YRR

X (um)

Normalized LDOS

Decay channels

A Dbetter insight of the relaxation process can be achieved
throughout Green's dyad formalism. Indeed, applying the
classical point of view for the fluorescence emission, the
dissipative contribution to the fluorescence decay rate writes
(Kuhn, 1970; Jackson, 1998; Colas des Francs et al., 2005):

6
Yaonrad(tm) = 2% / Imle(r, 00)]IG(r. tm. w0) - ul dr.
k() dots
7)

Obviously, the radiative contribution is the difference y .q =
Y — ¥ nonrad- Figure 7 shows both the radiative and nonradiative
decay channels’ contribution to the total decay rate calculated
near one gold pad inside the PMMA film. The real PMMA slab
is considered here.

The number of allowed modes increases dramatically
near the gold pad (Fig. 7a). Figure 7(b) clearly shows that
the dissipative coupling to the metallic nanostructures is
responsible for the opening of new decay channels, hence a
strong quenching of the fluorescence. Finally, as the main
effects occur near the metallic structures, we report in Fig.
8 the lifetime calculated inside the cavity formed by two
gold dots inside the PMMA slab. The distance between the
two pads is fixed at 500 nm, which corresponds to the
experimental mean distance measured in the lithographied
optical corrals. In the centre of the cavity, the lifetime is
near the lifetime calculated in the bare slab (about 6 ns).
However, strong lifetime enhancement of about 15% appears
near the gold dots just before the fluorescence quenching.
This enhancement is only 10% when considering molecules
slightly out of plane (dipole moment making an angle of
30° with the interface plane). This is in good qualitative

air

(b)

PMMA

glass

X (1 m)

Fig. 6. (a) Normalized Z-LDOS inside the stadium corral. The configuration is schematized on the inset: single air/PMMA interface is considered (static
theory). The Z-LDOS is calculated 10 nm below the interface. Scale is saturated to reveal LDOS modulation inside the optical corral. (b) Cross-section
of normalized X-(solid line) and Z-(dashed line) LDOS calculated inside the corral, taking into account the slab configuration (dynamic theory). The
normalization is carried out with respect to the LDOS calculated 10 nm below the air/PMMA interface without gold structures, this in order to reveal

exclusively the stadium effect only.
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Fig. 7. (Colour online) Normalized decay rate y (a) and dissipative contribution y nonraq (b) calculated near a single gold dot embedded into the PMMA
slab. The molecule is located 10 nm below the air/PMMA interface and the abscisse indicates the distance from the dot centre (x = 50 nm corresponds to
the contact). The dipole is oriented along the Ox (solid line), Oy (red dashed line) or Oz (blue dashed-dotted line) axis.
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Fig. 8. Fluorescence lifetime calculated inside the 3D cavity formed by
two gold dots separated by 500 nm (centre to centre) into the PMMA slab.
Other parameters are identical to Fig. 7.

agreement with the measured shift of the maximum lifetime
measured in Fig. 2(d). Therefore, according to Fermi’s golden
rule, the broadening of the fluorescence lifetime distribution
can be attributed to the stadium perturbation of the LDOS.
Indeed, although lifetime up to 7.5 ns can be expected in the
PMMA slab alone for molecules oriented out of plane (see
Fig.5), the experiment is mainly sensitive for in-plane
molecules with lower lifetime. Thus, the fact that a significant
number of molecules show both shorter and longer lifetimes is
attributed to the stadium effect.

Conclusion

Using confocal scanning microscopy, we have measured
fluorescence lifetime of a single molecule near photonic
nanostructures. The observed broadening of the lifetime
distribution compared to molecules far from any structures is

© 2008 The Authors

correlated to the LDOS modulation inside the optical corrals.
Numerical simulations based on dyadic Green’s function
technique identify the channels involved in the relaxation
process, where it is possible to discriminate radiative and
nonradiative decay rate. Moreover, the slab effect on the
radiative decay rate is analyzed. Further investigation is
planned. Particularly, direct comparison between PLDOS
and individual lifetime, taking into account the molecule
orientation, is needed for more quantitative understanding.
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Molecular fluorescence decay is significantly modified when the emitting molecule is located near a plas-
monic structure. When the lateral sizes of such structures are reduced to nanometer-scale cross sections, they
can be used to accurately control and amplify the emission rate. In this Rapid Communication, we extend
Green’s dyadic method to quantitatively investigate both radiative and nonradiative decay channels experi-
enced by a single fluorescent molecule confined in an adjustable dielectric-metal nanogap. The technique
produces data in excellent agreement with current experimental work.

DOLI: 10.1103/PhysRevB.77.121101

The emission characteristic of a single quantum system
excited by an external source of electrons or photons and
interacting with metallic nanostructures is governed by a
subtle balance between the radiative and nonradiative energy
channels available in the vicinity of the metal.! In many ex-
periments, the excitation mechanism generally involves pure
optical>® or electro-optical'®!? processes. For example, in
near field optics experiments, molecules deposited on dielec-
tric surfaces are generally excited by an external laser beam
or by the optical field generated at the tip apex of a near field
optical microscope.*®’ In scanning tunneling microscope
(STM), inelastic tunnel electronic events can also be used to
excite fluorescent molecules.'""!? In spite of the fundamental
difference between these two excitation modes, the fluores-
cence decay of the excited channels is governed by the same
mechanisms. Actually, three emission regimes can be defined
by comparing the absolute value of the fip-molecule distance
to the fluorescence wavelength \,. (i) In the wave zone,'
emission rate smoothly oscillates around the free space value
I'y due to interferences with the sample surface. (ii) When
entering the subwavelength distance range, the total decay
rate of the molecule is significantly modified (enhanced or
partially canceled) by its transition dipole image.'? (iii) At
even shorter distances, ranging from few nanometers to the
physical contact with the metallic structure, a second mecha-
nism tends to increase the total decay rate. This effect, which
is responsible for fluorescence quenching, corresponds to the
opening of a new decay channel by absorption of fluores-
cence photons in the metallic structure itself.”!4%15> Over the
past few years, these well-known physical concepts have
been applied to possible new plasmonic devices, with the
aim of achieving (i) high density integrated photonic compo-
nents, (ii) low threshold detection of biological and chemical
species, and to supply (iii) new molecular-scale characteriza-
tion techniques for biomolecules.!® In this rapidly growing

