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Abstract

Surface plasmon polaritons (SPPs) is the promising versatile platform proposed for guiding
electromagnetic waves at nanoscale dimensions. In this context dynamic control of SPPs prop-
agation is of paramount importance. Thermo-optical (TO) effect is considered as an efficient
technique for performing active control of plasmonic devices. Among the thermo-optical based
plasmonic devices demonstrated so far TO coefficient is dominantly provided by a dielectric
material on top of the metal sustaining the SPP mode, however, the role of TO properties of
the metal has been rarely investigated for plasmonic applications especially at the telecom
frequency ranges. Therefore, the aim of this thesis is to investigate in detail the impact of
thermo-optical properties of metals onto various SPP modes at telecom wavelengths.

First, we report on photo-thermal modulation of thin film SPP mode traveling at gold/air
interface excited at telecom wavelengths. We start by investigating the photo-thermally in-
duced modulation of SPPs propagation mediated by the temperature dependent ohmic losses
in the gold film. Then we extract the thermo-plasmonic coefficient of the SPP mode from
the accurately measured SPPs signal depth of modulation by which we could compute the
thermo-optical coefficients (TOCs) of gold at telecom wavelength. Lastly, we demonstrate a
pulsed photo-thermal excitation of the SPPs in the nanosecond regime.

Secondly, we investigate the thermo-optical dynamics of polymer loaded surface plasmon
waveguide (PLSPPW) based devices photo-thermally excited in the nanosecond regime. First,
we demonstrate thermo-absorption of PLSPPW modes mediated by the temperature-dependent
ohmic losses of the metal and the thermally controlled field distribution of the plasmon mode
within the metal. Next, we consider the thermo-optical response of a PLSPPW based racetrack
shaped resonator coupled to a straight bus waveguide and evaluate the photo-thermal activation
through heating and cooling times. We conclude that nanosecond excitation combined to high
thermal diffusivity materials opens the way to high speed thermo-optical plasmonic devices.

Finally, we report on the photo-thermal modulation of SPPs propagation along litho-
graphically fabricated gold nanowires sustaining highly confined plasmonic mode at telecom
wavelengths. First, we investigate telecommunication characterization of the nanowires by ap-
plying high bit rate signal transmission, 10 Gbit/s, through fiber-to-fiber confocal detection
setup. Next, we demonstrate and evaluate the photo-thermal modulation of SPPs propagation
along the nanowires where we discuss qualitatively TO effects due to light-induced modula-
tions on nanowires and show the impact of the incident beam polarization on the photo-thermal
modulation.
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Key words: Surface plasmon polaritons (SPPs), Plasmonic waveguides, Thermo-optical ma-
terials, Metal optics, Photo-thermal effects, Optical switching devices, Polymer waveguides
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Résumé

Les plasmons-polaritons de surface (PPS) font figure de plateforme polyvalente trés promet-
teuse pour le guidage des ondes électromagnétiques a 1’échelle nanométrique. Dans ce con-
texte, le contrdle dynamique de la propagation PPS est d’une importance capitale. Le controle
actif des dispositifs plasmoniques a souvent été réalisé jusqu’a présent par le biais d’un effet
thermo-optique (TO). Toutefois dans la majorité des cas considérés, 1’effet thermo-optique ré-
sulte d’une modification des propriétés d’un matériaux diélectrique en contact avec le métal
supportant le mode plasmon. Ainsi, le role des propriétés thermo-optiques du métal lui-méme
a rarement été analysé aux fréquences télécom dans le cadre d’applications plasmoniques.
L’ objectif principal de cette thése est donc d’analyser en détail I’impact des propriétés thermo-
optiques des métaux sur différents modes PPS aux longueurs d’ondes télécom.

En premier lieu, nous considérons la modulation photo-thermique d’un mode plasmon sup-
porté par un film mince d’or se propageant a I’interface "or/air". Nous démontrons tout d’abord
la modulation de la propagation des modes PPS induite par la dépendance des pertes ohmiques
de lor a la température du film mince. Le contrdle de la température du film est obtenu par
un effet photo-thermique en régime continu modulé. Les mesures expérimentales de la pro-
fondeur de modulation de I’intensité des modes PPS combinées & la simulation numérique de
la distribution de température le long du film d’or nous permettent de remonter aux coefficients
thermo-optiques de I’ or aux fréquences télécoms.

Dans un second temps, nous considérons le contrdle thermo-optique de modes plasmons
dont le confinement spatial (et donc I'indice effectif) est supérieur a ceux des modes de
films. Les modes considérés dans cette seconde étude sont connus sous le nom de "polymer-
loaded surface plasmon waveguides (PLSPPW5s)". Ces modes présentent un confinement latéral
induit par I’indice de réfraction du ruban de polymere déposés sur le film métallique et un
confinement vertical résultant de leur nature plasmonique. L’excitation photo-thermique de
ces guides plasmoniques dans un régime nano-seconde nous permet de mettre en évidence la
dynamique thermo-optique du métal aux temps courts (<1ns) et du polymere aux temps plus
longs (<1us).La méme démarche appliquée a un micro-résonateur plasmonique en anneau
révele les temps caractéristiques de la dynamique de diffusion de la chaleur dans le polymere
al’échelle de quelques dizaines de nanometres. Sur la base de ces expériences, nous suggérons
un design de dispositifs plasmoniques thermo-optique dont la bande passante est de I’ordre du
megahertz, un ordre de grandeur au-dessus des systemes thermo-optiques traditionnels.

Enfin, nous présentons la modulation photo-thermique de la propagation PPS le long de



nanofils d’or fabriqués par lithographie éléctronique supportant des modes plasmons trés con-
finés aux longueurs d’onde télécom. La transmission d’un signal télécom a 10 Gbit/s est tout
d’abord démontrée afin d’établir sans ambiguité la pertinence de tels guides d’ondes minia-
tures pour la transmission d’informations a trés courtes échelles. Enfin, nous mettons en év-
idence la modulation photo-thermique de la propagation de tels modes. En particulier, nous
investiguons I’influence sur la profondeur de modulation de la polarisation du faisceau pompe
relativement a I’orientation des nanofils. Cet effet de polarisation s’explique par une absorp-
tion exaltée si la polarisation du faisceau pompe est orientée perpendiculairement a 1’axe du
nanofil. L’exaltation résulte de 1’excitation d’'un mode plasmon local selon I’axe transverse du
nanofil.

Mots clés: Plasmon-polaritons de surface (SPPs), Guides d’onde plasmoniques, Matériaux

thermo-optiques, Optique de métal, Effets photo-thermique, Dispositifs de commutation op-
tique, Guides d’ondes en polymeres
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Introduction

We are witnessing exciting technological developments in recent years. Improvements of micro-
electronics in direct connection with the impressive fabrication performances particularly at-
tracts great attention. However, the deceleration in miniaturization of electronic circuits in
contrast to the expectation given by Moore’s law have motivated researchers to investigate
alternative solutions to overcome these limitations. Among different routes, the use of sur-
face plasmon modes allowing for light fields concentration at nanoscale dimensions is con-
sidered as a promising solution for small footprint and very large bandwidth as optical plat-
form interconnects. In fact, plasmons are collective oscillations of the metal’s free electrons.
Although surface plasmon polariton (SPP) mode can be sustained by highly doped semi-
conductors [1,2], metals are still today the materials of choice for plasmonics. The presence
of metals in an optical interconnect is obviously at the origin of light field damping, but it
also offers the unique opportunity of controlling simultaneously optical and electrical signals
using the same material. Once again, one can argue that highly doped semi-conductors can be
used for the same purpose with however a much higher resistivity than for metals and thus a
corresponding bandwidth for the electric signal much lower than in the case of metals. Using
outstanding optical property of nano-engineered metals in conjunction with a dielectric ma-
terial constituting a boundary when it is illuminated by electromagnetic waves under suit-
able conditions allows us to concentrate light waves at nanoscale dimensions. These generated
waves either can be guided as electromagnetic waves along a flat boundary (at metal/dielectric
interface) named as surface plasmon polaritons (SPPs) or can be found as a strong enhance-
ment of the electromagnetic fields around nanoparticles named as localized surface plasmons
(LSPs). Plasmonics is defined as the new branch of the nanophotonics which is interested in
surface plasmons (SPs) waves and its applications [3-9].

Surface plasmons exhibit fascinating properties such as field confinement at the nanoscale
dimensions. Owing to this property, plasmon-based waveguides may not be subjected to the
diffraction limit imposed to photonic waveguides relying on refractive index contrast. In this
respect, plasmon-based interconnects feature the large bandwidth of standard optical intercon-
nect but also a very high potential in terms of compactness and miniaturization that bridges the
gap between standard integrated optics circuitry and electrical circuitry at the chip scale [10].

For the development of a true plasmonic circuitry [11] integrated into real devices, some-
thing that has been accomplished only very recently [12—-14], many components are needed.
These components should be met not only passive components such as waveguides or couplers



but also be dynamic and allow for the control of SPPs signals during its propagation. While
many works dealing with passive plasmon-based waveguides and devices have been reported,
only very few works have been addressed specifically plasmonics dynamic devices. Among
those works most of them rely on thermo-optical effect taking place into a dielectric mate-
rial loaded onto the metallic film sustaining the plasmon mode [15-17]. At that stage and to
the best of our knowledge, the role of the metal itself into thermo-optical processes has only
very rarely been considered so far for plasmonic applications in particular at the telecom fre-
quency range. It is the purpose of this thesis to investigate in detail the impact onto SPP modes
propagation of the thermo-optical properties of metals at telecom frequencies.

Specifically, we investigate qualitatively and quantitatively the modulation of surface plas-
mon mode travelling along extended metal thin films, metal stripes and metal nanowires when
the metal is heated by means of a photo-thermal effect. The use of a photo-thermal effect for
metal heating features interesting properties such as controlled local heating switching from
the continuous to the nanosecond regime, polarization dependence of the heating efficiency
and direct numerical modeling. Besides, the photo-thermal heating is a process that is expected
in any SPPs-based active configuration whenever the wavelength use to pump the gain material
is significantly absorbed by the metal. In this respect, the results we discuss in the following are
also of interest in the context of SPPs losses-compensation or amplification [18, 19]. Finally
it is worth to note that our results can also be useful in the context of non-linear plasmonics
where significant thermal contributions are expected.

The manuscript is organized as follows. In chapter 1, we briefly recall the properties of sur-
face plasmon polariton (SPP) mode at the interface between a dielectric and a metal. This very
basic configuration is useful to introduce quantity such as propagation length and penetration
depth that are of paramount importance to any plasmonic waveguiding configurations. Next
we focus onto a short and thus necessarily non-exhaustive review of plasmon-based active and
dynamic devices that could be of interest for datacom applications.

After this literature review, in chapter 2, we investigate the photo-thermal modulation of
thin film surface plasmon polariton (SPP) mode traveling at a gold/air interface excited at tele-
com wavelengths. By operating a modulated continuous-wave pump laser, the photo-thermally
induced modulation of SPPs propagation mediated by the temperature dependent ohmic losses
in the gold film is demonstrated. To that aim, we operate a fiber-to-fiber characterization set-up
allowing us to measure accurately the SPPs signal depth of modulation. On the basis of these
measurements, we extract the thermo-plasmonic coefficient of the SPP mode. By combining
our measurements with tabulated values of the temperature-dependent imaginary part of gold
dielectric function, we compute the thermo-optical coefficients (TOCs) of gold at telecom
wavelengths. And finally, we investigate a pulsed photo-thermal excitation of the SPPs in the
nanosecond regime on this type of plasmonic waveguides.

In chapter 3, we push forward the characterization of the dynamics of the photo-thermal
SPPs modulation by operating a nanosecond pump laser. In particular, we demonstrate thermo-
absorption of polymer loaded surface plasmon waveguide (PLSPPW) modes mediated by the
temperature-dependent ohmic losses of the metal and the thermally controlled field distribution
of the plasmon mode within the metal. Next, we consider the thermo-optical response of a
PLSPPW based racetrack shaped resonator coupled to a straight bus waveguide and evaluate
the photo-thermal activation in terms of heating and cooling times. The results discussed in
this chapter address the dynamic of thermo-optical effects down to the regime of nanoseconds,



a topic that has not been considered so far for plasmonic waveguiding configurations.

Finally, in chapter 4, we investigate the photo-thermal modulation of SPPs propagation
along lithographically fabricated gold nanowires sustaining highly confined plasmonic mode
at telecom wavelengths. First, we demonstrate telecommunication characterization by per-
forming high bit rate signal transmission experiment, namely 10 Gbit/s, along gold nanowires
through fiber-to-fiber homemade confocal detection set-up at telecom wavelengths what is be-
lieved to be the first investigation in this context. Next, we focus onto optical characterizations
of gold nanowires at telecom wavelengths in which the photo-thermal modulation of highly
confined mode of SPPs propagation mode is investigated by illuminating nanowires with an
electro-optically modulated CW visible laser. Finally, we demonstrate and discuss qualitatively
thermo-optical effects due to the light-induced modulations on nanowires and emphasize the
impact of the incident beam polarization on the photo-thermal modulation. More specifically,
we show the depth of modulation of nanowire mode is affected by the polarization of the
pump beam. This result is understood from the excitation of a local plasmon resonance of the
nanowire along its transversal axis. In this respect, we demonstrate what we call a plasmo-
plasmonic modulation process.






Chapter

Plasmon-based waveguiding and
integrated plasmonics

1.1 Introduction

Electronic devices and systems have become strictly indispensable and vitally necessary even
in our daily life. Many operations such as our bank accounts, electronic mails, paying taxes,
official works and so forth are conducted by means of computers and over the Internet. And
also mobile phone, computer, television and radio are only some electronic devices that have
become part of daily life. As its name suggests, word ’electronics’ is derived from the word
“electron’. If we claim that all of the technological developments fundamentally is based on
the discovery of the electron by the British physicist J.J. Thomson, we would not make a
mistake. Since electrons are the key elements in electronic devices in order to transmit and
receive signals. Controllability of the electron by various ways has opened this technological
era.

Significant developments in nanotechnology recently allow for the fabrication of nanoscale
structure. Although the building blocks of miniaturized electronics circuits has reached crit-
ical sizes of the order of a few nanometers, two major problems still stand in front of us as
challenges such that delay through interconnections and thermal issues. On the other hand,
optical systems always seem alternative solutions because of their bandwidth larger than their
electronic counterparts. However, for standard optical waveguides relying on refractive index
contrast, the diffraction limit imposes minimum waveguides cross-sections size of the order of
half the wavelength of the light in the core material. Thus, while minimum electronic connec-
tions on the chip are of typical width of 14 nm [20], nowadays mature optical interconnection
solutions are of typical sizes around half a micron making a co-integration of two technologies
difficult on the same chip. At that stage, Plasmonics [3-5] has been identified as a promising
candidate to overcome the footprint limitations of "classical" optical interconnects.

When the light waves impinge a metal-dielectric interface under suitable conditions, a type
of surface waves can be generated by means of the interaction between incident light waves
and surface mobile electrons of the metal which are not strongly connected to the atoms. In
fact, the light waves excite these free electrons and then the electrons respond collectively by



1. Plasmon-based waveguiding and integrated plasmonics

making an oscillation eventually a resonant interaction forms between the incident light and
the oscillation of free electrons at the same frequency. This resonant interaction generates a
type of surface waves that propagates along the surface of the metal. As a matter of fact, the
eigenmode sustained by the metal-dielectric interface are known as surface plasmons (SPs)
whereas the coupling between the incident electromagnetic field and the surface plasmons
are denoted as surface plasmon polaritons (SPPs) given that the incident field must generate
polarization charges at the surface of the metal film for the surface plasmon mode to be excited.
They are essentially trapped electromagnetic waves which propagate on the surface of the
metal.

Why can plasmonics play a remarkable role between photonics and electronics? As a
matter of fact, surface plasmon polaritons (SPPs) has been known more than a half of a cen-
tury [6]. However, micro and nano fabrications were not developed in those days. Photonic
devices were bulky. Besides, propagation length of surface plasmon polaritons (SPPs) was
much smaller than the size of the components because of high losses in metals. As a result,
it was not thought to use them as light carrier through photonics devices. With the techno-
logical developments, nanofabrication and electromagnetic simulation tools have progressed
well. Currently, nanoscale components can be readily fabricated by different methods such as
electron beam lithography or ion beam-milling. Thus, surface plasmon polaritons (SPPs) have
gained renewed interest.

