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Abstract

This thesis focuses on the design, fabricatind characterization of plasmonic devices. The
studied structures include single and double plastneaveguide ring resonators, demultipleyors,
and a plasmonic axicon. The structures were faedicavith electron-beam lithography and
designed to operate in the near infra-red range.stindy of surface plasmon polaritons in random
arrays of nanoparticles is also included, as welaalescription of a vectorial model for multiple
scattering. The obtained experimental results matcurately with the numerical calculations for
the different structures.
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Chapter 1

Introduction

In last decades, research oriented to tecgigalbinnovation has focused intensively on the
design and fabrication of smaller and faster deviéisting electronic devices, which are used in
everyday life, are good examples of this trenés ttot a surprise that research dedicated to the ve
small (nanotechnology) and to the very fast (higékesl data processing) keeps growing every year.
Lamentably, everything has a limit and electronec®io0 exception. Miniaturization of electronic
devices has adverse consequences, such as theghematsed by the Joule effect [1], which in turn
slows down the processing speed. In summary, mimzation leads to heating, and heating leads
to slower speeds. At present, new technologiesnaestigated to solve this issue and optics has
become one important candidate. The processingdspeexisting computers oscillates around
several gigahertz (2#z) but, if we compare it with the speed thattimiaable with an ultra-fast
short-pulses laser (~ 1Hz), the optical counterpart is five orders of miagde faster. Optical
computers have been studied intensively and thgilptity to build processors that work with light
instead of electricity was demonstrated [2, 3]. [d@@r, miniaturization of optical devices is also
not trivial since light is spatially limited by di&ction, i.e., free-propagating light cannot be
confined in sub-wavelength regions. For many yesush limitation appeared as a barrier between
optics and nanotechnology but, with the introductié near-field optical microscopy, things started
to change [4, 5]. The study of light interactiorttwsubwavelength structures became possible and
nano-optics started to develop. Research on evaneand surface modes, such as surface plasmon
polaritons (SPPs) [6], grew up quickly since thay be squeezed into sub-wavelength regions. In
specific, the unique properties of SPPs drew spatiiention for the design of nano-optical devices,
in the so-called two-dimensional optics. This teesicuses mainly in the design, fabrication and
characterization of plasmonic devices. In this ¢hiape will describe the main properties of SPPs
and the state of the art.

1.1 Surface plasmon polaritons

In solid state physics, a plasmon is a quardfiptasma oscillations, i.e., a quasiparticle Whi
associated to collective oscillations of the vatemtectrons in a metal [6, 7]. Plasmons can be
categorized in two kinds: volume plasmons and serfaasmons. Surface plasmons (SP) are free-
electron longitudinal oscillations on the surfaé@aonetal, and the associated electromagnetic mode
bounded to it is called a surface plasmon polarig8RP) [8]. A SPP is characterized by an
evanescent field which is confined to a metal-dieie interface and decay exponentially into both
neighboring media. In order to derive some propsytive will consider the simplest case of a SPP
propagating along a single metal-dielectric inteeffFig. 1.1].
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Fig. 1.1. Charge distribution and associated eteetind magnetic field components of SPPs
propagating along the x-coordinate in a simple frditdectric interface.

The complex dielectric functions of the metal ahd tielectric are;, (w) and & (w), respectively,
and the materials are considered non-magnetic.sys&m is chosen in such a way that the SPP
will propagate along the positivecoordinate and to be invariant in theoordinate. Since SPs are
by nature longitudinal waves, the wave equatiodgiéwo linearly independent sets of equations
with two possible solutions, namely, transverse metig (TM) and transverse electric (TE), and
applying the boundary conditions, it is easy tovprthat SPPs can only be TM. The governing
equations for the TM modes are

E( = n %, (1.1)
WEE 0Z
-8
g = H , (12)
wee
and the corresponding wave equation is
9°H
022y+(k§£—ﬁz) H, =0, 31

where & is the vacuum permittivityw is the angular frequency, = k, is the propagation constant
andk, = a/c is the wave vector of the free propagating wawavi8g equations (1.1) - (1.3) the
respective expressions for the field componentg f00 (in the dielectric) are

H, (r)=e?e*, (1.4)

E(r)= | dpgnr (1.5)
Ogd

E,(r) __B g (1.6)
Ogd

where k4 is the component of the wave vector normal to ititerface £ component) in the
dielectric, andk,, in the metal (x 0). The time dependent facte¥ was omitted for simplicity
without loss of generality. The propagation contstara complex quantity and can be separated as
B =4 +if'. Rewriting equation (1.4),
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H, (r)=e""e”"e"", (1.7)

is clear that the exponential decay occurs in Bahdz direction. The real part of the propagation
constant is related to the SPP wavelemdgh= 2173, while the imaginary part is associated to
energy losses in the metal. In this context, a enr@nt parameter to characterize the intensity
damping that SPPs undergo is the propagation ldngth 1/(23"). By definition, the propagation
length is the distance, in the propagation diregtfor which the intensity of the SPP drops by a
factor of 1£. In the normal direction, SPPs also decay expaagntue to their evanescent nature.
The distance, normal to the interface, where thie filrops as &/is known as the penetration depth
and is expressed as|4f | into the dielectric antl/ |«,| into the metal

Boundary conditions require continuitykf and&y -E, and so

Ky _ €

Ky £y - (1.8)

The magnetic field componerj must satisfy the wave equation (1.3), yielding

Kg ::82_“5‘dko2 , (1_9)
Kn=B -6k (1.10)
/ m=ck/ /m—lckfn
ir (Prism)
1 (Air)
®
P
0.8t 1
8 06 v S |
0.4+ 1
0.2¢ -
0 ‘ s
0 1 2 3
/
Bc o

Fig. 1.2 Dispersion relation of SPPs at the intafaetween a lossless Drude metal and air (red
line). The dispersion for free propagating lightagk) and through a glass prism (gray) is
shown for comparison.



For this simple case, the dispersion relation SPPs can be derived analytically combining
equations (1.8) - (1.10),

ELE
=k d¥m
Pz ve, - (112

For illustrative purposes, we will analyze thgpersion relation of SPPs at the interface betwe
a lossless Drude metal and air [Fig. 1.2]. Theedigic function of the undamped case can be
expressed as

gDrude ( CL)) =1- ;p , (2)1

where @, = 1/neez/g0 m, is the plasma frequency, which is characterizethbyelectron density,
the electron charge and the electron effective mass For this case, Eq. (1.11) faces a singularity
as &, — -& at a frequency known as the surface plasmon frmwe)spzwp/ﬂ/hgd, where

L — oo, and the group velocity; — 0. Fig. 1.2 also shows that in this case SPPsotl@xist for
frequencies betweeny, and «p, and for values greater tham, in the so-called transparency
regime, the metal stops behaving as a conductor.

Free propagating light cannot couple diretblya SPP since additional momentdamust be
provided [Fig. 1.2]. Furthermore, transverse et@uoagnetic radiation cannot couple to SPPs
because of the longitudinal nature of surface ptassnDifferent coupling techniques to achieve
this increase of the wavevector component, sucpriam or grating coupling, have been studied
extensively.

1.2 State of the art

The first observation of surface plasmons gbask to 1902, when Wood illuminated a
diffraction grating and observed dark bands in #pectrum of the diffracted light which he
described aanomalieq9]. This phenomenon was later explained by Fambit was associated to
surface electromagnetic waves [10]. However, serfatasma oscillations (SPOs) were first
described by Ritchie in 1957 [11], and experimdntdémonstrated with electron-loss experiments
in 1960 by Powell and Swan [12]. It was found thatface oscillations were highly sensitive to
small changes on the surface of metals. In 1968tHea published that surfaces plasma oscillations
can be used as a tool for surface examinationg@@] in the same year, Otto [14] and Kretschmann
[15] proposed two different configurations for tlecitation of non-radiative surface waves based
on the principle of attenuated total internal refiten. These works led to many investigations of
surface plasmon resonance (SPR) sensors, whichpuenarily focused on the detection of bio-
chemical substances [16], but also for charactigoizaf rough surfaces [6].

So far, the study of SPPs was limited to irdimmeasurements of the reflected light, but this
situation changed with the discovery of scanningrifield optical microscopy (SNOM) [5], as it
allowed the direct mapping of evanescent fieldsdifdnally, the parallel development of
nanotechnology made possible the fabrication aratacherization of specially designed nano-
optical components. The first report of artificjalcreated micro-components to control and
manipulate SPPs was published by Bozhevolnyi ardbin [17] in 1997, where a SNOM probe
was used to create bumps on a silver film and fmioro-mirrors. Such a breakthrough established
the current definition of plasmonics as the mardpah of SPPs in nano-optical devices, and, at the
same time, they coined the concept of two-dimeradioptics. Five years later, Ditlbachet al.
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developed and tested microscale SPP mirrors, bdidersy and interferometers produced by
electron-beam lithography [18].

Manipulation and control of SPPs led naturédiyhe issue of waveguiding. Different structures
were designed, such as chains of metal nano-pmtid9], V-grooves [20], dielectric-loaded
plasmonic waveguides (DLSPPWSs) [21] and photonigstats [22]. Photonic crystals were
investigated for many years but, due to high pragiag losses, attention got deviated to other
options with better confinement, e.g. DLSPPWSs angrdbves. At present, DLSPPWs have been
studied widely for the creation of plasmonic desi¢23-27]. Simultaneously, leakage-radiation
microscopy (LRM) [28] appeared as new techniqueSBP imaging with new capacities, among
them, real time imaging and Fourier plane access.

1.4 Hypothesis and obj ectives

Integrated plasmonic circuits are good cartdglao replace the existing technologies of data
processing due their potential to be confined iovwsavelength dimensions beyond the diffraction-
limit with an ultra-fast response time. This can behieved if research continues on the
development, design and characterization of newnptmic devices based on dielectric-loaded
technologies. Our main hypothesis is that such gaides can be optimized through detailed
characterization and careful choice of the fabiicaparameters. Yet, different alternatives such as
the use of diffraction-free beams could lead toeganding in the absence of guiding structures.

1.4.1 General objective

» Design, fabricate and characterize plasmonic dewig#h different functionalities
and demonstrate their correct operation.

1.4.2 Specific objectives

* Understand and characterize the response of SRPslisbrdered arrays of nano-
particles to study the behavior of SPPs in randistniblutions.

» Design independent plasmonic devices with differéabctionalities using
numerical methods to predict the optimum experimigmarameters.

» Fabricate dielectric-loaded structures using ebecheam lithography to build the
designed plasmonic devices.

» Characterize optically using leakage radiation pscopy to analyze their
operation.

» Seek new alternatives for waveguiding using diticacfree beams.



Chapter 2

Experimental Techniques

This chapter describes the experimental technigues equipment that was implemented in the
fabrication and characterization of samples. Sofithetechniques presented here are already well
known, and therefore only a short description drassed.

2.1 Atomic for ce microscopy (AFM)

The atomic force microscope is a device useddp the topography of a sample by scanning a
sharp tip along the surface. Typical materialshef ¢antilever are silicon or silicon nitride ané th
radius or curvature is of the order of nanomefEng cantilever is deflected when the tip is brought
to proximity of a sample surface following Hookégsv. The involved forces are, for example, van
der Waals forces, chemical bonding, capillary fercelectrostatic or magnetic forces, etc. The
deflection is measured using a laser spot witharbbounce method, where the beam is reflected
from the top surface of the cantilever and detedted photodiode detector. In most cases, a
feedback mechanism is employed to adjust the tgataple distance to maintain a constant force
between the tip and the sample. Traditionally, shmple is mounted on a piezoelectric tube that
can move the sample in tkairection for maintaining a constant force, anétrandy directions
for scanning the sample. The AFM usually operategdntact or non-contact (tapping) mode,
depending on the application. Some AFM modulesatse able to manipulate nanoparticles and/or
scratch the surface for microlithography.

2.2 Scanning electron microscopy (SEM)

The scanning electron microscope uses a fdcbheam of high-energy electrons to generate a
variety of signals at the surface of solid specisndéihe electron beam interacts with the electrons
of the sample and produces a detectable signal.nfdesured signal contains information of the
surface, topography and chemical composition. Teet®n beam is generally scanned in a raster
scan pattern, and the beam position is combineul tivét detected signal to produce an imalgjee
types of signals produced by a SEM include secgnadectrons, back-scattered electrons,
characteristic X-rays, light cathodoluminescengeecsmen current and transmitted electrons.
Typical SEM imaging requires the sample to be ekmdty conductive and, therefore, samples are
usually covered with a thin coating of electricatiynducting material, e.g. gold or platinum.

2.3 Leakage radiation microscopy (LRM)

LRM is a far-field visualization technique whi allows real-time observation of SPPs. It
consists basically of detecting the radiation tbaks into the substrate due to conservation of the
wave-vector. The leakage radiation angle of SPRarger than the critical angle; therefore, an



objective with a numerical aperture N.A. > 1 isdise collect the radiation. The desired plasmonic
modes are excited using another objective (focusbjgctive) which focuses the incident light into
the specific structures of interest. The excite®$SPouple to radiating modes in the substrate and
are usually collected with an oil-immersion objeeti(collecting objective). The sample must be
prepared on a thin (0.17 mm) glass substrate wieshbetween the two faced objectives. This
experimental setup [Fig. 4.2] permits simultaneaasess to direct and indirect (Fourier) plane; a
feature which is not accessible using SNOM. Moreotiee leakage radiation is detected in a
charge-coupled device (CCD) camera in real-timas #voids the time-consuming scan of SNOM.
Nevertheless, LRM do not replace SNOM since LRM far-field technique limited by diffraction.

Measurements in the Fourier plane grant trssipdity to filter specifick-vector contributions,
decrease noise, block the direct transmitted lighojd saturation, and measure the effective index
of a plasmonic mode, to mention some. Furthermbe].RM setup can also be used as an optical
microscope to obtain an image of the sample whHemihated using white light. Further details of
the LRM operation are discussed in the next chapter

2.4 Electron-beam lithography (EBL)

Electron beam lithography (also called e-bdidimography) is a fabrication technique used to
create micro- and nano-structures on a surfaceelaotron beam, usually supplied by a SEM,
illuminates a resist material following a prepragraed pattern. The resist can be deposited in the
form of a thin film by spin coating. After the reshas hardened, the chemical bonds of the resist
are weakened with the beam exposure. Afterwards reéist is developed using a solvent that
removes the exposed parts. Fig. 2.2 depicts thes gibthe process. All the structures fabricated
following this method were made by Zhanghua Hathatlnstitute of Technology and Innovation
in the University of Southern Denmark.

(1) (2)
Substrate
(4) (5) (6)

Solvent

Fig. 2.1. Steps involved in the process of elecbeam lithography.