1098-0121/2008/77(12)/121101(4)
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field, systems consisting of isolated molecules interacting
with noble metal nanostructures are used as prototype mod-
els to test and validate new schemes for active plasmonic
devices. Recently, a new step toward molecular plasmonics
was achieved with the demonstration of the control of fluo-
rescent resonant energy transfer through thin layers of plas-
monic materials.!” These experiments use the excitation of
surface plasmons to enhance and control the efficiency of the
optical transfer between two remote molecular sites. Such
controlled light transfer in highly reduced geometries can
pave the way for future optical technologies, integrable and
scalable down to molecular dimensions.'® Finally, in a
closely related context involving the spatial control of sharp
metal tips or the effective realization of nanoparticle plasmon
waveguides, single molecules are often used as efficient local
sensors for the plasmonic near-field intensity.'” In this Rapid
Communication, we present a fully self-consistent frame-
work relevant for the interpretation of recent experiments
involving molecular quenching and relaxation in a plasmonic
tunable nanogap. Our model includes the complex physics
involved in quantum systems coupled with plasmonic envi-
ronments. In the presence of plasmonic devices that sustain
localized plasmon modes, such an analysis requires a specific
attention to properly include local field enhancements,
Ohmic losses, and radiative decay rates. In particular, we
apply Green’s dyadic method (also called field-susceptibility
technique) to treat these different phenomena in the presence
of finite plasmonic structures.

In near-field experimental setups based either on electrons
or photons detection, the central element is the tip of a me-
tallic stylus that is raster scanned across the sample. We con-
sider the case of such a sharp metallic probe facing a plane
dielectric surface on which N identical fluorescing molecules
have been adsorbed (Fig. 1). The tip is modeled as a parabo-
loid enclosed in a surface of equation Ax’+Ay*=z. The pa-

©2008 The American Physical Society
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FIG. 1. (Color online) Schematics of the geometry used to
model light emission by molecules located in the gap between a
paraboloid metallic tip and a planar dielectric surface. The curva-
ture radius r of the tip apex is fixed at 8§ nm.

rameter A can then be adjusted to modify the sharpness of
the tip. In the numerical scheme used in this Rapid Commu-
nication, the physical volume limited by this surface will be
discretized on a Cartesian grid stacking layers of meshes in a
closed packed arrangement. When we neglect any optical
coupling between the individual molecules, the total fluores-
cence energy released by the sample at the frequency wy is
given by

N
I(R) = X hiogp(ru;, 00)T(r,u;, wp), (1)

i=1
where R;;, labels the position of the tip apex, r; represents

the location of the ith molecule deposited on the surface, and
the units vectors u; have been introduced to define the orien-
tations of their transition dipole moment P,, with respect to
an absolute surface frame. In addition, the two factors
p(r;, o) and I'(r;, w,) define the population rate and the total
decay rate associated with the ith molecule, respectively.
Both quantities depend on the orientation and the location of
the molecules. The first one, I'(r;,u;, ), is given by

2P
I(r,u;,00) =T+ _ﬁeg Im{S(r;,r;, wy)}:uu,;. (2)

The field-susceptibility S(r;,r;, w,) that enters the total decay
rate is defined in Ref. 20. This dyadic tensor describes the
dipolar response of the whole tip-surface system. It obeys
Dyson’s equation that can be numerically solved with an
algorithm that relies on a three-dimensional discretization of
the metal tip.?!

In Eq. (1), the population rate p(r;,u;,w,) is directly re-
lated to the mechanism we used to excite the molecules. For
example, in the case of optical excitations with a laser light
source at the frequency wy, it can be easily obtained from the
Maxwell-Bloch equation scheme (see Ref. 20). In particular,
a two-level molecular model predicts the following Lorentz-
ian law:

Qz(ri,ui’ wL)

45%‘ + Fz(ri,ui, wo) + 2QZ(ri,ui, (l)L) ’

p(r,u;) = (3)

where §,=w;—w, is the detuning factor and Q(r;,u;,w,)
defines the Rabi frequencies at the molecule locations r;. As

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 77, 121101(R) (2008)

indicated by Eq. (3), the molecular population rate p intri-
cately depends both on the Rabi frequency and the excited
state decay rate. The Rabi frequency is proportional to the
optical near-field intensity at the molecule location. The satu-
ration regime occurs when this quantity is significantly larger
than I'. In the case of a two-level model, the population rate
stabilizes around the ratio of 1/2 for zero detuning. In the
following numerical applications, we will assume that this
saturation regime has been reached.

When the tip enters the subwavelength approach distance
range, the total decay rate I'(r;,u;,w,) of the molecules is
significantly enhanced compared to its free-space value I'.
For a selected molecule, which is located at the position r;,
the enhancement factor can be derived from

2P

(v, 00) =T (r,u;, w)/To=1+ h_ljg Im{S(r;,r;, wy) }:uu;.
0

(4)

This well-known phenomenon is associated with an increase
(or decrease) of the local density of available photonic states
when the tip is approaching the molecule.* However, in the
vicinity of dissipative materials, a second mechanism will
significantly reduce the radiative decay rate. This effect, re-
sponsible for fluorescence quenching, corresponds to the ab-
sorption of fluorescence photons by the metallic structure
itself. To compute this dissipated power Q(R,;,), we consider
that each emitting molecule behaves as a fluctuating dipole
defined by

m(7) = P,,u; cos(wt). (5)

In turn, these dipoles give rise to an electric field inside the
metal,

Ezip(rsw()) = E S(l’,l’i, (1)()) ' Pegui’ (6)

which oscillates at the fluorescence frequency w,. The dissi-
pated power Q(R;,) is given by the integral of the square
modulus of E,,(r,,) over the volume occupied by the tip.
This scalar quantity can be normalized by the free-space
power fiwyly. After using Eq. (6), it reads

