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Abstract

Sinusoidally patterned metallic surfaces, known as plasmonic gratings, constitute one of the
principal structures which allow to achieve the coupling between an incident light beam and a
Surface Plasmon Polariton mode. A variety of phenomena are available when the grating is
rotated of an azimuthal angle with respect to the incidence plane.

Aim of this wo rk is a comprehensive investigation of the propagation properties of the surface
mode under this configuration, correlating the role of the anisotropy introduced by the grating to
the position and shape of the plasmonic resonance dip in the reflectance spetra. Analytical
models and physical interpretations are provided; both experimental and computational means
are exploited in order to validate the models, including the observation of innovative effects. Thin -
film coupled modes, the Long Range and Short Range Surface Plasmon Polaritons, are studied
and experimentally observed in the azimuthally rotated configuration.

Special attention is paid to the role of the plasmon radiative losses, due to the scattering by the
grating. Their dependence on the grating amplitude and the plasmon propagation direction is
unraveled, and correlated to the width of the observed plasmonic resonances.

The outcomes of these analyses lead to the evaluation of the sensitivity and Figure of Merit
achievable when the considered corfigurations are exploited in the framework of Surface Plasmon
Resonance sensing.

The developed concepts and methods are proved to be valuable toolsto predict and understand
the response of actual plasmonic structures applied as sensing devices against gaseous analytes.
Experimental tests of the plasmonic platforms as TNT, hydrogen and aromatic compounds
sensors are reported, giving promising results. A particularly remarkable experiment is the
combined exploitation of Long Range modes and azimuthally rotated configuration to sensibly

enhance the performance of a xylene sensor.






Sommario

Superfici metalliche con modulazione sinusoidale, note come grating plasmonici, costituiscono
una delle principali strutture che per mett ono di ottenere | daccoppi amen
incidente e un Plasmone Polaritone di Superficie. Una varieta di fenomeni sono accessibili quando
il grating viene ruotato di un angolo azimutale rispetto al piano di incidenza.

Scopo di questo lavoro € uno studio approfondito delle proprieta di propagazione de | modo di
superfice i n questa configurazione, correlando il ruol o d
la posizione e forma del dip di risonanza plasmonica negli spettri in rifletta nza.
Vengono presentati modelli analitici e interpretazioni fisiche; metodi sia sperimentali che
computazional. vengono i mpiegat.i per val i dare i mo (
effetti. | modi accoppiati di film sottile, ovvero i Plasmoni Long Range e Short Range, vengono
studiati e osservati sperimentalmente nella configurazione ad azimuth ruotato.
Una particolare attenzione € dedicata al ruolo delle perdite radiative del plasmone, dovute allo
scattering da parte del grating. La loro dipendenza dal | 6 ampi ezza del grating e
propagazione del plasmone é spiegata, e correlata con la larghezza delle risonanze plasmoniche
osservabili.
| risultati di queste analisi conducono alla valutazione delle sensibilita e Figura di Merito che si
possono ottenere quando le configurazioni considerates ono sfruttate nell 6ambito
a Risonanza Plasmonica di Superficie.
| concetti e metodi sviluppati si dimostrano strumenti di valore per predire e interpretare la
risposta di strutture plasmoniche reali, applicate come dispositivi di sensing verso analiti allo stato
gassoso. Le piattaforme plasmoniche vengono testate come sensori per TNT, idrogeno e composti
aromatici, con risultati promettenti . Un esperimento particolarmente interessante N | uso
combinato dei modi Long Range e della configurazione ad azimuth ruotato per incrementare

notevolmente le performance di un sensore di xylene.
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Preface

Plasmonics is the branch of Nanophotonics that studies the interaction of optical-frequency
electromagnetic waves with collective electronic excitations in metal films or nanoparticles, called
Surface Plasmons.

Strong enhancement of the electromagnetic field and 1D or 2D confinement at sub-wavelength
scales, sensitivity to changes in the environment and optical non-linearity are among the
remarkable effects related to Surface Plasmons, that make them a valuable resource for application
in fields like biosensing, nanoelectronics, energy harvesting, optical communications.

If the first observations of effects ascribable to the existence of Surface Plasmons date back to
one century ago, only the last decades showed a breakout of this field, leading to cross
disciplinary researches worldwide.

The main reason is related to the advancements in nanofabrication and characterization
technologies, which provided the possibility to realize and study suitable structures for the
excitation and manipulation of Surface Plasmons; in fact, features at the nanometer scale are
needed to this aim.

In parallel, improved computational power allows today full modelling and design of the
structures before actual fabrication.

This thesis is devoted to the study of propagating plasmonic modes, known as Surface Plasmon
Polaritons, on nanostructured metallic surfaces, and to their application to gas sensing devices.

Surface Plasmon Polaritons (SPP) are surface waves, localized at an interface between a metal and
a dielectric, or in a thin metal film immersed in a dielectric environment, and propagating along it.
Since their momentum is higher than the one of free radiation at the same frequency, they cannot
be directly excited by light in normal conditions.