2.6 Green synthesis method

The growing demand of nanoparticles stimuldtedappearance of new eco-friendly synthesis
methods to prevent the use of toxic chemicals.eltent years, green synthesis has become an
important branch of nanotechnology and is basethénuse of biological substances to produce
nanoparticles [28]. A large number of plants haeerbused to synthesize different kinds of
metallic nanoparticles, such as geranium, rosed, diffierent kind of cacti. This method also
reduces the temperature requirements in contrasthter synthesis methods such as polyol. Aloe
Vera and Calabacilla were used to synthesize maodobametallic nanoparticles (Au and Au-Ag
respectively).

Fig. 2.2. Leaves of Aloe Vera used to extract tisease liquid from the inside to produce metal
nanoparticles.

These plants have the property to act as a naurfdctant and reducing agent for both gold and
silver. This method allows us to control the sinel shape of the nanoparticles when the synthesis
time is modified. Fig. 2.3 shows the form in whitie liquid from Aloe Vera leaves was extracted
and the experimental setup used to synthesizeatheparticles.

One important issue, when green synthesisesl,uis the correct cleaning of the nanopatrticles.
The viscose liquid from cacti is difficult to remmvUItrasound and centrifuge are needed, but the
big pieces of organic material must be extractedually. In our experience, we noted that water
should be used to dilute and clean. Other subssasoeh as ethanol or acetone, hinder the cleaning
process.



Chapter 3

Vectorial model for multiple scattering

In this chapter, we present a vectorial mddeimultiple scattering of SPPs by subwavelength
particles on a metal-dielectric interface. The wnpart of this model focuses in modeling the
excitation and scattering of SPPs, emphasizingriportance of the self-consistent treatment of
multiple scattering. The vectorial model for mulkipscattering has been studied in several
theoretical papers [29 - 31], anyhow, a completgeustanding of the method limitations is still an
open problem. The main assumption of the modeloisdnsider point-dipole scatterers with
dielectric functions, and radiuRR,, at a distance, above the surface of a metal-dielectric interface
with dielectric functions;, andg,, respectively [Fig. 3.1 (a)].

AZ (a) AZ (b)
Dielectric, g4 2 Izp . N 3 g
Metal, Sm ----- ‘ "/,.»"‘/ GSPP
______ ,,»":Mirror image

Fig. 3.1. (a) Schematic design of metal subwavelengatterers on a metal-dielectric interface.
(b) Schematic representation of the interactiomvbenh scatterers with propagators.

3.1 The sdf-consistent field

The particle-field interaction can be expréesss electric dipoles excited with an incoming
electromagnetic fieldE;,. Each individual scatterer is treated as a dipof¢h isotropic
polarizability. The incident light will be assumé&albe a monochromatic source with frequeogy
and the total electric fielH(r,w) can be expressed as [32]

E(r,w)=E, (r,o) —,uoa)zizr;l:aj (@) G(r.r, ) E(r, ) , (3.1)

whereG(r, rj, w) is the appropriate field propagator, expressed &een’s function dyadic, that
describes the field propagation from the positiérihe jth particler; to the observation poirnt
E(r;, w) is the self-consistent field in the position lbéjth particle with polarizability

-1
e -1 -1(1.. 1.. 1
=[] =Im m ZRX+= YW+—="77| @ .
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where

ol (w) = 4775Ua¢, 2B

g is the radiusy is the unit tensor ang} ; the dielectric function of each scatterer. Theresgion

for the polarizability in Eq. (3.2) accounts fortBurface dressing effect, in the long wavelength
electrostatic approximation. Accordingly, the sadfasistent field can be found evaluating the field
at the position of every patrticle,

E(rj,a)) =E, (r]. ,w)—yoafiz::aj (a))G(rj e ,a))[HE(ri ). (3.3)

This system of self-consistent linear equationstmaolved rigorously to calculate the field in the
position of the dipoles and find the total fielgtdibution by substituting in Eq. (3.1).
3.2 Field propagators
The total field propagat@ can be separated in three parts:

G;=G,+G, +Ggp - (3.4
Gp corresponds to the directly transmitted near-freldiation in a dipole-dipole interaction, while
G, accounts for reflections with the metallic surfdéég. 3.1 (b)]. For simplicity,G, can be
considered as a direct contribution from the miinobage of the actual dipole. Finallasppis the
field propagator of SPPs excited with the scatteradiation of the dipoles. The following
subsections describe the analytical expressioradi propagator.

3.2.1 Near-field direct and indirect propagators

The complete expression of the retarded dpesgtagator is given by:

1 1 ic c? 1 3¢ 3
D(r,rs,a)) 4”{[ E m+w2|:?ju+[ R+a)ﬁ 7 R]ee}exp(lkR) (3.5)

wherer is the position of the sourcB,= | -rg, er = (r —rg)/R, U is the unit tensor, and= w/c is
the free space wavevector. Now, we will considdy ¢ime near-field interactions between particles,
i.e. for distances smaller than the wavelength,revtiee leading contribution is proportionalR3.
Therefore, the unretarded direct propagator assatanly to the evanescent field is

¢’ 3ee.-U
G, (r,r RTR )
( 4/ R

1l

W)=

(3.6)
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The indirect near-field propagator can be obtaifteth considering the direct contribution of the
mirror image of the source, yielding

G, (r.ry,@) =Gy (r.rew) M (w) , (3.7)
where
-1 0 O
M(w):% 0 -1 0, (3.8)
" 0O 0 1

andr,s = (Xs Vs -Z) IS the position of the mirror source. It is wotth point out that for larger
distances, out of the near-field regime, the dimatl indirect propagators will reach the other
scatterers with a phase difference oft~canceling each other, and the SPP field domindties
simplification of dyadic and tensorial notation tbgebraic expressions can be found in
Appendix A.

3.2.2 SPP field propagator
The particles also scatter light that coupteSPPs which propagate and eventually reach other

particles [Fig. 3.1(b)]. The SPP field propagatan ®e expressed in terms of the Green’s tensor in
cylindrical coordinates as

Gowe(0:2,2,)= K(w)exp ik 2+ 3] 'ﬁ(ﬂp)XIAZZF(A,é—b‘)Z%—ﬁb(ﬁﬂ . (3.9)

B
where
-B
K(w)= , (3.10)
w2 )5

and Hé is the zero-order Hankel function of the first d&inThis propagator accounts for the

different angular dependencies as well as for ttporeential decay (in the normal direction) of
SPPs.

3.3 Calculated images
In this section, we use the vectorial modelrmfmltiple scattering to calculate the intensitypma

for three different distributions of particles witlvo illumination conditions: (1) illuminated from
the top with a linearly polarizeg-direction) Gaussian beam [Fig. 3.2 (b, e, h)] @)dwith a plane
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SPP propagating along the interface inydrection [Fig. 3.2 (c, f, i)]. The excitation walkength
used in the simulations is 633 nm, the radius efgarticlesR, = 50 nm, and the area is 4pd".
The dielectric constant of gold was taken from daimnand Christy [33].

The intensity distribution in Fig. 3.2 (h) alty shows the effect of multiple scattering thetiee
SPPs efficiently. In general, the phenomena rél&tethe regime of SPP multiple scattering are
rather complicated and their interpretation isffam being trivial. This is due, at least partially
that the randomness of the interactions yieldsgelaumber of scattering events. In summary, the
vectorial model for multiple scattering offers afig tool to study complicated interactions of SPP
and near-field scattering and excitation. In thgtrehapters, the method is used to reproduce and
predict the intensity distributions of specificaligsigned structures. The code used to calculate
Fig. 3.2 (c) can be found in Appendix B.

(a)

rw

(d)

(2

Fig. 3.2. Space distribution of 1 (a), 5 (d), a®d(g) scatterers placed randomly in the center of
a 4x4 pm? surface. (b, e, h) Intensity map of the scattdied of particles on a gold-air
interface illuminated with a Gaussian beam=(633 nm) from the top, and (c, f, i) illuminated
with a plane SPP that propagates on the interfatieely-direction. The scale is the same in all
images.
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Chapter 4

Surface plasmon excitation and manipulation in disordered two-
dimensional nanoparticle arrays

4.1 Introduction

Even though the phenomenon of SPP has beennkfar a long time [6], its local study is
relatively recent and has been strongly motivatethb development of imaging techniques such as
the scanning near-field optical microscopy (SNOI@4][ and the fluorescence microscopy [35].
The two techniques each had their own disadvantgg®®©M has a resolution which maostly
depends on tip quality, and an optical mapping ibkatelatively slow where as fluorescence
microscopy exhibits molecular photo-bleaching ametéfore does not allow quantitative analysis.
An alternative developed recently that overcomedHanitations is the so-called leakage radiation
microscopy (LRM) [36]. The technique is simple ironception and provides a rapid
two-dimensional SPP mapping, and the possibility ofuimmeous access to direct and reciprocal
space. LRM has stimulated plasmonics research iimus directions, one of them being SPP
interaction and manipulation with nanostructures.

In this context, the interaction of SPP wawéth nanostructures has been investigated ranging
from individual nanometer-sized film structures ][3@hcluding quantum dots [25], to more
complex plasmonic elements such as Bragg mirrofs [am splitters [19], waveguides [26, 38],
refracting elements [39], etc. In general, the eimentioned phenomena are related to the
propagation of SPP waves through periodic or nancisired plasmonic elements. Considering the
SPP interaction with randomly two-dimensional naartiples arrays, extensive theoretical studies
have been conducted [40-42]. However, experimemtadences of related phenomenon such as
localization [43] and photon band gap effect of SRR] are still scarce.

The experimental framework is not trivial ®nihe unwanted process of SPP scattering into a
free space is always present during the courséP8f [Fopagation. Those radiative losses increase
as the volume fraction of nanoparticles becomegelarand as a consequence rather complicated
and misleading field patterns may appear in thé&asarplane. On the other hand, a relatively large
density of nanoparticles is necessary in orderftectithe transport of the light, and therefore,
localize electromagnetic modes in standing rathan travelling waves [43]. This suggests a trade-
off that needs to be explored further. In this eahtusing a vectorial dipolar model for multiple
SPP scattering [29], we have numerically demoredrathe possibility of simultaneous SPP
excitation and in-plane manipulation with squarttida arrays of nanopatrticles [45]. The main idea
was in avoiding the usage of local SPP excitatiements as for example, in-coupling ridges [46],
subwavelength hole arrays on a thick metal film, [48], or nanotubes [49]. Therefore, it seems
plausible that reducing the number of componentddcbelp not only in the miniaturization of
plasmonics circuits but also in minimizing unwang&®P scattering and interference effects.

Recently, we extended the aforementioned agpr,dy introducing a composed analytic Green
dyadic which takes into account near- and far-frelgions, and used to calculate simultaneous SPP
excitation and in-plane propagation inside squarglom arrays of nanoparticles [50]. The
composed Green dyadic represented an improvemeptesious SPP simulations for random
nanoparticles arrays since it permitted SPP saagtesimulations for more realistic systems with
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relatively large number of close, or even in copta@anoparticles. A system of closely spaced
arrays of nanoparticles is desirable in, for examplasmonic field enhancement for sensitive
detection of biological samples [51]. Here, usingtRM, we experimentally investigate the
possibility of simultaneous SPP excitation and pgggion control in random two dimensional
arrays of nanoparticles illuminated by a normatigident Gaussian beam. We compare our optical
images with the previously reported [50] and thdimhally obtained numerical results.

This chapter is organized as follows: the expental setup and sample preparation are
presented in section 4.2. Typical LRM images of 3P excitation by nearly isolated particles are
presented in section 4.3. In section 4.4, numeadoal experimental images of several regimes of
multiple scattering are presented for randomlyaséd nanoparticles and the correlation between
the regimes and their corresponding spatial Fowgerctra is discussed. In section 4.5, a simple
optical refracting system composed of randomlyaséd nanoparticles is considered. Finally, in
section 4.7, we summarize the results obtainec#fed our conclusions.

4.2 Experimental techniques
4.2.1 Sample preparation

In order to prepare the sample, a small droptaining a water solution of colloidal gold
nanoparticles (spheres) was then deposited on @ thgol film (50 nm), which was previously
thermally evaporated on a glass substrate. The évaporates after some minutes leaving a high-
density circular region with gold nanoparticles. &idha drop of colloidal solution of nanoparticles
dries on a surface it leaves behind a stain-likg if‘coffee stain} of material with clumps of
particles in the interior and a few number of themthe outside of the ring. Thus, the final sample
structure consisted of both a high and a low dgrsiattering regions composed of gold bumps
randomly distributed over the thin gold film [Fig.1 (a-c)].

| dneng —_—
14 2000 M 2

Fig. 4.1. (a) TEM image of gold nanoparticles sysihed by the green synthesis method. AFM
images (65 x 65um?) of the gold sample surface showing (b) a highd anlow- density
scattering regions composed of gold bumps randatislyibuted and (c) zoom (10 x 1%

on the low-density area showing individual particle

14



The scattering regions densities were approximaiel0 (low) and 50 (high) particles penri’.
The colloidal gold nanoparticles were synthesizgdiding the green synthesis method which is a
simple, cost effective and environmental friendighnique (more information about our procedure
is found in Ref. 28). SEM and AFM studies reveaedaverage particles size distribution ranging
from 20 to 100 nm [Fig. 4.1 (a-c)].

4.2.2 L eakage radiation microscopy

The experimental setup used for SPP imagirgipasvn in Fig. 4.2. SPPs are excited locally by
focusing polarized light from a He-Ne laser (633)nihmough a 20x (NA=0.4) microscope objective
(O1) onto the surface of the artificially nanostuwred gold film (S). The image of leakage radiation
is collected on a CCD camera after passing threaug§Bx (NA=1.25) oil-immersion objective (02).
The system allows one to study SPP propagationoth the direct and indirect space (Fourier
spacey). Imaging Fourier space is possible by recordirg tRM field in the back focal plane of
the oil-immersion objective. A filter (BB) in Fow space may be used to help that only the waves
corresponding to LRM are resolved, in order to maze the CCD image contrast and reduce
noise. To facilitate observation of the surfacecttrre, a lamp illumination is conjugated with the
20x objective. A neutral density filter (NDF) wasadl to attenuate the probe laser intensity in order
to avoid saturation in the CCD camera.

BS

Lamp -

Fig. 4.2. LRM experimental setup.

He:Neon 633 nm

4.3 Random particle arrays: low-density area

First, we imaged the LRM field excited witHimearly polarized (in the-direction) Gaussian
beam normal to the air-gold interface impinging @rsmall area of the low-density region of
nanoparticles. The free space wavelength of thé@atxmn beamA = 633 nm with a full width at
half maximum of ~ 1Qum. Hereafter, all the images are presented in dirgray-scale. Two
extended lobes similar to those related to dipike-damped radiation from single nanoparticles are
clearly seen in the direct space image [Fig. 4B {is is achieved by focusing the illumination
beam to a cluster of a few particles since our ingagystem cannot provide enough information of
spatial resolution about the position of a singlaapatrticle.