— 3
Q(Rn’p) = 2_k(3),f E Im[x(w)]|S(r,r;, @) 'ui|2dr’ (7)
tip i

where Im[ x(wy)] represents the imaginary part of the metal
susceptibility. In the numerical work presented in this Rapid
Communication, we have chosen a paraboloid-shaped gold
tip facing a planar glass surface (optical index n=1.5) lo-
cated at the coordinate Z=0. The tip displays a circular cross
section in the (XOY) plane. The aperture angle and tip radius
of the paraboloid are fixed at 30° and 8 nm, respectively. A
volume discretization of the tip based on a hexagonal mesh
is used to compute the retarded field susceptibility around the
system. The molecules, which are characterized by a fluores-
cence wavelength A\, and a natural linewidth I, are adsorbed
at 1 nm from the glass substrate. From Egs. (1), (4), and (7),
we can deduce the total fluorescence signal collected by a
remote detector placed in the far-field zone above the
sample,?

121101-2
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Normalized detected signal

Z(nm)

FIG. 2. (Color online) Total fluorescence signal computed as a
function of the tip-sample distance. Three different fluorescence
wavelengths are investigated: red curve (dark gray) A\g=620 nm,
cyan curve (gray) N\o=534 nm, and yellow curve (light gray) A,
=780 nm. The molecule is perpendicular to the surface.

N
Lio(Ryy,) = gDy 2 plrs;, w)[ (e w0) — Q(Ry;,)].

i=1

(8)

This expression [Eq. (8)] together with Eq. (7) has been
implemented numerically on a parallel supercomputer to in-
vestigate several photophysical properties of molecules
coupled with plasmonic tips. In Egs. (8) and (7), the field
susceptibility S is computed outside and inside the metal by
iteratively solving a sequence of Dyson’s equations. The cor-
responding numerical results are shown in Figs. 2-5. In Fig.
2, a series of three typical tip-molecule distance curves com-
puted for three different fluorescence wavelengths A, shows
the dramatic variation of the far-field intensity [Eq. (8)] when
the molecule approaches the metal quenching zone.

We observe that significant fluorescence quenching occurs
at very short distances from the metallic tip [e.g., few na-
nometers for the red (dark gray) and cyan (gray) curves in
Fig. 2]. In these two examples, the dissipated power totally
cancels the radiative emission rate before reaching the physi-
cal contact of the molecule with the metal. Conversely, at
No=780 nm, this behavior does not occur because the imagi-

. \J

Z=25 nm

700 800 900
A o(nm)

500 600

FIG. 3. (Color online) Variation of the power dissipated by an
arbitrary molecule versus its fluorescence wavelength A,. The

power is normalized to the power #iwyl’ delivered by the molecule
in vacuum.
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FIG. 4. (Color online) Evolution of the far-field intensity as a
function of the fluorescence wavelength (\(). Three approach dis-
tances Z are considered: red curve (dark gray) Z=5 nm, cyan curve
(gray) Z=10 nm, and yellow curve (light gray) Z=15 nm. The sig-
nal is normalized to the power fiwyl’y delivered by the molecule in
vacuum.

nary part of the gold dielectric constant decreases in this
frequency range.

Very recently, Issa and Guckenberger?® have analyzed the
role of the surface plasmon polaritons mode in the relaxation
processes. They separate the local energy transfer to the very
tip and the long range energy losses during the propagation
of the plasmon surface wave along the tip-air interface. In
the present analysis, these two contributions are taken into
account in the nonradiative rate [Eq. (7)]. Generally, let us
note that because of the plasmon propagation at long dis-
tance, direct calculation of the radiative decay rate is ex-
tremely difficult since it includes the energy transported by
the plasmon mode that should be totally dissipated by Joule
effect for infinitely extended gold tip.>»** More generally,
when exploring the visible range spectrum, the simulations
indicate that the fluorescence enhancement varies between
10 and 16. We conclude that energy losses, which are intrin-

FIG. 5. (Color online) Sequence of three maps of the fluores-
cence intensity scattered in the far-field zone The rainbow color
(gray) scale increases from blue (dark gray) to pale red (light gray).
The tip-molecule distance is fixed at 2.5 nm and three orientations
of the transition dipole moments (red arrows) are investigated: (A)
parallel to the sample surface, (B) tilted with an angle of 45°, and
(C) perpendicular to the surface.
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sic to the metal tip, considerably reduce the expected fluo-
rescence amplification effect. The amplitude variation of
these losses can be predicted with our model. In the visible
frequency range, two spectra of the power dissipated in the
gold tip by a single molecule are plotted in Fig. 3 as a func-
tion of the fluorescence wavelength \,. In these two ex-
amples, the molecule is perpendicularly aligned to the sur-
face. We observe well-contrasted signatures of the power
dissipated in the metal as a function of the fluorescence
wavelength \j. Apart from the main plasmon resonance of
the tip (=520 nm), the number of fluorescence photons ab-
sorbed by the metal increases. This phenomenon produces an

enhancement of the normalized factor Q between 8 and 38
when the tip-molecule distance decreases from 25 to 15 nm.
This results can be compared with the spectra of the total
signal collected by a remote sensor (see Fig. 4). Figure 4
shows that the spectral variation of this signal—described as
the difference between two quantities of the same magnitude
order [I(R,,) and Q(Ry;,)}—is generally smoother than the
variation of the sole dissipated power Q(Ry;,). With the gold
tip considered here, the optimal enhancement effect is ob-
tained when working with fluorescence wavelengths A be-
tween 520 and 630 nm.