In the present work, the chosen strategy to provide extra momentum is diffraction, obtained by
modelling the metal surface with a sinusoidal pattern of period of some hundreds of nm,
comparable to the visible light wavelength. With this approach, a Surface Plasmon Polariton can
be excted by illuminating the surface under the conditions that provides momentum -matching,
called Surface Plasmon Resonance conditionswhich appear as a dip in the reflectance spectrum.

When the surface mode is excited, the electromagnetic energy comes to be strongly confined in
the proximity of the surface, with the fields evanescently probing the surrounding environment.
Any change in the refractive index of the medium have the effect t o alter the propagation constant
of SPPs; then it comes natural to exploit them as probes for surface analysis and sensing devices.

A gas sensor is adevice capable to recognize the presence of a specific analyte in the environment
and traduce it into an electrical or optical signal. The principle of Surface Plasmon Resonance
sensing is to bind the analyte molecules close to the metal surface, thus causing a change in
refractive index of the dielectric medium probed by the evanescent fields of a propagatin g surface
mode; the consequent alteration of the propagation constant of the mode affects the reflectance
spectrum, appearing as a shift of the dip.

In this framework, a sensitive layer capable to selectively and efficiently capture the analyte
molecules has to be deposited over the metallic grating; thus the same plasmonic platforms can
then be exploited towards different analytes, possibly chemical or biological in nature, in liquid or
gaseous environment, finding applications in different fields includi ng medical diagnostics,
environmental monitoring, food safe and security .



This is the reason why the research for plasmonic sensing devices involve many different
specialists, from chemists to biologists for the sensitive layer optimization, together with
physicists, material scientists and engineers for the investigation and characterization of the SPPs
properties and for design, nanofabrication and characterization of the structures.

Of particular interest are the modes supported by metallic films of sub -wavelength thickness
immersed in a symmetrical dielectric environment. Under these conditions, an hybridization of
the surface modes of the two interfaces of the film occurs, resulting in two hybrid modes with
different momentum for each frequency: a Long Range SPP and a Short Range SPP.

The first aim of this thesis was to provide an extensive investigation of the excitation of SPPs by a
grating coupler and their propagation along an arbitrary direction with respect to the grating
grooves, i.e. their propagation on an anisotropic surface. The results, in addition to their intrinsic
interest, can also be seen as useful tools to understand and optimize the optical response of
plasmonic structures to the aim of gas sensing.

The analysis includes issues relatedb ot h t o ani sotropic coupling
mountingdé, and anisotropic propagation on the
part of the SPP momentum and its physical meanings.

More specifically, a generalized analytical model, supported by geometrical schemes, have been
provided to treat the excitation of SPPs under conical mounting configuration, allowing to
calculate the position of the resonance dips in the reflectance spectra of a give structure and the
corresponding propagation direction of the excited modes.

The imaginary part of the SPP propagation constant have been correlated tothe width of the
resonance dip, the losses suffered by the surface mode and consequently its propagation distance,
with particular atte ntion to radiative losses due to the scattering by the grating. Effects related to
the polarization of the incident light, the grating amplitude and the conical mounting have been
investigated and physical interpretations provided.

Any means on disposal was exploited to the aim of the analysis, in a synergy between
analytical, numerical and experimental approaches. This include d modal analysis of the plasmonic
structures by Finite Element Method simulations, computation of the optical response of the
struct ures by Chandezond6s algorithm, and optical

The models have beenexploited to perform the first analysis and experimental observation of
the coupling and propagation of Long Range and Short Range modes in conical mounting. Finally,
estimations of the performances of SPPs as probes for SPR sensotsmve beenprovided, in term of
sensitivity and Figure Of Merit, both under angular and spectral interrogation and with particular
attention to the conical mounting configuration.

The second aim of this thesis was to collaborate to projects aimed to the development of actual
sensing devices, to be tested against different kinds of analytes in gaseous state. In this framework,
concepts and methods previously introduced proved to be valuable tools to predict and
understand the response of complex structures.

The tested analytes ircluded trinitrotoluene (TNT), hydrogen and aromatic Volatile Organic
Compounds (VOCs), in particular xylene. Each analyte required the use of a specific sensitive
layer, that could be a thick porous matrix or a molecular monolayer; the nature of the suppor ted
surface modes, i.e. singleinterface or Long/Short Range modes, strongly depended on this choice.

In the TNT case, a monolayer, selfassembled over a gold surface, was exploited as a sensitive
layer. The corresponding mode was a single-interface SPP, eacited in conical mounting.
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Preliminary tests of the sensor response in time to a certain analyte concentration have been
performed, to put the basis for further developments.

Two kinds of nanocomposite, nanoporous matrices were tested against both hydrogen and
aromatic VOCs, with promising results, that could give an insight into the interaction mechanisms
between the sensitive layer and the analytes.

A symmetrical environment was produced, exploiting a material suitable both as a patternable
substrate and as a thick sensitive layer, in order to provide a sensor based on Long and Short
range SPPs. This device was tested against xylene, demonstrating the improved sensitivity of the
Long Range mode in conical mounting.