1 THz+

-
@
I
N

1 MHz 1

Operating speed

1kHz T |

10nm  100nm 1um 10um  100um 1mm
Critical dimension

Figure 1.1: Evolution status of various chip technologies in terms of operation speed and critical
dimension. It is widely accepted that a half micron to be a critical size for photonic devices (Image
adapted from ref. [8] by permission from Elsevier () 2006)

As indicated above, the resonance frequency of SPPs equals to the frequency of the inci-
dent light waves. Whereas the wavelength of SPPs, in which the field of the SPPs not only
extends into the superstrate but also in metal, is interestingly smaller than the light. This feature
can be used to squeeze SPPs downto nanoscale structures such as nanowires, waveguides and
etc. In principle, plasmonics can beat the diffraction limit at least if the reference wavelength



1.2. Plasmon basics

is the incident free space wavelength. What this means is that we can achieve to fabricate
subwavelength photonic devices [7]. This is the superiority of the plasmonics with respect to
the photonics. Furthermore, the interface of SPPs which is metal-dielectric also gives us an
opportunity to transmit electrical signals as well as optical ones. In brief, plasmonics can be
viewed as a good candidate for new generation chip technology [8].

Based on the discussion above, it can be concluded that plasmonics carries both of high
bandwidth of photonics and the miniaturization of electronics. As can been seen in the figure
1.1 plasmonics can act as a bridge between photonics and electronics [9]. Therefore, it is
widely accepted that plasmonics is capable to merge photonics and electronics at nanoscale
dimensions [10].

The scope of plasmonics is not just limited to propagating or guiding of SPPs but also
different domains such as biology, chemistry and medicine are interested in prospective po-
tential of plasmonics. Cancer therapy mediated by nanoshells [21, 22], photoluminescence
enhancement of LEDs in light industry [23, 24],plasmonic laser known as SPASER (surface
plasmon amplification by stimulated emission of radiation) [25,26], plasmon mediated SERS
(surface enhanced raman scattering) [27] and plasmonic nanolithography [28,29] are some of
the growing areas of plasmonics. All the above-mentioned fields are however out of scope of
this thesis which is oriented toward datacom applications of plasmonics.

In this very first chapter, we will briefly recall the basic properties of surface plasmon
supported by a simple metal-dielectric interface along with standard coupling and excitation
techniques when using an incident electromagnetic wave.

Next, we will give an extensive albeit non-exhaustive overview of plasmonics when ap-
plied for waveguiding and interconnect purposes. This field is so rich and the literature around
that topic is so abundant that an exhaustive analysis of the state-of-art in waveguided plasmonic
sounds rather difficult. Instead, we will focus onto either pioneering works or remarkable re-
cent works that fit with the context of this thesis. Our subjective selection does not mean that
other published results do not deserve consideration but just that those works are less relevant
to our topic.

1.2 Plasmon basics

1.2.1 Drude model for metals

Prior to the discussion of the properties of SPP modes sustained by a metal-dielectric interface,
it is worth to recall briefly the optical properties of metals through the crude but still useful
Drude’s model. One of the oldest and simplest models of metals is known as Drude Theory
or Model. After J. J. Thomson discovered electrons in 1897, only 3 years later, a German
physicist Paul Drude developed his famous model just before quantum theory appeared which
explains the transport properties of electrons in metals. By applying successfully the kinetic
theory of gases to metals, he was able to elucidate electrical and thermal conduction mech-
anisms in metals. In this model, ions are assumed to be immobile and valence electrons are
considered to form a gas of electrons which wanders around the fixed ions. The fundamental
assumptions of the model are [30]:

1) Except instantaneous collisions of electrons with immobile ions, the interactions of an
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electron with the others and ions are neglected. These are known as independent electron
approximation and free electron approximation respectively. So electrons travel in a straight
line between the collisions in the absence of externally applied field.

2) The collisions of electrons are instant events that change the velocity of electrons. It hap-
pens between electrons and ions as can be seen in the molecules of a gas in the kinetic theory.

3) The collision time, the relaxation time or the mean free time between two subsequent colli-
sion is 7. The probability of an electron having a collision in a time interval df is dt/T.

4) After each collision, electrons get a thermal equilibrium with their surroundings. It means
that electrons will have local temperature after a collision.

Although it models a metal in a simple manner, it is still used today for rough estimations.
It can be concluded from the model that electrons travel in a straight line in the absence of
externally applied field and collisions. If we apply an external electric field to a metal

d’r mor B

@+7a——eE (11)

m

will be the motion equation of an electron where m is the mass of the electron, e is the elemen-
tary charge, 7 is the collision (relaxation) time and r is the direction of the electron [31]. If this
external field assumes to be E = Eye~ ™!, then the electron would also follow this harmonic
field r = rge~“*. When we substitute r in the equation 1.1

eE

r=———— (1.2)

m(w? + %)

will be the displacement vector. The movement of the electron in the direction of the dis-
placement vector r gives rise to dipole moment due to the separation of charges. Assuming n
electrons displacement per unit of volume lead to emerge the polarization of the metal. Total
effect of the displacement of n electrons to the polarization is

P = —ner (1.3)

2
—neE
p— "¢ (1.4)
m(w? + &)

The displacement field also changes due to the polarization which is given by

D=¢E+P (1.5)
ne? /meg
D=¢|l———F|E (1.6)
W+ 2)
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At the right side of the equation 1.6 the term /ne?/meg is known as plasma frequency and
denoted by wy,.

wp
D = ¢y, E (1.8)

After substituting w), into the equation 1.7, we could also deduce the complex relative permit-
tivity of the metal according to the correlation with the equation 1.8 which can be acquired as
follows

w2

1 P
er(w) =1 i (1.9)

As seen above, the relative permittivity is a complex number which consists of real and imag-
inary parts. The imaginary part represents ohmic losses in the metal. Furthermore, the com-
plex relative permittivity is a function of the driving frequency of the field making the relative
permittivity a dispersive quantity. In the optical regimes that we are interested in w > 1/7
(satisfies at high frequencies), and it can be approximated to

w
e(w)=1— 2 (1.10)

It is important to note that w, has a critical role in here [32]. When the driving frequency of
the field, w is greater than plasma frequency, w > w, , then ¢, would a positive real number.
Consequently, the metal demonstrates a transparency characteristic to the electromagnetic ra-
diation and no absorption occurs. This corresponds to ultraviolet regime in the electromagnetic
spectrum. Conversely, if w is smaller than plasma frequency, w < wp, and so €, would a neg-
ative real number. This time the metal does not allow the propagation of the electromagnetic
radiation through itself instead it absorbs the light and become a good reflector. This occurs in
visible and infrared radiation.

1.2.2 Metal-Dielectric interface surface plasmon modes

The first observation of surface plasmon was reported by R.H. Ritchie in 1957. According to
his angle-energy distribution characterization, while a fast electron passes through a metallic
foil, it loses an amount of characteristic energy because of the excitation of plasma oscillations
or plasmons [6]. Two years later, Powell and Swan confirm this loss behavior in their thin and
thick film experiments [33]. With the start of these first attempts to explore surface plasmon
polaritons (SPPs), numerous researches were conducted afterwards. H. Raether incorporated
into and systematize these studies in his famous book, namely Surface Plasmons on Smooth
and Rough Surfaces and on Gratings [34]. Afterwards, it should be indicated that researches
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and publications in this area have exploded due to the progress in top-down and bottom-up
nanofabrication techniques, high-performance simulation tools and new characterization tech-
niques such as near-field and leakage radiation microscopies. In this section, we recall surface
plasmon fundamental properties and comment on their typical dispersion relation, propagation
length and penetration depth.

1.2.2.1 Dispersion relation of SPPs for a single interface

Let us consider a planar interface composed of two semi-infinite medias, namely dielec-
tric/metal, as shown in the figure 1.2. It is assumed to be that both of them are isotropic,
non-magnetic, homogeneous and are characterized by own dielectric constants (e;—12 cor-
responds to metal and dielectric medium respectively). A propagating electromagnetic-wave
through this interface can be easily described by a wave equation with taking into account that
the external charge (p.,;) and current densities (J.,;) equal O for the maxwell equations:
e 0°E
2

VE——Qﬁ—O (1.11)
If it is assumed that all fields have harmonic-time dependence as E(r,t) = E(r)e~", then
we can transform the wave equation to the helmholtz equation in a such way:

V2E + k2E =0 (1.12)

Dielectric E2(w)>0

SPPs

; /\f\/\f\/\f\

Hy ExX\ A A AN A

Metal Ei(w)<0

Figure 1.2: SPPs can only be supported if both of the relative permittivity of metal ¢; and dielectric o
are in opposite sign. TM (Transverse magnetic) character is a specific feature of the SPPs waves where
the magnetic field oriented in the k, direction

where kg = w/c is the free-space wave vector. We also suppose that the wave propagates

towards to x-direction along the z = 0 plane (or the interface) and exponentially vanishes along
z-directions into both medias. So, we can demonstrate propagating electromagnetic waves as

E(z,y,2) = E(2)e  H(x,y,z) = H(y)e'® (1.13)

10
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where [ is the propagation constant of the wave along x-direction and equals k, wave vector.
Substituting these equations into the helmholtz equation 1.12 is going to give us

0’E(z)
022

9°H(y)
Oy?

+ (ke — BHE =0 + (kke — BHH =0 (1.14)

wave equations in appropriate forms.If we solve Maxwell’s equations, namely Maxwell-
Faraday and Ampere’s laws, through the wave equations, we are going to get

OB. 0OE,

oy 0. iwpo Hy (1.15a)
a;iz B % — iwpoH, (1.15b)
% B 8812;; — iwpoH, (1.15¢)
aégz B 681? — iweocE, (1.15d)
3;? B %Zz — —iwegeE, (1.15¢)
c‘)aff, B 851 — iweoeEL (1.15f)

Besides, these equations can be simplified due to the propagation along only x-direction, % —

i3, and homogeneity along the y-direction, % — 0 as follows [35]:

Oy _ oo, (1.16a)
0z
Ey
9 iBE, = iwpoH, (1.16b)
0z
iBE, = iwuoH, (1.16¢)
OH,
—Y = jwepeE, (1.16d)
0z
oH, . .
—ifH, = —iwepels, (1.16¢)
0z
iBH, = —iwepel, (1.16f)

This equation set allows two kinds of solutions which correspond to two type of wave polar-
izations such that transverse electric (TE or s) mode sustaining F,, H,, H. # 0 and transverse
magnetic (TM or p) mode sustaining E,, E., H, # 0.

11
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The solutions for TE mode can be expressed in each media as follows, for z > 0:

Ey(2) = AgetPreh222 (1.17a)
Asky
Hy(z) = —i 22 ibrehaz2 (1.17b)
WHo
A .
H.(2) = A2B ige ks .2 (1.17¢)
who
for z < O:
E,(2) = AjePrehrez (1.18a)
Ak
Hy(z) = i—"Leifrehz2 (1.18b)
WHo
A .
H.(z) = AP jige g 2 (1.18¢)
WHo

where A;, k; are amplitude coefficients and normal components of wave vectors for each
medium respectively. Since the electric field, £, and the magnetic field, H,, components must
be continuous along the interface, it can be deduced from the above-mentioned equations such
that:

ki.+ky.=0 (1.19)

However, the surface bound modes only occurs when both ${k; } and ®{k2} > 0 [35] which
cannot be fulfilled for the condition above. So, it is concluded that there is no SPP modes for
TE polarization.

Let us investigate the conditions for TM polarization. The solutions of the equations set in
1.16 for TM mode can be demonstrated as follows, for z > 0:

H,(2) = Age'PTeh227 (1.20a)
Agky
Ey(2) = i 222 ¢ifreha,z2 (1.20b)
WEQEL
A .
E.(2) = — 20 jifrohase (1.20c)
WENEQ
for z < 0:
H,(2) = Aje'Puehr== (1.21a)
Aky
Ey(2) = —i 2L gibrgh (1.21b)
Weper
A A
E.(z) = —we(l)flelﬁxeklvzz (1.21¢)

In this case, considering again boundary conditions, continuity of both the tangential compo-
nents, H,, I/, along the interface, and the normal component of the electric displacement field
across the interface, D, ; = ¢;F, so result in:

12
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ks .
A=Ay and 22__2 (1.22)
k1,2 €1

)

We must emphasize that these results can only be provided when the real parts of permittivity
of metal and dielectric are found to be opposite sign which is a fundamental requirement for
the existence of SPP mode for a single interface at TM mode. This condition can be readily
fulfilled by noble metals whose relative permittivity is known to be negative below the plasma
frequency while the dielectric ones are generally positive and constant. Besides, SPPs ex-
citation can only be launched through a TM polarization of the electromagnetic field where
the normal component of the electric displacement field is continuous across the interface
whereas the normal component of the electric field is discontinuous (see fig.1.2). So, this
cause to change the sign (or direction) of the electric field across interface (in the z direction)
which provides to trap electrons at the interface surface. Thus, these trapped charges respond
to the incident electromagnetic field by collectively moving back and forth longitudinally at
the interface which is in fact the origin of the coupling mechanism for SPPs excitation.

Again returning back to the calculation, H, has to satisfy the wave equations which can
be deduced from the equations 1.16:

ki.+kjer— =0 ki, +kjea—pB*=0 (1.23)

By combining these wave equations with the results in 1.22 will give us the dispersion rela-
tion of SPP mode for a single interface between two semi-infinite isotropic media as shown
below [34]:

€1€2

B = ko

1.24
€1 + €2 ( )

where 3 = k), , the parallel component of the wave vector at the direction of the propagation,
is named as the SPPs wave vector, and €1, €9 are relative permittivities of the metal and
dielectric medium respectively. Since the relative permittivity of the metal €; is a complex
number, the wave vector of SPPs, kg, , is also complex which can be written as:

kspp = Kpp + ik (1.25)

in which k:;pp and k:;/pp are respectively the phase constant and the attenuation constant of the
SPP mode.

Let us now discuss on the SPPs dispersion relation which is schematically plotted in the
figure 1.3. The dark-yellow solid line, w = ck,, represents light line and the dark-blue one
corresponds to SPPs dispersion curve without damping based on the Drude model previously
demonstrated in the equation 1.10. As can be seen, the SPPs dispersion curve lies right of
the light line due to its bound nature and a momentum mismatch is clearly noticeable at the
same frequency where the SPPs’ one, (hksy, ), is greater than the light’s one, (hkg). This
implies that in order to generate SPPs from the light waves, this momentum difference must
be bridged as explained in the context of the excitation and coupling techniques subsequently.
Due to this momentum difference SPPs also cannot radiate easily into free-space, showing a

13
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Figure 1.3: Dispersion relation of surface plasmon polaritons (SPPs) depicted depending on Drude
model without damping and a real metal model with damping

bound or non-radiative nature, which is a very desired situation while transmitting or guiding
SPPs waves through plasmonic components (such as waveguides, couplers and etc.).

At low frequencies (or for small k), the dispersion curve approaches to the light line
and SPPs demonstrates a light-like character (grazing-incidence) but still is larger than the
light line. If the frequency increases gradually, the dispersion curve starts to move away from
the light line and approaches to asymptotic frequency limit for large k., values which is called
surface plasmon resonant frequency, ws), (see fig.1.3). By assuming that the damping is being
zero at this stage and if the frequency continues to increase, then the wave vector will go to the
infinity. So, the group velocity is also going to be zero and the mode demonstrates electrostatic
character, transforms to surface plasmons (SPs).

On the other hand, considering damping in SPPs propagation, which is the actual situation
in a real metal because of the intraband and interband transitions of electrons, results in a back-
bending on the dispersion curve (see fig.1.3). Besides, the SPPs wave vector can reach a finite
value at surface plasmon frequency, ws,, which leads to a limitation on both surface plasmon
wavelength, Ay, and mode confinement of the SPPs wave into each medium [35]. This con-
finement is described by the normal component of the wave vector deduced from the equations
above as follows [34]:

has = 6i<—>2 — k2, (1.26)

where ¢; is the relative permittivity of the metal and the dielectric medium respectively for
i=1,2.