To conclude this analysis, Fig. 5 shows a sequence of
three maps for the normalized detected signal. The maps are
computed by scanning the tip in the constant distance mode.
The planar glass sample supports three identical fluorescing
molecules for which three molecular orientations have been
investigated, keeping the same tip-sample distance (2.5 nm).
In the first map [Fig. 5(a)], the transition dipole moments are
parallel to the surface. In this geometry, individual molecules

RAPID COMMUNICATIONS
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appear as elongated depressions perpendicularly oriented to
their transition dipoles and surrounded by two-lobed pat-
terns. Furthermore, the two closest molecules simulated in
this figure exhibit a pattern with three lobes and two depres-
sions, which is in fairly good agreement with the results of
Ref. 14. In the second map Fig. 5(b), the dipole moments are
tilted out of the sample plane with an angle of 45°. Here,
each molecule produces an asymmetrical protrusion with a
small depression localized on its right side. Finally, these
patterns gradually transform into regular truncated conical
protrusions with a small depression on their apex when the
molecules are perpendicularly aligned to the surface. These
orientational behaviors are found in perfect agreement with
recent experimental data measured in similar tip-sample
geometries.®7-14

To summarize, we have described a versatile scheme well
suited for describing and predicting photophysical mecha-
nisms triggered by the vicinity of complex plasmonic de-
vices. When applied to an adjustable plasmonic nanogap ge-
ometry, this framework successfully reproduces experimental
signals. Consequently, this numerical tool can be used to
support current experimental work developed in the field of
molecular plasmonics. In particular, it can be applied to any
geometrical configuration, to the accurate computation of the
dissipation losses, and to the research of strategies to mini-
mize them. Finally, by introducing an appropriate model for
the excitation rate parameter p(r;,u,), the method could be
extended to the description of optical relaxation of single
molecules located in an STM nanogap.'®!!

This work was supported in part by the European Net-
work of Excellence (NoE) Plasmo-Nano-Devices (Contract
No. 507879).
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The guiding properties of polymer waveguides on a thin gold film are investigated in the optical
regime. The details of propagation in the waveguides are studied simultaneously in the object and
Fourier planes, providing direct measurement of both the real and imaginary parts of the effective
index of the guided mode. A fair agreement between theoretical analysis provided by the differential
method and experimental leakage radiation microscopy data is shown. All these tools bring valuable
information for designing and understanding such devices. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2824840]

Due to their high bandwidth, integrated optical compo-
nents have raised considerable interests in the race to over-
come data transfer limitation in electronic circuits. For in-
stance, interconnections between chips realized in the optical
domain could significantly increase their bit rate. Among the
different existing optical waveguiding technologies, poly-
meric elements lying on a metal film offer a number of ad-
vantages. On the one hand, they dispose of a high index
contrast required for large scale integration and, on the other
hand, the presence of a metal layer let foresee the possibility
to develop plasmonic components, which present interesting
properties such as field confinement and exaltation at
dielectric/metal interfaces.’ Compared to silicon-on-insulator
technology, these waveguides are intrinsically lossy. How-
ever, they are still of interest when propagation lengths in-
volved are short, typically a few tens of micrometers. It is
notably true in the near-infrared domain, i.e., standard tele-
communications spectral bands, where the losses associated
with noble metal substrates are relatively low.

The integration of polymer onboard interconnects re-
quires the understanding and optimization of light propaga-
tion in basic structures such as the straight waveguide. Such
structures were theoretically investigated by the effective in-
dex model and by finite elements analysis, in particular for
structures supporting plasmon modes.” Propagation losses
of 0.1 dB/um have been calculated for a wavelength of
1550 nm and the preliminary guiding demonstration was ex-
perimentally observed on metal/polymer structure” (for X\
=632.8 nm). Closely related, SiO, dielectric waveguides
(straight and bent) have also been investigated and propaga-
tion lengths versus bent radii were characterized™® (for A
=800 nm). However, the use of polymer waveguides instead
of SiO, brings additional advantages. The polymers are
widely accessible, presenting a variety of chemical and opti-
cal specificities, sensibilities, and dopings. The latter feature
can be of importance in the development of active and dy-
namic functionalities (modulators or switches, for example)
addressed either optically or electrically.

“Electronic mail: sebastien.massenot@u-bourgogne.fr.

0003-6951/2007/91(24)/243102/3/$23.00

91, 243102-1

The recent interest for dielectric elements on metal films
increases the need of powerful design and characterization
techniques and it is the aim of this letter to present suitable
tools. The structures are modeled using the differential
method, which is particularly suited in the investigation of
this kind of waveguide since it calculates the field inside and
outside the waveguide and provides the complex effective
index of the guided mode. The characteristics of the
waveguides are experimentally measured bg direct and Fou-
rier plane leakage radiation microscopy.7_1 This dual-plane
imaging technique allows to retrieve the real and imaginary
parts of the effective index of the supported modes without
requiring advanced scanning near-field imaging techniques”
or mode profiling of the output end.

The geometry of the structure is schematically shown in
Fig. 1. It consists of a polymer waveguide composed of poly-
methylmethacrylate (PMMA) (refractive index n,,) deposited
on a gold metal layer (50 nm thick, refractive index n,,) lying
on a glass substrate (refractive index n;). The waveguide is
illuminated from the substrate with a plane wave or a Gauss-
ian beam with an angle of incidence 6 and an azimuth &. §
=90° corresponds to an incident wavevector parallel to the

Incident 0

longitudinal axis of the waveguide.
%
wave yf_
"X

Substrate n ]
1 l—"'\-:’/

AZ

R
Metal layer n,, d |
Waveguide n,, hI

Superstrate n, T»

FIG. 1. (Color online) Sketch of the polymer waveguide studied and asso-
ciated notations.

© 2007 American Institute of Physics
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FIG. 2. (Color online) (a) Fourier plane (reflectivity map of the structure)
for a TE polarized incident plane wave. (b) Normalized intensity profile of
the TE mode supported by the structure. (c) Mode profile at z=-0.1 um. (d)
Calculated intensity distribution along the longitudinal axis.