These last two applications were developed in the framework of the PLATFORMS - 6PLAsmonic
nano-Textured materials and architectures FOR enhanced Molecular Sensing strategic project of
the University of Padova, STPD089KSC

In summary, this thesis work is organized as follows:

Section 1: Fundamentals of Plasmonics

A concise but comprehensive treatment of the essential basis is provided. Derivation of the
dispersion relation of the basic Surface Plasmon Polariton, propagating along a flat interface
between a metallic and a dielectric medium, is outlined. Basic properties of confinement and
propagation are introduced.

For the thin film case, the implicit dispersion relation of the supported modes is given, with
particular attention to the symmetrical case. Approximated explicit dispersion rela tions are
derived for the Long Range and Short Range SPPs.

In the Chapter OExcitation of Surface Plasmon Polarititns t he probl em of
incident light is then addressed, presenting the two basic coupling strategies: the prism and the
grating. Conical mounting configuration for gratings is introduced, with a geometrical
representation of the momentum matching conditions, and the role of the incident light
polarization in the coupling efficiency is explained.

The Lorentzian shape of the plasmonic resonance is given, pointing out the relation between the
resonance width, the mode dissipation and the imaginary part of the momentum, and their role in
the coupling efficiency.

SPP

T h e Ch &PRsemnrealistic multilayer structurés i s dev ot e @licdtians relateiéo c o m

SPP excitation and propagation on realistic samples; in particular, Effective Medium
Approximation is introduced in order to keep the multilayer into account. Some remarks are made
about the SPP coupling by conformal gratings and in symmetrical environment. Finally, it is
pointed out that some guided modes into dielectric layers may be encountered.

In the last Chapter, the basic theory of the optical properties of dielectric and metallic media is
presented. In particular, relations are given between the complex refractive index and the complex
dielectric function, and, in the case of metals, the density and collision frequency of free electrons,
according to Drude model.

Section 2: Surface Plasmon Resonance sensing
Basic principles of SPR sensing are introduced, with a concise review of their performances and
advantages. The principal parameters to characterize a sensor performance are defined.

In the second Chapter, a priori estimates of sensitivity and Figure of Merit of SPP modes are
introduced, followed by an analysis of basic sensitivity enhancement strategies: the exploitation of
Long Range modes and the conical mounting.



Section 3: Computational methods
Two useful computational tools are here described.

First, Ch an d e oaigoisly solwe theopdoblemtof a plane wave incident on a
diffraction grating. This method, implemented on MATLAB, will be used to generate reflectance
spectra similar to the experimental ones.

Second, Modal Analysis through Finite Element Method, to calculate the plasmonic
eigenmodes of a given structure. This method was implemented on the COMSOL Multiphysics
software, and can provide complementary information, including an analysis of the loss channels
for an SPP propagating on a grating.

Section 4:Experimental
This Section is devoted to materials, fabrication techniques and characterization instruments.

Choice and synthesis of the materials to realize the actual plasmonic structures are presented in
the first Chapter. This includes metals, functional materials for the fabrication steps and functional
materials to be used as sensitive layers.

Fabrication techniques are briefly described in the second Chapter: thin film deposition
procedures, Interferential Lithography and Nano -Imprinting.

Morphologica | characterization of the samples have been performed by Scanning Electron
Microscope and Atomic Force Microscope, as described in the third Chapter.

Finally, the principal instrument for optical characterization, the Variable Angle Spectroscopic
Ellipsometer, is introduced. Some of its functions, relevant for the present work, are briefly
described: reflectance measurements to collect experimental spectra, spectroscopic ellipsometry to
determine the dielectric function of thin films, and scatterometry to e stimate the grating period.

Section 5: Advancements in Plasmonics
This Section represents the core of the thesis, providing an extensive investigation of SPPs
propagation on the anisotropic surface defined by the grating.

The fir stTwedineepsiorda8PP codipling and propagation, i s devoted to t
the SPP momentum. The concept of momentummatching scheme is generalized to previously not
considered conditions, achieving a general treatment of the grating coupling in conical mounting.

The position of the resonance dips in the reflectance spectra can be analytically predicted; as an
handy method to do this, maps can be generated with minimum computational effort.

In the last paragraph, the viewpoint is shifted from the coupling setup to the grating surface,
calculating the propagation direction of the SPPs with respect to the grating grooves. Maps of the
angle of propagation achievable through the grating coupling are generated and commented. A
remarkable configuration is identified, in whic h it is achieved the simultaneous excitation of two
identical SPP modes, by the same light beam, propagating along different directions.

The s econdReSdnangetstape,and®@PP propagation i s devoted to the
imaginary part of the SPP momentum, in relation to the intrinsic and radiative losses and the
width of the SPR dip.

It is shown and explained that the incident light polarization does not affect the resonance width,

since it only determine what fraction of incident light intensity do es couple to the grating.

Then, a deep investigation of the dependence of radiative losses on the grating amplitude is
perfor med, by means of both Modal Analysis and
between the results.

The main result is the demonstration that radiative losses are proportional to the square of the

total amplitude; a physical interpretation of this fact is suggested, based on the interpretation of

the resonant coupling as a quantum interference phenomenon.

-10-
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I n tAhisotropyd Rgraph, the dependence of the radiative losses on the propagation direction
with respect to the grating grooves is derived, by building an index ellipse for the SPP complex
effective refractive indexes.

Some remarks follow, about the translation of these results to the reference system related to the
coupling setup, through the coupling relations.