At plasma frequency, it is possible to excite longitudinal collective oscillations of the con-
duction electrons inside the metal, known as volume plasmons which is depicted by a solid-

14
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green in the figure 1.3. For the frequency greater than the plasma frequency, w > w,, metal
behaves a transparent character and radiation through the metal occurs.

1.2.2.2 The propagation length of the SPPs

As SPPs propagates along a smooth metal surface, it gradually attenuates and loses its energy.
The energy is absorbed by the metal which in turn is dissipated as heat. The distance for which
the intensity of SPPs decreases to the 1/e value of its initial energy is defined as the propa-
gation length and denoted by L, . The attenuation constant of the SPPs wave vector k;;,p
corresponds to the absorption of the metal and is used to calculate the propagation length of
the SPPs which is given by [34]:

X / 32,
Lopp = 7 = — (61 h 62) ) (1.27)

spp 2l<:;/pp w 6/1 €9
This dissipation channel is commonly denoted as the ohmic loss channel. This basic remark is
at the origin of the works described in the following. Given that in the absence of scattering
loss mechanism a SPPs loses its energy as heat and it is possible to control SPPs propagation
by controlling the temperature of the metal sustaining the plasmon mode. Losses originating
from ohmic losses of the metal are still a challenge in the plasmonics world. So far, many
different strategies and structures have been proposed in order to overcome this obstacle and
will be discussed further in the following.

1.2.2.3 The penetration depth of the SPPs

The penetration depth describes the spatial extensions of the electromagnetic field amplitudes
of the SPPs into surrounding media which are metal and dielectric. We have previously men-
tioned that SPPs is characterized by two wavevectors k), (k) and k. which are parallel and
perpendicular to the interface respectively as shown in the figure 1.2. If we take k. ; from the
equation 1.26 and substitute into the dispersion relation in the equation 1.24, we are going to
obtain penetration depths as given below [34]:

M) Mare)”

€ €2 € €2
o= 2 O = — [ 2 1.28
¢ o ( €3 > 2m ( 2 ) (1.28)

1

64 and d,,, correspond to penetration depth into dielectric and metal respectively.

The nature of the exponential decay in both of the media known as evanescent character
and demonstrates bound and nonradiative features of the SPPs [7]. As shown schematically
in the figure 1.4, decay length of §, inside the dielectric medium is generally greater than the
metal’s one is approximately on the order of half wavelength of incoming light whereas §,, is
typically on the order of a few tenth of nanometers. In addition, while the intensity of elec-
tric field is maximum at the surface (at z=0), it exponentially decays towards to surrounding
media (see fig.1.4(b)). Therefore, SPPs is extremely sensitive to the surface roughness of the
metal. By tailoring or nanoenginnering of the metal surface, SPPs can be readily controlled
and guided through subwavelength components such as waveguides, switches, and etc. due to
their surface bounded character.
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Figure 1.4: (a) SPPs waves at a metal-dielectric interface which demonstrates a hybrid character of
electromagnetic fields and surface charges (b) The penetration depths inside two neighboring media;
metal and dielectric conjunction with the electric field intensity (Images adapted from ref. [7] by per-
mission from Macmillan Publishers Ltd. © 2003)

1.2.3 Thin films surface plasmons modes

So far we have considered only the surface plasmon modes of a single interface. However,
in most practical applications, the SPP mode of interest is sustained by a thin film. At that
stage, the penetration depth J,,, is a good parameter to look at in order to determine whether
SPP modes sustained by a thin film mode significantly different from the SPP modes of the
corresponding interfaces. Thin films configurations can be classified in two types of structures:
insulator-metal-insulator (IMI) and metal-insulator-metal (MIM) systems.

1.2.3.1 Insulator-metal-insulator (IMI)

In this type of structures, a thin metal film is surrounded by two thick dielectric claddings. This
configuration can support two separate SPPs film modes at each dielectric-metal side if the
distance between adjacent interfaces larger than the decay length of SPP modes. Otherwise,
when the separation is smaller, the SPPs film modes of each side start to interact depending on
their dielectric constants and leads to a coupled mode. This coupled mode can be classified in
two modes according to transverse electric field distributions; antisymmetric and symmetric
mode (see fig.1.5). If the thin metal film is placed on a symmetric medium (see fig.1.5), the
solutions would be named as long-range SPP mode which supports the largest propagation
length of SPPs with low confinement. If the medium is asymmetric, the solutions would be
short-range SPP mode that provides a high confinement through the metal film.
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1.2.3.2 Metal-insulator-metal (MIM)

This time, a thin dielectric layer is surrounded by two metallic claddings. If the dielectric
constants of both metals are supposed to be same, an attractive mode without cut-off can be
achieved for thinner dielectric cores [36]. Besides, by changing the thickness and material, the
confinement at each metal side can be controlled. Gap SPPs can be pointed out one of the
promising modes, which provides very high confinement, will be considered later.

Dielectric Ei(w) k
Metal Ez2(w) |
Dielectric Es3(w)

Figure 1.5: (a) If ¢; = €3 then it corresponds to symmetric medium, conversely if €; # €3 corresponds
to asymmetric medium (b) According to transverse electric field distributions, modes are classified as
symmetric and antisymmetric modes like sketched above (assumed to be in a symmetric medium)

1.2.4 Excitation and coupling techniques

In this section we briefly discuss the techniques that are commonly used for the excitation of
surface plasmon modes. Different techniques have been proposed so far in the literature. We
would like summarize the most known techniques which are excitation by electrons, prism
coupling and grating coupling.

1.2.4.1 Excitation by electrons

The first attempt of excitation by electrons was carried out by Ritchie [6]. By using fast elec-
trons which penetrates through a metallic foil, he could able to excite SPPs. In fact, while a
fast electron passes through a solid, it transfers its momentum and energy to the electrons of
the solid. Then, it losses some of its energy and is scattered towards a different direction.

High-energy free electrons (~ 50 keV) can also excite SPPs on metal surfaces which
shows that electron beam excitation on unstructured metal surfaces provides a localized source
of SPPs [37]. Propagating SPPs can be generated not only in metal surfaces but also in different
geometries such as planar dielectric cavities, metallic wires and nanoparticle waveguides can
be provided by fast electrons with high efficiency [38].

Besides high-energy electrons, recently it has been demonstrated that low-energy elec-
trons can excite SPPs on one end of a nanowire as well [39]. The physical mechanism in this
technique is to tunnel electrons between a gold tip and a single-crystal gold nanorod that first
excites gap plasmons and then in turn couples to SPPs along the nanorod. This last method
seems to be a promising approach amongst all of them due to requiring less power, voltage-
controlled and nanoscale compatibility.
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1.2.4.2 Prism coupling

Prism coupling or ATR (Attenuated total reflection) coupling is a well-known optical tech-
nique used for SPPs excitation. There are two fundamental configurations: Otto [40] and
Kretschmann-Raether [41] (see fig.1.6).

Otto configuration consists of a quartz or glass prism, a dielectric spacer layer and a metal
film. By using a dielectric prism with a higher refractive index, the wave vector of light (or
momentum) can be increased. If the incident angle of the light waves is adjusted to be larger
than the critical angle (0 o7r > 6¢) while passing through the boundary between the prism
and the dielectric spacer layer, attenuated total reflection (ATR) will occur which leads to
launch evanescent waves. These waves in fact are able to excite SPPs waves along the spacer
layer-metal interface as soon as both of their wavevectors being equal. The excitation can be
determined experimentally whenever a strong decrease is observed in the reflection measure-
ment (ATR minimum).

np
Air
. SPPs Metal an"IA .
e e N Nt
I Metal nm Air SPPs

Figure 1.6: (a) Otto configuration: dielectric prism - air - metal (b) Kretschmann-Raether configura-
tion: dielectric prism - metal - air

The second configuration Kretschmann-Raether looks like the Otto configuration but a thin
metal film is evaporated at the bottom of the prism used as a spacer layer instead of the air.
As above-mentioned total reflection condition is again used to launch evanescent waves which
can penetrate through the metal film provided that its thickness is not much larger. So, SPPs
can be excited along the metal-air interface (on other side of the metal film) by means of the
evanescent fields if the resonant condition is satisfied.

1.2.4.3 Grating coupling

Grating coupling is an another optical technique used to couple incident radiation to the SPPs.
By nano-fabricating a particular pattern such as corrugations or shallow gratings on a metal’s
surface, the translational symmetry of the surface can be removed. When incident radiation
strikes these gratings as shown in the figure 1.7, it will be scattered by adding or subtracting
integer multiples of a grating momentum vector G = 27 /a (a is the period of the gratings)
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from the incident radiation. Then, a part of the incident waves reflects and the other parts
produce diffracted and evanescent waves. So, the evanescent waves provide an additional
momentum to the incident waves in order to couple to the SPPs.

Dielectric ¥

1
1
: —,
1
1

X
C Akx SPPs
Al J;-u'_:?_t'
a
Metal

Figure 1.7: Grating couplers between a metal and a dielectric interface which provides an additional
momentum to incident waves to fulfill the coupling requirements of the SPPs

The theoretical correlation between incident wave vector k, grating vector G and SPPs
wave Vector kg, is given by [34]:

+ kypp = ksind = Gm (1.29)

+ kopp = ki &+ Aky (1.30)

0, k, and Ak, correspond to incident angle with respect to the normal of the gratings, in-plane
vector component of the incident wave vector and additional momentum vector respectively.
G = 27/a is the grating momentum vector where a is the period of the gratings. And m is
an integer that corresponds to the order of scattering. The sign + in front of Ak, represents
addition or subtraction of the momentum vector on the in-plane vector k£, which can cause to
change the propagation direction of the generated SPPs (4 direction). Note that the equations
1.29 and 1.30 are only true provided that the gratings sustained a Bloch mode with a wave-
vector only little different from the smooth interface SPPs. This happens in the case of point-
like scatterers deposited onto a flat surface or shallow gratings.

A reverse process is also possible in which propagating SPPs can be transformed into the
light waves by decreasing its momentum through the grating couplers. Recently, the use of the
grating coupling technique has increased due to the flexibility in computer-aided design and
easy producibility by means of micro/nano fabrications such as electron-beam lithography,
UV lithography and focused ion beam-milling.

1.3 Plasmonic waveguiding
In this paragraph we focus onto the plasmon-based waveguiding configurations that have been

suggested and described in the literature so far. As mentioned earlier, we are forced to restrict
our discussion to a limited number of configurations given the abundant literature dealing
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with that topic. We choose to organize the description of the different kinds of plasmon based
waveguides as a function of the field confinement they provide.

1.3.1 Low field confinement
1.3.1.1 Thin film based waveguides

Long-range and short-range SPPs

Guiding SPPs along thin film waveguides has been demonstrated long time ago by many re-
searchers in various structures. Economou elaborated the dispersion relation of surface plas-
mons in single and multiple thin films [42] where he uncovered various modes of surface
plasmons as the metal thickness decreases in multiple-film systems and classified them into
two main groups which will be named afterwards symmetric and antisymmetric modes (see
fig.1.5). Sarid also observed and confirmed these two modes [43]. As the metal film thickness
decreases gradually on a symmetric or asymmetric medium, the spatial extensions of the two
SPP modes on each side of the film begin to overlap through the metal film and give rise to
a transverse standing wave. He demonstrated that this degenerated SPPs wave splits into two
modes symmetric and antisymmetric mode with respect to the transverse electric field distri-
bution (see fig.1.5). Due to the less penetration of the field across the metal film and so leading
small dissipations, the symmetric mode is named as the long-range SPP (LR-SPP) mode where
SPP waves travel large distances but with a weak confinement. After only 2 years later, exper-
imental observations of long-range SPPs were demonstrated on thin metal films which were
coherent with the previous theoretical predictions [44].

On the other hand, the antisymmetric mode corresponds to the short-range SPP (SR-SPP)
mode where the field is mostly confined inside the metal film leading large dissipation of
the signal and so results in small propagation distance of SPPs. However, this mode has a
outstanding feature that provides strong localization of guided signal, enabling to achieve be-
yond the diffraction limit, which is aimed for designing subwavelength integrated nanoop-
tic/nanoplasmonic devices. Short-range SPP mode is provided various type of structures in-
volving nanowires, metal-gap, -slot and -clad waveguides which all will be elaborated later.

Burke pushed forward thin film based studies by revising the dispersion relations of waves
guided by a thin and lossy metal films surrounded by dielectric media [45]. He indicated that
generally accepted two modes, symmetric and antisymmetric, were also split into a pair of ra-
diative (leaky) and nonradiative (bound) modes showing totally four solutions to the dispersion
relations. Besides this work, an exhaustive analysis of all kind of long-range surface modes on
thin films surrounded by dielectric media was reported on both symmetric and asymmetric
geometries [46]. It presented theoretically and experimentally that a long-range surface modes
may exist for almost any dielectric values of the thin film.

By this time, majority of the studies related with the SPPs propagation along thin films as-
suming that the width of thin films to be infinite which could only provide 1D confinement. For
the first time, Berini studied the properties of guided plasmon-polariton waves through a thin
lossy metal film with a finite width. In this work, the propagation of purely bound electromag-
netic modes was investigated along a thin lossy metal film embedded in both symmetric and
asymmetric geometry. In the symmetric geometry, four fundamental modes and a few higher
order modes were observed. One of the fundamental modes showed attractive characteristics
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which had a lower attenuation values than the thick metal slab counterparts implying to be a
good candidate for finite width metal film waveguide structures due to supporting long-range
mode. Indeed, as the dimensions of thin film were reduced to w ~ 1pym and ¢t ~ 15nm, it
provided highly low attenuation values that was in the range of 0.1 to 10 dB/cm at the telecom
wavelengths [47]. On the other hand, the mode spectrum provided by the asymmetric geom-
etry was rather different and complex from the symmetric one. Only one of the higher modes
was observed to be a long-range mode although its attenuation decreases very quickly with the
decreasing film thickness. Besides, the cutoff thickness of this mode was found to be greater
than the one of symmetric and slab waveguide geometries. This long-range mode seemed to
be quite sensitive to the small induced changes of substrate and superstrate refractive indices
which have to be taken into account while choosing surrounded media [48]. The superiority
of the thin metal films of finite width to those of infinite widths is not only providing 2D field
confinement along the film but also allow us to fabricate various waveguides with the intention
of guiding SPPs waves towards a particular direction and address.
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Figure 1.8: (a) Scanning electron microscope (SEM) image of homogeneous silver thin film and
various connected finite width thin metal films (stripes) supported by a glass substrate (b) SEM image
of a silver stripe which had a width of 2.5 um and a length of 18 pym (c) PSTM image of the SPPs
propagation (takes place from right to left) through the silver stripe (The tip-sample distance is 100 nm)
(d) More closer PSTM image of the SPPs propagation through the same silver stripe (The tip-sample
distance was less than 50 nm) (Image adapted from ref. [49] by permission from the American Physical
Society © 2001)

Afterwards, experimental confirmation of the propagation of long-range plasmon-polariton
mode guided by a thin metal film of finite width embedded in a symmetric medium was demon-
strated at the telecom wavelength [50]. Polarization dependence of the main mode was inves-
tigated by means of varying polarization angle of incidence. Besides, it was proved that the
experimental results were found to be a fair agreement with the previous theoretical predic-
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tions.