Such SPP beam scattering was numerically sietl[Fig. 4.3 (c)] using the total Green’s tensor
formalism described in chapter 3. Hereafter, th@esystems are simulated on a gold surface with
dielectric constantt = -11 + 1.4i and the illumination conditions arepk the same. The
configuration and the illumination conditions candonsidered as fairly similar to the experimental
ones, for example we have used a cluster systelf particles. The radius of the particles (30 nm)
is a fitting parameter which is chosen to matchekgerimental images. This is because the size of
the particles used in simulations is only relevaithin the model and influences the polarizability
of the particles [29, 50], but does not bear adfirelation to the size of the scatterers in the
experiment.
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Fig. 4.3. Dipole-like damped radiation (a) LRM, (tmpographical image, and (c) calculated

images. Fourier space (d) LRM and (e) calculateazijies of (a) and (d) respectively. The arrow
indicates the incident light polarization in (ajd&(c).

The leakage radiation recorded in the Fourier plainthe microscope [Fig. 4.3 (d)] exhibits two
crescents that are characteristic of the gold-BiP & ode, and which also indicate the polarization
direction [55]. In the calculated Fourier spectrahtig. 4.3 (e), one can see good agreement with
the main features of Fig. 4.3 (d). In order to gemore realistic numerical calculation, the
experimental numerical aperture of the collectidnjeotive was taken into account, i.e., no
information can be obtained in the Fourier imagedtk, > 1.25, werg3 is the real part of the SPP
wave-vector. The field distribution displayed ingF4.3 (a) mainly shows the field component
parallel to the polarization of the incident fieldowever, the horizontal orthogonal component
though being weaker is different from zero. In erdlemap such component and therefore to study,
in more detail, the near- and far-field scatteriogntributions, we have performed LRM
measurements in cross polarized detection. Forghison, a linear polarizer was placed in front of
the CCD camera of our experimental setup.

The intensity distributions of the horizontaimponent being dictated by non-diagonal elements
of the field propagators may produce complicatettepas. In accordance with this, now we
observed a four-lobe pattern in both the recordegl .4 (a)] and calculated images [Fig. 4.4 (b)].
Based on the proposed model, one should expedstingliish a transition zone in the obtained
pattern since we use a near-field dyadic for distarshorter and a SPP dyadic for distances longer
than a specified fraction of the illumination lightivelength [50]. The central part of the calcudate
image clearly exhibited that the extended lobesfammed only after an initial transition region
[Fig. 4.3 (d)]. A similar transition between brighpots and elongated lobes is evident in the
experimental obtained image [Fig. 4.3 (c)].
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(c) (d)

Fig. 4.4. Cross polarized (a) LRM and (b) calculaitdages of a dipole-like radiation. (c) and
(d) Zoom of the central part in (a) and (b) resivety. Incident light polarization is the same as
in Fig. 4.3.

A point dipole emitter not only excites a St also has its own dipolar emission and its
diffraction pattern (similar to the one generatgdabcircular aperture) that overlay coherently on
the leakage radiation image of the SPP [36]. Therfierence of these contributions, as well as the
finite numerical aperture of the collection objeeti lead to strong circular fringes [Fig. 4.4 (c)].
Insets (a) and (b) of Fig. 4.5 show a direct SPéttation taking place at the center of a line-like
surface structure with a certain inclination angiéh respect to axis light polarization. We think
that such line is formed, in the low density afea,a short linear chain of the gold nanoparticles
[Fig. 4.5 (a)]. The light-SPP coupling of Fig. 4§ strongly resembles the classical coupling
through a ridge structure [46] where the processllte in a slightly diverging SPP beams
propagating away from the ridge. Fig. 4.5 (¢) shdhe result of the corresponding modeling.
There, as an incident wave, we used a Gaussian bawaimg the waist situated at the center of a
150-nm-period line of nanoparticles (with an appmated length of 2.5m).

In a previous work [45], we demonstrated thaimilar array works efficiently with a period of
150 nm. However, one should establish that as &nthe array period is sufficiently smaller than
the incident SPP wavelength, we consider this tatiom method as a one giving the correct result,
provided that the size of the patrticles is adjustegdropriately. The line-like structure has an angl
orientation similar to that observed in the experital image. The SPP excitation is evidenced by
the SPP beam coming out of the line like strucfiig. 4.5 (b, c)], and by the corresponding
Fourier transform [Fig. 5 (d, €)]. Here, it is im@nt to note that not all the synthesized
nanoparticles were perfectly spherical. Bearing fact in mind, in the corresponding experimental
real space image one should expect that the SRRagaton leads to a slightly asymmetric double
lobe structure [Fig. 4.5 (b)].
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Fig. 4.5. (a) Topographic image of a line-like surface deféo} LRM image of the direct SPP

excitation taking place at the center of the liikke-ldefect, and (c) corresponding calculated
image. (d) Fourier space LRM and (e) calculatedgesa The dotted circle and arrow in (a)
indicate the incident Gaussian beam and its p@toaz respectively. The dotted line in (c)
represents the line surface defect.

The same characteristics of plasmon excitationsaes in the corresponding Fourier space image
[Fig. 4.5 (d)]. In the ideal numerical case, thenptike particles are assumed perfect symmetric
[Fig. 4.5 (c)] and therefore one can observe pgymtimetrick-space images [Fig. 4.5 (e)]. Thus, we
showed that the developed numerical approach gigasistent results and can be used to model
SPP scattering on more complicated systems sugiglaglensity random arrays of nanopatrticles.

4.4 Random particle arrays. high-density area

In general, the phenomena related to the megoh SPP multiple scattering are rather
complicated and their interpretation is far fromnigetrivial. This is due, at least partially, thtae
randomness of the interactions yields a large numbscattering events. We studied SPP multiple
scattering on a small area of the high-densityaregif nanoparticles or clusters. Fig. 4.6 (a) shows
intensity distributions where the multiple intedace effects are already pronounced. For example,
at the center of the image in Fig. 4.6 (a), i.e¢hini the area of the scatterers, one can appreciate
bright and dark regions which are a collection wiad and round bright spots similar to those
reported as evidence of localized SPPs [43]. Threesponding Fourier spectrum [Fig. 4.6(b)]
showed a fingerprint of the excited SPPs (whiclppgates almost in all possible directions) and
the interference between such excited modes ands&&tkered in all possible directions. In other
words, the Fourier spectrum contains a nearlyditécle that corresponds to the well developed
multiple scattering [43]. Actually, in such SPP tseang regime, two images with a slightly
different number of particles and distributions maxhibit completely different intensity
distributions.

18



N7
o

10 m

10 m

\
’:‘!‘f;f > / LY e
> = : REX 4 B, el ) L

”'f,r.fr; : e SHE
A_ i ZR\: -1

(e)

Fig. 4.6. LRM and calculated images of low (a,e) and higlg)(aensity of nanoparticles
illuminated with a free-space excitation wavelength633 nm and (b,d,f,h) Fourier space
images of (a,c,e,g) respectively. Incident lightgpiaation is the same as in Fig. 4.3.

Indeed, a small variation of the particles disttitms and/or parameters of the incident light may
change significantly the total intensity field disttion. LRM images taken at a different and
somewhat rougher surface area of the gold film sltbw very complicated interference pattern
[Fig. 4.6 (c)]. In fact, it is possible that onlyfew bright spots should be directly related to the
excited and scattered SPPs. For example, if thepaaticles are very close to each other, the nano-
array is almost symmetric over the extent of theident beam and therefore cannot scatter
efficiently in the axial direction since the incaorgi propagating vector and the propagating SPP
vector are hardly matched.

The above-mentioned is also exhibited in tharier spectrum where a clear SPP fingerprint of
the interference between the excited and the sedt®PPs is almost not present [Fig. 4.6 (d)]. In
this context, the corresponding numerical simutetizhere made for a total area of 27 Y27 in
which 100 [Fig. 4.6 (e)] and 150 [Fig. 4.6 (g)] #eeers were randomly distributed in a central-area
of 10 x 10 um%. Since we assume that the (point-like) particles perfect symmetric and
homogeneously distributed in a square area, theuledd k-space images present a point-
symmetric behavior. It is clearly not the case le texperiments. However, in general, the
simulations showed a good agreement with the qooreting above-mentioned experimental case
[Fig. 4.6 (e-h)].

Similar investigations were carried out in #eo region of the random nano-array that contains
the high density of particles. LRM and calculatethgjes have shown considerably less pronounced
effects of multiple SPP scattering outside the oamdstructures [Fig. 4.7 (a, c)]. Outside the
nanoparticle cluster, where only a few scatteraes present, a nearly plane SPP wave is
propagating in the specular direction with resptectan imaginary boundary of the region of
nanoparticles [Fig. 7 (a, c)]. A SPP plane waveimging on a nanoparticle indeed shows a
parabolic interference pattern in the resultingaltontensity distribution (as long as the elastic
scattering is preserved). Fig. 7 (b, d) shows LRM &alculated images that correspond to the
interference between a SPP mode with a plane glagdoriginated outside the scatterer area) and
a scattered SPP, due to a nearly isolated nandpantiith a cylindrical phase front. The existence
of such well-pronounced parabolic interferencedeis corroborates the validity of the point-dipole
model used in the vectorial model for multiple sedhg [29].
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Fig. 4.7. (a) LRM and (c) (15 x um?) calculated images of high density of nanoparsicle
illuminated with a free-space excitation wavelengt633 nm. (b) LRM and (d) (8 x pm?)
calculated images of a SPP plane wave elasticalitesed. The solid circle in (a) and (c)
indicates the incident Gaussian beam. The whinam (b) and (d) indicates the SPP incident
direction. Incident light polarization is the saawin Fig. 4.3.

4.5 SPP scattering by various nano-particles

In the low nanoparticle density region, we eaftobserved regions of nearly isolated
nanoparticles lying on the surface and relativdse to each other. We took advantage of those
random distributions in order to study near-fietderactions between closely spaced particles,
particularly effects of SPP refraction [39]. As rtiened previously, by focusing the illumination
beam to a nearly isolated nanoparticle, dipole-tikenped radiation can be achieved. On the other
hand, a line of nanoparticles can act as a beaittesglL9] or as a mirror [37] mostly depending on
the inter-particle distance. We generated a dipkéeSPP source which pointed towards a line-like
nanostructure [Fig. 4.8 (a, b)]. Collective SPRaetion effects were clearly exhibited during the
course of SPP propagation. For example, the irterabetween the dipole source and the line
nanostructure showed a beam splitting effect. Fanfits origin (~ 1Qum), the transmitted beam
strikes a small cluster of nanoparticles and pdiabderference fringes can be clearly observed in
the total intensity distribution. Comparison betwewimerical and experimental results showed a
good correlation [Fig. 4.8 (b, c)].

4.6 Conclusions

Summarizing, simultaneous SPP excitation ang@ggation control in random two dimensional
arrays of nanoparticles have been investigated wh#én help of LRM imaging. Numerical
simulations based on the Green’s tensor formaliBowsa good match with the experimental
results. The numerical calculations were carriedlguusing a relatively simple vectorial dipolar
model for multiple SPP scattering [50] that alloase to explicitly formulate the set of linear
equations for the self-consistent field, facilimafigreatly computer aided design considerations.
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(b) (c)

Fig. 4.8. SPP refractive effects. (a) Topography, (b) LRM &) (10 x 15um?® calculated
images. The dotted circle in (a) indicates thedant Gaussian beam. The arrows in (a) help to
guide the eye from the SPP excitation (solid) ®ghveral refraction effects (dotted). The lines
in (b) and (c) represent the surface features oflf@ident light polarization is the same as in
Fig. 4.3 (a, b).

Experimental results obtained for dipole-like rdidia have been presented. The corresponding
cross polarized detection has exhibited four ex@édnlbbes that are formed only after an initial

transition region. Using a line-like surface defette experimental feasibility of simultaneous

excitation, and propagation of SPP fields was dmrated. For randomly (high-density) situated

nanoparticles, the experimental and numerical tesifilsimulations of different scattering regimens

and related phenomena have been presented illngttae interplay between different orders of

scattering and SPP phenomena.

We demonstrated the possibility to perfornetiattive refractive effects on a system of paricle
that are relatively near to each other. Even thdbglsimilar properties had already been observed
on nano-shaped arrays, we believe that, if propgesigned, the above mentioned nanopatrticle
systems offer more capabilities for nano-photorsgstems integration. In general, theoretical
modeling of multiple SPP scattering regimes iseyaitchallenge in itself, because one has to deal
with a large number of scattering events, howetre, obtained results reproduced good all the
qualitative tendencies found in the experimentadit

A detailed comparison between data from expemtal measurements and numerical
simulations is very difficult to assess quantitalyv For example, in our configuration, the direct
evaluation of the optimum SPP coupling efficiencging the vectorial dipolar model is
cumbersome and typically omitted [56], since it Wdoinvolve, among other things, a careful
analysis of strong particle-surface interactionsoseh accurate description might require going
beyond the framework of dipole scattering approatle. would like to emphasize that the main
idea of the proposed experimental approach waséidiag the usage of additional interfacing
elements such as, for example, in-coupling ridges facusing elements. However, we are clear
that even though a certain understanding aboutptell6PP scattering phenomena was gained, the
outcome of these investigations clearly made ¢atlsnore systematic analyses.

A statistical study seems to be a differertt pawerful approach in order to elucidate furthrer i
this field [57]. Based on the results obtained hewe also conclude that a search of new
experimental and numerical approaches for plasmmoides in random mediums remains an open
problem.
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Chapter 5

Experimental characterization of dielectric-loaded plasmonic
waveguide-racetrack resonators at near-infrared wavelengths

5.1 Introduction

In recent years, plasmonics has become amsive research area due to its potential
applications in biosensing [16], inter-chip andranthip applications in computer systems, data
storage and communications [2, 3]. Plasmonics sffére opportunity to combine optical
functionality in the same physical area as existhgctronic devices by exploiting the unique
optical properties of surface plasmon polaritonPHS). SPPs are quasi-two-dimensional
electromagnetic waves of electron excitations, pgaping at a metal—dielectric interface and
having field components decaying exponentially ifioth neighboring media [6]. Unlike
electronics, plasmonic devices grant much fastepaese times~10"* Hz) and also broader
bandwidths [58]. Several plasmonic devices haveadly been investigated, such as refractive
elements [39], interferometers [59] parabolic misrf60], band-gap structures [61] and waveguides
[18, 21, 38, 62, 63] among others.