Finally, the model is validated by comparison to experimental data.

The developed models and met hods fQGooptkdmodesinr st appl i

caical mountig 6, where they are exploited to find a
second resonant coupling conditions for Long Range and Short Range SPPs, and identify the
corresponding dips in experimental spectra. As a complementary anal ysis, the propagation
direction and length of the observed modes are also investigated, suggesting in particular that the
Long Range SPP propagation length can be sensibly enhanced in conical mounting with respect to
the null -azimuth case.

The last Chapter addresses the problem of theoretically calculate the sensitivity of an SPR
sensor.
An analysis is exposed of the various terms that contribute to the overall sensitivity, starting with
some remarks about the role of the sensitive layer.
A first attempt t o evaluate the intrinsic sensitivity of the Long Range and Short Range modes is
proposed; even if it comes to be a rough approximation, it preserves some qualitative results.
The factor related to the conical mounting is generalized to all the available coupling
configurations, and the meaning of divergences is clarified.
The calculation of the sensitivity of an SPP mode excited in conical mounting is calculated for the
spectral interrogation case, for the first time.
Finally, it is shown that the Figure of Merit is the same for the angular and spectral interrogation
cases, and that its enhancement under conical mounting is essentially due to the reduction of
radiative losses.

Section 6: Sensing applications
In this Section, actual sensing experiments are rgorted, in which SPR sensors are tested against
analytes of strategic interest for security and health safety.

The first Chapter describes a sensing test of a basic gold plasmonic platform in conical
mounting against TNT, with a molecular monolayer as a sensitive layer. Both the implemented
SPR setup and the sensitive layer were wellestablished, but never combined together. The sensor
response in time until saturation was investigated, and detection of explosive traces down to some
tens of ppb was achieved.

In the second Chapter, two kinds of functional materials were exploited as sensitive layer
against both hydrogen and aromatic VOCs. Reflectance spectra presented a number of dips; the
corresponding modes were identified by comparison with theoretical e xpectations. Both sensitive
materials showed satisfactory optical response, with reversible dynamics, against both analytes;
the detection of hydrogen or VOCs can be discriminated through the direction of the dip shift.

The final Chapter presents the resut of 30 ppm xylene detection by means of symmetrical thin -
film plasmonic structure. This represents the first example of a sensing device that combines the
two strategy, namely the Long Range SPP and the conical mounting, to achieve a great
improvement in sensitivity.

29 January 2014, Padova
Enrico Gazzola
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1 - Fundamentals of Plasmonics

1. Fundamentals of Plasmonics

This Section provides a background on the essential notions of Plasmonics on which the present
work is based.

It starts with the introduction of the most common Surface Plasmon Polariton modes on single
interfaces and thin films, including the definitions of their basic properties. An approximate
analytical treatment of the dispersion relation of thin -film modes i s also derived.

The common strategies to provide coupling between free radiation and Surface Plasmon
Polaritons are introduced; the grating coupling strategy is developed including a treatment of
conical mounting configuration and coupling efficiency. Some remarks about the shape of the
resonance curve and its relation to losses are made.

One Chapter addresses some issues related to realistic multilayer structures; in particular, an
effective refractive index approach is introduced, together with some considerations about
coupling configurations. The possible existence of waveguide modes into dielectric layers is also
addressed.

The last Chapter is devoted to materials and includes an insight into the meaning of the optical
constants from a Solid State Physcs point of view.

1.1. Surface Plasmon Polaritons

Conductor -dielectric interfaces are known to support nonradiative propagating waves. They have
long been known as Zenneck waves 1, Sommerfeld waves [@ or Fano modes [3l, and in modern
Optics are called Surface Plasmon Polaritons (SPPsJ4. From the point of view of Solid State
Physics, they can be described as quasparticles originated by the coupling of surface plasma
charge oscillations and the electromagnetic fields [9 (seealso Appendix 8.1[a]).

a. SPP dispersion relation

Their dispersion relation can be derived through by classical Electrodynamics [€l; only the main
results will be reported here.

Referring to Fig. 1, we look for a solution of the wave equation in the form of a wave propagating
along the @ direction along the metallic surfa ce and evanescent along theU direction. Two
independent solutions of this kind can be given that satisfy the boundary conditions for the
continuity of the fields at the interface [7 8], corresponding to transverse magnetic (TM) and
transverse electric (TE) waves, respectively.

The equations for TE modes only admit the trivial solution of all fields to be equal to 0, meaning
that no surface mode exist for this polarization. An intuitive explanation is that electron plasma
oscillations would not occur, since they require a component of the electric field normal to the
surface, while in TE modes the only non-zero component would be E,.

The TM solutions for the magnetic and electric fields can be expressed by the following set of
equations:

-13-



1 - Fundamentals of Plasmonics
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Fig. 1. Magnetic field profile of a single -interface surface plasmon polariton, propagating along the

interface between a diel ect rqand aneefal, orfe ad o nmpelleaxt | pager npietrtmivtitti
En+ mi The field presents an exponential decay into both the materials. The 6 direction is defined as an

arbitrary direction along the surface, while the 0 direction is perpendicular to the surface.