The first near-field observation of SPPs propagation on thin silver metal stripes (finite-
width thin metal films) at a visible frequency was presented by Weeber et al. [49]. The experi-
mental measurement setup was composed of a photon scanning tunneling microscope (PSTM)
which was not only a suitable and efficient tool to observe in direct space but also allowed to
use ATR excitation technique straightforwardly [51]. SPPs is launched by a focused beam on
a homogeneous thin silver film whose area is much larger than the incident spot and then SPPs
is guided through the metal stripes of various widths (see fig.1.8).

e el
-2k 3
= §
-~ 00 a3
w0 § ) g
§ 3
2 B S
g
1z F 3o g
Y - o
=8 )

g S

-8

uy Ta] o

o

- -0 o

= 12
z(pm) aprn)

Figure 1.9: (a) The AFM image of the 2.5 pum wide stripe (b) The PSTM image of the SPPs propaga-
tion which excited on whole gold film and propagates through 2.5 pm wide stripe (Image adapted from
ref. [52] by permission from the American Physical Society (©) 2003)

The silver metal stripes deposited on a glass substrate support propagation of SPPs were
microfabricated by a lithography process and excitation of SPPs was provided by ATR con-
figuration. The propagation constant of the SPPs propagation could be deduced directly from
constant-height PSTM images and it was concluded that as the width of the stripe is about four
times the SPPs wavelength, the propagation constant of the SPPs through the metal stripe were
equal to the one of the whole silver film. Consequently, the stripe width of 2.5 um provided a
good coupling between whole thin film SPPs and the stripe mode. Furthermore, the focus of
the SPPs field could be achieved by using a stripe with a triangularly shaped termination.
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Figure 1.10: (a) Various waveguide structures in different finite widths (b) Cross-section of a general
waveguide structure (Image adapted from ref. [53] by permission from AIP Publishing (©) 2005)

Due to the inconvenience of thin silver stripes to observe the feature of transverse intensity
profile via the PSTM, the optical near-field distribution of thin gold stripes in various widths

22



1.3. Plasmonic waveguiding

was investigated at a wavelength of 800 nm [52]. An attractive feature was observed that
field distributions of SPPs strongly confined within the width of the stripes as in the lateral
confinement of a dielectric waveguide which could only be obtainable for high contrast of
refraction index between the core and the cladding (see fig.1.9). However, the propagation of
SPPs along the thin gold stripes did not depend on the reflection of fields on the lateral edges of
the stripes which was the case fundamentally in guided modes of dielectric waveguides. Thus,
SPP modes along the metal stripes exhibited a hybrid mode that was coupling of interface and
boundary modes and was mostly localized at the lowest index side of the interface.

The largest propagation lengths of SPPs waveguides that support long-range mode was
reported so far to be 10340 pm for Au finite width thin film and 13572 pm for Ag finite width
thin film of which both were embedded in an optically homogeneous dielectric [53]. These
results also correspond to the lowest measured attenuations values which are 0.42 and 0.32
dB/mm at the Au and Ag waveguides respectively at the telecom wavelength A=1.55 pm.
(see fig.1.10)

Active plasmonics with gain

Although the plasmonics can be accepted as a promising platform for nanophotonics due to
its versatile properties, there are still some challenges where the most frustrating one is high
losses. In order to overcome this obstacle, various approaches have been proposed so far in
which loss compensation and amplification can be mentioned as primary solutions [54]. While
loss compensation is meaning to reduce existing losses, amplification is generally referring to
provide much more gain rather than the compensation losses and also to extend the lifespan of
SPPs. So now, we will present various remarkable works in this context.

Nezhad et al. investigated SPPs propagation on several metal-dielectric configurations in
the presence of a gain medium next to it [55]. Their analytic and numerical calculation in-
dicated that the gain medium could compensate losses and provide a SPPs propagation with
little or nearly without losses along these waveguides. Besides, they calculated the gain layer’s
effect and from here deduced possible relative locations in order to provide best compensation
for the practical applications at infrared wavelengths.

Seidel et al. demonstrated one of the first experimental amplification of SPs on an atten-
uated total reflection (ATR) setup [56]. By employing organic dye molecules (thodamine 101
or cresyl violet in ethanol) which could be optically pumped (580 nm) for serving as a gain
medium, the stimulated emission of SPs (633 nm) at the interface between a thin silver film
and the gain medium could be detected by means of the reflectance versus the incident angle
measurements. This amplification did not only compensate SPs losses but also changed char-
acteristic reflectance dip of SPs which was a clear evidence of the stimulated SPs emission.

The active control of SPPs propagation along dielectric-loaded surface plasmon polariton
waveguides (DLSPPWs) was also investigated. Grandidier et al. reported that the propagation
length of confined SPP modes a could be increased to 27% at telecom wavelength by the
help of stimulated emission of quantum dots (QDs) which were to be doped inside a polymer
strip-loaded waveguide [57]. A polymer (PMMA) strip waveguide with dimensions of 600
nm height, 400 nm width and 65 pm long on a 40+3 nm thick gold film fabricated by UV-
lithography was doped with lead sulfide (PbS) QDs (see fig.1.11). Illuminating of the doped
polymer waveguide only by a 532 nm laser could pump the QDs to their excited states and
caused to exhibit a emission of QDs fluorescence at 1.5 ym wavelength. By the investigation
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of the leakage radiation microscopy, it was demonstrated that this fluorescence emission could
couple to SPP mode supported by the DLSPPW. In order to achieve this coupling, the SPP
mode was excited by a TM-polarized infrared laser beam A=1.55 pm focused on the taper of
the doped polymer waveguide. And then the waveguide was homogeneously illuminated by
the 532 nm laser to see the effect of the QDs on the SPPs propagation. It was found that while
the propagation length was constant around 13.5 pm for pump irradiance under 500 W /cm?,
it increased to 17.241 pm for 1000 W /cm? of which was greater than the propagation length
of the undoped waveguide. As a matter of fact, the QD emission caused to the doped polymer
(PMMA) to act as an optical gain medium. The increase of 27% in the propagation length of
the SPPs corresponded to a 160 cm ™! optical gain coefficient. So, this gain could provide a
compensation of confinement-induced SPPs losses of DLSPPW.
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Figure 1.11: (a) QDs doped DLSPP polymer waveguide excited by a TM-polarized infrared laser beam
at A=1.55 pum from the tapering section and illuminated completely with a 532 nm laser to activate the
QDs to their excited state (c) Measured (blue dots) and calculated (green line) optical gain coefficients
versus pump irradiance demonstrated as a function of the imaginary part ¢’ of the DLSPPW dielectric
constant (Image adapted from ref. [57] by permission from American Chemical Society (©) 2009)

The first direct measurement of the gain on a long-range SPP mode was achieved by Leon
and Berini [19]. This experiment was performed on a symmetric gold-stripe plasmonic waveg-
uide with dimensions 20 nm thick, 1 ym wide and lying on a 15 pm-thick SiOs, covered by
~ 100 nm thick gain medium containing optically pumped IR140 dye molecules in a solu-
tion (see fig.1.12). While LRSPPs was exciting (probing) through butt-coupled optical fibers
at A\, = 882 nm, the dye molecules were pumping from the top at A, = 808 nm with 20 mJ
cm ™2 for 8 ns pulses. The mode power gain measured in terms of the amplifier length, I, was
found to be 8.55 dB mm~!(see fig.1.12). This type of amplifier provided not only large spon-
taneous emission but also caused a reduced amount of spontaneous emission noise, namely
6.3 dB.
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Figure 1.12: (a) The plasmonic waveguide structure employed for the measurement of the long-range
SPPs amplification. While the probe signal was let in (out) to (from) the system by end-fire coupling
technique using polarization-maintaining fibres, the incident pump light for the amplification with a
polarization shown by the red arrow was applied at a normal incident onto the sample center (b) Cross-
section of the structure employed for the amplification (c) The measured amplifier gain, yl,, in terms of
the amplifier length, [, was displayed where a linear fit matching with the measured data shown 8.55
dB mm~! mode power gain of LRSPPs. (Image adapted from ref. [19] by permission from Macmillan
Publishers Ltd. © 2010)

1.3.2 Intermediate field confinement
1.3.2.1 Dielectric-loaded surface plasmon polariton waveguides (DLSPPWs)

Recent years, dielectric-loaded surface plasmon polariton (DLSPP) components especially
waveguides have also attracted more interest due to higher refractive index which cause to
bound SPP modes inside the dielectric structure. This provides not only high confinement of
SPPs but also decreasing of edge-scattering losses in DLSPPW configurations. Besides, di-
electric structures allow to be tailored their optical properties by means of thermo, electro or
optical activation technique which is a very crucial feature in the context of active plasmonics.

One of the first works was only aimed to realize some basic optical functionalities such
as focusing and refraction by the help of surface plasmons supported by dielectric struc-
tures on top of a gold film [58]. The effect of the top dielectric ridge on the SPPs dispersion
relation was considered theoretically and numerically. SPPs propagation sustained by SiOq
dielectric structure was also demonstrated experimentally via leakage radiation and PSTM
characterizations. Only one year later, the first SPP waveguides comprised of SiOs stripes on
gold film were reported [59]. In this work, the straight waveguides with different widths from
5 pm down to 100 nm, bent waveguides and crossing of two waveguides were investigated
by comparing with the effect index method which showed a good agreement with experimen-
tal results. Low loss in waveguide bends and no crosstalk through waveguide crossings were
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observed. Besides, multimode and monomode behaviors were found depending on the widths
of the straight waveguides.

Waveguiding properties of DLSPPWs structures were investigated in detail through two
methods; the effective-index method (EIM) and the finite element method (FEM) [60]. Effective
index, confinement and propagation length of DLSPPWs mode were computed in terms of
different widths and thicknesses of a polymer ridge deposited on a gold film at telecom
wavelengths. It was found that DLSPPWs single-mode could be achieved when ridge thick-
nesses were smaller than ~630 nm and widths were below ~655 nm. In contrast to the conven-
tional trade-off between confinement and propagation length, high lateral confinement could
be sustained by adjusting convenient ridge thickness, even when propagation length increas-
ing.
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M
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Figure 1.13: (a) SEM image of a taper connected 10 pm-long-S bend with an offset of d=10 pm
(b) Topographical image of the taper in which SPPs excitation launched (c) Near-field optical image
of the taper while excited SPPs was propagating through the taper (d) Near-field optical image of
SPPs propagation in 10 gm-long-S bend with a 5 um offset (e)[(g)] Topographical [Near-field optical]
image of a 10 um-long-Y splitter with an arm separation of 10 um (f) SEM image of the junction area
(h)[(i)] Topographical [Near-field optical] image of a 45 pm-long-Mach-Zehnder interferometers with
an arm separation of 3 um where SPPs propagates from left to right (Image adapted from ref. [61] by
permission from OSA (© 2008)

DLSPPW based plasmonic components such as bends, splitters and Mach-Zehnder inter-
ferometers were also demonstrated [61]. Characterization of the fabricated components was
performed by scanning near-field optical microscope (SNOM) and the performances were
evaluated by comparing experiment results with the results of full vectorial three-dimensional
finite element simulations. It was found that for the S bends, the pure bend loss was very
small (<10%) if the offset was smaller than 3 um otherwise the main contribution of losses
arose from radiation out of the bend if the offset was bigger than 6 pm (fig.1.13(a),(d)). Y-
splitters functioned as a 50/50 splitting of DLSPPW mode, however, they experienced trans-
mission losses due to the radiation out of the junction area (fig.1.13(e),(f),(g)). The transmis-
sion through the 45-pm-long Mach-Zehnder interferometer was found to be ~20% and the
propagation loss of the DLSPPW mode along the Mach-Zehnder interferometer constituted
74% of the total losses (fig.1.13(h),(i)).

Several characterization and numerical techniques were proposed in order to understand
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guiding properties of DLSPPWs. Leakage radiation microscopy (LRM) is one of the charac-
terization methods which provide direct measurement of both the real and imaginary parts
of the effective index of the guided mode by observing both image plane and fourier plane
(see fig.1.14) [62-64]. As a numerical technique, the differential method was demonstrated
to be an efficient numerical method for the investigation of DLSPPWs which exhibited a fair
agreement with other complex methods such as FEM [65].
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Figure 1.14: (a) Sketch of a DLSPPW structure (b) Optical micrograph of a straight DLSPPW con-
figuration comprised of PMMA ridge of finite width and thickness deposited on a gold film (c) Image
plane of leakage radiation microscopy (LRM) of SPPs propagation along the DLSPP waveguide (d)
Fourier plane of leakage radiation microscopy (LRM) of SPPs propagation by which the effective in-
dex of both DLSPP guided mode and Au/air SPP mode could be deduced as indicated by arrows (Image
adapted from ref. [62] by permission from the American Physical Society (©) 2008)

The active control of SPPs propagation along DLSPPWs has also been investigated in
diverse works. The principle mechanism is that one of the interfaces is employed as an active
part whose refractive index is altered by means of an external excitation or stimulus that causes
to change effective index of the SPPs propagating mode. This stimulus may be provided by one
of the effects through all-optic, thermo-optic, electro-optic or magneto-optic.

(a) (b)

Figure 1.15: (a) Optical microscope image of a waveguide-ring resonator (WRR) modulator connected
with electrodes shown schematically (b) Optical microscope image of a Mach-Zehnder interferometer
(MZI) modulator connected with electrodes shown schematically (Image adapted from ref. [16] by
permission from OSA © 2010)

In an initial study on DLSPPWs was demonstrated that fiber-coupled DLSPPW compo-
nents, namely Mach-Zehnder interferometers (MZIs), waveguide-ring resonators (WRRs) and
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directional couplers (DCs) could be actively controlled via thermo-optic effect through elec-
trical heating of the same gold stripes sustaining DLSPP mode at telecom wavelength (see
fig.1.15) [16]. It was found that the modulation depth of the MZIs- and WRRs-based compo-
nents could go beyond 20% and the rerouting efficiency of the DCs switches was obtained to

be ~30%.

Recently, it was reported that PMMA may not be an appropriate material as a dielectric
loading part of DLSPPW with a lower thermo-optical coefficient (On /0T

-1.05x1074K 1

for fabricating thermo-optically controlled plasmonic components [66]. Subsequently, the same

research group demonstrated a 2x2 efficient and compact thermo-optic DLSPPW switch
composed of a high thermo-optic coefficient polymer, cycloaliphatic acrylate (On/0T =-
3x107*K 1) which could operate at telecom wavelengths [67]. The working principle of
this thermo-optic switch was based on the interference of the fundamental plasmonic and the
second-order (photonic) mode, namely dual mode interference (DMI) mode which gave an
opportunity to decrease insertion losses because of the low-damping feature of the photonic

mode.

Figure 1.16: (a) SEM image of the router core element: a novel dual-ring DLSPP add/drop filter
component (b) [(c)] Leakage radiation microscope (LRM) image of guided SPPs signal along the drop
[through] port (d) A 2x2 silicon-plasmonic router architecture layout (Image adapted from ref. [68] by

permission from IEEE ©) 2011)

Furthermore, it was realized a 2x2 silicon-plasmonic router architecture having 320 Gb/s
throughput capability for optical interconnect applications [68]. This fabricated router was
based on a novel dual-ring DLSPP component serving as a 2x2 switch, which was integrated
onto a silicon-on-insulator (SOI) photonic motherboard (see fig.1.16). The router setup in-
cluded two 4x1 SOI multiplexing circuits (SOI-MUX) whose were employed to support 40
Gb/s NRZ channel multiplexing with a 100 GHz channel spacing. An attractive coupling, butt-
coupling design, between DLSPP switch and SOI circuitry was achieved with low losses, 2.6
dB. And the final router design could perform a successful 2x2 routing of two incoming 4-
wavelength NRZ (Non return to zero) signals at 40 Gb/s data traffic by which a promising
architecture with an effective footprint and a reduced power consumption has been demon-

strated for next generation optical interconnects.
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1.3.2.2 Wedge waveguides

Wedge shaped metal waveguides have also been investigated as plasmonic waveguides owing
to providing smaller modal size and long propagation distance. Pile et al. reported a numeri-
cal and first experimental observation of SPPs guiding along a triangular metal wedge [69].
Dispersion and dissipation of the wedges were investigated by finite-difference time-domain
algorithm. Plasmons were excited by end-fire coupling and detected by near-field optical probe.
It was found that wedge plasmon (WP) mode could not be sustained if the wedge angle was
greater than a critical angle (~ 102° for a silver wedge at A= 0.6328 um). Besides, a strong
field subwavelength confinement and sufficient propagation distance proved that WP might
be a promising structure for subwavelength plasmonic waveguiding. In another study, it was
demonstrated that a sharp triangular metal wedge on a dielectric substrate allow to achieve
efficient plasmon nanofocusing [70].