Research on SPP waveguiding has been of uimpsttance since it is essential for controlled
plasmonic manipulation. Plasmonic waveguides ared u® guide SPP modes and can be
configured by using different geometries and matsriln this context, metallic photonic crystals,
thin metal strips, metal nanoparticle chains andameanorods have been introduced as SPP-
guiding mechanisms [18]. However, in these striedurthe field is weakly localized in the
transverse section. Dielectric-loaded SPP wavegui@@LSPPWSs) represent an attractive
alternative to improve the SPP-mode lateral confimet. DLSPPWs are a special kind of
waveguide where a high index contrast (core rafraehdex much different from the neighboring
medium) is used to shrink the mode size by stromglyfining the SPP field in the transverse
section. Nevertheless, with better confinement, ltveer the propagation length. This trade-off
between localization and propagation is one oftlhé issues in SPP guiding.

DLSPPWs were theoretically investigated [2&ing the effective-index method [64] and the
finite-element method. Recently, the potential dfSPPW-based components for wavelength
selection was also explored [38]. The investigatimiuded waveguide ring resonators (WRRs) and
in-line Bragg gratings in the telecommunication elangth range. Other studies showed
waveguide-racetrack resonators (WRTRS) to be aacéite alternative besides WRRs [65, 66].
The larger coupling region of WRTRs yields flexityilin fabrication parameters,hence relaxing the
requirements of fabrication resolution. It is, hawe difficult to foresee the WRTR behavior within
other important wavelength ranges, e.g. in the mefmared accessible with Ti:sapphire lasers,
because all the important properties (propagatémgth, mode confinement and effective-index
dispersion) are expected to be significantly défer

In this chapter, we report on the design, itabion and characterization of dielectric-loaded
plasmonic WRTRs at near-infrared wavelengths, wisde first investigation in this wavelength
range. WRTR transmission spectra are measured lesakgge radiation microscopy (LRM) and
compared to the calculated analytical values. Hagtinction ratios £20 dB) are achieved
compared to those obtained in previous results WifRRs in the telecommunication range

22



(~13 dB) [38, 62]. The propagation length and effexindex dispersion are also measured by
recording the leakage radiation at the direct amuatiEr space, respectively. This paper is organized
as follows. Section 2 describes the sample faboicaprocess and the experimental setup.
Experimental results and discussion are presemtiggect. 3. Finally, in Sect. 4 conclusions are

shown.

5.2 Materials and methods

The structures were fabricated using electream lithography. The DLSPPW consists of a strip
of poly-methylmethacrylate (PMMA) deposited, byngsia spin-coating process, on a 70-nm gold
film [Fig. 5.1 (a)]. Based on previously publishesbults [21], both widtlw and thickness were
chosen to be 300 nm in order to impose mono-moaiadlitions. Besides, photonic modes of the
excitation wavelength cannot exist in the waveguglece the cutoff frequency is ~4.7x16iz
(photons with a wavelength larger than 632 nm cammopagate through the waveguide). The
WRTRs considered in this work consist of a straighteguide (bus waveguide) in close proximity
to a racetrack-shaped waveguide structure [Fig(l§]1 Therefore, SPPs can be coupled from one
waveguide to another through evanescent wave caupli

a) z w = 300nm
—
_xl_) y
PMMA t=300nm

Gold layer (70nm)

Glass substrate n,= 1.5

x A=1.4um

Racetrack

—

Coupling region

4.0pm

— 10.0pm ——— 20.0pm »'

Fig. 5.1 (a) Schematic diagram of the transversgicse of a DLSPPW (b) SPP waveguide
racetrack resonator. The widthand thicknessof the WRTR are the same as shown in (a).

23



The bus waveguide includes a taper, at ories ehds, that is used to couple light efficientito
the SPP waveguide mode by directly illuminating thpered region with a moderately focused
laser beam. Due to the scattering of light on throstructure, various components of the wave-
vector are produced with one of them necessaril{cihmag the wave-vector of the waveguided
mode (the DLSPPW mode), hereby providing its ekoita WRTRs differ from WRRs in that they
have a straight interaction section which runs Ifgraith the waveguide, therefore elongating the
interaction region. The fabricated racetrack resmrizas two straight sections of lendth 1.4um.

The main motivation of using racetrack resorstis that one can increase the waveguide-
resonator separation for a desired coupling rdtemce relaxing the resolution requirements of
fabrication [65]. Other studies have also demotestirthat racetrack resonators exhibit a significant
improvement in the extinction ratio due to the &rgoupling region [66]. The gapbetween the
bus waveguide and the resonator~i500 nm and the racetrack resonator radtus ~ 2.0 um.
Additionally, straight waveguides, with the samegpaeters as the bus waveguide described above,
were fabricated in order to calculate the wavegpidgpagation lengths and effective indexes. The
WRTR transmission spectrum and the DLSPPW modeacteistics are both measured using
LRM, where a tunable Ti:sapphire laser is usedchasilumination source. The experimental setup
is described in detail elsewhere [63]. The LRM téghe provides the possibility to image both
direct and Fourier planes and therefore allows tonebtain information about propagation length
and effective index, respectively.
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Fig. 5.2 (a) LRM image of a straight DLSPPW illumiad with a free-space excitation
wavelength of 760 nm. (b) Averaged intensity peofilong the cross section shown in (a) and
fitted curve.
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5.3 Experimental results
5.3.1 Propagation length

The power propagation lengthp of the DLSPPW mode was measured by taking averaged
cross-sectional profiles from the LRM image of #teaight waveguide, where the SPP mode is
clearly guided [Fig. 5.2 (a)]. The intensity sphtdistribution of the SPP can be written as
1(X) =1(Yo, Z0) €Xp(—"X), wherep" is the imaginary part of the propagation constént (' + i6")
and is related to the propagation lengthlly = 1/(25"). The resulting SPP intensity distribution
[Fig. 5.2 (b)], obtained from the LRM image at dlurhination wavelength of 760 nm, clearly
shows that the SPP intensity decays exponentisdiggathe propagation directiorx-@lirection).
Quite noticeable oscillations of the intensity adhe profile are common in the LRM technique
and arise from interference of the main LRM signih close spatial components, such as those
leaking from a mode in the funnel region, which Bhghtly different effective index due to the
wider dielectric boundaries. By using the besfditthe experimental data, we find a propagation
length of ~4.7um. The procedure is repeated for different waveleng760-820 nm) and, since
data follows a linear behavior in this range (Big), we get a linear fit of the form

Lsp(2) = —308 + 1081 (um) . (5.1)

The propagation length variation for this configioa is minimal (< lum) in this range. This
allows the possibility of choosing a constant valoe LSP with no significant differences when
calculating the transmission spectra of WRTRs. dtorpurposes, we use the complete expression
of Eq. (5.1).

75F O Measurements L (2)=-3.08+10.8% (um) .
Linear fit

6.5 §

551 [u] !

45+ 1

Propagation length, L [pum]

35} 4

760 770 780 790 800 810 820
Wavelength, A [nm]

Fig. 5.3 Propagation lengths and linear fit asdediato a straight DLSPPW at different
excitation wavelengths in the interval 760-820 nm.
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5.3.2 Effective index

In Sect. 5.3.1, the leakage radiation wasroEmbin the image plane in order to measure the SPP
propagation length. However, leakage radiation imgs also possible in the Fourier plane of the
LRM, e.g. imaging the SPP wave-vector space. Tla¢ part of the propagation constafitis
related to the mode effective index accordingptes kone. It is clear that an experimental
determination of the mode effective index impliesasurements in the Fourier plane.

k

.“

Intensity [a.u.]

200 205 210 215 220 225

Distance from origin [pixels]

Fig. 5.4 (a) Fourier-plane schematic showing thygare of interest, where d is the distance from
the origin to the straight line that correspondshi guided mode signature. (b) LRM cropped
image of the Fourier plane. (¢) Cross-sectionafileofor two different wavelengths (760 and
820 nm) and Lorentzian fit.
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The leakage radiation recorded in the Fourier plefrithe microscope when a SPP guided mode is
propagating in a straight DLSPPW [Fig. 5.4 (a)]ibkk information regarding the effective index
of the guided mode. The inner disc correspond$fi¢éafdacusing microscope objective used for the
SPP excitation (NA = 0.40) [Fig. 5.4 (a)]. The teescents, which also indicate the polarization
direction [55], are characteristic of the gold-8iPP moderis ~ 1.01). The vertical line, which
corresponds to the value of the propagation cofsigmnhe signature of a SPP guided mode that
propagates in the positivedirection in the DLSPPW. Finally, there is alsoautermost disc that
corresponds to the collecting objective high nuoarapertureNA = 1.45). The leakage radiation
image recorded by the CCD camera in the Fourierep]ig. 5.4 (b)] shows these elements clearly,
which are used for calibration and for the expentakdetermination of the effective index of the
mode. The distanagfrom the origin to the crescent is used to catidbthe Fourier plane by finding

a scale factor that relates the distance in pwéls a known effective index. The value of the mode
effective index can be then calculated by measutiegdistance in pixels from the origin to the
central position of the mode signature (straighe)iand applying the factor scale. The distance is
measured by analyzing averaged cross sections difffig. 5.4 (c)]. It should be noticed that the
horizontal axis of the graph in Fig. 5.4 (c) does start at the origin, but, instead, only the isect

of interest appears (dotted line rectangle of &ig.(b)). The difference in the central positiorttce#
straight line between different wavelengths is vemall and introduces high uncertainty to
distinguish one from another. To solve this prohléme intensity profiles are fitted to a Lorentzian
curve to find a more accurate center position. #t ginthe position d of the guided mode signature
is clearly seen. The abovementioned procedurepesated in the wavelength interval 760-820 nm
to calculate the effective-index dispersion in ttasge [Fig. 5.5]. Also in this case a linear §it i
suitable and the following expression is obtained:

Nett (1) = 1.78 — 0.68 (um). (5.2)
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Fig. 5.5 (a) Fourier-plane schematic showing tlygare of interest, where d is the distance from
the origin to the straight line that correspondshi guided mode signature. (b) LRM cropped

image of the Fourier plane. (c) Cross-sectionafileofor two different wavelengths (760 and
820 nm) and Lorentzian fit.
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5.3.3WRTR transmission

Only certain wavelengths can build up in isignin a race-track resonator. The resonance
condition occurs when the round-trip optical paémdth is equal to an integral number of
wavelengths. This feature makes WRTRs suitable dioaa wavelength-selective filters. The
transmission analytical expression of WRRs is givef67]

B -l a® +t?—2at cosd
T =ex > : (5.3)
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Fig. 5.6 (&) WRTR structure. (b) LRM image of a WRTlluminated with a free-space
wavelength of 772 nm. The structure is highlighteith intermittent lines in (b). (c) Cross-

sectional intensity profiles along A (input intety$iand B (output intensity) of the LRM image
in (b).
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The first factor of Eq. (5.3) corresponds e txponential decay of the SPP, whkis the
distance from A to B [Fig. 5.6 (a)kh = exp(-Cf")o is a parameter accounting for the field
attenuation per round trip around the resonatorereitu is the pure bend loss factor and
C=2rR+ 2A is the circumference of the racetrack resonatas the field transmission and
represents the coupling losses in the interacegion. The phase change around the resonafor is
= (2n/2) net (M) C, where) is the free-space wavelength. The values for thwep propagation
lengthLsp and the effective indemy are taken from the results obtained in Sects1@fd 5.3.2.
The circumference, the bend loss factar, and the field transmissianare calculated through
numerical fitting.

The WRTR transmission spectrum was measurpdrgmentally by analyzing the LRM image
[Fig. 5.6 (b)]. The input and output intensities;adted at points A and B, respectively, are foupd b
obtaining the averaged intensity profiles at thasiats [Fig. 5.6 (c)]. The fabricated structuregeve
exposed to different dose factors in order to dight variations of the WRTR dimensions.
Changing the dose factor modifies the width of waereguide, and therefore the gap between the
bus waveguide and the resonator can become largemaller, hence the coupling will also be
affected. LRM images of WRTRs that were exposedlifterent dose factors were analyzed
[Fig. 5.7]. With poor coupling, WRTRs exhibit lowxtnction ratio and thereby we chose the
structure with the best coupling for further chéeazation. The WRTR that was fabricated with a
dose factor of 0.50 exhibited a high extinctiona:aTransmission minima occur closeite= 761
and 784 nm [Figs. 5.8 (a) and (c)] and maxima addun 772 and 796 nm [Figs. 5.8 (b) and (d)].

The experimental measurements of transmissi@n plotted as a function of wavelength
[Fig. 5.8 (e)]. The measured data exhibited a baditimwof ~11 nm and a high extinction ratio of
~20 dB, which, so far, is the largest ratio repoffi@dplasmonic wavelength-selective filters. The
measured and calculated values of the WRTR trasfniFig. 5.8 (e)] are processed numerically
to find the best fit. The fitted values &e= 15.09 + 0.0Jum,s = 1.0 £ 0.2 and = 0.32 + 0.04 (the
uncertainty intervals account for 95 % of confidena is also calculated giving values from 0.22
to 0.25, due to its wavelength dependence. Trelfitalue of the resonator circumferei@differs
only by ~ 300 nm (< 2 %) from the original fabrication paraens and the fitted value of very
close to unity, corresponds to very low bend losses

A=T61lnm | ¢ A =787nm

A=T772nm d . =800nm

Fig. 5.7 LRM images of WRTR structures exposeditfemnt dose factors during fabrication:
(a-b) 0.50 and (c-d) 0.52. The structures are ithated at different wavelengths to show
minimum and maximum transmission.
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5.4 Conclusions

The fabricated WRTRs exhibited high extinctionoagjood mode confinement and relatively low
losses and thus the feasibility for using thesecstres in the near-infrared wavelength range was
demonstrated. Moreover, the extinction ratio weorejs the largest achieved, so far, in similar
plasmonic devices. However, the maximum measugetsinission values showed to be quite low
(~ 0.1). Some ways to improve the transmission coeld¥y changing the resonator position and
moving it closer to the taper, decreasing the $ReA or both) or using longer wavelengths
accessible with Ti:sapphire lasers (e~g850 nm). The use of LRM admits the possibility of
imaging both direct and Fourier space, hence afigumeasurements of the propagation length and
effective index (in contrast with scanning nealefieptical microscopes, where only propagation
length can be calculated). Good agreement is figtdleen measured WRTR transmission values
and the obtained semi-analytical fit. This factioades that it is possible to calculate the dispars
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Fig. 5.8 (a)—(d) WRTR LRM images illuminated withet free-space wavelengths of (a) 761
nm, (b) 772 nm, (c) 784 nm and (d) 796 nm. (e) WRiidsmission spectrum. Experimental
measurements were obtained from LRM image anafygisthe fitted values are found from the
analytical expression.

relation of a DLSPPW mode, as an alternative besidenerical simulations, from experimental
measurements and use them for describing the pafare of a WRTR. This method offers a more
accurate result than those obtained numericallyesgimulations account for perfectly constructed
waveguides, a situation that is very hard to acd@mpvith electron-beam lithography. When
dispersion relations are obtained experimentaly teal physical parameters and fabrication
defects are intrinsically considered. Furthermahere is no need of measuring the waveguide
dimensions (width and thickness) after fabricati@me should point out, however, that DLSPPW
modes with higher effective index than the NA o# ttollecting objective from the LRM setup
cannot be detected.
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Chapter 6

Detuned-resonator induced transparency in dielectric-loaded
plasmonic waveguides

6.1 Introduction

The use of surface plasmon polaritons (SP®gjuide electromagnetic radiation offers the
advantages of better confinement and the posgilofithybrid integration between electronics and
photonics, compared to the conventional optical egandes; thus the use of SPPs has been
intensively investigated in recent years [68]. Amorarious plasmonic waveguides proposed to
date, dielectric-loaded SPP waveguides (DLSPPWS] fge of special interest in terms of
fabrication simplicity and the tradeoff between ma®bnfinement and propagation length.