The excitation condition of a guided mode in the struc-
ture is given by the phase matching condition:'2
kon, sin @sin 5=R(B) =k R(n.) (1), where k, is the free-
space wavevector, 3 the propagation constant of the consid-
ered guided mode, and n.g, its associated complex effective
index (nge=v+ta). The real part of ny is used in Eq. 1
because of the presence of the metal layer which is a source
of Ohmic and radiative losses. The propagation length of the
mode, corresponding to the attenuation of the intensity at
1/e, is defined by L,=\q/4ma, where \ is the wavelength
in vacuum.

This waveguide structure is theoretically analyzed using
the differential method," originally dedicated to the study of
diffraction gratings. It is relatively easy to extend this
method to a nonperiodic structure by avoiding coupling ef-
fects between the periodic units and considering a grating
period much larger than the typical lateral extension of the
mode supported by the system of interest. A scattering matrix
algorithm helps to propagate in the different layers of the
structure without numerical instabilities."* By using angular
spectrum decomposition, it is possible to extend the calcula-
tion to arbitrary excitation proﬁles.15

Following notations of Fig. 1, the parameters of the con-
sidered waveguide are n;=1.5, n,=1.493, n,=1.0, d
=50 nm, ~#=300 nm, w=350 nm, and A=632.8 nm. The re-
fractive index of gold n,, is calculated from Ref. 16 with
piecewise cubic Hermite interpolation. By analyzing the re-
flectivity of this structure for all the angles 6 and &, Fourier
planes can be established (they contain the spatial informa-
tion associated to the angular response of the structure). Fig-
ure 2(a) shows the reflectivity map calculated over 30°<< 6
<89° and 0°<6<90° for TE incident plane waves. The
darker areas in Fig. 2(a) are regions of lower reflectivity. A
horizontal dark fringe is observed, that corresponds to a con-
stant value of the k, component of the incident wave. Fol-
lowing Eq. (1), this line can be interpreted as being the sig-
nature of a guided mode in the structure. The position of the
line gives a direct measure of the real part of the mode ef-
fective index, here v=1.095. The single mode operation is
confirmed by Figs. 2(b) and 2(c) showing the calculated dis-
tribution of intensity across the waveguide. To estimate the
propagation length of the mode, the evolution of the intensity

Appl. Phys. Lett. 91, 243102 (2007)
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FIG. 3. (Color online) Principle of leakage radiation microscopy.

along the waveguide is calculated by replacing the plane
wave illumination by a Gaussian excitation. Figure 2(d)
shows an exponential decay of the intensity with a charac-
teristic length L,=5.2 um.

To experimentally verify the theoretical values of the
complex effective index of the guided mode, polymer
waveguides were fabricated on a 50-nm-thick gold layer us-
ing standard electron-beam lithography and the size param-
eters were those used in the calculations.

The waveguide was optically characterized by leakage
radiation microscopy.7’8’17 This method uses optical index
matching through a high-numerical aperture lens to collect
radiation losses occurring in the waveguide during propaga-
tion. These losses are mainly emitted into the substrate
through the gold layer. Imaging this leakage radiation gives
valuable information of the guided mode structure. A sche-
matic of the setup is shown in Fig. 3. Depending on where
leakage radiations are detected on the optical path, the image
can be conjugated either with the object plane or with the
Fourier plane, thus, permitting to access both direct and re-
ciprocal spaces.g’ The guided mode was excited here using
a diascopic illumination with a 20X objective opened at 0.35
numerical aperture. Scattering on a waveguide defect gener-
ates a continuum of wavevectors, some of them fulfilling the
condition given by Eq. (1), thereby exciting the supported
mode. In this case, two counterpropagating modes are ex-
cited [see Fig. 4(a)]. The polarization direction was aligned
perpendicularly to the axis of the waveguide and parallel to
the substrate (TE). Contrary to Fig. 1, this setup is not a
measure of the reflectivity. Only the leakage radiations col-
lected by the immersion objective will be detected and the
signature of the guided mode in the Fourier plane will appear
as a bright line and not as an absorption dip.

Guided mode

FIG. 4. (Color online) (a) Optical micrograph of the polymer waveguide
fabricated on a gold substrate. Leakage radiation microscopy observations
of the propagation in the waveguide: (b) imaging plane and (c) Fourier
plane.
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Figure 4(b) is the corresponding leakage image acquired
in direct space showing the mode propagating from top to
bottom inside the polymer waveguide (the excitation area is
outside the field of view of the camera). An exponential fit of
the intensity along the waveguide gives a propagation length
L,=4.8+0.5 um in good agreement with the calculated
value. The intensity distribution in the waveguide demon-
strates the single mode nature of the mode. This characteris-
tic is confirmed by the reciprocal Fourier image, shown in
Fig. 4(c). The signature of the guided mode appears as a
single bright horizontal line in Fourier space corresponding
to the propagating mode, displayed in Fig. 4(b) [two lines are
present; they correspond to the two counterpropagating
modes, as shown in Fig. 4(a)]. It is worth to note that these
lines are the direct consequences of the field confinement of
the guided mode in the tranverse direction. Indeed, the Fou-
rier transform of such a confined field distribution features
necessarily a wide angular spectrum in the transverse (i.e., x
axis) direction and a single value of the wavevector in lon-
gitudinal direction corresponding to the propagation constant
of the guided mode. Additionally, the thin film surface plas-
mon excitation appears as a bright ring in the image (as a
polarized beam is focused on the structure, it contains verti-
cal components of the field allowing the excitation of a sur-
face plasmon). The large central band simply reveals light
diffraction perpendicular to the line structure. Knowing the
full numerical aperture of the excitation and the collection
objectives, it is easy to calibrate the image and extract
R(neg) of the guided mode. From the image, a value of v
=1.08+0.03 is obtained, which is also in very good agree-
ment with the theoretical value given by the differential
method.