Moreno et al. demonstrated a theoretical investigation of the guided modes of wedge plas-
mon polaritons (WPPs) at telecom wavelengths [71]. The modes of WPPs were found to had
strong field confinements with similar propagation lengths with respect to the other subwave-
length counterpart configurations (see fig.1.17). Besides, they showed that it was possible to
realize nanofocusing of SPPs by only altering geometrical dimensions of the wedge struc-
ture, and so, all above-mentioned results concluded that WPPs might be a good candidate for
subwavelength guiding and focusing of SPPs.
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Figure 1.17: (a) The dispersion relation of WPP in comparison with SPPs’ one on flat surface and
light’s one in vacuum (b) Modal size and propagation length of WPP at wavelengths between 0.6 -
1.6 pm (c)-(d) SEM image of a fabricated gold wedge waveguide with dimensions of 8.5 ym-wide
and 6 pum-high (e) Topographical image of the wedge (f)-(g) SNOM images of WPP propagation for
TM polarization at two different wavelengths (Image adapted from ref. [71] by permission from the
American Physical Society (©) 2008 and from ref. [72] by permission from OSA (© 2008)

At the same year, the experimental demonstration of subwavelength plasmon-polariton

guiding at telecom wavelengths along triangular metal wedges was reported by Boltasseva et
her co-workers [72]. The gold wedge waveguides were fabricated by standard UV lithogra-
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phy process which allow to extend this process for mass-production (see fig.1.17(b)-(c)). The
SNOM characterization of wedge plasmon-polaritons (WPPs) along a triangular 6-pm-high
and 70.5°-angle gold wedge showed not only high confinement feature of the mode, mode
width ~ 1.3 pum, but also possibility of WPP guiding with lower losses at 1.43-1.52 ym wave-
lengths.

1.3.2.3 Hybrid plasmonic waveguides

Hybrid plasmonic waveguides are aimed to merge useful properties of photonics and plas-
monics on the same structure in order to achieve efficient waveguiding with subwavelength
confinement and lowest losses. So far, it has been proposed various hybrid plasmonic waveg-
uides.

A hybrid waveguide merging dielectric waveguiding with plasmonics first was demon-
strated by Oulton et al. [73]. It was composed of a metal surface and a dielectric nanowire
which were separated from each other by a nanoscale gap (see the inset of fig.1.18a). By ad-
justing diameter of the dielectric nanowire and the gap distance, it was possible to achieve
subwavelength confinement (A2 /400 to A2 /40) and long-range propagation (40 - 150 ym) due
to the hybridization of the photonic mode with plasmonics one which leads capacitor-like
energy storage throughout the gap. This new approach was not only suitable integration for
semiconductor fabrication techniques but also enabling to realize subwavelength devices with
smaller mode size and large propagation lengths as well as providing to be applied waveguide
loss compensation techniques.
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Figure 1.18: (a) Mode area as a function of dielectric waveguide diameter, d, and gap distance, h, (b)
Propagation length of the guided mode as a function of dielectric waveguide diameter and gap distance
(c)-(f) Electromagnetic field distribution of the hybrid mode for (d , h) = (400,100), (200,100), (200,2)

and (400,2) [nm] respectively which all were pointed out on the curves of the panel (a) (Image adapted
from ref. [73] by permission from Macmillan Publishers Ltd. (¢) 2008)

Briggs et al. reported efficient coupling of light between dielectric-loaded plasmonic and
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silicon photonic waveguides [74]. They demonstrated coupling of light in and out to polymer-
on-gold DLSPP waveguides efficiently and then end-coupling of the waveguide to silicon-on-
insulator (SOI) waveguides with 79+2% transition efficiency at telecom wavelengths. Besides,
it was determined SPPs propagation distance as 51+4 pum due to low propagation losses at
A=1550 nm. They also showed efficient coupling to whispering-gallery modes in plasmonic
ring resonators with a quality factor of 180+£8. These promising results indicated that this type
of plasmonic waveguides could be merged with optical ones in order to realize real plasmonic
circuitry.

1.3.3 High field confinement
1.3.3.1 Plasmonic nanowires

The diffraction limit in classical optics stands as an inevitable obstacle while decreasing di-
mensions of integrated-optical devices. However, SPPs enable to us to overcome this limitation
by means of subwavelength confinement along the metal-dielectric interface. Nanowires play
a critical role in here by sustaining subwavelength waveguiding of SPPs waves.

Nanowires practically can be either microfabricated via electron-beam lithography cor-
responds to polycrystalline nanowires or synthesized by chemically corresponds to single-
crystalline nanowires [75]. Single-crystalline nanowires compose of well develop crystals and
surfaces, thus they exhibit remarkably less damping than polycrystalline ones [76]. However,
the integration of this type nanowires to any photonic or plasmonic interfaces is a challeng-
ing task due to their production method. On the other hand, polycrystalline nanowires have
a strongly damping characteristics due to scattering at grain boundaries. Recently, a spectro-
scopic study demonstrates that the damping of polycrystalline silver and gold nanowires can
be reduced by using quartz support instead of ITO-glass one [77]. Despite significant damping
in polycrystalline nanowires, they are generally more preferred to fabricate as subwavelength
plasmonic elements because of compatibility and flexibility in the integration methods and fa-
cility of the fabrication techniques. Now, we are going to present several works that have been
demonstrated so far.

First theoretical pioneer work was performed by Takahara et al. who considered the guid-
ing properties of the light through one-dimensional optical waveguides (nanowires) which
were composed of a metal core and a dielectric cladding [78]. They demonstrated that it was
possible to guide strongly confined one-dimensional optical beams (SPPs) within a nanowire
whose diameter was thinner than the wavelength of free-space at the visible and near-infrared
regions.

Very soon after, Weeber et al. investigated theoretically the propagation of plasmon po-
laritons along metallic nanowires by using the Green dyadic technique [79]. It was shown that
while illuminating the end of a nanowire by a proper polarization, the local excitation could
be confined and guided by means of localized surface plasmons along a few micrometers long
nanowires. Furthermore, the single-particle excitation was achieved through nanowires which
gave rise to an impressive switching character by altering incident wavelength.

These and other similar theoretical studies paved the way for experimental researches. Not
too late only after 1 year later, Dickson et al. demonstrated unidirectional propagation of SPPs
along metallic nanowires whose dimensions were 20 nm diameter and <10 pm long [80]. First,
SPPs propagations were shown along Au and Ag nanowires by local optical excitation at
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the visible wavelengths and then these results were exploited to obtain a undirectional SPPs
propagation through a electrosynthesized Au/Ag heterojunction nanowire.

To determine dispersion relation of nanowires was a complicated work since the small
dimensions of the nanowires did not permit to make measurement easily by using attenuated
total reflection spectroscopy. Schider et al. proposed an alternative technique, namely conven-
tional extinction spectroscopy, by which they could measure SPPs dispersion relation of Ag
and Au nanowires of a fixed cross section and different lengths which had been fabricated by
e-beam lithography [81]. It was shown that the dispersion relation of nanowires was found to
be similar to that of the planar metal-dielectric interface one except the upper limiting fre-
quency of SPPs excitation was smaller. Besides, SPPs propagation along Ag nanowires was
found to be slower than that of the planar metal-dielectric interface one.

Figure 1.19: (a) Scanning near-field optical microscopy (SNOM) image of the distal end of the 18.6
pm long silver nanowire in which the SPPs propagation is scattered into light. (b) The light spectra
along the 2 pum long cross-cut of the same nanowire (through the dotted-line) (Image adapted from
ref. [76] by permission from the American Physical Society © 2005)

Nanowires sustaining SPPs may also serve as surface plasmon resonators under appro-
priate conditions. It was demonstrated that chemically prepared silver nanowires with ~ 100
nm cross-section and up to 20 pm length could provide a large propagation length at about
10 pum due to the well develop crystals and surface structures [76]. Besides, their end face
reflectivity was found to be 25 % at the same wavelength (785 nm). These two important prop-
erties allowed to exploit the nanowires as efficient surface plasmon Fabry-Perot resonators (see
fig.1.19). Moreover, the wavelength of the SPPs along these nanowires was seen to be reduced
to half value of the exciting light. This result proved again that subwavelength mode could be
achieved by means of plasmonic nanowires.

Maybe the most difficult obstacle is efficient SPPs excitation through nanowires. Due to
the ohmic and radiation losses and also quickly accessible cutoff width of the nanowires, it is
not very easy to achieve highly confined nanowire modes. Verhagen et al. demonstrated that
the SPPs excitation of highly confined nanowire modes can be obtained by means of adia-
batic mode transformation [82]. A gold waveguide on BK7 glass substrate which composed
of a hole array and whose width narrowed through a taper of 20 um length in order to be
connected to a nanowire of 40 um length was fabricated by means of e-beam lithography and
reactive ion etching (see fig.1.20). Due to the inconvenience of air-guided modes for adiabatic
coupling to the nanowire mode, the SPPs excitation was launched directly at the substrate side
(gold/glass) via the hole array. The excited SPPs started to propagate first along the waveguide
and then gradually evolves to the nanowire mode as the width of the stripe decreased along the
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Figure 1.20: (a) Optical microscope image of the waveguide structure (b) The SPPs amplitude which
was measured by phase- and polarization-sensitive near field microscopy (c) The normalized wave vec-
tor (neysys) of the SPPs was calculated in terms of the waveguide widths at different wavelengths. In the
insets, the electric field amplitudes of 60 nm and 5 pm widths of the waveguide at telecom wavelengths
1550 nm were demonstrated (Image adapted from ref. [82] by permission from the American Physical
Society (© 2009)

taper which determined the degree of the adiabaticity namely the efficiency of coupling to the
nanowire mode. As can be seen in the fig.1.20, at large widths the eigenmodes of the waveg-
uide were mostly localized either in the air or in the glass medium due to the asymmetry of the
interface. But as the width decreases, only one mode existed and encompassed subwavelength
cross-section of the nanowires that was identified as nanowire mode in which the transverse
electric field at opposite sides of the waveguide had opposite sign. This mode showed a char-
acteristic antisymmetric nature in which the surface charges around the nanowire had equal
sign. It should be also noted that the normalized wave vector (or n.ss in here) crossed the
substrate light line as the width decreased. These results suggested that suchlike structures
may serve an efficient coupling element to excite nanowire SPPs by means of adiabatic mode
transformation.

1.3.3.2 Gap plasmon polaritons

One of the first pioneer works was demonstrated by Pile et al. where a numerical and first ex-
perimental investigation of a novel 2D strongly localized plasmon modes guided by a rectan-
gular nanogap was presented in a thin metal film [83]. By using finite-difference time-domain
(FDTD) method, dispersion, dissipation and propagated field intensity were examined. More-
over, gap plasmon mode was excited by using end-fire coupling and scattered from the edge
by which images could be detected and recorded by charge coupled device (CCD). It was con-
cluded that the gap plasmon mode would be a promising option for all optical nanocircuits due
to high confinement, reasonable propagation length and easy fabrication technique.

Neutens et al. presented remote electrical detection of gap plasmons propagation inside
a MIM (metal-insulator-metal) waveguide [84]. By using a nanoscale integrated GaAs MSM
(metal-semiconductor-metal) detector attached with a MIM waveguide, strongly confined gap
plasmon mode could be detected and examined (see fig. 1.21(a)-(b)). According to the Monte
Carlo simulations, the RC-limited bandwidth of this device was found between 240 GHz to

33



1. Plasmon-based waveguiding and integrated plasmonics

909 GHz depending on the waveguide geometry. Two dimensional photocurrent maps and po-
larization dependent SPPs dispersion in the waveguide were also demonstrated. The electrical
detection of the confined SPPs showed that e~! decay lengths were found to be 3.5 ym and 9.5
pm for wavelengths of 660 nm and 870 nm respectively. In summary, this type of integrated
MSM detector in conjuction with MIM waveguide was believed to be a suitable and powerful
device for electrical detection of strongly confined gap plasmons which might play a critical
role in order realize novel active plasmonic components.
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Figure 1.21: (a) Schematic representation of the MIM waveguide in conjuction with the integrated
MSM detector. (Inset): e~! decay length (1m) versus wavelength (nm) where the experimental values
were compared with FDTD simulation results (b) SEM image of the fabricated device where two arrows
indicated excitation and detection slit respectively (Image adapted from ref. [84] by permission from
Macmillan Publishers Ltd. ©) 2009) (c) Schematic illustration of a three-dimensional nanoplasmonic
photon compressor (NPC) with a 3D taper connected to a MIM waveguide (d) Field intensity map of
the fabricated sample characterized by TPLL image, SEM image of the characterized sample and E?
intensity profile of the corresponding fabricated sample calculated by simulations (e) Detected emission
spectra of the 3D NPC device on the body (black curve), on tip (red curve) and on a smooth gold film
for reference (Image adapted from ref. [85] by permission from Macmillan Publishers Ltd. (©) 2012)

Recently, a challenging task, nanofocusing of light, has also been achieved by the help
of gap plasmon waveguide. Choo et al. demonstrated a highly efficient, on-chip 3D nanoplas-
monic photon compressor (3D NPC) [85]. It was composed of Au—SiOs—Au gap plasmon
waveguide which was linearly tapered with a well fabricated three dimensional taper function-
ing to minimize high losses during performing nanofocusing where intrinsic scattering and
resistive absorption losses were taken into account in this process (see fig. 1.21(c)-(e)). Critical
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taper angle and required distance were extracted from the finite-difference time-domain (FDTD)
simulation results. It was found that a 3D tapering could be possible while focusing of 830

nm wavelength light into a 235 nm? area below 3 dB losses and with 3.03104 intensity

enhancement. Besides, the fabricated device was characterized by a two-photon photolumi-

nescence (TPPL) setup with a electron-multiplying charge-coupled device (EMCCD) and a

spectrometer where it was found 21.3 dB (74% transmittance) coupling efficiency and 400 in-

tensity enhancement in a 14x80 nm? cross-sectional area. As a result, this 3D NPC device had

great potential and could be useful for implementing on-chip nanoscale photonic/plasmonic

applications.

1.3.3.3 Slot waveguides

Liu et al. demonstrated one of the pioneer studies in slot plasmonic waveguides where a novel
SP waveguide structure was realized by etching a small trench through a metallic thin film ly-
ing on a silica substrate [86]. Highly confined mode properties of SP along the waveguide was
investigated and the necessity of a polymer upper-cladding with a refractive index close to the
silica’s one on top of the thin metal film was emphasized. Moreover, the coupling conditions
between two closely positioned waveguides as well as 90° bend waveguides were discussed
numerically which shown that highly integrated and sharp bend waveguides could be possible
to realize by the proposed structures only with a reasonable separation distance and bending
radius. Easy fabrication of the waveguide structure could also be mentioned as an another ad-
vantage with respect to the other types of SPs waveguides for highly integrated plasmonic
circuits.
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Figure 1.22: (a) Full-wave simulation of normalized magnetic field distribution on a 90° bend with
a 50 nm bending radius of a 3D MSM slot waveguide (b) Obtained results of reflection, transmission
and loss versus bending radius on a 90° bend (c) Schematic representation of a T-splitter with an extra
terminal (L,) by using a 3D MSM slot waveguide (d) Obtained results of reflection, transmission and
loss versus the length of an extra terminal on a T-splitter (Image adapted from ref. [87] by permission
from John Wiley and Sons, (©) 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

At the same year, Veronis et al. also investigated numerically the existence of bound
optical mode sustained by a slot waveguide within a thin metallic film deposited on a sub-
strate [88]. The novelty of this slotline was the dimension much smaller than the wavelength
of interest. They found that the slotline could provide a fundamental bound mode with a modal
size almost entirely dominated by the near field of the slot for a wide frequency range. This
modal size was so small than the incident wavelength that was even sustained close the mode
of the light line in the surrounding media. Furthermore, it was shown that the group velocity of
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this mode was close the light one’s in the substrate and the propagation distance of the mode
was found to be tens of micrometers at the optical communication wavelength.