With standard notation, S i s t he wave ofhe \wcuuneperitivita R o is Eelated to
the wave intensity and will not be a relevant parameter in the following treatment. Kgpp is the
propagation constant of the travelling wave, corresponding to the component of the wav e vector
in the direction of propagation, while k n and kq represent the perpendicular components in the
two media, namely the metal and the dielectric, respectively.

The requirement to fulfill the wave equation in the two half -spaces yields the following
expressions for kn and kq (being c the light speed in vacuum):

0 V] - -
W
Q V] -|—~.' -
W
And also the SPP dispersion relation:
‘ 1 - -
U _—

Fig. 2 reports a plot of this relation for the case of silver/air interface, in a frequency range
including visible light and infrared radiation. It can be observed that K s, is higher than the
momentum of a free wave with the same frequency.

-14-



1 - Fundamentals of Plasmonics
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Fig. 2: Plot of the dispersion relation for an air/silver interface SPP  in the infrared and visible spectrum
compared to the dispersion relation for a light wave in vacuum. Itis  apparent that, given the frequency,
the SPP wavenumber, i.e. its momentum, is higher than the free wave one.

b. SPP confinement and propagation

The SPP is localized close to the surface, since it exponentially decays along Uas'Q i €8,

The penetration depth into a material is defined as the distance at which the field falls of a - factor.
Thus the penetration depthinto the dielectric and metal respectively are obtained as follows [

Typical values are of few thousands of nm into the dielectric and few tens into the metal.

Since the metal permittivity is complex, also the SPP momentum is in general complex, with the
imaginary part representing energy dissipation [4 9

- - % 6 1 e

This impl ies that the SPP hasa finite propagation distance before being completely dissipated, due
to the Q factor. An attenuation length can be defined as the distance at which the SPP intensity

falls of a - factor. Since the intensity '@ Ox 'Q | the attenuation lengths given as follows:

o =
¢3

And it assumes values rangihog, fdemehdiwngmobhot hen8PPoO
and on the materials.

Under the reasonable approximation & sSL $ § the following approximated equations are
obtained (seeAppendix 8.1[b]) for the real and imaginary parts of K spp:

-15-



1 - Fundamentals of Plasmonics

The second formula shows thatl o sses have a st rq@amgh, desigeethedbleviouse o n
one hnEfact, if the dielectric refractive index
into the metal, thus increasing the dissipation [7: 8],

1.2.Surface Plasmon Polaritons on thin films

In principle a metal slab immersed in a dielectric environment , like the one depicted in Fig. 3,
could support two SPPs, one on each interface.When the slab thickness is of the order of the SPP
penetration depth, the interaction between the two modes can produce new phenomenall¢13,

a. Implicit dispersion relation

In the same way as for the single interface, one can look for TM modes propagating along ¢
evanescent alongUand independent on U

Applying the Superposition Principle to the two single interface SPPs, the generic solution can be
expressed as followsl®!:

0Q Q a o
0 « 6 Q 02 Q O & o
6Q Q o] ®

. L Q.

v Qe—0Q Q a w

r'r !
O« i %2— 6QQ oQQ W a W

p L, Q

N Q6—0Q Q a w

w T- -

. U

v 0 Q Q Q w

. 1--

4 .
v Q o~ .
O« T 6Q oQ O a4 @

i 0

I\F Q Q a w

t 1 - -

The wave equation requires for the three layers that Q 0 — - ,forj=m,d;andd.. A, B,

C and D are free parameters corresponding to Hp in the single-interface case.

Imposing the boundary conditions, an implicit expression for the SPPs dispersion relation is
obtained as follows:

Having define " k —. This expression could be reformulated using the properties of the

hyperbolic tangent as follows:
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1 - Fundamentals of Plasmonics

OATE®

Where two branches are separated. This equation has in general four solutions, two of which
correspond to bounded modes, while the other two are leaky waves [12.

z

Dielectric 1

€a1
a Metal, g,
0 X
-a
Dielectric 2
€az

Fig. 3: A metal slab of thickness 2a, between two dielectric semi -spaces.
b. Symmetrical case and coupled modes

Most interesting is the case when the two dielectrics are the same, i.e. the metal slab is immersed
in a symmetrical environment. Since - - k-+ Q QkQ:+ " k", the
implicit dispersion relation becomes:

O ATTER .

The two bounded solutions represents two Fano modes resulting from the coupling between the
two single-interface SPPsIi% 12; for this reason they are addressed
peculiar propert ies will now be analyzed in detail.

The first one is called LongRange SPRLR SPP)and its implicit dispersion relation is:

’Y’Q _

OAI(EW -

with Q@ 0 - -5;0Q v - -

Using this relation into the general form of the fields, it follows that A = B and C = D, and
consequently:

D4 0O &
04 O &
o4 O &

The mode is then even in Hy and E; and odd in Ey, as graphically shown in Fig. 4. This symmetry
lowers the penetration of the evanescent fields into the metal layer, resulting in a weakened
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confinement and low dissipation; this is the reason for its longer propagation, fr om which the

| abel 0L oitgd AR astingatod of the LR SPP propagation distance is reported in
Appendix 8.1[c], showing a stromandegpi nddgam, ehisy pnddestood
considering that under these conditions the field spends less time into the metal layer, thus
reducing dissipation.