In conclusion, polymer waveguides lying on a metal film
have been studied by using the differential method and leak-
age radiation microscopy in direct and reciprocal spaces.
These numerical and experimental tools are providing pow-
erful characterization of the nature of the modes propagating
inside the structure. In particular, the complex effective index
of the modes can be theoretically estimated and experimen-

Appl. Phys. Lett. 91, 243102 (2007)

tally determined. Fair agreements have been obtained. These
techniques are well suited to characterize dielectric-loaded
surface plasmon waveguides (or other structures presenting
radiation losses) and to evaluate their potential for informa-
tion processing devices.

The authors gratefully acknowledge S. I. Bozhevolnyi
and T. Holmgaard for initial design inputs. This work was
financially supported by the European Commission (PLAS-
MOCOM Project EC FP6 IST 034754 STREP).
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Abstract: This paper demonstrates the efficiency of the differential
method, a conventional grating theory, to investigate dielectric loaded
surface plasmon polariton waveguides (DL SPPWSs), known to be a potential
solution for optical interconnects. The method is used to obtain the mode
effective indices (both real and imaginary parts) and the mode profiles.
The results obtained with the differential method are found to be in good
agreement with those provided by the effective index method or finite
elements. The versatility of the differential method is demonstrated by
considering complex configurations such as trapezoidal waveguides or
DL SPPWs lying on afinite width metal stripe.

© 2008 Optical Society of America

OCIScodes: (130.2790) Guided waves; (240.6680) Surface plasmons; (050.1960) Diffraction
theory.
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1. Introduction

Optical interconnects are promising for very short distance communications applications in
their ability to support higher bandwidths than conventional metal wires or stripes used for car-
rying data from board to board, chip to chip or component to component within a single chip.
Several solutions have been studied including free-space (substrate-mode holograms, grin sub-
strates for example) [1, 2], plastic optical fibers or integrated optics [3]. In alogic of massive
integration, the latter solution seems the more suitable especially if the refractiveindex contrast
of the componentsis high. This can be obtained with Silicon On Insulator (SOI) technology or
metal based components for example. If SOI is a more mature technology, metal based inte-
grated componentskeep apotential practical interest since they can combine both the electronic
and optical properties of metals by using surface plasmon polaritons (SPP).

If SPP are generally propagating along a metal / dielectric interface, it is preferable to con-
fine them in the lateral direction by using metal stripes or dielectric loaded surface plasmon
polariton waveguides (DL SPPWs) on a metal film [4, 5]. The latter are the more promising to
confine SPPs in submicron structures hence their interest for large scale integration. The fact
that DL SPP waveguides are intrinsically lossy due to the presence of the metal is not necessary
an inconvenient if propagation lengths involved are not too high in order to keep a sufficient
signal to noise ratio. It is well known that surface plasmon based devices are strongly polar-
ization dependant and intrinsically not well suited for telecommunications applications. If low
polarization dependance is a crucial parameter for transport and access networks due to the
presence of polarization dependant losses, it isa criteriaof lower relevance for on-board optical
interconnects hence the possibility of using surface plasmon polaritonsto carry the information.

DL SPPWs have recently rise a great interest [5-11], in this context, it is highly desirable to
dispose of suitabletoolsfor the design of the waveguides. In particular, it is of great importance
to assess the fundamental properties of these waveguides such as the complex effective index or
the cross-section mode profile from which the mode confinement, the propagation length (such
waveguides areintrinsically lossy) or the optimum coupling conditions can be determined. The
goa of this paper is to demonstrate the suitability of a diffraction grating theory known as
the differential method to study DL SPPWs. In this respect, the differential method can be an
easy-to-implement alternative to more conventional method such as FDTD or finite elements.
In section 2, the principle of the differential method is reminded and the modifications allowing
the study of DL SPPWs are presented. Next a comparison with results obtained for DL SPPWs
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with other numerical methods, effective index (EIM) and finite elements (FEM), is given in
section 3. Once the reliability of the differential method has been established for modelling
DL SPPWs, the properties of waveguides having triangularly shaped profile or lying on afinite-
width metal stripe are investigated in section 4.

2. Presentation of the differential method
2.1. Principle

The differential method belongs to rigorous vector diffraction theories. It allows the study
of diffraction grating and more generally periodic media [14]. Several works during the last
decade [15] improved the performance of this method especially in terms of convergencerate
and numerical stability. The aim of this section isto remind briefly its principle.

The geometry of the problem to be solved is shown in Fig. 1. It is comprised of a modul ated
layer (e.g. the grating) and two homogeneous semi-infinite media (noted | and I11 in Fig. 1).

7
E —_—
Kinc
6

s

Medium | l v X
Y -1 5
Medium il T [

z

<

Fig. 1. lllustration of the notations used by the differential method for alamellar grating in
conica diffraction.

A isthe grating period, 6 the incident angle, § the azimuthal angle (8 # O correspondsto a
conical diffraction regime), ¥ is the polarisation angle in the local system of axis of the field
and t the grating thickness.

The method relies on the fact that the electromagnetic field is pseudo-periodic in the modu-
lated layer. Thisfield can Fourier-expanded and injected into Maxwell equations. From this, the
field in the two homogeneous media on both sides of the grating can be written as plane-waves
series called Rayleigh expansions. For example, the more general form of the E, component of
thefieldisgivenin Eq. 1:

B (xy2) = X Avepli (kimx+ky—kihz) | +Bf emli (hx+ Ky +kihz) | (@
m=—N
where kilh = konisin6 coss +m2Z, k") = konisin0siné and kith = [k3n? — k2, — k] "
(ko being the vacuum wavevector, ko = 2 /1).

Anm and By, are the Rayleigh coefficients and correspond respectively to the amplitudes of the
downgoing and upgoing waves of the structure. N is the number of Fourier harmonics retained
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for the calculation. The output of the differential method is the set of A, and By, coefficients
inmedial and 111 from which the diffraction efficiencies of the grating can be computed.