Dionne et al. demonstrated a numerical investigation on wavelength dependent properties
of plasmon slot waveguides [89]. The dispersion relation, wavelength dependent propagation
and energy density decay was discussed on Ag/SiO2/Ag MIM waveguides with thickness rang-
ing 12 nm to 250 nm. Although it was found the same modes below 100 nm core thickness
(SiO9) in IMI structures, namely symmetric and antisymmetric modes, they did not exhibit
the same characteristics. In symmetric mode, the surface plasmon momentum did not always
go beyond photon momentum even was found effective indices as low as n=0.15 for thicker
films such as d~50 nm.In antisymmetric mode, a cutoff was observed below 20 nm core
thickness. In the range of visible to NIR wavelengths, SPPs propagation length could achieve
as large as tens of microns with a fields confinement only around 20 nm core width. If the
core thickness was increased, the propagation length would increase as well with the same
localization and besides, conventional waveguide mode were not observed until 100 nm core
thickness.
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Figure 1.23: (a) Schematic representation of the plasmonic phase electro-optic modulator based on the
Pockels effect of a nonlinear polymer realized by using plasmonic slot waveguide (b) Cross section and
electric field mode profiles along the slot waveguide (c) SEM image of the fabricated device just before
coating with nonlinear-polymer (d) Cross section and lumped element model of the device used for the
electrical characterization (Image adapted from ref. [90] by permission from Macmillan Publishers Ltd.
© 2014)

Cai et al. presented a numerical investigation of various passive elements by using 3D
slot waveguides for routing and manipulation of SPPs at A=850 nm (see fig. 1.22) [87]. First,
they investigated fundamental characteristics of a straight slot such as mode index, loss factor
and energy confinement and named as a metal-dielectric-metal (MDM) slot waveguide due
its silver-dielectric-silver structure. Then, they developed several passive elements like bend,
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mirrors and T-splitters. In sharp bends with 90° corners leading excessive losses could be min-
imized by means of eliminating power reflections and increasing transmission if a 50 nm bend
curvature was used at the corner (see fig. 1.22(a)-(b)). However, such a bend curvature could
not improve performance significantly of T-shaped splitters which were fundamental elements
for power dividing and directional couplers. One solution was providing impedance matching
of input and output slot widths which might cause challenge in fabrication step. They sug-
gested an original solution which was introducing an extra terminal at the end of the input slot
by which the interference behavior could be controlled through observing destructive interfer-
ence at the input channel (see fig. 1.22(c)-(d)). In this work, they also analyzed the performance
of X-junctions and a sandwich-type structure for the dielectric slots.

Recently, a first successful experimental demonstration of high-speed plasmonic phase
modulator (ppm) using plasmonic slot waveguide was reported by Melikyan et al. [90]. Based
on the Pockels effect of a nonlinear polymer where SPPs propagates inside a 140 nm slot
between gold films could be realized as an ultra-compact electro-optical modulator operating
at 40 Gbit/s (see fig. 1.23). This device had only 29 pm length and could work across 120
nm wide wavelength range at the center of 1550 nm wavelength which nearly covered all
optical S, C and L bands. The modulation frequency was found to be flat up to 65 GHz and
beyond. Besides, this device could operate under high temperatures up to 85°. Easy fabrication
of this ppm could also be mentioned as another advantage. It was believed that this novel design
could play a critical role for realizing future ultra-compact and CMOS-compatible on chip
Mach-Zehnder and in-phase and quadrature phase plasmonic modulators which are required
to perform amplitude modulations in plasmonic circuitry.

1.4 Conclusion

In summary, we have presented the new branch of nanophotonics, surface plasmon polaritons
(SPPs) and its intriguing properties which is believed to be a promising candidate for combin-
ing the best properties of photonics and electronics at nanoscale dimensions. First of all, we
have started with plasmon basics such as Drude model, dispersion relation, propagation length
and penetration depth. Secondly, we have briefly explained surface plasmon modes on thin
films as well as excitation and coupling techniques. After that, we have elucidated plasmonic
waveguiding in three sections with respect to the confinement degree of SPPs within the metal
film where we selected and focus on the most interesting works demonstrated so far in the
literature.

In order to realize a real plasmonic circuitry for controlling and processing SPPs signals, it
is absolutely required a large number of elements not only passive components (waveguides,
couplers, etc.) but also active components (modulators, switches, etc.). Many works have
been addressed for the demonstration of passive components since the birth of the plasmonics.
However, active components, which are capable to generate, modulate and/or switch in other
words - can control actively - SPPs waves through plasmonic interfaces, are still urgently
needed to be able to develop and improve integrated plasmonic circuit technology especially
at telecom wavelengths.

It is well known that SPPs propagates at the interface between metal-dielectric, so in an
active component, one of these interfaces is employed as an active part whose refractive index
(or dielectric, &, = n?) is altered by means of an external excitation or stimulus that causes

37



1. Plasmon-based waveguiding and integrated plasmonics

to change effective index of the SPPs propagating mode. This excitation can be provided by
using one the effects of thermo-optic, electro-optic and magneto-optic. Thermo-optical (TO)
effect is known as one of the efficient technique especially for dynamical control of plas-
monic devices. This effect can be performed by means of either electrical or photo-thermal
activation. Photo-thermal activation is more attractive and efficient due to offering possibility
to tune parameters by using incident pump wavelength and polarization. It also proposes con-
trolled local heating through focusing feature to avoid using high powers. Thus, our research
will be based photo-thermal activation of various plasmonic devices.

So far, many works related dielectric based TO devices have been demonstrated where the
dielectric part is used as an active part for modulation of SPPs propagation. However, to the
best our knowledge, the role of the metal part in TO process has been rarely considered such
that only several works has been shown when active part is originated from metal side. In par-
ticular, nanosecond (ns) photo-thermal activation has never been demonstrated in this context
which is the key parameter for high bandwidth TO devices. Besides, TO effect and dynamics
of metal is crucial for datacom applications which also needs to be investigated in detail.

The aim of this thesis is to clarify TO effects of metal and polymer by using photo-thermal
activation supported by either CW or ns pulsed laser at telecom wavelengths. Our investi-
gation takes place from low effective index to high effective index of SPP mode within the
metal part. So, in this thesis, we first investigate the photo-thermal modulation of low con-
fined SPPs propagation mode along the extended thin metal films and metal stripes at telecom
wavelengths. Investigation on thermo-optical effects of metal allows us not only evaluate the
contribution impact of metal heating in the context of non-linear plasmonics but also has great
importance in the situation of optical pumping of a gain material for SPPs loss compensation
while the pump beam absorbing by the metal. Secondly, we push forward these studies by
evaluating dynamical characterization of the photo-thermal modulation of SPPs mode using
a nanosecond pump laser. Especially, we demonstrate thermo-absorption of both metal and
polymer loaded surface plasmon waveguide (PLSPPW) modes mediated by the temperature-
dependent ohmic losses of the metal and the thermally controlled field distribution of the
plasmon mode within the metal which all has not been investigated yet. Finally, we focus on
the photo-thermal modulation of most confined SPP mode along the gold nanowires where
the contribution of TO effects is expected much larger than the others. Besides, we demon-
strate high bit rate (10 Gbit/s) signal transmission along the nanowires which is believed to the
first demonstration of this type of plasmonic waveguides in short-range data transmission at
telecom wavelengths.
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Chapter

Photo-thermal modulation of SPPs
propagation on thin gold film at
telecommunication wavelengths

2.1 Introduction

In order to benefit from the exciting properties of plasmonics efficiently, well-designed and
compact plasmonics components should be fabricated. This is not only a fundamental demand
but also is an inevitable reason for overcoming mismatch problem of scaling while integrating
them into photonic and/or electronic devices. After the first observation of surface plasmon
polaritons (SPPs) was performed, the propagation characteristics of passive plasmonic com-
ponents have been investigated many times. Although there is an intense activity around the
demonstration of dynamically controlled plasmonic devices, only very few works have been
reported in this direction in the literature so far, mostly due to fundamental obstacles such as
short propagation distances.

As stated before active functionality of plasmonic components can be provided by means
of all-optic, thermo-optic, electro-optic or magneto-optical effects. In this thesis, thermo-optical
(TO) effects based plasmonic waveguides will be investigated both numerically and experi-
mentally in detail. Many thermo-optical plasmon-based devices have been reported in the lit-
erature recently [17,67,91-96]. In these works, the thermo-optical functionality is provided
by a high thermo-optical coefficient of dielectric material whose refractive index (or dielectric
constant €) is affected by a temperature change which in turn modifies the field distribution of
the plasmon mode traveling at the dielectric/metal interface. As a result, in these configurations
dielectric materials were thought to be an active part for SPPs modulation. Furthermore, ther-
mal modulation of thin film SPPs excited in the Kretschmann-Raether configuration at visible
frequencies has also been reported [97,98]. However, so far, only little works has been done to
assess quantitatively thermo-optical properties of thin film SPP modes at telecommunication
wavelengths (1500nm-1600nm) [99], a spectral range of interest for datacom applications. At
telecom wavelengths where gold dielectric function is dominated by free-electron contribution,
an increase of the temperature leads to an increase of the ohmic losses through the increase
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of the electron-phonon scattering rate. As a matter of fact, this process is not different from
the increase of the static (dc) resistivity of metals for an increasing temperature [100]. The
thermally-controlled losses in the metal lead to a SPP mode temperature dependent propa-
gation length which can be used to evaluate the thermo-plasmonic properties of the metal of
interest. By this way, it will not only be extracted thermo-optical coefficients (TOCs) of gold
at telecom wavelengths but also thermo-plasmonic properties will be demonstrated by means
of experimental and numerical results in this study.

The temperature dependent optical properties of noble metals have been investigated many
times in the context of surface plasmon resonance (SPR) and/or metallic particles in dielectric
matrices [101,102] whereas no work so far has been reported about photo-thermal modulation
of SPPs propagation at telecom wavelength according to the best of our knowledge. In this
respect, the results we discuss in the following can be considered as a pioneering work.

This chapter is organized as follows. First of all, general aspects on optical properties and
thermo-optical coefficients (TOCs) of metals are briefly given. Experimental part is considered
next which consists of nanofabrication of samples, presentation of the characterization setup
and measurements of the photo-thermal modulation of SPPs propagation in the continuous
wave (CW) regime. Subsequently, we develop a numerical modeling based on the property
of thermally-controlled ohmic losses and perform calculations in order to correlate the exper-
imental results with the numerical ones. Later, we first extract thermo-plasmonic coefficient
and then compute TOCs of gold film at telecom wavelengths. Moreover, we propose a figure
of merit obtained from the measurements of a given SPP mode. Finally, the photo-thermal
modulation of SPPs propagation is investigated in the nanosecond regime to analyze dynamics
and test our TOCs provided by exchanging a CW laser with a Q-switched pulsed laser on the
set-up. The obtained preliminary results will be followed by a more detailed investigation in
the third chapter.

2.2 Optical properties of metals

The interaction of light with a metal is commonly described in classical electromagnetic light
theory by means of the frequency dependent refractive index of the metal. Complex refractive
index of a metal is composed of two terms; refractive index n and extinction coefficient k
(see equation 2.1). While refractive index describes how light waves are refracted when pass-
ing through a metal, extinction coefficient determines the amount of absorption loss of light
propagation through a metal.

n=n4+1kK (2.1)

It is well known that the optical constants are dependent on the frequency of incident light
waves. This means that though a metal may be transparent at a specific frequency, it may
be opaque at an another frequency. Besides, the well-known relationship between complex
refractive index and complex dielectric function in a non-magnetic medium is given by [103]:

M2

=€ + 1€; 2.2)
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Optical properties of noble metals (gold, silver and copper etc.) have received great interest
because of their potential applications in applied physics. These metals are also of key interest
for plasmonics. In all the following we will operate gold as the plasmonic metal of interest.

On the other hand, various dominant features play roles to determine exact value of the
dielectric constant of gold. Two principle mechanisms are responsible for electronic transitions
expressed as follows:

€ = €intra + €inter (2.5)

The dispersive dielectric constant of gold in the visible and near-infrared spectral range can
be expressed as the sum of two contributions revealing the underlying physical phenomenons
at the origin of the optical properties of this metal. As shown in the equation 2.5 the dielec-
tric function is the sum of a contribution resulting from intraband and/or interband transition of
electrons within the metal. Briefly speaking, the intraband contribution is defined as transitions
of free-electron metal in which a free electron is excited from a filled state to an unoccupied
state within the same band. It is a dominant mechanism at low optical frequencies especially
the red and infrared (IR) spectral zone. The intraband contribution can be explained in a good
way by the Drude model (see equation 1.9) [104]. On the other hand, the interband contri-
bution is transitions of electrons from bound levels to the conduction band levels above the
Fermi level. It is a dominant mechanism at higher optical frequencies particularly photon ener-
gies greater than 2 ev although the diminishing contribution of intraband contribution persists
slightly at these frequencies [101].

2.3 Thermo-optical coefficients (TOCs) of metals

Optical properties of metals are known to be temperature-dependent. Several decades ago,
thermo-optical properties of metals have been investigated in detail, mostly for noble met-
als [105-109]. When a metal is heated, many phenomenons contribute to the change of its
dielectric function. A non-exhaustive list of these effects includes electron-electron scatter-
ing, electron-phonon scattering, electron-impurity/defect scattering, lattice expansion, shift of
Fermi level and modification of Fermi-Dirac distribution [110]. The respective contribution of
each of these channels may depend upon the metal, the incident photon frequency, the actual
temperature and the amplitude of the temperature change. The temperature-dependent dielec-
tric function of noble metals can be described in the framework of the Drude model at least for
energies significantly below the interband absorption edge of the metal of interest [111-113].

The temperature dependence of noble metal optical properties has gained renewed interest
recently in the context of surface plasmon modes excitation. Indeed, noble metals are to date
the most appropriate materials used to investigate the properties of surface plasmon polaritons
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(SPPs) sustained by either extended structures such as thin films or localized structures such as
nanoparticles. The thermal properties of nanoparticles have been mainly investigated in the re-
spect of localized heat sources relying on resonantly excited nanoparticles [114]. On the other
hand, the impact of temperature onto localized surface plasmon resonances has also been in-
vestigated recently for single gold nanoparticles [115], gold nanoparticles embedded into a di-
electric matrix [101,102] and closely packed gold nanorods forming a metamaterial [116]. For
crystalline gold nanoparticles, a very good agreement of the experimental data with the results
of the temperature-dependent Drude model has been found [115] whereas significant devia-
tions from this model were noticed in the case of evaporated thin films [117,118]. When SPPs
is excited onto a thin film, its modes can be used for bio-sensing purposes and in this respect
the role of temperature onto the sensitivity of SPPs based sensors has been investigated as
well [119,120].

Thermo-optical properties of metals are described by its thermo-optical coefficients (TOCs)
that are specific constants for any material which determine the amount of variation in its com-
plex refractive index by the temperature change (K).In fact, it is denoted by the sum of the
temperature derivative of both refractive index and extinction coefficient such that:

on _ on 0Ok 1
67 = 87T + 267 [K ] (2.6)

By changing temperature, the new refractive index of any metal can be computed from a simple
equation by using corresponding TOCs as follows:

a(T) = (Ty) + (9n/OT)AT 2.7)

n(T),n(Tp) and AT are the new refractive index at a temperature 7', the refractive index at
ambient temperature (7p) and the temperature change (AT = T — Tp) respectively. Towards
the end of the chapter, TOCs of gold at telecom wavelengths will be computed and compared
with values that have been reported so far.

2.4 Nanofabrication of samples

The samples that sustain SPPs propagation in this study are comprised of two interfaces
(gold/glass), glass as a substrate and a thin gold film as a metallic part situated on the sub-
strate, with a couple of dielectric grating couplers fabricated from a type of polymer on the
gold film which provides SPPs excitation along gold/air interface. The detail of nanofabrica-
tion of these samples are described step by step in the following paragraphs (see fig.2.1).

2.4.1 Preparation of glass substrate

The support material used as a substrate is square coverglasses (22x22 mm?), whose thick-
ness is 170 pm, manufactured from optical quality borosilicate (BK7). Before using them in
nanofabrication, the glasses must be optically clean and decontaminated from all types of
nanoparticles. Therefore, a cleaning protocol composed of three steps is implemented in each
pre-nanofabrication. First of all, glass substrates to be cleaned are immersed into a beaker filled
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with DI (deionized/purified) water containing a little bit of special soap which is left inside an
ultrasonic cleaner for 15 minutes at 80 °C. Secondly, the same operation is performed when
the beaker is filled only with DI water without soap. Thirdly, the operation is again realized
when the beaker is only filled with 2-Propanol (isoproply alcohol). And finally, they are gently
blown dried with nitrogen in order to make ready them for nanofabrication.