Z A ZA
Ex(2) E,(z)
Hy (2)
Z=a — -~
Z:O ——————————— T2 E X R R R RN N NN R NN e rE s s s w |
Z=-a -

Fig. 4: Fields profile for the Long Range mode

Its more interesting property is that when the metal film thickness tends to 0, the mode tends to
become a free plane wave propagating alongUin the dielectric.
In fact, ©° ttimplies that OATTE®D © Q & Q © mand O o - -

From a momentum viewpoint, the following consideration can be made about f{ Y'Q ,
neglecting the imaginary part of -
The hyperbolic tangent needs the geometrical constraint O A TGE ¥ php , corresponding to the

requirement — p. Keeping into accountthats s - , this easily leads

to the following condition:

It means that, on equal frequency, the LR SPP momentum is smaller than the momentum of a
single-interface SPPbetween the same materials.

The other solution, described by the implicit dispersion relation

OATTED D
is called Short Range SPESR SPP)Contrary to the LR mode, it is even in the Ex and odd in the E;
and Hy field profiles, as shown in Fig. 5:

0 ¢ 0 «q
o4 O &
04 O a

X

This mode is strongly confined and strongly dissipated into the metal layer, resulting in short
propagation. When the metal film thickness tends to 0, more and more energy is concentrated and
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di ssipated into thastodrergeanlorddr io Inarease anowth the decay constant
km [12,

Ifr k'YQ , the condition on the hyperbolic tangent gives: 1 )

The generation of these hybrid modes when the layer is thin enough can be seen as a strong
coupling condition between the two single -interface modes, that is generally known to produce
modes hybridization and frequency splitting 4.

If the symmetry is broken, the electromagnetic energy of the LR SPP tends to concentrate in the
medium with lower refractive index and the SR SPP energy in the other. Wi th increasing refractive

index asymmetry, their dispersion relations will accordingly tend to the ones of the two single -

interface modes on the two interfaces(12,

ZA ZA

Ex(2) E,(2) :
Hy (@)

N N

S =
0,.____.___"'_ _________________ I e e L
a

N
Il
1

Fig. 5: Fields profile for the Short Range mode
c. Approximated dispersion relations

Explicit dispersion relations for the coupled modes cannot be analytically obtained, but it is useful
for practical purpose to give approximated expressions [19,

The approximation consists in L p, that is immediately verified for the LR SPP on a

sufficiently thin film, since 'Q © mtwhen ©° Ttas seen before.

Thus we can take Q 0 — - — - - andputitinto the implicit LR SPP

dispersion relation, that becomes:

-0 . -
OAT &y T 1 w
w SV - _
w

This expression can be inverted to extractthe LR SPP momentum:

6 Lo - - I oAlwm T -
w - W

It is less immediate to justify the approximation for the SR SPP casel'he assumption is equivalent
to:
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> A R £r L
- — R R 4 R L
A R R P
Usually the condition is quite well satisfied f or t hin fil ms (a &thdnlsw tens of r
the hierarchy - | - | -
thickness: 40 nm
0.02
/
0.018 —single-interface SPP
E —Short Range SPP /
‘—_‘5 0016 —Long Range SPP /
£
2
50014
£
g
- 0012
o
w
0.01
1 1 1 1 | 1 |
000855 24 2.6 2.8 3 3.2 34 36
Frequency o [1/s] x10"

Fig. 6: Dispersion relations for the coupled modes supported by a 40 -nm thick silver film in air, compared
to the dispersion relation of a single -interface silver/air SPP.

The approximati on then gives, for the SR SPP momentum:

1 -
(&)

Allgn =

(@}

In Fig. 6 the real part of these formulas is taken, in order to plot the dispersion relations for the
coupled modes, in comparison to the one of a correspondent single-interface modes. The hierarchy
f i I at equal frequency is verified.

A useful approximated expression for the real part of the coupled modes momenta is provided in
Appendix 8.1[d].

1.3 Excitation of Surface Plasmon Polaritons

a. Basic coupling strategies

SPPs are nomadiative modes, which remain confined to the surface becauset he i r momentum a i

greater than the momentum Q — - of a free light wave propagating through the dielectric 6.

This implies that they cannot be excited by a light beam simply impinging on the metal surface.
Two main strategies are widely used in order to couple the incident beam with an SPP mode: a
prism coupler and a diffraction grating.

The first strategy is basedon the attenuated total reflectioATR) method and exploit a prism with
refractive index n, greater than the dielectric refractive index - . Two configurations exist,
namely the Ottods -Rmdt tilthl&.6 Kr et schmann

In the Kretschmann-Ra et her 6 s conf i dgig.r7(a)t theanetallic &l is platedi n

between the dielectric media and the prism. The incident light wave goes through the prism,
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increasing its momentum of a factor np, and hits the metalfimatan i nci dence angl e

the critical angle of total internal reflection [18. An evanescent wave penetrates the metal film and,
if the fi Im is sufficiently thin, it can couple with an SPP on the opposite surface when a resonance

conditionf & —O Elis matched.

a) b)

Incident Incident
Beam Prism Beam
. . Surface
Metal . Dielectric  Plasmon
Dielectric  Surface Metal
Plasmon

€ gr

Fig. 7: Scheme of the two prism -coupling configurations. (a) Kretschmann-Raet her 6 s confi gurati on

Ottods configuration.