The computation of A, and By, coefficients requires the propagation of the electromagnetic
field through the modul ated region. Writing Maxwell-Faraday and Maxwell-Ampére equations
leads to alinear system of coupled differential equations for the transverse components of the
field Ex, Ey, Hyx and Hy. By introducing the Fourier expansions of each field component (using
the correct factorization rules [14]), one obtain a system that can be noted:

dF
dz
where F = [EX EY, HX HY]", the size of this system is 4(2N+1) (subscript m corresponds to
the m™ Fourier harmonic of the field component). Two different cases can be considered: if the
profile of the grating is constant along the vertical coordinate (lamellar grating for example),
the system 2 has constant coefficients and it can be solved by calculating the eigenvalues and
eigenvectors of matrix M. In the other case, M = M(z) and the system is solved by a stan-
dard routine for ordinary differential equations. An exampleis given in section 3.2.1 where a
trapezoidal profileis considered.

Practically the computation of the unknowns of the problem (the Rayleigh coefficients) can
be achieved by means of a shooting method leading to the scattering matrix of the modulated
zone. At this stage it is worth to note that the use of a scattering matrix instead of a transfer
matrix to describe the propagation of the electromagnetic field through the modulated zone is
necessary to prevent numerical contaminations [15]. Once the scattering matrix of the grating
is known, the electromagnetic field can be computed from the Rayleigh expansions in each
homogeneous medium surrounding the structure. In addition, it is also possible to consider
modelling of multilayer structures comprising either homogeneous (with arbitrary dielectric
permittivity) or periodically modulated layers (having the same period as the initia grating).

M(z)F 2

2.2.  Modelling DLSPPWs with the differential method

Asremindedin the previous section, the differential method is dedicated to the study of periodic
objects. However this method can also be used to investigate isolated structures provided that
the grating period is large enough in order to avoid coupling effects between isolated el ements.
A typical DLSPPW structureisshownin Fig. 2(a). A dielectric waveguideis|loaded on a metal
layer. A TM polarized incident light field with a plane of incidence parallel to the longitudinal
axis of the waveguide (6 = 90°) is used to excite the guided modes (see Fig. 2(b), the incident
wave comes now from the bottom of the structure for convenience contrary to Fig. 1). By
adjusting the angle of incidence 6, the ky component of the incident wavevector can be chosen
such that it matches the phase constant of the considered mode allowing a selective excitation
of either the modes guided within the dielectric stripe or the surface plasmon at the gold / air
interface.

Because of the presence of the metal, the modes supported by DLSPPW are intrinsically
lossy. For afull characterization of these modes, the complex effective index (Neff = v +10t)
and the mode profile inside and outside the waveguide must be computed.

Thereal part v of the effective index can be obtained from the computation of the reflectivity
of the structure versus 6. Indeed, as expected for an ATR (Attenuated Total Reflection) setup,
the excitation of a guided mode manifestsitself as an absorption dip into the reflectivity angular
spectrum. The real part of the effective index is then computed from the angular position 6 of
thedipby v =n;sin6sind (6 = 90° in this case).

For the computation of o, the most straightforward solution consists in searching for the
poles of the scattering matrix of the structure. However, from a numerical point of view this
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Fig. 2. lllustration of adielectric loaded surface plasmon polariton waveguide, cross-section
(a) and excitation scheme in ATR along the longitudinal axis of the waveguide (b).

technique requires the use of optimisation routines searching for complex roots that are rather
time consuming. A less elaborate, but numerically more efficient solution to compute « is to
excite the structure with a finite size beam and to determine the 1/e damping distance L spp of
the field intensity guided mode [16]. In this way, « is obtained according the relation L spp =
A /4mo. The excitation of the guided mode with a finite-size beam is performed by using a
plane wave decomposition of a gaussian beam (see [17] for example). Expression 3 gives the
amplitude of the Gaussian beam and its angular spectrum (plane wave) decomposition. For the
numerical simulations, this decompositionisfirst restricted to aan interval of valuesfor ky and
ky and then converted to a discrete sum. Each plane wave of the decomposition is associated to
acoupleof angles (6, 6) (see[17] for example).

Einc=exp|—

2,12
// [ k+k) ]eXp[i(kxX+kyY)]dkxdky (©)

Then, the total field is reconstructed and the near field intensity above the waveguide (in the
xy plane) can be computed. An exponentia fit along the longitudinal axis of the waveguide

with the formula |l = y

provides directly the damping distance (hence o). To

spp

simplify the problem and to reduce the computationtime, it is possible to use atwo-dimensional
Gaussian beam instead of the expression given by Eqg. 3 (the beam isinfinite along the x-axis).

Concerning the mode profiles, they are cal cul ated in the case of asingle plane wave excitation
with an angle of incidence 6 = arcsin (—9{(2‘? f) > . The profiles are obtained by performing an
additional integration of Maxwell equations by taking as initial values the field components
obtained from solving the two-point boundary value problem. In addition to the mode profile
in the cross-section, it is possible to obtain the confinement factor I" of the considered guided
mode (I" is defined as the ration between the mode power in the waveguide and the whole

space).
3. Application of the method to DL SPPWs

3.1. Rectangular profile

In this section, the fundamental mode supported by the DLSPPW structure shown in Fig. 2 is
studied. It corresponds to the plasmon mode confined along the metal / dielectric interface [5]
contrary to conventional waveguides where the energy is usually located near the center of
the guide. Without dielectric, only the metal / air plasmon mode exists with an effective index
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To check the validity of the differential method, several profiles have been studied especially
by changing the width of the dielectric waveguide (all the other parameters being unchanged
compared the reference structure). The complex effective indices have been determined and
compared to those obtained with FEM and the effective index method EIM [5], whichis known
to be an approximate method rather easy to implement [13]. Theresults are givenin table 1 for
both the real part of the effective index and the damping distance.