Many passive optical elements based on DLSRRNekiding bends and directional couplers
[70], waveguide ring resonators [38], and Braggtiggs [38], have been experimentally
demonstrated. Active control of SPP propagatiothenform of modulation [71] or switching [72]
has also been realized using the thermo-opticaécefiof polymers. These developments
demonstrate the versatility of the DLSPPW technplptatform and its suitability for plasmon-
based nanophotonics.

In this chapter we report on the experimed&honstration of a plasmonic analogue to the
classical electromagnetically induced transpardiidy) phenomenon in the near-infrared regime
using DLSPPW resonators. This analogue, known asndd-resonator induced transparency
(DRIT), is due to the destructive interference ledw optical waves coupled back to the output bus
waveguide after different optical pathways in theanators. DRIT has been well investigated both
theoretically and experimentally using coupled phat resonators [73, 74] or photonic-crystal
cavities. There are also some theoretical explaratiof the plasmonic analogue of EIT using
plasmonic resonators in the literature [75, 76JasRlon-induced transparency [77] has been
experimentally demonstrated in metamaterials [W8Jprinciple, the EIT effect resulting from the
coupling between two different radiative statesnigtamaterials is equivalent to DRIT in that there
are also two optical pathways, one from the brigflhate directly to the free space and the other
through the dark state. EIT in optical metamaterial also a result of the plasmonic effect;
however, it is due to the localized surface plasmesonances where the metallic part of the
metamaterials can be regarded as electrical dipd®@sTo date there are no experimental results of
the DRIT in integrated plasmonics using plasmoretlasaveguide resonators.

6.2 Materials and methods

Our proposed and investigated structure i®das DLSPPWs and consists of two racetrack
resonators evanescently coupled to a central busguide (Fig. 6.1). Both resonators and the bus
waveguide represent DLSPPWs composed of poly-metieyhacrylate (PMMA) stripes with the
same widthW of 320 nm and heightH of 300 nm residing on a 70 nm thickness gold film
evaporated on a silica substrate. The dimensiotseoPMMA stripes are chosen intentionally to
ensure single-mode operation. The cross sectiothef DLSPPWSs is shown as the inset in
Fig. 6.1 (a). Considering that the roundtrip losside the resonator is quite high, resulting from
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both bending loss and propagation loss, racetrasknators are used to enhance the coupling
between the resonators and the bus waveguide fevach high transmission contrast between
resonant and nonresonant wavelengths.

In this work the gapg between two resonators and the bus waveguideisiiOand the length
of the straight section in the two racetrack retmnsas kept as 700 nm. We keep the radius of one
resonator aR; = 2.0 um and slightly change that of the second reson@towith the detuning
denoted aslR Since destructive interference between opticalesafter different optical pathways
is expected to realize the intermediate transmispeaks, we can estimate the valuedBf by
solving the equationgik, * 2tdR =7, whereng is the mode effective index akglis the free-space
wave number. We can findR is on the order of tens of nanometers for the -irdeared
wavelengths. A similar type of structure based ptical ring resonators has been numerically
studied previously [74] using the transfer matriethod. However, the interaction between two
rings was ignored [74] to simplify the analysis, igh we find, is not proper to predict the
transmission behavior. So, in this work, we usellewave numerical technique to simulate the
structure.
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Fig. 6.1. (Color online) Top view schematic of twetuned resonators with rad®, and R,
side-coupled to a bus waveguide. Inset is the @esson of the DLSPPWs.

The finite element method-based commerciaingot of Comsol Multiphysics is employed, in
which the tabulated experimental data of compldracive index for Au [33] are used. In the
simulations, scattering boundary conditions aredusk around the structure except the output
waveguide port where uniaxial perfectly matchecetayare used to minimize the reflection. The
incident light is from the left PMMA end, and theartsmission is defined as the integration of
Poynting vector component Pz within the PMMA strggross the output plane normalized to that
across the input plane when there is only the eafsr straight waveguide present. We scanned the
wavelength and thus got the transmission spectrum.

6.3 Results and discussion

We first investigate the case when there iy @me racetrack resonator coupled to the bus
waveguide. The two dashed curves shown in Fig(&.2epresent the transmission spectra when
the radius is equal to 2.00 and 20#, with the transmission minima around 809 and BdD
respectively. When both resonators are presentcanesee in the solid blue curve that an extra
transmission peak at the intermediate wavelengbwsiup, however, with an asymmetrical profile
with respect to the original two transmission miainAlthough the transmission peak is at the
wavelength where the two dashed curves interdeettransmission spectrum for the DRIT is not a
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superposition of the two spectra with only one negor. This suggests that the asymmetrical
profile is a result of the interactions betweentilie resonatorsThis behavior has also been found
in the optical transparency due to the couplingvben detuned electrical dipoles [79]. The
asymmetric coupling conditions between the bus wan® and the two resonators as well as the
different roundtrip losses in the two racetrackoregors may also contribute to this asymmetric
behavior. Fig. 6.2 (b) presents the calculatedstrassion spectra when radiRgis kept as 2.(um
while R, is changed with different detuning. For all thesulés, one can see similar EIT-like
transmission spectra with asymmetrical profilesshewn in Fig. 6.2 (a). As the detuniniR is
larger, the transmission peak also becomes moreopnzed.
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Fig. 6.2 Numerically calculated transmission spefbr different structures. (a) Dashed curves,
only one resonator; solid curve, two detuned rewwea (b) DRIT with different radius
detuning.

We fabricated the depicted double-resonator straecising electron beam lithography (EBL). After
thermally evaporating a 70 nm thick gold layer lte silica substrate and spin coating a 300 nm
thick PMMA (950 PMMA A4 from Micro Chem), an eleotr beam exposure was used to pattern
the PMMA, and after developing, the structure wasimed. Atomic force microscopy was used to
measure the structure, and by adjusting the dodedEBL exposure we made sure the width of the
PMMA stripes was 320 nm amglwas around 100 nm. Fig. 6.3 (a) shows an optigatascopy
image of one of the fabricated structures, in whode can see clearly the PMMA stripes in the
form of two racetrack resonators side-coupled ¢odéntral waveguide. The straight bus waveguide
starts from the left with a tapered structure whesgth decreases from dm to 320 nm over a
length of 10um.

Fig. 6.3. (a) Optical microscopy image of fabrichstructures. (b) LRM image of the SPP field
for dR= 40 nm for the wavelengths of 819 nm.
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This taper is used to couple light efficiently intee SPP mode by directly illuminating the tapered
region with a moderately focused laser beam. Tt shriation of the taper width will ensure the
excited mode in the taper will experience low retfilen when it is coupled into the bus waveguide.

A tunable Ti:sapphire laser10 mW) is used as the illumination source and thargzation is
set along the bus waveguide to excite the DLSPPWemdhe leakage radiation microscopy
(LRM) setup with a high numerical aperture objeetpaced below the silica substrate to collect
the leakage radiation signal from the DLSPPW médeugh the glass slide is used to map the field
of the SPP propagating in the detuned-resonatoctste. Fig. 6.3 (b) shows a typical LRM image
when the structure with @R equal to 40 nm is illuminated at the wavelengtl8t® nm. Since the
SPP field in the taper area is quite strong contptrehat in the double-resonator structure, which
iIs of more interest for our purposes, the formeP Skeld has been blocked in Fig. 6.3 (b) to
highlight the SPP propagation in the double reson&onsidering the fact that the DLSPPW mode
index is larger (around 1.3) than that of the SRipagating along the Au/air interface (around 1),
in the LRM measurements, a low-pass filter in tloerrker plane is used to minimize the influence
of the SPP at the Au/air interface in the obtaibB# images. In Fig. 6.3 (b) the SPP fields before
and after the double-resonator structure are usezhlculate the transmission. After tuning the
incident wavelength, we can obtain LRM images dteddnt wavelengths, with which the
transmission spectrum is obtained.

+  Measured values - +  Measured values
— Fit =l |— Fit
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Fig. 6.4 Transmission spectra from LRM for douldsenator structures with the radius
detuningdR being (a) 40 nm and (b) 50 nm.

The transmission spectra obtained in this mafmom the experimental LRM images for the two
double-resonator structures whétgis kept as 2.00m while R, = 2.04 or 2.05um are shown in
Fig. 6.4. Comparing these experimental resultshtsé¢ numerical results from Comsol shown in
Fig. 6.2 (b), one can see that quite good agreesrtmtiveen the two results have been achieved.
The induced transmission peaks have the same asyyniméoth results, and they are also more
pronounced when the radius detuning becomes lafider.number of transmission minima and
peaks, the order of magnitudes of the transmission,also quite consistent. One can also notice
that the experimental result in Fig. 6.4 (a) &R®=40 nm is more like the numerical result for
dR =30 nm shown as the blue solid curve in Fig. 6.2 [|f)e same trend is also found for
dR=50nm in Fig. 6.4 (b). We attribute the discrepamainly to the difference between the
PMMA refractive index of 1.484 used in the numergiaulations and a smaller value of it in the
real experiment. This viewpoint is supported witle tevidences that all transmission minima in
Fig. 6.4 are blue shifted by3 nm as compared to the corresponding numericalltsesn
Fig. 6.2 (b) and that in Fig. 6.4 the free specteaige is a little bit larger than in the calcuthate
results.

Having realized the EIT-like transmission gp@m using the plasmonic detuned resonator, we
can further evaluate the slow-light effect that ¢enachieved using this DRIT. The light group
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index can be calculated using the equatigr n, —4 dn,/dA, whereny andn, are the group index
and phase index at the wavelengthin the waveguide. Using the results from numerical
simulations, we find the calculated transmissioakparound the wavelength of 812 nm is about
2.6 (2.8) for the radius detuning of 40 nm (50 nfihe bandwidth-delay product (BDP) is
calculated to be 7.5 % for the case whd&equals 50 nm. The relatively low values of growogbex
and BDP are mainly attributed to the roundtrip losghe DLSPP racetrack resonators. We expect
that the group index can be improved by furtheimoiging the length of the straight section in the
two racetrack resonators to increase the contnrdbeitransmission spectra.

6.4 Conclusions

In a summary, we have fabricated the douldesnator structures based on DLSPPWs using
EBL and experimentally demonstrated the phenomeh@®@RIT in these structures using the LRM
technique. These results, although obtained in rikar infrared, can be extended to other
wavelengths. Numerical simulations have also besfopned to understand the phenomenon and
to help estimate the group index achieved in theidated double-resonator structures. Although
the achieved group index is not high due to plaso@sonator loss, the DRIT still provides a new
means of waveguide dispersion control and we alped that DRIT can find broad applications in
the on-chip sensing area, e.g., in temperaturdrgef0], because the induced transmission peaks
in DRIT are more sensitive to index change.
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Chapter 7

Broadband directional coupling and demultiplexing in DLSPPWs
based on the multimode interference effect

7.1 Introduction

In the recent years, several kinds of surfdasmon polariton waveguide-based structures, such
as long range surface plasmon waveguides, digldosded waveguides (DLSPPW), metallic
nanowires and metal-insulator-metal waveguidese l@en proposed [69, 81-86]. Among these,
DLSPPW shows a special advantage for high-densiggration because of relatively low bend and
propagation loss, easy large-scale industrial ation with now existing lithography techniques.
Therefore, many researchers seek their new wayghofonic fundamental components using
DLSPPWs, including beam splitters [87, 88], directl couplers [70, 89], Mach-Zehnder
interferometers [23, 85, 90], and ring resonatB88;5 p2]. In addition, several MMI structures based
on DLSPPW combined with the thermo-optic effect dndaeen demonstrated to realize optical
switching operation controlled by electronic signfdl, 72, 91]. However, these works paid little
attention to the bandwidth of operation, which By kfor high-speed signal processing and
controlling. In this chapter, we numerically andpexmentally present a broadband directional
coupling realized in DLSPPW based on MMI effect. Wst supply the operation principle of the
proposed model system, and then we perform an iexpetal realization to demonstrate these
functions in the near-infrared regime.