1. Cleaning glass substrate 4. Baking at 85 °C for 1 minute

2. Evaporation of gold film

JIOIL 808

5. Electron-beam lithography

NIy

3. Deposition of negative resist

6. Development

Figure 2.1: Nanofabrication steps for fabricating dielectric grating couplers on a thin gold film

2.4.2 Evaporation of thin gold film

The traditional wet cleaning methods as described above are not sufficient to eliminate all
types of organic/inorganic nanoparticles. Thus, plasma cleaning with oxygen plasma is carried
out upon the corresponding surface of the glass for 15 minutes. After that, evaporation step can
be performed slowly and under vacuum condition in order to provide low surface roughness
of gold. With the facility of our laboratory (ARCEN platform), it can be deposited 80 nm gold
film by evaporation at a speed of 0.1 nm/s under a pressure of 10~% mbar leading to a typical
RMS roughness of the gold film below 0.8 nm.

2.4.3 Deposition of negative resist

It was mentioned previously that a gold/air SPP mode will be launched via dielectric grating
couplers fabricated from a type of polymer. To fabricate these grating couplers, it is required
to accomplish three steps; deposition of negative resist, electron-beam lithography and de-
velopment process. As a negative e-beam resist, AR-N 7500, a novolac-based e-beam resist
(from Allresist Co.), is chosen for this purpose which can be readily deposited onto 80 nm
thick evaporated gold film surface by a spin-coating procedure. The thickness of the resist film
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is determined by the quantity of the deposited resist (160 uL), rotation speed of the sample
(1750 rpm for 50 s) and viscosity of the resist which all result in ~ 600 nm in our case. Right
after the spin-coating procedure, the sample is baked on a hot plate at 85 °C for 1 minute to
increase robustness and durability of the resist before starting the electron-beam lithography
step.

2.4.4 Electron-beam lithography

The desired pattern is exposed onto the negative resist and revealed by the development process
subsequently. Electron-beam lithography is basically a process of scanning focused beam of
electrons point by point in order to trace particular shapes on an electro-sensitive resist. Scanning
Electron Microscope (SEM) - JEOL 6500F is serving in our laboratory as an e-beam lithogra-
phy setup.

First, dielectric grating couplers are designed by a specific lithography software (Elphy
Quantum RAITH) interconnected to SEM - JEOL which allows us to draw intended patterns
and to exposure desired area by means of piloting electron beams on the sample. The sketch
of designed dielectric grating couplers is shown in the figure 2.2 depicted by top view and
cross-sectional view. The distance between input and output grating couplers is determined to
be 200 pm and the length of each coupler is 40 pm.

" 200 pm .
- W, ‘
-

40 ym

Gold

Figure 2.2: Top view and cross-sectional view of dielectric grating couplers deposited on top of 80 nm
thin gold film lying on a glass substrate

SPPs excitation via dielectric grating couplers is similar to metallic grating couplers which
have been extensively investigated in the literature. It has been demonstrated recently that SPPs
excitation by dielectric loaded grating couplers (DLGs) is a function of two parameters such
that period (d) and filling factor (w,/d) of the grating couplers in such a way that [121]:

kopp = K" +mG (2.8)
2
kox/ean = ko sin 6 + m% (2.9)

where kg, is SPPs wave vector, k:ﬁ”c is the incident wave-vector component parallel to the
average surface of the gratings, m is the order of diffraction harmonics (integer) and G is the
grating momentum vector of couplers which provides an additional momentum to in-plane
wave vector in order to excite SPPs. The equation 2.8 can be expanded to a more appropriate
form as given by the equation 2.9 in which kg = 27/ )¢ is free-space wave vector (impinging
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2.4. Nanofabrication of samples

at an angle 6 with respect to the normal of the sample surface) at telecom wavelengths (in our
case), d is the grating period and /€, is an average effective index for SPP mode traveling
along the metal surface which is given by:

Vem = \/ng Y n2) (2.10)

where n, and n, denote to the real part of the effective indices of the SPPs along the metal-
superstrate and the metal-polymer flat interfaces respectively and w,/d refers to the filling
factor. Substituting appropriate values of n, = 1.005 and n,, = 1.25 which are computed
from reflective pole method with respect to our case results in 1.134 for ,/€,,, provided that
the filling factor assumed be 50% initially. And after that, the period of the grating couplers
which ensure efficient SPPs excitation can be easily computed from the equation 2.9 that yields
us d = 2.44 pm.

After the completion of dielectric grating coupler design, e-beam lithography process can
be launched provided that the parameters are properly defined by means of RAITH soft-
ware such as working distance, accelerating voltage, beam current, doses and lens align-
ment/stigmation adjustment.

SEI 20.0kV X300 10,um_ WD 8.7mm

Figure 2.3: (a) Top view SEM image of various grating couplers on the thin gold film (b) More closer
top view SEM image of grating couplers at 1000x magnification (c) Tilted-top view SEM image of
grating couplers at 3000x magnification

2.4.5 Development

As soon as the lithography process finishes, the sample is immersed inside a beaker containing
the developer of our negative resist (AR 300) for 2 minutes. During the development process,
while the exposed part of the resist remains untouched (i.e. negative resist character), non-
exposed one starts to dissolve gradually. At the end of the development step, the process is
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

stopped by rinsing the sample inside a beaker filled with DI water and immediately after is
gently blown dried with nitrogen. Finally, the fabricated sample is observed with an optical
microscope to check the nanofabrication quality and whether is ready for characterization
step. For instance, SEM images of fabricated dielectric grating couplers are presented in the
figure 2.3.

2.5 Characterization set-up

The experimental set-up used for the measurement of the SPPs photo-thermal modulation
consists of various optical/electrical devices and elements. The principal and core part of the
set-up is a high numerical aperture inverted microscope equipped with an immersion oil objec-
tive which has a specific configuration for displaying SPPs propagation. So before considering
anything else on the set-up, it is more reasonable to show and describe this specific configura-
tion of the inverted optical microscope known as leakage radiation microscopy (LRM).

2.5.1 Leakage radiation microscopy (LRM)

Together with the evolution of the investigations on SPPs, detection and monitoring methods
have also progressed well thanks to the developments in microscopy imaging techniques. Near-
field optical microscopy has been demonstrated for the first time at optical regimes toward the
end of the twentieth century [122]. Especially, the implementation of scanning probes with
scanning near-field optical microscopy (SNOM) has provided images with subwavelength res-
olution in the near-field (distance from the sample < \) [123, 124]. The photon scanning tun-
neling microscope (PSTM), a new form of scanning optical microscope that uses total internal
reflectance (TIR) feature of a light beam, has also been established [51] and demonstrated to
be an appropriate instrument to observe propagation of SPPs in the near-field [125]. Although
the near-field detection of SPPs has been used extensively, a long acquisition time for imaging,
an advanced signal processing requirement and a rather complex optical set-up demand may
be accounted as various drawbacks.

On the other hand, it is not directly possible to visualize SPPs propagation by the far-
field imaging techniques owing to the confined subwavelength nature of SPPs along the struc-
tures on a sample. However, recently a direct and quantitative far-field imaging technique
based on the detection of leakage radiation from SPPs propagation has been proposed on thin
films [126—128]. It is well-known that when a thin film SPP mode propagates, it experiences
energy losses from different channels. First, ohmic losses are at the origin of the conversion
into heat of a fraction of the SPPs energy travelling along the interface. Second, when the film
is thin enough, the power of the SPP mode can also be radiated within a high refractive in-
dex medium provided that its index is larger than the effective index of the SPP mode. For
instance, if we assume that the refractive index of the substrate (glass in our case) is larger
than the ones of the superstrate (e.g. air), leakage radiation (LR) will occurs provided that the
phase matching condition is fulfilled between the wave vector of SPPs (k,,) and wave vector
of light (nkg) inside the substrate such that:

kspp = nkg sin Ogp, 2.1
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2.5. Characterization set-up

n, ko and 0, are refractive index of substrate, free-space wave vector in air and inclination
angle of SPPs, respectively (05, > 0crit). This condition also implies that LR can be readily
imaged with a high numerical aperture (N.A.) microscope objective no matter how SPPs is
excited either from the superstrate side (e.g. with a grating couplers or protrusion) or from the
substrate side by a Kretschmann-Raether configuration. The only condition to be fulfilled is
that the numerical aperture of the collection objective has to be greater than the effective index
of the mode, N.A.> kg, / ko.
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Figure 2.4: Leakage radiation microscopy optical beam path: Oy, excitation objective; A-A’, sample
plane-image plane; O, high N.A. immersion microscope objective; B-B’, back focal plane-fourier
plane; Tube and L, /2, are convex lenses; CCD, charge-coupled device or camera

A typical experimental scheme for the observation of SPPs excitation and propagation by
LRM setup is sketched in the figure 2.4. The incident laser beam is focused on the sample by an
excitation objective (O1) in order to launch SPPs propagation. As the SPPs is excited and start
to propagate along air/metal interface, leakage radiations emitted from SPPs is intrinsically
detected and visualized by an inverted high numerical aperture immersion collective objective
(O2, 60x / N.A. 1.49) due to the tunneling of the leakage radiations through thin metal film
and glass, respectively. Subsequently, the LRs of the sample plane (A) are captured by a CCD
located at the image plane of the sample (A’) through the tube lens. From this a direct space
image of SPPs propagation is obtained. Besides, a reciprocal image is formed at the back
focal plane (B) inside the microscope which is the conjugate of the fourier plane (B’) and
is imaged by the other CCD through two convex lenses (L1 /2). Therefore, the LRM presents
both direct space and fourier space image of a SPPs propagation with a simple optical set-up
simultaneously which proves a direct instant imaging of the SPPs intensity corresponding to
the SPPs propagation above. No resolution refers to spatial resolution. The temporal dynamic
of the set-up is however limited by the characteristic acquisition time of the camera. In this
respect alternative solutions to LRM for time resolved characterizations are needed and will
be proposed and demonstrated throughout this thesis.
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

2.5.2 Experimental set-up

The experimental set-up used for the measurement of the photo-thermal modulation of the
SPPs propagation is schematically shown in the figure 2.5. The set-up is built-up around an
inverted microscope equipped with an immersion oil objective (LRM) featuring a large numer-
ical aperture (Apo TIRF 60X / 1.49 Oil). The image collected by the immersion oil objective
can be directed either on a visible CCD camera or on a sensitive InGaAs infrared camera. The
samples mounted onto the microscope stage are excited at telecom frequencies by a lensed
fiber generating a slightly focused spot with a typical radius of 20 pm. The input focuser is
tilted at an angle of 30° with respect to the optical axis of the microscope. A similar focuser is
used for output detection.

(a) I:I:T Osc. /0SA/Lock-In
giea . Vis-PD -

11/
532nm ava [ E-0Mod. J7 N\ I
BS | 5x
IR-ASE ' | R-PD)
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60x
BS Vis.
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Filter
IR
Camera

Figure 2.5: (a) Schematic view of the experimental set-up (b) Bird-eye view of the input and output
grating couplers fabricated on the surface of a thin gold film in which SPPs propagation and pump beam
are sketched in a representative manner

An arrangement comprising a low numerical aperture long working distance objective
(EPI L Plan Apo 5X / 0.16) is placed above the microscope stage to focus the pump beam
(free-space wavelength=532 nm). The pump laser can be either a continuous-wave laser mod-
ulated by a highly efficient 20 ns rise/fall-time electro-optics modulator or a Q-switched laser
generating nanosecond pulses. The samples used to investigate photo-thermal modulation of
SPPs propagation are comprised of dielectric input and output grating couplers fabricated by
e-beam lithography using a negative tone resist lying on the surface of a 80 nm thin gold film
evaporated onto a 170 pum-thick glass substrate as explained in detail in the previous section
(see fig.2.3 and 2.5(b)).

The grating couplers are separated by a distance of 200 um and are excited by an in-
coherent near-infrared amplified spontaneous source peaked at 1530 nm whose spectrum is
displayed in the figure 2.6(a). The choice of a broadband incoherent light source in the con-
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2.6. Photo-thermal modulation of SPPs propagation
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Figure 2.6: (a) Spectrum of the incoherent light-source used for the excitation of the SPP modes (b)
Typical insertion losses for SPPs signal fiber-to-fiber transmission

text of this work is dictated by the fact that we want to minimize potential thermally induced
changes of the grating coupling efficiency. Indeed, the thermally-induced mismatch with the
Bragg condition is expected to be attenuated for a broadband source compared to the case of
a highly coherent incident light. The near-infrared signal detected by the output focuser can
be directed onto an optical spectrum analyzer (OSA) or a fast sensitive InGaAs photodetec-
tor/photodiode (rise time of 2ns / freq. range 0-250 MHz). The signal of the InGaAs photodi-
ode is monitored by a 1 GHz bandwidth oscilloscope triggered by the signal of the fast visible
photodetector/photodiode (rise time of 2 ns / freq. range 0-250 MHz) receiving a tiny fraction
of the pump beam.

The coupling efficiency of the gratings has been characterized by recording the spectrum of
the transmitted SPPs signal when the input and output focusers are adjusted at optimum posi-
tions on the gratings. This spectrum has been subsequently compared to the reference spectrum
obtained by detecting the specular reflection of the incident infrared spot onto a bare gold film
area. With this definition of the reference situation, insertion losses including in and out grating
coupling losses and SPPs propagation losses are below 18 dB at 1530 nm (see fig.2.6(b)). It
should be also noted that the insertion losses increase with the wavelength indicating that the
main contribution to these losses are the coupling losses and not the propagation losses given
that propagation losses are expected to decrease for increasing wavelengths.

2.6 Photo-thermal modulation of SPPs propagation

Our configuration allows us to record simultaneously leakage radiation (LR) images of a SPP
mode travelling between the input and output grating couplers and the corresponding fiber
to-fiber signal. LR images of the gold/air SPP jet excited by the input grating coupler shown
on the scanning electron microscope image of the figure 2.7(a) are displayed in the figures
2.7(b) and 2.7(c) with the visible pump being respectively off and on. The illumination of the
input grating coupler by the incident spot leads to a SPP jet with a transverse cross-cut of
.
e

the intensity matching a Gaussian profile given by I(z,y) = I(x,0)exp with a waist
Wjer = 9.5 pm (see fig.2.7(d)).
The visible pump spot in the figure 2.7(c) can be observed with the InGaAs-IR camera

provided that the long-pass filter placed in front of the camera is removed. In this situation, the

Wiet
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

visible pump light can be observed with the InGaAs sensors at the expense of a sufficiently
long exposure time. By varying the pump beam power and monitoring the resulting signal onto
the InGaAs camera, it has been verified the linearity of the InGaAs sensors making the use of
the InGaAs camera convenient for measurement of the pump spot size. The pump spot shown
in the figure 2.7(c) and in the inset of the figure 2.7(e) corresponds to the pump spot used
during the experiments conducted with the cw (continuous wave) illumination. As shown in
the figure 2.7(e), the spot can be approximated by a Gaussian beam with a 16um half-width
at 1/e? of the maximum intensity.