Table 1. Comparison of the results obtained by the differential method (DM) to those pro-
vided by the Effective Index Method (EIM) and Finite Elements (FEM) for waveguides of
different widths (t=600 nm, ny = 1.535, nyy = 0.55+ 11.51 and A = 1.55 um)

Waveguidewidthw (nm) [ 200 300 400 500 600 700 800

R neff) DM 1064 1.133 1198 1250 1291 1.323 1348
R (err) FEM 1064 1133 1198 1250 1291 1.323 1348
R (ness) EIM 1094 1162 1221 1268 1305 1.334 1.357
Lspp (um) DM 804 591 501 460 440 428 422
Lspp (um) FEM 813 591 501 464 444 428 422
Lspp (um) EIM 89.7 634 530 481 455 440 432

Good agreements are observed between the different methods, which validates the use of
the differential method for studying DLSPPWs. The differences in the propagation lengths
obtained with the differential method and FEM could be due to the quality of the exponential
fitting, whereas the approximate nature of the EIM is at the origin of the discrepancies.

The intensity distributions of the guided modes in the cross-section of different waveguides
are shown in Fig. 4. For these four waveguides, the fundamental mode is clearly confined at
the metal / dielectric interface demonstrating the plasmonic nature of this guided mode. The
confinement factor I" has been cal culated for each waveguide and the best value is obtained for
the 600 nm x 600 nm waveguide (I'=72.2%). The high field intensity observed at the top of
the waveguide especially for the case 300 nm x 300 nm is due to the discontinuity of the E,
component of the electric field and that the mode tends to behave as the plasmon mode of the
gold/ air interface.

3.2. Extension to other structures
3.2.1. Trapezoidal profiles

Practically, DLSPPWsarerealized by UV or e-beam lithography and their profilesare generally
not perfectly rectangular due to proximity effects or exposition parameters. It is then important
to know the impact of the realistic waveguide profile on the propagation properties. The case
of trapezoidal waveguidesis considered first since it has been observed that such profiles can
be obtained for specific exposure parameters in photolithography. It can be anticipated that the
effective index of the modes supported by a trapezoidal DL SPPW will be different from that
of arectangular waveguide, however the impact of the waveguide geometrical profile change
onto the damping distance of the guided mode is not straightforward and desserves a carefulll
examination.

Keeping the same notations as in Fig. 2, the trapezoidal profile of the waveguidesis defined
by two parameters wy and wy corresponding to the width respectively at the top and the bottom
of the waveguide (Fig. 5). In all the subsequent calculations, w is kept at 600 nm whereas wq
is changed from 600 nm to 510 nm.

The real effective index and the damping distances of the fundamental mode supported by
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Fig. 4. Intensity mode profiles and confinement factors T" for DLSPPWSs having different
structural parameters (thicknesses and widths).
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Fig. 5. lllustration of the studied trapezoidal DL SPPW.

each waveguide are given in table 2. For decreasing values of w1, a decrease of the real part
of the effective index of the guided mode is observed. This can be understood from the re-

duction of the waveguide cross-section surface when decreasing w ;. One can also observe that
the change of waveguide geometry does not impact significantly the damping distance L spp
leading to the conclusion that tolerance exists on the fabrication parameters of the DL SPPW.

This conclusion is supported by the results obtained in the case of atriangularly shaped cross-

section waveguide obtained with w1=0 nm and w,=600 nm. In this case, the real part of the
effective index of the mode is, as expected, significantly lower than for the rectangular profile
(nefr=1.161) whereas the damping distance is only reduced by 5% for the triangular waveguide
(Lspp=42 um) compared to the rectangular one. This rather weak impact of parameter w 1 onto
the attenuation constant of the guided modes can be understood from the fact that the modes
we consider originate from a SPP resonance and thus exhibit a field confinement at the surface
of the metal. It is then likely that the properties of those modes are more affected by the metal

/ dielectric interface conditions rather than by a change in the volume of the waveguide.

3.2.2. Rectangular waveguide on afinite-width metal stripe

In this last paragraph, a situation that is of practical interest in the perspective of DL SPPW
integration is investigated. A rectangular DLSPPW is lying onto a finite-width metal stripe
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Table 2. Caculated effective index and propagation length for different trapezoidal DL SP-
PWswith the differential method
w1 (nm) 600 570 540 510
\% 1291 1286 1276 1.269
Lspp (um) 440 446 454 46.02

instead of an infinitely extended thin metal film (see Fig. 6(a)). It has been aready shown that
plasmonic waveguides consisting of metal stripe have a cutoff width [18, 19]. The goal of this
calculation is then to establish the minimum width of the metal stripe that does not degrade
the propagation length of a given DLSPPW. To that aim the 600 nm x 600 nhm waveguide
investigated in section 3.1 is considered. It is deposited on a metal stripe of different widths.
From anumerical point of view, this situationis modelled with the differential method as a stack
of two lamellar gratings having the same period. The propagation lengths obtained for metal
stripe width ranging from 0.8 um to 4 um are plotted in Fig. 6(b) and it is shown that a metal
stripe width of 3 um is necessary to recover a propagation length similar to that of an infinite
thin gold film (noted Lgpp in Fig. 6(b)). This result can be attributed to the larger damping
distance of the SPP modes supported by metal stripes compared to an infinite thin film and
demonstrates unambiguously the plasmonic nature of the fundamental mode supported by the
DL SPPW.
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Fig. 6. (a): lllustration of a DLSPPW on a finite-width metal stripe; b: Evolution of the
propagation length of the guided mode according the width of the metal stripe. The para-
meters are w=600 nm, t=600 nm and h=100 nm.

4. Conclusion

In summary, The suitability of the differential method for studying dielectric-loaded surface
plasmon polariton waveguides has been demonstrated. This numerically effective method
providesresultsin excellent agreement with those obtai ned with more sophisti cated techniques,
such as the finite element method for example. The versatility of the differential method has
been used to investigate DL SPPWSs with realistic profiles. In particular, it has been shown that
the properties of DL SPPWs are not significantly modified by changing the geometrical profile
of te waveguides, provided that these changes do not impact the metal / dielectric interface.
In addition, it has been shown that when deposited on a metal stripe, the damping distance
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of the DLSPPW modes depends drastically on the stripe width. This property that proves
unambiguously the plasmonic nature of the DLSPPW modes must be taken into account for a
practical implementation of such waveguides.
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