7.2 Theoretical model

We start from studying a model system of dieledoaxled MMI structure as shown in Fig. 7.1,
which consists of a polymethyl-methacrylate (PMMAyer with predefined three simple-mode
waveguides and one multimode regime on the topgufi@ film, which is supported by a thin glass
substrate. As shown in Fig. 7.1, simple-mode waikggufunction as input and output waveguides
(output A and output B), while multimode wavegugieves as the MMI region. First, we launch an
input signal with a frequency into the input waveguide alongaxis, and assume thitguided
modes in the multimode regions can excited by tipaiti frequency component. So the total field
w(X, Y, 2) in multimode regions can be written by a supeitprsof all excited guided modes as

Yy, 2=2 Gh.(y 3 E" &, (7.1)

wherec,, ¢, , andp, denote the excitation coefficient, modal fieldtdimution, and imaginary and
real parts of propagation constant of tile mode, respectively. Whex is relative small (in this
work N = 1, the electric field componegj patterns for modes shown by the insets in Fig, The
propagation losses of low and high order dieledtaxed plasmonic waveguide modes can be
designed to be approximately equal. So, we cana teplacea,. As two output waveguides are put
at the back-endk(=1) of multimode regions, the output energy from e output waveguides are
directly decided by the modal field distributigfl, y, 2). Again,w(l, y, 2) is a interference profile of
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I Substrate material Metal material =0 PMMA material

Fig. 7.1 Schematic diagram of directional couplensisting of a PMMA layer with predefined
three simple-mode waveguides and one multimod®mnegn the top of a gold film. The metal
film thickness isd, the PMMA layer thickness, width and length of thaltimode region arg

w andl, respectively. Each output waveguide is made of @&w-shaped waveguides connected
exactly tangent to each other and the radius ofature of the arc-shaped waveguides is

N guided modes in the multimode regions and is d@etioy| andg,, , whereg, is a function of
frequencyw. So, the output energy from the two output wavegsiiis function of and frequency
. In the ideal case of the lendthnd frequencw satisfy

Bu() | = (K +1)n k.=0,1,2, ..., (7.2)

the total field profile at the back-end of the nmattde region can be written as

w(.,y,z)=-€"y(0,y, 2 (7.3)

Eq. (7.3) denotes that a mirrored image of the tirffgld are reproduced at the back-end of the
multimode region, which implies the structure otignsfer the power from input waveguide to
output waveguide B. However, if the length | anetifiencyw satisfy

Pa(w) | = XK n k=12..), (7.4)

the total field profile at the end of the multimoggion can be written as

w(,y,2)=€"y(0,y, 2, (7.5)

which indicates a direct image of the input fieddreproduced at the back-end and the power from
input waveguide is only transfer to output waveguid So, the directional coupling in dielectric-
loaded plasmonic waveguides based on multimodefénénce effect is realized. From Eq. (7.2)
and (7.4), we can find the performance of dire@laoupling is mainly relevant to the propagation
constant difference between different modes. StheeDLSPPW has strong dispersion, we can
expect the device to have some special advantages.

7.3 Numerical calculations
In order to verify and analyze the directiomalupling function of proposed structure, we

perform three-dimensional finite-difference timeatiin (FDTD) method with perfect matched
layer boundary conditions to simulate. The geompémameters of the structure shown in Fig. 7.1
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are as follows: the Au film thickneslkis 50 nm; the PMMA layer thicknes$gs 300 nm; the PMMA
width of the input waveguide is 290 nm; the PMMAdtti w of the multimode region is 740 nm;
the curvature radius of two output waveguides mafléwo arc-shaped waveguides connected
exactly tangent to each other is 1000 nm. Thesetstal parameters have been carefully designed
and fixed in order to ensure that only one guidemies (the fundamental DLSPPW mode) are
supported in the input waveguide while two guideades (the fundamental DLSPPW mode and
the first order mode) are supported in the multimadgion. The electric field componeB§
patterns for the fundamental DLSPPW mode and tisé dirder DLSPPW mode are shown by the
insets in Fig. 7.5. In simulation and experiméhg lengthl of the multimode region is variable.
The Au is treated as a dispersive medium followtingg Drude model. The metal permittivity is

derived by using&(w) =€, —~af/(«f +iw/T) . The values ofe., « and 7 are 1.0,

1.38x106° rad/s, and 33 fs, respectivelyhe refractive indexes of PMMA and Si®ubstrate are
1.484 and 1.50, respectively. First, we launchideviband pulse into the input waveguide. By
using the fast Fourier transform (FFT), the trarssioin spectra from output A and output B
waveguides can be obtained, as shown in Fig. J.2r@ (b), which correspond to the lengtbf
the multimode region to be 3740 nm and 2000 nrspeaetively. From Fig. 7.2 (a) and (b), we can
see most parts of the power from input waveguidéha wavelength range of 720-850 nm are
transferred to output waveguide A whesquals to 3740 nm.
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Fig. 7.2 Transmission as a function of wavelength(&)| = 3740 nm, (b) = 2000 nm. Electric
field energy distributions at the wavelength 740fom(c)| = 3740 nm, (d) = 2000 nm.
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Fig. 7.3 (a) Optical microscopy image of the faatéd structure. Experimentally measured
transmission spectra for (b}x 6550 nm, (c) = 5850 nm. (d) LRM image at the wavelength
838 nm forl = 6550 nm. (e) LRM image at the wavelength 756famh = 5850 nm.

Comparatively, in the same wavelength range, masispof the power are transferred to output
waveguide B fot = 2000 nm. This clearly shows the wideband dioeeti coupling function can be
achieved by multimode DLSPPW with the length omiythie range of several micrometers. The
electric-field energy distributions at the waveldng@40 nm forl = 3740 nm and 2000 nm are
shown in Fig. 7.2 (c) and (d), which intuitivelyrdoms the directional coupling function. From
Fig. 7.2, we can also find that transmission desgsavhen increasing the wavelength of light. This
is because the curvature radius of arc-shaped wadesyis only 1000 nm, the radiation losses
become larger when increasing the wavelength at.liBy enlarging the radius of curvature, the
phenomenon can be eliminated.

7.4 Experimental results

In order to verify the theoretical predicati@ome experimental samples are also fabricated by
sputtering Au onto a quartz substrate followed vath polymethyl-methacrylate (PMMA) layer
predefined input/output waveguides and one multenejime by electron beam lithography. It is
worth emphasizing that, except that the radii af/ature of arc-shaped waveguides are enlarged to
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reduce the radiation losses at lager wavelengdisetlexperimental samples are expected to have the
same width and thickness of PMMA ridge used inEBE'D simulation. However, the width and
thickness of PMMA ridge is in the range of sevdmahdreds of nanometers and is difficult to be
accurately controlled under our experimental emwtent. So, in this work, we seek the agreement
of physical phenomenon between experiment and ationl and do not importune the absolutely
corresponding relation between them. Fig. 7.3 k@s an optical microscopy image of a typical
structure fabricated in this work. The performawtehe fabricated components is characterized
using leakage radiation microscopy (LRM). All inpuveguides are connected to funnel structures
which facilitate efficient excitation of the DLSPPiVode.

T
— Ouput A
- Ouput B

I ! I L I
740 760 320 340

: 78‘0 Kaﬂ
Wavelength (nm)

Fig. 7.4 (a) Experimentally measured transmissipacga forl = 6200 nm. Corresponding
LRM image at the wavelength of (b) 738 nm, (c) 7®% and (d) 838 nm.

Experimentally measured transmission spectna the output A and output B fbe= 6550 nm
and 5850 nm are shown in Fig. 7.3 (b) and (c),aetsgely. From Fig. 7.3 (b) and (c), we can see
that the experimental phenomenon is in agreemetht sumulation results. The LRM images are
also obtained and indicated in Fig. 7.3 (d) and Téese experimental results further confirm the
wideband directional coupling function. As expe¢tedm Fig. 7.3 (b) and (c), we do not find that
transmission decreases with increasing wavelengtiight, which is agreement with above
theoretical prediction.

Since the output energy from the two outpuvegaides in the dielectric-loaded MMI structure
as shown in Fig. 7.1 is a function bfand w, the wavelength-selective splitting function can b
achieved whehis fixed. In the limiting case of wavelength-sgiee splitting function, 1 x 2 beam
splitting function and demultiplexing function mag expected. This predication is also confirmed
by experimental results. Fig. 7.4 (a) shows thasueed transmission spectra from output A and
output B wherl = 6200 nm. From Fig. 7.4 (a), we can see thatrresmission at 738 nm from the
output A is about 4%, while the transmission frdma butput B is about 10%. Comparatively, as for
the wavelength of 838 nm, the transmission fromdbgput A and output B are around 11% and
4%. This clearly shows that the demultiplexingdtion is achieved fod = 738 and 838 nm. In
addition, from Fig. 7.4 (a) and (c), we can alsafthat a 1 x 2 beam splitting function is directly
obtained at 765 nm in the same structure.
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Both simulation and experimental results djeahow that the broadband directional coupling
and demultiplexing function can be achieved by mdte DLSPPWs with a length in the range of
several micrometers. The fact that this device ismshorter than traditional directional coupler
consisting of two parallel dielectric or plasmometallic waveguides results from two points. One
is because the interference effect is much strotign the evanescent wave coupling between
parallel waveguides. The second is that the DLSHR strong dispersion and results in the
propagation constant difference between fundamé&it&iPPW mode and the first order mode is
relatively large, as shown in Fig. 7.5. Another leglvantage of the device is the wide bandwidth.
This is because the propagation constant discriesnbetween the two operation modes and vary
slightly with the wavelength of the light, whichdtearly shown in Fig. 7.5.
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Fig. 7.5 Propagation constant difference (in uaftsn®) between fundamental DLSPPW mode
and the first order mode as a function of wavelergjtlight. The inset shows the electric field
componeng, patterns for fundamental DLSPPW mode and thedimér mode.

7.5 Conclusions

In summary, we have presented a compact dieddotmded surface plasmon polariton directional
coupling device based on multimode interferencectff The proposed wavelength directional
coupler shows many advantages, such as small isizbg range of several micrometers), wide
bandwidth (greater than 100 nm) and easy fabricatonly requiring standard lithography
techniques). In addition, 1 x 2 beam splitting @ednhultiplexing function may also be realized by
the structure. As the use of dielectric-loaded mplasic technology facilitates further large-scale
optical integration, these practical device strtegumay become a key building block in high
density photonic integration and circuits on chip.
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Chapter 8

Partial loss compensation in dielectric-loaded plasmonic waveguides
at near infra-red wavelengths

8.1 Introduction

Dielectric-loaded SPP waveguides (DLSPPWskehdnawn special attention in the last years
due to their ability to provide subwavelength trarsal confinement to SPPs. Such a confined
mode is called dielectric-loaded SPP (DLSPP) [2193]. DLSPPWs are strips of a dielectric
material (typically poly-methyl-methacrylate - PMNIAleposited on a metallic thin-film [63].
Unfortunately, increasing the confinement factoFY@utomatically results in a diminution of the
mode propagation length. In order to overcome itheetoff between sub-wavelength confinement
and propagation loss, gain media have been proposedmpensate ohmic loss through optical
amplification [94]. In this context, optical amptiftion achieved with dye molecules [95-98],
erbium ions [99] and quantum dots (QDs) [100-102jehbeen reported [103] at visible, near infra-
red and telecom wavelengths with loss compensatidns 30 %. We have reported earlier an
optical gain of ~ 200 cthand the corresponding propagation loss compemsafie 30 % for SPP
at near-infrared wavelength using lead-sulfide (R@Bs [104].

In this chapter, we report on fabrication ahdracterization of straight DLSPPWs doped with
PbS QDs for DLSPP mode amplification at near imé@-wavelengths. The optical gain was
quantitatively measured by detecting the stimulagmission signal impinging directly on a
photodetector. The waveguides were pumped with:¥ A@ laser at 532 nm, whereas the DLSPP
mode was excited with a continuous wave Ti:Sapphimable laser at the wavelength of 860 nm. A
loss compensation of ~ 33 % (an optical gain o3 dm") was observed in the DLSPP mode. The
mode propagation, coupling efficiency and stimuatmission were characterized by leakage
radiation microscopy (LRM). The stimulated emissggnal, which was originated only from the
guided mode inside the waveguide, was separatednaadured independently by inserting spatial
filters in the Fourier plane of the microscope

8.2 Active medium for DL SPPW's

The active medium was prepared by mixing th®A with PbS QDs (Evident Technologies).
The concentration of the QDs in PMMA was chosenbéo 2.8x16" cmi®. The mixture was
deposited by spin coating over a 70 nm thick gdhd that was previously deposited by thermal
evaporation on a thin (0.17 mm) glass substrate.tfiitkness of the PMMA/PbS-QDs film was set
to 300 nm which assures single mode operation ef IiLSPPW [21]. To allow toluene to
evaporate, the polymer film was baked for 2 minatie$80 °C. The fabricated structures consist of
a straight waveguide having a tapered coupler atadrits ends [Fig. 8.1 (a)]. The structures were
imprinted using e-beam lithography and immersedainMIBK/IPA(1:3) solution for resist
development It was observed that for higher concentrationsPb6 QDs in the PMMA, the
resulting waveguides showed defects, such as cramttsundesired roughness, which affect the
DLSPP mode propagation. The chosen concentratiowed the fabrication of the structures with
the desired properties, i.e. correct form and agevell as enough QDs in the PMMA in order to
attain stimulated emission.

42



Y
L.
g Bus-waveguide
5.
= Taper .
<t i

—10.0 pm e 20.0 pm !

(b) B w =300 nm
N e
[ y ® PMMA/ R
x AR £=300 nm
° o ®
L ]
e o

Gold layer (70 nm)

Glass substrate ng= 1.5

Fig. 8.1 (a) Straight DLSPPW. (b) Cross sectiomglthe dashed line in (a). The PbS quantum
dots are embedded inside de PMMA film.

8.3 Experimental setup

The experimental setup consists of a LRM ageament composed of a 20x (NA = 0.40)
focusing objective (O1) and an oil-immersion ohbjext(O2) with high numerical aperture NA =
1.45 that was used for collecting the leakage tadliaof the DLSPP mode [Fig. 8.2 (a)]. A
Nd:YAG laser (532 nm) was used as a pump laseraanthable Ti:Sapphire laser set at 860 nm
acted as a probe laser which coupled light intoL&®P mode inside the waveguide. The pump
laser beam was expanded to cover completely th@iktrsection of the waveguide [Fig. 8.2 (b)].
The DLSPP mode is detected by collecting the cpoeding leakage radiation appearing at the
glass-substrate side of the sample [63]. Notice tha intensity of the leakage radiation is
proportional to the intensity of the DLSPP modekimg it possible to evaluate the amplification of
the mode.