I n the Ottods c on Fig. gh),ritastthe diglectricdayen tw be piaced between the
prism and the metal. In the total internal reflection regime, the evanescent wave penetrates the
dielectric layer and can couple with the SPP when the resonance condition is satisfied.

The main drawback of this coupling strategy is that the use of a prism constitutes a limit to the
possibility of miniaturization of SPP based devices.

The alternative method to provide additional momentum is the diffraction of light incident on
a metallic grating [18. This requires to fabricate a periodic pattern at the metal/dielectric interface,

tude of

with periodicity @ of the same orderBgH, magni
The basic configuration is as in Fig. 8, with a light beam of momentum " impinging the surface
with an incident angle é&. The component of its
transferred momentum @ k ®O E-ffrom the light to the surface plasmon. The o direction is
conventionally taken as antiparallel to ®.

It is well known from Solid State Physics that

of modulus "Ok — and direction along the gratin g grooves represents the grating momentum [2%
22, When the incident light is diffracted by the periodic structure, additional m omentum is
provided by the grating as an integer multiple of G.

If j is the diffraction order, the momentum of the diffracted beam is given by @ @& " Usually
for plasmonic gratings at optical frequencies only the first diffraction order is releva nt. The
coupling between the incident light and the SPP is then realized when the momenta match the

following resonance condition :12 @ '®

In the basic configuration shown in Fig. 8, all these vectors are parallel, so the condition can be
projected along was follows:
I QOB+ O

When the metallic surface is illuminated by a light beam, as sketched in Fig. 9(a), with a scan in
incidence angle, the plasmonic resonance manifests itself as a dip in the reflectance spectrum, that

-21-
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appears as inFig. 9(b). In fact, when the resonance condition is fulfilled, the energy of the light
beam is transferred to the SPP mode.

While the resonance condition only provides momentum matching, the depth and shape of the
resonance curve depend on other parameters, as it will be shown in the following chapters.

z

Reflected

beam Incident light® k;

Indidence
Angle: 6

Fig. 8: Scheme of the basic grating coupling configuration. The incident lig  ht transfers the component of
its momentum parallel to the surface.

0,84

Sample ]
(a) m (b) -]
0,6
] 0,54
/ g ]
B 044
7 S 05 ]
=
& 03
0,2 4
4 4 S 1
————.__-‘ _(_) 0,14
Q.E e 7 S 1 [ Experimental data
{;5( ’ 0,0 T T v T T T d
Detector 16 18 20 22 24
Light source Incidence angle 6 (deg)

Fig. 9: (a) Concept of the reflectance measurement. (b) Plasmonic resonance dip seen in an angular scan,
corresponding to the excitation of gold/air  single-interface SPP with light of wavelenght 650 nm
impinging on a 470 -nm grating.

b. Conical mounting

In the last paragraph only the basic " ® wcasehas been considered.New features of the plasmonic

response arise when the plane of incidence is rotated wih respect to the grating grooves, a
configuration known as conical mounting2323,

The 3D configuration is represented in Fig. 10; the sample surface lies on the ¢hw plane, while the

scattering plane is defined as the afgHuplane, with the x-component of the incident light

momentum dire cted along da The angle betweenwand "®is called the azimuthand conventionally

labeled U .

At non-zero azimuth the transferred momentum @ is not parallel to the grating vector, thus the

symmetry of the incidence configuration is broken and the resonance condition becomes two-
dimensional. The component of the grating vector normal to the scattering plane is transferred to

the SPP, which as a consequence propagates along a direction non parallel tahe scattering plane.
In particular, it has been shown that two SPPs can be excited by the same incident wavelength,
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propagating on the surface in different directions [28. The demonstration is straightforward with

the advantage of a geometrical representation in the reciprocal space of the sample plane, as

shown in Fig. 11(a). The scheme assumes G>a, that is wuswually tr
at an air/metal interface; for this reason only the j = -1 diffraction order can possibly satisfy the

momentum matching condition 12 ® ©

Incident Scattering
light plane

Fig. 10: Scheme of the vector conventions for a 1Dplagerating of
component Py of the incident radiation is oriented along 0. €2is the grating Bragg vector and it is rotated

of an azimuthal angle U with respect to the x axis. The SPP momentum Pis the result of the vector sum of

gand Pj.

Since the incident light will usually come from air, it will be assumed Q — hereafter.

The vector condition can then be projected on the x and y axis as follows:

3 0hE | —OEF
3 OB

For a given azimuthal angle Uand wavel ength 1, two incidence angl es
condition, corresponding to the excitation of two SPPs of P and 1 momenta equal in modulus
but propagating along different directions; green arrows in Fig. 11(a). Correspondingly, two dips
for each single wavelength are observed in the experimental reflectance spectra ofFig. 11(b). This
cannot be observed for too low values of U since the second excitation would require too high

values for .