Both laser beams were modulated by a doublpsncy chopper (2FC) at the frequencies
f; =200 Hz andf, = 280 Hz connected to a lock-in amplifier (LIA)h& difference frequency
Af =80 Hz was used to detect the stimulated emissignal acquired from the structure. The
incoming light from the pump laser was completédliefed out, after it has interacted with the
sample (S), using band-pass filters (BPF), andrakdénsity filters (NDF) were used to attenuate
the probe laser intensity in order to avoid satonain the photodetector (PD). A spatial filter {SF
was placed in the Fourier plane of the microscapeliminate all spatial frequencies which are
different from thek-vector of the guided DLSPP mode. The guided madecpresented by a
straight line in the Fourier plane and can be gdiiered out [Fig. 8.2 (c)]. Another lens was dse
for focusing the transmitted through the filterhligonto the photodetector. This experimental setup
allowed the measurement of either spontaneousimulsted emission inside the DLSPPW by
supplying the appropriate reference frequency ¢d A (f; or Af, respectively).
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Fig. 8.2 (a) Experimental setup. A beam-splitteB)YBs used to combine both laser beams. (b)
Active DLSPPW. The small circle in the left repnetsethe size and position where the probe
laser spot was focused to couple into a DLSPP nitglde the waveguide and the big circle

corresponds to the pump laser. (c) Schematic ofFigrier plane showing the three main

contributions: the gold-air SPP (1), the incidee&im (2) and a straight line that corresponds to
the guided mode signature (3). The shaded rectaeglesents the spatial filter used in the
experimental setup and only (3) reached the detecto

8.4 Results and discussion

The propagation length of the DLSPP mode was nuadyi calculated (using finite element
method) giving a value of 11n. This value corresponds to a DLSPP mode loss488-cnt.
The LRM image showed good confinement and effecgweding of the mode through the
DLSPPW [Fig. 8.3 (a)]. The oscillations of the imt¢y along the profile are common in LRM
technique and arise from interference of the mahiLsignal with close spatial components, such
as those leaking from a mode in the taper regitmgiwhas different effective index [Fig. 8.3 (b)].
We next measure the coupling efficiency arel dimulated emission signal. For this purpose,
the probe laser beam is coupled into the DLSPPMbbysing the Gaussian beam to a spot size of
5 um on the edge of the taper side of the wavegukdg, B.2 (b)].Three main contributions can be
observed in the Fourier plane of the microscopg.[8i2 (c)]: the one from the gold/air SPP, the
directly transmitted light and the correspondingtdbution from the DLSPP mode. A spatial filter
is placed in such a way that only the signatureesponding to the guided mode reaches the
photodetector [Fig. 8.2 (c)]. The power correspagdb the DLSPP mode is measured for different
values of probe power in the absence of the purgp &3 (c)]. This dependence must be linear and
thus the coupling efficiency can be estimated diyefrom the slope of the curve [104]. The
efficiency evaluation indicates very weak couplintp the waveguide (~ 0.006 %) probably due to
imperfections in the structure. The dependencehefduided mode power on the probe power
exhibits a change in the slope when the probe pawxeeeds 17 mW. The slope decreases
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indicating even lower coupling efficiency that damexplained by a physical damage of the PMMA
film that constitutes the taper.
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Fig. 8.3 (a) LRM image of the DLSPP mode propagptiong the waveguide. (b) Intensity
profile of the guided mode along the waveguide.Ga)ded mode power plotted for different
values of the probe laser power in the absencdeeoptimp laser.

This result indicates a reliable range of the prpteer £ 16 mW) for measurements of stimulated
emission. The PMMA with embedded PbS QDs can admasactive medium if the stimulated
emission couples into a DLSPP mode in the wavegi@dg In such a case, optical amplification
can be achieved resulting in an increment of thepggation length. An effective and non-
destructive irradiance interval for the pump lasers found (between 1000 and 4500cwf).
Stimulated emission measurements below this intemeaalmost in the noise level (~ 50 nW) and
higher powers start to melt the PMMA film. An ogticgain of ~ 143 cih was measured for a
probe power of 16 mW and pump irradiance of ~ 44B6n?, which corresponds to a
compensation of ~ 33 % of the DLSPP mode loss g (a)].
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Fig. 8.4 (a) Stimulated emission measured for iffié powers of the probe laser. Two values
of the pump irradiance are also shown. (b) Stineda¢mission dependence measured for
different values of the pump irradiance at fixedlpr power. Two different values of probe
laser powers are plotted.
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The linear dependence of stimulated emissidren measured against pump power, indicates
that population inversion is completely achieved dopump irradiance higher than 1000cwf
[Fig. 8.4 (b)]. Here, one should take into accotivat QDs suffer from photobleaching which is
accelerated when pumping the QDs. The photolumarese of the QDs decreased continuously
during the course of the experiments, thereforfectihg the reproducibility of the experiments.
When the stimulated emission power was measuretvfodifferent values of the pump irradiance
[Fig. 8.4 (a)], the first set of measurements edlight QDs photobleaching (at pump irradiance of
3180 Wcnv) which resulted in lower initial values of therstilated emission in the second set of
measurements (at pump irradiance of 4466n#f) and in an apparent intersection of the linear fit
Nevertheless, it is clear that higher values ahslated emission were achieved for higher powers
of the probe laser.

8.5 Conclusions

We have demonstrated the feasibility of sepagaand measuring quantitatively the stimulated
emission signal that was originated only from theSBP mode that propagates along the
waveguide. This alternative constitutes an impartanprovement in the detection of stimulated
emission signals along DLSPPWs. The optical angalifon of DLSPP guided mode was achieved
at near infra-red wavelengths. An optical gain df43 cni, which corresponds to ~ 33 % of loss
compensation, was evaluated from the experimets.iffherent photobleaching and low stability
of the QDs hinder reproducibility, and thus comaies the statistical treatment of experimental
data. However, in this work, optical amplificatiand relative stability of the QDs was observed for
low pump irradiances. Based on the results obtdieee, as well as in previous works [95-104], we
conclude that it is in general rather difficultdbtain loss compensation above ~ 30 % due to the
thermal damage of the structures and active megimtobleaching. Hence, a search of new, more
promising, active media for amplification of plasmmmodes remains to be an open problem.
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Chapter 9

Generation of diffraction-free plasmonic beams with one-dimensional
Bessel profiles

9.1 Introduction

Although SPPs can be confined to relatively smrathdverse regions, using for example dielectric-
loaded SPP waveguides [26], the inherent incredseffective index results in a decrease of
propagation length. On the other hand, SPP beamgtbpagate along unstructured metal surfaces
exhibit generally a longer propagation length, é&xhibit weak localization and diverge quickly. A
possible solution to overcome this tradeoff betweenfinement and propagation could be the
generation of diffraction-free plasmonic beams E&FPBS).

Diffraction-free beams are characterized byiedd distribution, whose transverse intensity
profile is invariant along the propagation direntiand has the ability to reconstruct itself if an
obstacle is placed along the propagation axishatsame time, the beam waist can be rather small,
I.e., of the order of one wavelength. Such an itbeaim cannot be realized experimentally, since it
requires infinite energy and an infinite spatialez. Nevertheless, quasi-diffraction-free beanms ca
be generated to exist in a spatially limited regibarnin et al. [106] studied for the first timecte
kinds of beams, namely, the Bessel beams. In rg@t, other diffraction-free beams, such as
Mathieu [107] and Airy beams [108] have also berplared. The above-mentioned beams are
solutions to the free-space three-dimensional Helimlequation (no boundaries, guiding surfaces,
or nonlinear media). Therefore, the very existenndéetwo-dimensional (2D) diffraction-free
solutions is not straightforwardly warranted. Ictfat was shown that the Airy beam is the only
possible diffraction-free solution to the 2D paedxivave equation [109].

In this context, plasmonic (SPP-based) Airgrbe have been studied theoretically [110, 111]
and demonstrated experimentally [112—-115]. At #aestime, recent numerical studies in photonic
crystals [116] demonstrated that diffraction cantditored to generate 2D diffraction-free beams
that resemble the profile of a Bessel function prekent the self-healing property. Furthermore, a
similar numerical approach was employed to model gieneration of DF-SPPBs with axicon-
shaped arrays of metal nanoparticles [117]. In tbiwpter, we propose and demonstrate
experimentally two simple structures for the getieraof DFSPPBs utilizing the SPP excitation by
metal ridges illuminated at normal incidence [11The intensity profiles of the generated DF-
SPPBs closely resemble the zeroth- and first-oBésisel functions of the first kind. Moreover, the
generated beams exhibit the self-healing abilayiséactory beam localization, and a narrow beam-
waist of the order of one wavelength.

9.2 Materialsand methods
Two ridge structures, A1 and A2, were fabecabn a 50 nm thin gold film supported by a glass
substrate in order to generate two different kiolBF-SPPBs targeting the excitation wavelength

of 700 nm. Structure Al consists of two gold ridg880 nm wide, 70 nm thick, and 1#n long,
each) joined at one of their ends forming an artigl€igs. 9.1(a) and 9.1(b)]. Structure A2 is
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basically the same, but the ridges are shifted tapgrhalf of the design SPP wavelength
[Fig. 9.1 (c)]. The idea of choosing these georastyvias inspired by the axicon configuration [106]
and nanoparticle arrays studied theoretically [1Odr structures, unlike the latter one [117], were
configured to produce Bessel-like beams upon camerof an incident free propagating radiation
into a SPP beam. Structures A1 and A2 were desitingdnerate beams with the zeroth- and first-
order Bessel intensity profiles, respectively. Titges were fabricated using a common procedure
of electron-beam lithography followed by lift-offig. 9.1 (d)]. A 0.17 mm thin glass cover slip was
used as a substrate to hold the sample.

(a) A

— W—

Au Ridge| 1

Au thin film (70 nm)
Glass Substrate

(d)

Fig. 9.1 (a) Weakly focused laser beam illuminagegold ridge structure to generate a DF-
SPPB. The arrow indicates the polarization direct{®) Scanning electron microscopy (SEM)
image of the plasmonic axicon-like structure Al) @EM image of the phase-shifting

plasmonic axicon-like structure A2. (d) Cross-smwil schematic view of structures Al and
A2. The width w and thickness t of the gold ridges 300 and 70 nm, respectively.

The structures were illuminated at normaldecice with a weakly focused laser beam covering
the whole structure at a wavelendtls 700 nm. The images were recorded in a chargpledu
device (CCD) camera using leakage radiation mia@gdLRM). The interference of the excited
SPPs generates the DF-SPPB at the side of thewsgwehere the angleis formed. SPPs are also
excited in the opposite direction, forming two diyi@g beams, but since we are not interested in
these contributions, we filtered them out by plgcépatial filters in thé-vector space. The directly
transmitted light was also blocked to avoid satarat

9.3 Results and discussion

For structure Al, the LRM image shows a well-lapadi beam centered along the x-axis with a
clear correspondence to the zeroth-order Besset ffigg. 9.2 (a)]. The LRM image from structure
A2 [Fig. 9.2 (b)] clearly depicts a hollow beam e characteristic of higher-order Bessel beams.
In both cases, the generated beams exhibit a it@glidivergence+8r mrad) and a full width at
half-maximum (FWHM) of 1.Jum (~1.5\) at the point where the beam intensity has itsimam
value [Figs.9.2(c) and (d)]. The generated beash®w intensity profiles with good
correspondence to squared zeroth- and first-ordes@® functions of the first kind [Figs. 9.2 (eflan
2(f)]. In order to generate the DF-SPPBs, it waseseary to illuminate the complete structure. The
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generated beams are a result of the interferenttee PP beams that are launched from each ridge,
and thus a larger beam diameter reinforces theistoaction.

Normalized intensity
Normalized intensity
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Fig. 9.2 LRM images of DF-SPPBs generated by airacfa) A1 and (b) A2. The inset in (b) is

the LRM image of a SPP beam excited with a straigdge. (c) and (d) Averaged cross-
sections along the y-coordinate at different distenfrom the apex (origin) of A1 and A2,

respectively, to be compared with (e) zeroth- adirst-order squared Bessel functions. (g)
LRM images of DF-SPPBs generated by illuminating skructure with a tightly focused beam
(~5 pm) (left) and partially defocused-10 um) (right). (h) FWHM measurements at different
distances from the apex (origin) for the threead#ht beams labelled as |, 1, and Il in (a) and

(b).

Moreover, it was found that a better focused beamist of ~5um) produces SPP beams with a
higher divergence and broader waists [Fig. 9.2 [k laser was also focused on a straight ridge to
compare the divergence of usual SPP beams witbrtee generated with the axicon-like structures
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[inset in Fig. 9.2 (b)]. It was found that the digence of the SPP beam launched with the straight
ridge was larger by one order of magnitudeB@r mrad) even though its width was larger
[(Fig. 9.2 (h)].

A second set of structures was fabricated addircylindrical gold bump structure placed at
10um from the apex of the axicon-like structure (A%)ng the same fabrication method mentioned
before [Figs. 9.3 (a) and (b)]. The radiksand thickness of the cylinder were 150 and 70 nm,
respectively. The purpose of fabricating this duite was to insert an obstacle in the optical phth
the DF-SPPB and observe if the generated beandg@beconstruct itself. The LRM image of the
DF-SPPB generated by illuminating structure Al showat the central beam remains unaltered in
the presence of the obstacle [Fig. 9.3 (c)]. Moegpthe main features of the intensity distribution
are essentially the same as the one without theadbdqFig. 9.2 (a)]. The cylindrical obstacle was
also placed in front of a straight ridge to comptidues perturbation induced in common SPP beams.
Typical interference fringes in the form of parashkre present in the LRM images showing the
effect of the obstacle [Figs. 9.3 (d) and (e)].

(b) R =150 nm
=70 nm

Obstacle

Au thin film (70 nm)
Glass substrate

Fig. 9.3 (a) SEM image of the axicon-like structared a cylindrical obstacle placed at i
from apex of the structure. (b) Schematic desigrihef fabricated obstacle in (a). (¢) LRM
image of the generated DF-SPPB facing a cylindratedtacle. LRM image of a typical SPP
beam excited by focusing the laser beam on a &traidge (d) propagating freely and (e)
facing a cylindrical obstacle. The grey spot indojl (e) shows the position of the obstacle.

9.4 Conclusions

We have proposed and experimentally demomestiiie generation of DF-SPPBs by axicon-like
structures that mimic the functionality of an axictn analogy with optical axicons, it was possible
to generate limited-diffraction plasmonic beamshwihe zeroth-order Bessel intensity profiles
within a limited region. Additionally, a variationf these structures allowed the generation of
diffraction-free hollow beams with close resembkate higher-order Bessel functions, specifically,
the first-order Bessel functions. The generatedIPRBs showed a narrow waistl(5\) of less
than two wavelengths. The self-healing ability ttisacommon in diffraction-free beams, was also
satisfied, opening an alternative to use the geée@r®F-SPPBs, for example, for plasmonic
tweezers [116].
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Chapter 10

Concluding remarks

In this thesis, we have proposed, designdatidaied and characterized plasmonic devices with
different functionalities. Most of the studied sttures were designed to operate within the near-
infrared region, but it can be extended to othevelengths, e.g. visible or mid-infrared. In all
cases, we obtained satisfactory results regardieg functionality and expected behavior. In
specific, the waveguide race-track resonators @fp@ir 5 showed the highest values of extinction
ratio reported so far. These good results, andhitjie quality of the fabricated structures, conddcte
to the idea of realizing the double ring resonatofsChapter 6. Moreover, completely new
structures, such as the demultipleyors, also eteulbihe expected functionality. The numerical
approaches used in this thesis, such as the valateoidel for multiple scattering, the finite-elerhen
method (FEM), and the finite-difference time domaimethod (FDTD), proved to simulate
accurately the experimental results. All of thesplanic devices presented here were previously
simulated before the experimental characterization.

Most of the plasmonic devices and structuhesva in this thesis were fabricated using electron-
beam lithography, and so, the versatility of theshnique for the design and fabrication of
plasmonic devices was demonstrated. Another adgantas the use of dielectric-loaded plasmonic
waveguides (DLSPPWSs), which offer good confinenaamt facilitate the guiding and manipulation
of DLSPP modes. As the use of dielectric-loadedmptanic technology facilitates further large-
scale optical integration, these practical devicectures may become a key building block in high
density photonic integration and circuits on chip.

The experimental setup used in all of the €agas the leakage radiation microscopy (LRM)
setup, but with slight changes to adapt for eaitfagon. For example, in Chapter 8 we showed that
two laser beams can be joined together and illutaitize sample with different beam sizes. With
this in mind, one can think of exploring more pbggies to expand the current uses, applications
and limitations of LRM, such as multiple SPP exaia We also demonstrated that using the
appropriate spatial filters in the reciprocal spaitevas possible to measure the efficiency of
specific SPP modes, clean the images for procesaimgavoid saturation.

Futurework

In future work, the above mentioned technique bélused to measure the coupling efficiency of
SPPs, for example to study the efficiency deperglenth the angle of the incident light.

In Chapter 4 random arrays of nanoparticleeevdeposited on a glass substrate to analyze the
effects of multiple scattering. Nevertheless, thigioal idea was to distribute the nanoparticles
homogeneously, but clusters of particles appearst@ad. This situation remains an open problem
and new techniques are to be explored. More cootrdhe concentration and distribution of the
nanoparticles can lead to more accurate prediciiodscalculations.

Regarding the diffraction-free plasmonic beaomntroversy aroused from calling such beams
plasmonic Bessel beams. Many sustain the facttheagenerated beams must be called cosine-
Gauss plasmonic beams [117], but we can also pghateghe designed axicon-like structures do not
excite two intercepting plane waves, and therefsmam a strict mathematical point of view, the
generated beam is neither a cosine-Gauss. Futurk iwoludes the characterization of this
diffraction-free beam by modifying the involved pareters, such as wavelength and the angle of
the apex of the structure.
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Appendix A

Algebraic expressions of field propagators

A.1 Near field direct propagator

In this Appendix, the dyadic and tensor notatiwill be expressed in simple algebraic
expressions, which are more useful if a progranecudst be implemented. Analytical solutions of
the field distribution for small amounts of paréisl(N< 3) can also be obtained. In Chapter 3 it was
found that the near-field direct propagator caex@gressed as

c® 3ee,-U

Go (r.r w):_4mf =

IR

(A1)

R is the distance between the position of a parijstirce)rs and the observation point It is
expressed as

R=lr =1 =J(x=%)"+(y- W' +( = 9’ (.2

The unit radial dyadics; = (r —rg)/R are multiplied in the following form

2 AX 2 AX ANy AXNNZ
3eReR:? Ay |(Ax Ay Az):E AWX Ay AR (A.3)
Az AZAX AAY AZ

whereAx = (X—Xs), Ay = (y—VYs), andAz = (z— z). Next, we subtract the unit tenddrand divide
by R®

2 AX* AxAy Axdz) (1 0 O
3eReR—U:¥ AyAx Ay Ay\z|-|0 1 O
AZAX ANy N7 0 0 1

(A.4)

2 _R?
ne-RL - may MDA 7
S o= ayax o AY-RA O anz
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Finally, the direct near-field field propagator qooments can be expressed as

cr=G(ae-R4)  a@=glany G=claay

Gy =G, (8ynX @ =gay-R4) G=cbsy (A5)

=G (A Y G=Gaay g= da =R/
Wherecl=ﬁ30;5.

A1.2 Near field indirect propagator

The indirect near-field propagator is expresse@hapter 3 as

G, (r,rs,0) =G, (r f e w) M (w). (A1.6)

1lgy
In this case, the indirect propagator is expressed function of the direct propagator, but froe th

mirror source 19 located inr,,s and multiplied by the matriM (Eq. 3.8) that accounts for the
phase shift of the reflectgdpolarized light. The direct propagator from thena source is

2
AX? - R% AXDY AXA 3

_3C2 ' 2 er]
GD (r,fms,a)) :4— m AyA)( Ay - % AYAi , (A?)
2
AZAX any  az-Fo

whereAx' = (X — Xmg), AY' = (Y — Y9, AZ' = (2— Zyg), and

Ry =|r —rmJ:\/( X— xm92+( y- ym)2+( z zn)f. (A.8)

It should be taken into account that by definitioh a mirror sourcexs= Xms, % = Xms, and
Zs = —Zms MuUltiplying by M we get the indirect near-field propagator

2
Rn% “AX? -AXAY INVY.

-3c? e -1 , 2
G,(r,rs,a))=4m)2Ri £m+1 —-Ay'AX Rn%—Ay2 AYAZ | . (A9)

2
“AZAX -AZAY AP~ Rw%
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Considering thaiAx = Ax', Ay = Ay', and Az'= (z+Zz), the indirect near-field field propagator
components can be expressed as

ar=co Ry -ax]  @=-cglany F= coany
G =-GC, (80 ) @=cq(R4 09  @=cana
Gr=-GC (A1) @=-cgan Yy a= cgazR]
(A.10)
whereC, = jm ;1

m

A1.2 SPP field propagator

Eq. (3.9) expresses the field propagator dPsSix cylindrical coordinates. In this section, we
will change the coordinate system to Cartesiararggilar coordinates in order to combine with the
near-field propagators and facilitate programmiRfige cylindrical unit dyadics can be transformed
with the relations

=

=Xcosp+Yy sinp | (A
=7

N>

where @= arctanQy/Ax), Ax=pcosg Ay=psing , and p=.Ax*+Ay? . The dyadic
multiplications used in Eq. 3.9 are

0 0O
55=|0 0 0, (A.12)
0 01
O 0 O
An  afn n . 1,.. An 1
2p = z(Xcosp+9¥ sinp) ==(ZXx Ax+29Ay)==| 0 O , (A.13)
P Plax ay o
1 L 0 0 Ax
pz =(Xcosp+y sinp)z==(X2Ax+9yzAy)==| 0 0 Ay|, (A.14)
p Plo o o
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pp = (Xcosp+Y sing) (X cop+y sip)

1 . A AxAy O
= — (SROX +59 Aay+JR AR Y+ IIAY) == ARy AF O
0 o 0 0

Combining Egs. (A.12A.15) with Eq. (3.9) we get

_(AX_KJ oy
pPB P
GSPP(r'r s’w) =K (w) eX[{in(Z Tz p)] Hé(ﬂp) _A;%y(%dj _(
Bxky
pPB

The SPP field propagator components are
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A.4 Polarizability tensor a
The polarizability tensor that is introducedGhapter 3 accounts for the surface dressingteffec

in the long wavelength approximation. In this smttiwe express the polarizability in simple
algebraic expressions. Eqg. (3.2) can be writtematrix form

%oo

a={U-¢§ 0 ¥ o] 0O

oo%1

-1

& o o
8-¢&
a=¢g| O & 0
8-¢&
o o X
4-¢

a*=a”=¢, —88—55
(A.18)
2z 4(
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Appendix B

MATLAB ® Program code for the vectorial model for multiple
scattering

B.1 MATLAB code

%%%%%%%%% %% %% % % %% %% %% %% % % %% %% % %0 %0 %6 %0 Y88
% PROGRAM FOR MODELING VECTORIAL MODEL FOR MULTIRE SCATTERING %

% Incident plane SPP. Only SPP field propagator.

%%%6%%%%%% %% %% %% %% %% %% %% % % %% %% %% %% % %% %% %% %% %% %% %% %% %0 % %%

clear all ;
clc;

N=1; % NUMBER OF PARTICLES
Rscat = 50; %nm % RADIUS OF THE SCATTERER
area = 10000;  %nm % WORK AREA

Nsize = 200; % Image Resolution (pixels)

% Polarization
polx = 1;
poly = 0;
polz = 0;

z = Rscat*2+30;
z_s = Rscat;

% PARTICLE POSITIONS
coord_x=0;
coord_y =0;

%WAVELENGTH
lambda = 750;

% DIELECTRIC CONSTANTS
epsl =1, Yair
eps2 =-23.11 + 1.4j; %metal (es funcion de la longitud de onda)

% FREE SPACE WAVE VECTOR
k0 = (2*pi)/lambda;
k0_2 = k0"2;

% SPP WAVE VECTOR
kappa = kO * sqrt((epsl*eps2)/(epsl+eps2));
k_1z = sqgrt(k0_2 - kappa’2); % z component of the SPP WAVEVECTOR

KK = k_1z/kappa;
KK_2 = KK"2;

% z field decay
z_decay = exp(li*k_1z*(z+z_s));

%Azz calculation (From Jonas Beerman thesis)
A = kappa/2;

B = sqrt(eps2);

C = (1-1/eps2"2);

D = (1+eps2)/eps2;

a_zz = -A/(B*C*D);
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% FREE SPACE POLARIZABILITY
alfa0 = 4 * pi * (Rscat"3)* ((eps2-1)/(eps2+2));

% CALCULUS OF POLARIZABILITY (DIAGONAL MATRIX,onl y XX, Yy, 2z elements)
K1=((eps2-1)/(eps2+1))*((eps2-1)/(eps2+2));

alfa_zz = 4/(4-K1); %ZZ ELEMENT OF THE POLARIZABILITY MATRIX

alfa_xx_yy = 8/(8-K1); %XX and YY ELEMENT OF THE POLARIZABILITY MATRIX
% NOTE THEY ARE EQUAL.

% USEFULL CONSTANT

F2 = a_zz*k0_2*z_decay*alfa0;

EOx(1:N)=0;E0y(1:N)=0;E0z(1:N)=0;
EOx=transpose(E0x);EOy=transpose(EQy);E0z=transpose (EO2);

% INCIDENT FIELD

EOz = exp(1i * kappa * coord_x);
EOx = -(k_1z / kappa) * EOz;
EOy(1:N) = 0.0;

%EOQy = transpose(E0y);

EOxyz = [EOx;EQy;E0z];

% FUNCION THETA
Theta(1:3*N,1:3*N) = O;

for 1=1:N
for J=1N
if 1==
Theta(l,J) = 1;
Theta(l1+N, J+N) = 1;
Theta(I+2*N, J+2*N) = 1;
Theta(l, J+N) = 0;
Theta(l, J+2*N) = 0;
Theta(l1+N, J) = 0;
Theta(I+N, J+2*N) = 0;
Theta(I+2*N, J) = 0;
Theta(I+2*N, J+N) = 0;
else

x = (coord_x(l) - coord_x(J));
y = (coord_y(l) - coord_y(J));

r = sqri(x"\2+y"2); %DEFINES THE RADIUS
h = F2 * besselh(0,kappa®*r);

Theta(l,J) = h*KK_2*x*x/r/r*alf a_xXx_Vy; Yoxx
Theta(l, J+N) = h*KK_2*x*y/r/r* alfa_xx_yy; %xy
Theta(l, J+2*N) = h*KK*x/r*alfa _zz; %xz
Theta(l1+N, J) = h*KK_2*y*x/r/r* alfa_xx_yy; %yx
Theta(l1+N, J+N) = h*KK_2*y*y/r/ ralfa_xx_yy; %yy
Theta(I+N, J+2*N) = h*KK*y/r*al fa_zz; %yz
Theta(I+2*N, J) = -h*KK*x/r*alf a_xXx_Vy; %zx
Theta(1+2*N, J+N) = -h*KK*y/r*a Ifa_xx_yy; Y%zy
Theta(l1+2*N, J+2*N) = -h*alfa_z z; %zz
end %IF
end %J
end %l

Exyz = Theta\EOxyz;
Ex = Exyz(1:N);

Ey = Exyz(N+1:2*N);
Ez = Exyz(2*N+1:3*N);

%%%%% %% % %% %% % %% % %% %% % %% % %% %% % %% %% %0 %A #8/0%%%% %% % %%
% PLOTTING THE FIELD
%%%%% %% %% %% %% % %% %% %% % %% %% %% % % %% % %0 %0 W8%H8H0H%0%S

180%%0%0%%%%%%
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% TAMANO DEL CUADRO EN NANOMETROS = (xend - xstart)

X_start = -area/2; %nm
x_end = area/2; %nm
y_start = -area/2; %nm
y_end = area/2; %nm

Etx(1:Nsize, 1:Nsize) = 0;
Ety(1:Nsize, 1:Nsize) = 0;
Etz(1:Nsize, 1:Nsize) = 0;

for

end

| = 1:Nsize
for J=1:Nsize

X = x_start + (x_end - x_start) * (I - 0.5)/N
y =y _start+ (y_end - y_start) * (J - 0.5)/N

Etz(1,J) = exp(li * kappa * x);
Etx(1,J) = Etz(1,J) * (-k_1z/kappa);
Ety(1,J) = 0.0;

x_vec = -coord_x(1:N) + x;
y_vec = -coord_y(1:N) +vy;

r = sqrt((x_vec)."2 + (y_vec)."2);
h = F2 * besselh(0, kappa * r);

% DEFINES THE GREEN TENSOR

gxx = h.*(KK_2).*x_vec.*x_vec./r./rxalfa_xx_y
gyx = h.*(KK_2).*x_vec.*y_vec./r./r*alfa_xx_y

gzx = -h.*(KK).*x_vec./r*alfa_xx_yy;

gxy = h.*(KK_2).*x_vec.*y_vec./r./rxalfa_xx_y
gyy = h.*(KK_2).*y_vec.*y vec./r./rxalfa_xx_y

gzy = -h.*(KK).*y_vec./r*alfa_xx_yy;
gxz = h.*(KK).*x_vec./r*alfa_zz;
gyz = h.*(KK).*y_vec./r*alfa_zz;
gzz = -h * alfa_zz;

Gtx = sum(gxx.*Ex) + sum(gxy.*Ey) + sum(gxz.*
Gty = sum(gyx.*Ex) + sum(gyy.*Ey) + sum(gyz.*
Gtz = sum(gzx.*Ex) + sum(gzy.*Ey) + sum(gzz.*

Etx(1,J) = Gtx + Etx(1,J);
Ety(1,J) = Gty + Ety(1,J);
Etz(l1,J) = Gtz + Etz(1,J);

end

intensity = Etz.*conj(Etz) + Etx.*conj(Etx) + Ety.*

x = L:Nsize;

X = X/Nsize;

X =x-0.5;

X =Xx*(x_end - x_start);

y:

1:Nsize;

y = y/Nsize;
y=y-05;
y=y*(y_end-y_start),

h=

pcolor(x,y,intensity); shading

colormap( ‘'hot' );

hold on

%plot (coord_y, coord_X, ‘w.','MarkerSize',4)
axis image ;axis( ‘'off ),

interp

; colorbar;
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conj(Ety);
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