For increasing wavelength, { _ decreases until the condition represented by the dashed line in
thecoupling scheme is reached, when the transferred
circle. At t hi s ¢¢onlybne made cawlzeexcited, aigich bropagates along the
direction orthogonal to the i nci dienngc ec opnilefhiméeheo nad condi

corresponding spectrum in fact, like the one in Fig. 11(b), for increasing wavelengths the dips are

seen to get closer and merge as I.thapopplingbecdmess t he ©cr
i mpossi bl e. On the other hand the oOmerging conditi
wavelength fixed and increasing - .
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(a)

(b)
@
o
c
8
o
Q
=
[}
o
0,0 ] T T T T T T T T T T T
20 30 40 50 60 70
Angle of incidence (°)
Fig.11( a) : Sketch of coupling scheme i n tlindtre@esents the
reciprocal space of the sample plane, with the on -plane component of the incident light directed along 0.
It shows that for each wavel ength I t wo B Brids?,, are excited, presenting the same modulus
and propagating along different directions, through the transfer of the 'Ph and Pﬁ momenta respectively.
The omerging conditiond is sati sfcteedwo\8RRs degendraerintoa

single SPP propagating along the y -axis. (b) Typical high -azimuth reflectance spectra associated to the
coupling scheme shown in (a) for grating period L =590 nm and azimuth j = 56°. The existence of two
resonances for a single wavelength, and of a single resonance at the merging condition, is shown.

Iltcan be usefultosolve iné t he r e s on a (seeddppendix &2[a] for the derivation) , for
a fixed azimuthal angle, to extract the following two solutions, corresponding to the 1P and P
SPPg27:

OB+ =ZAT.0 0¥ =0kl
¥ ¥

regi me

certai

Where N(T) is defined asOkhe thatfst e c+i—viethesmdler act i ve

interface case.The request of reality of the square root term fixes the maximum azimuth that

allows a plasmonic resonance to exist, namely:
f

c. Coupling efficiency
The momentum matching conditions determine the position of the plasmonic dip in the angular
scan, but they do give no information about the dip depth, that is correlated to the coupling

efficiency.
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It is known that the coupling efficiency strongly depends on the grating amplitude, defined as the
vertical peak-to-valley distance. This dependence has been treated only hrough computer
simulations by now, aimed to identify the amplitude that optimize the coupling efficiency for
every specific structure and configuration [27.

The other crucial parameter is the incident light polarization [23. It is known that a metallic grating

only diffracts light with the electric field oriented along the grating vector, and completely reflects
the other components [28, This condition can be expressed by saying that only incident light with

the electric field lying on the grating symmetry plane' i can couple to the

configuration, the plane of incidence @iJ coincides with the grating symmetry plane, thus the
condition is fulfilled by p -polarized light.

In conical mounting the two planes no longer coincide, and "®has an out-of-plane component
"O "OOET for this reason the right polarization to optimize t he coupling is not the p-
polarization any more. Defining the polarization a s t h e rdlating oogniteclockwise from the

plane of incidence to the electric field vector, as in Fig. 12, the optimaleopipal ari zat:i

grating

periodic function of & anadfollbws?% hat can be easily der

Fig. 122 Sc heme of the vector conventions for a 1D grating of

definition of the incident light polarization. The electric field lies along the “Hdirection. The polarization
angl e, A, is defined as the counterclockwisethe obati on wi
plane.

Assuming that all the diffracted power goes into the SPP excitation, the reflectance R is
proportional to the electric field fraction perpendicular to the grating symmetry plane, that
depends on both the azimuthal rotation and the incidence angle as follows:

YO ODQ ot

Where ‘(Hand "Qare the versors of the electric field and grating vector respectively, defined as
follows:
.0 oo i av o s
Q—U6 AIlAIT-@OEIh All®E+
2 e
Q o A 1«00 B lht

Using these definitions, R becomes:

YO AT AT-DET OBEIATQ

-25-

t



1 - Fundamentals of Plasmonics

That is 0 under the following conditio n , which defines theppw®Ali mal pol art
OATAT-©
Due to the 6 periodi gicanpeextfactadhse pol ari zation, A
| OATOAIAT-O « OATOAIAI-O

Since this formula only dependco nosnt atolnebeflottedond & angl
the (U, é&) pl an ein Figol3vakdifonanyvgluetoftthe otmeaparameters.

Fig.13Sol uti ons of the opti mal pol ar i zé)t ipolna nfeo.r mull can ga reea cph oc ¢
curve, the optimal polarization has the value indicated in the corresponding label.

Fig. 14: Angular scan of the plasmonic resonance on a 500-nm grating, for 650 -nm incident wavelength.
The azimuthal angle is set to 40° and the spectrum is collected for various polarizations. It is in good
agreement with the theoretical formula, which predicts the optimal polarization around 140°, and the
worst polarization at about 50°.

When the polarization is opti mi ztande isfminimunt, Whileiff esonant
the polarization is set to | — the dip disappears. The obvious reason is that at the orthogonal

polarization no component of the field can couple to the grating. W hen the incident light is

orthogonal to the grating vector ( U =, pQdlakided light is completely reflected but s -polarized

is diffracted.

The complete dependence of R on the polarization can be derived as in Appendix 8.2[b] and is
given by [29:
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