SPPs mode travelling at air/gold interface

Visible pump spot
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Figure 2.7: (a) SEM image of the grating couplers showing the respective location of the input in-
frared and visible pump spot (scale bar=100 pm) (b) (resp.(c)) Leakage radiation image of the SPP jet
generated by the input grating coupler with the pump spot off (resp. on) (d) Solid line: Cross-cut of
the SPP jet. The jet can be approximated by a Gaussian profile (dashed line) with a waist of 9.5 ym (e)
Solid-line: Cross-cut of the intensity distribution of the pump spot. The pump spot can be approximated
by a Gaussian beam (dashed line) with a waist of 16 pm

Figure 2.8(a) shows the ac coupled SPPs signal detected by the InGaAs IR photo-diode
along with the visible photo-diode signal when a photo-thermal cw excitation modulated at a
frequency of 1 kHz (duty cycle=50%) is applied on the SPPs propagation path. For an incident
power of 100 mW (power of the pump beam measured after the 5x objective and without mod-
ulation), the relative depth of modulation |[AI/I] is found to be 4.5%. In all the following, the
relative depth of modulation is defined as the ratio of the SPPs signal modulation A during the
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2.6. Photo-thermal modulation of SPPs propagation

photo-thermal pumping to the SPPs signal [ in the cold state in absence of pumping. Knowing
the depth of modulation A/ obtained for known parameters (pump power, pump spot size,
plasmon jet width...), a model for SPPs propagation modulation is needed to correlate the
thermo-optical characteristics of the SPP mode to the experimental value of AI/1.
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Figure 2.8: (a) Solid-line: SPPs signal modulation recorded with the IR photo-diode in the case of
a photo-thermal excitation with a cw illumination (100mW) modulated at a frequency of 1kHz (duty-
cycle=50%). Dashed-line: control signal of the visible photo-diode showing the modulation of the cw
pump beam (b) Schematic view of the SPP jet propagation. The input (resp. output) grating coupler is
located at x = x; (resp. x = x,)

In this modeling, the situation can be considered as depicted in the figure 2.8(b). A gold/air
plasmon jet centered on the y-axis is travelling along x-axis toward the positive values of x. The
plasmon jet has a Gaussian transverse profile (along the y-axis) with a waist w;¢;. We assume
that the gold film supporting the SPP mode is locally heated creating a known temperature
distribution T’ (z,y) in the plane of the film. More precisely, T (x,y) denotes the average
temperature of the film over the penetration depth of the SPP mode field. At telecom wave-
lengths, this penetration depth does not exceed of a few tenths of nanometers. Owing to the
vanishing temperature gradient of the gold film over such a thickness, the z dependence for
temperature 7T’y can be safely neglected.

For wje; large enough compared to the SPP wavelength, the width of the spatial frequen-
cies spectrum of the plasmon jet can be neglected in the first approximation and the electric
field of the SPP jet in the plane of the film verifies:

—

EM(a,y) = E"(as,y) exp(i®(z, 24, y)) (2.12)

where the superscript h indicates that the film is in the "hot" state. The function ®(z, x;,y)
accounts for the accumulation of phase and damping along the distance (z — x;) and is given

by:

(21, y) = / kg (2, )2’ 2.13)

i
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

The function ks, (2, y) denotes the complex SPPs wavevector which depends upon the ob-
servation point through the temperature distribution 7f(z’, v). The skin depth of gold in the
infrared depends linearly on temperature over a range of more than 1000 K [106]. Thus, for
a sufficiently small temperature change in the range of one or two hundreds of Kelvins, the
SPPs wavevector is expected to depend linearly on the temperature as well in such a way that:

k;pp( ) spp + 8Tkspp(trf ($/7 y) - TTOOW) (2.14)
and
k;/pp( ) k;/pp + aTkspp(Tf (x/, y) - Troom) (2.15)

where k;pp and k;’pp are respectively the phase and damping constant of the SPP mode in
the "cold" state when the film is at room temperature 7;.,,,, and where 8Tkspp and 8Tkspp
are the partial derivative of respectively the phase and damping constant with respect to the
temperature. By introducing equations 2.14 and 2.15 into 2.12, the field at x+ = x, can be

written:
E"(20,y) = E" (1, y) exp(i®(z0, 71, 1)) (2.16)
where ®(x,, x;,y) is given by:
(o, i, y) = (Kl + thepy) (To — x) + (07K, + 107k, /xo AT (2 y)dz'  (2.17)
@

where AT (2, y) = T¢(z',y) — Troom.-

For the observation points located along the line z = x;, we assume that the SPP elec-
tric field is unaffected by the heating of the film. This assumption is realistic provided that
the x = x; line is located at a sufficiently large distance from the pump spot. With this as-
sumption, we have E"(z;,y) = E°(x;,y) where the superscript "c" indicates that the field
corresponds to the cold state. By using this last assumption and by noting that Ec(xo, y) =
E¢(x,y) exp(i(k,, + iky,,) (7o — 7)), the electric field in the hot state along the profile

spp
T = T, can be expressed as:

—

EM20,y) = E*(20,y) exp(id7kl, / ." AT (2, y)dz') exp(—Ork, / ." AT (2, y)dz')

(2.18)
From this last equation, the electric field intensity along the profile x = x,, is given by:
I"(x0,y) = I(24, y) exp( 28Tk;'pp/ AT (2, y)dx') (2.19)

Experimentally, the signal we record accounts for the intensity distribution of the plasmon jet
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2.7. Thermo-optical coefficients of gold at telecom frequencies

at the location of the output grating. In this respect, the experimental signal can be approxi-
mated by:

AL 5 (M@0, y) — I%(w0, y))dy

24 - 2.20
I oo Iz, y)dy (2.20)

Given that the argument of the exponential term in the equation 2.19 is expected to be small,
the depth of modulation 21 can be expressed as:

AL _ - f “(20,y)(20TkYy, [ AT (2, y)dz')dy
I 25 I%(20, y)dy

2.21)

The plasmon jet having an intensity Gaussian distribution along the y-axis, the cold state

intensity can be written:

—23/2
)

I%(x0,y) = Io exp(—2k{,,20) exp(

(2.22)
wjet

By introducing 7¢(x,, y) into the equation 2.20 and using Gauss integrals, we find that the ex-
perimental depth of modulation is related to the temperature derivative of the damping constant
of the SPP mode by:

\7\ = 207kY, / " AT (a")da! (2.23)

where the average change of temperature is given by:

_2 2
/ exp( 2 VAT (2, y)dy (2.24)
7Tw]et jet

It should be emphasized that this approach holds for temperature ranges such that the SPP
effective index depends linearly on temperature and for a collimated plasmon jet with a Gaus-
sian transverse intensity profile. On the basis of this analysis, we conclude that the tempera-
ture derivative of the SPP mode damping constant, denoted hereafter as the thermo-plasmonic
coefficient, can be extracted from the experimental depth of modulation provided that the tem-
perature distribution along the thin film is known. Note that, so far, only the thermo-plasmonic
coefficient can be obtained with this approach. In order to correlate this SPP mode property to
the thermo-optical properties of gold, further developments are necessary.

2.7 Thermo-optical coefficients of gold at telecom frequencies

2.7.1 Gold TOCs characterization from the gold/air thermo-modulation

It has been shown in the previous section that the thermo-plasmonic coefficient 8Tk:;’pp
be obtained from the SPPs thermo-modulation depth as long as the temperature dlstrlbutlon

along the film is known (see equation 2.23). However, in order to correlate this parameter to
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

the thermo-optical properties of gold, we need to analyze in more detail the SPPs properties at
a gold/air interface at telecom frequencies.

For a gold film which is thick enough to neglect radiation losses compared to intrinsic
losses, the SPPs wavevector of a gold/dielectric interface can be approximated by [34]:

€Em€d
€m + €4

kespp ~ ko (2.25)

where €, and €4 are respectively the dielectric function of gold and of the dielectric medium in
contact with gold (air in our case), and where ko = 27 /)¢, with )¢ the free-space wavelength
of the incident light. At telecom frequencies, the absolute value of the real part of the dielectric
function of gold is much larger than the imaginary part, e;n\ > e;/n, at Ao = 1.53 um for
instance € = e;n%—e;;l isequal to —113.16+10.97¢ [129]. In addition, if |e;%| is also much larger
than €4, the attenuation constant of the SPP mode traveling at the metal/dielectric interface can
be approximated such that:

" e c ea \5 ko 63/ 2!
K=y —m (m ) ~ M0 m 2.26
()2 e, + e 2 (6,)? (2:20

As stated previously that the complex dielectric function ¢, is related to the complex refrac-
tive index of gold through the relation €,, = (n + ix)? where n and r are respectively the
real refractive index and the extinction coefficient of gold. On the other hand, at telecom fre-
quencies, k is typically more than ten times larger than n in such a way that the real dielectric
function can be approximated by €, = (n? — k?) ~ —x?2. By substituting of ¢, ~ —x? and
6;:1 = 2nk into the equation 2.26 and taking the temperature derivative of both sides, which
will be denoted O hereafter, it is thus obtained as follows:

"o kOGZ/Q ( 3n )

8Tk:spp = ,@3 8Tn - ?8T/<; (2.27)

Note that this last equation holds only if the dielectric function ¢, is only marginally affected
by the heating of the gold film, a condition that is expected to be fulfilled when the SPP mode is
travelling at the interface between gold and air. It should be also emphasized that the equation
2.27 indicates that if the temperature derivatives Orn and Ok are of same order of magnitude,
the main contribution to E)Tk;’pp comes from the real part of the TOC (Orn) of gold since the
ratio 3n/k is of the order of 10 % for gold in the infrared.

In order to compute these two TOCs of gold (Orn and Ork) in addition to the equation
2.27, a second equation is necessary. This equation can be simply derived from the equality of
€ = 2nk by taking its temperature derivative in a such way:

m

dre., = 260rn + 2ndpk (2.28)

Nevertheless, the value of 8T6;In is also needed in order to solve the equations 2.27 and 2.28
together. This value is provided by the experimental data reported in the reference [105] where
the change of complex dielectric function of gold have been investigated for temperatures
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2.7. Thermo-optical coefficients of gold at telecom frequencies

ranging from 295K to 770K. The same data have been used to extract gold TOCs over the vis-
ible range in the reference [101] at the cost however of a Kramer-Kronig analysis. Therefore,
the experimental data from the reference [105] are used to evaluate the temperature derivative
8Te;;1 which is needed in conjunction with the equation 2.27 to extract gold TOCs.

As aresult, gold TOCs can be computed by using the equations 2.27 and 2.28 provided that
or klslpp and 8Te;/n are known. However, according to the equation 2.23, the thermo-plasmonic

coefficient 8Tk;/pp can only be evaluated from the measurement of the modulation depth %
if the temperature distribution of the gold film, AT}, (z") is known. The approach that is used
for the computation of this temperature distribution along the gold film is described in the next

section.

2.7.2 Temperature distribution of the gold film under modulated
continuous-wave (cw) laser beam illumination

The problem of computing the temperature distribution in a bulk metal under a laser irra-
diation is of key importance in fields such as laser machining for example. Usually, the sit-
uation is reduced to a one-dimensional heat diffusion problem leading to an analytical solu-
tion [130]. In our case, we rely on a numerical approach in order to avoid an oversimplification
of the system. Owing to the cylindrical symmetry of a Gaussian beam impinging at normal in-
cidence onto an infinitely extended thin film, it is considered the situation depicted in the figure
2.9.

In cylindrical coordinates the time-dependent heat diffusion equation can be written as
follows:

pC

)

ko) + o (k5-) + Qilr2) (229)

where p, C}, and k are position dependent functions representing respectively the density, the
specific heat and the thermal conductivity of the different materials in the system. The source
term Qg (r, z) corresponds to a volume power density and is denoted in all the following as
the heat source density (HSD). In our case, the HSD is generated by the ohmic losses of the
pump beam into the metal film or it is originated from the temperature-dependent ohmic losses
of the gold film. The HSD or in other words the amount of energy converted into heat in the
film per unit time per unit volume is given by [131]:

- 1

Qr(r z) = §9<e(,1(7~, 2).E*(r, 2)) (2.30)

where .J is the current density and where # denotes the real part. By using Ohm’s law, the heat
source density can be more conveniently written in our situation:

QE(T, 2) :nn@\E(r, 2)|? (2.31)
2

where Z is the vacuum impedance and where n + ik is the complex refractive index of gold at
the pump frequency for observation points located within the thin gold film. The HSD can be
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

readily computed by using a plane wave expansion of the incident pump beam [132]. Figure
2.9(b) shows the electric field intensity distribution of a Gaussian beam expanded over up to
430 plane-waves (Ag = 532 nm, beam waits=16 pm) carrying a total power of 100 mW.
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Figure 2.9: (a) Schematic view of the system considered for the finite-difference computation of the
temperature distribution along the gold thin film under photo-thermal excitation. The computation win-
dow is 100 pm long (along r coordinate) and 50 pm high (in the Z direction). A Neumann (N) boundary
condition 9T'/0r = 01is applied at r = 0 due to the rotational symmetry around Z-axis whereas Dirich-
let (D) conditions T' = T}, are used for the three other boundaries (b) Electric intensity distribution
of the interference pattern created by the interaction of the normally incident and back-reflected pump
beams. The power carried by the incident beam is 100 mW (c) Heat-source density distribution corre-
sponding to the electric intensity distribution shown in the figure (b) (d) Temperature in the thin film at
the focal point of the Gaussian beam as a function of time (in the case of 1 kHz modulation frequency
with a 50 % duty-cycle) (e) Spatial temperature distribution at the surface of the thin film at t=500 ps

Although not necessary for a system comprised of a bare thin film deposited onto a sub-
strate, the plane wave expansion of the Gaussian beam becomes very convenient to account for
the presence of a surface defect on top of the thin film [133]. The electric field for observation
points within the metal film is obtained from this plane wave expansion and eventually the
HSD is computed according to the equation 2.31. Figure 2.9(c) shows the HSD corresponding
to the pump beam falling onto a 80nm-thick gold film. As expected, the HSD features a strong
decay along the direction perpendicular to the thin film as a result of the 35nm skin depth
for gold at 532 nm. The HSD spatial distribution is next used as an input for solving the heat
diffusion equation 2.29. We use an implicit centered finite difference scheme implemented on
a non-regular rectangular mesh [134, 135] in order to compute the temperature distribution at
all observation points within the computation windows (see the caption of the figure 2.9).
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2.7. Thermo-optical coefficients of gold at telecom frequencies

At this stage, the value for the thermal conductivity k of the gold film must be chosen care-
fully as it impacts both the transient properties and the steady-state temperature distribution
of the gold film. It is well known that for metal thin films with a thickness of the order of the
electrons mean free path, the classical size effect [136] reduces significantly thermal conduc-
tivity compared to bulk materials. For example, for bulk gold % is tabulated at 317 Wm 1K ~!
whereas in the case of films with a typical thickness around 100 nm, thermal conductivity as
low as k = 120 Wm ' K—! have been obtained [137]. The ratio of the bulk conductivity k;,
to the thin films conductivity & is given by [137]:

k:b - 3 Ta

I 1+ 3t + 5 (2.32)

where t = d/l and o = [/D(R/(1 — R)) with d the film thickness, [ the electron’s mean free
path, D the average grain size in the film and R the grain boundary reflection coefficient. These
parameters have been specifically investigated for gold in the mid-infrared in the reference [138].
For polycrystalline thin films, typical values for [ and R are 17 nm and 0.63 respectively. High
magnification scanning electron microscope characterization (not shown) reveals that the aver-
age grain size for our 80 nm-thick films is about D = 65 + 6 nm leading to a heat conductivity
for our gold films of k = 150 Wm~' K ~!. By using this value, the temperature at the surface
of the thin film at the focal point (r = 0, z = 0) of the pump beam shown in the figure 2.9(d)
has been obtained for an incident (dc) power of 100 mW modulated at a frequency of 1 kHz
with a duty-cycle of 50 %. The spatial distribution of the temperature in the plane of the thin
film at ¢ = 500 ps right before the end of the heating cycle is shown in the figure 2.9(e).

In summary, by knowing the temperature distribution in the film, we can extract first,
the thermo-plasmonic coefficient GTk:;,pp by using the equation 2.23 and second, the thermo-
optical coefficients (TOCs) (O7n and drk) of gold by using the equations 2.27 and 2.28 at
telecom wavelengths.

2.7.3 Thermo-plasmonic figure of merit and gold TOC:s at telecom frequencies

The effective computation of gold TOCs is conducted by considering the experimental situa-
tion where the pump beam has a power of 100 mW. When modulated at 1 kHz with a duty-
cycle of 50 %, the photo-thermal modulation of the SPPs signal travelling through the heated
area leads to a modulation depth of |AI/I| = 4.5% (see fig. 2.8(a)). From this modulation
depth and the temperature distribution along the thin gold film at the end of the heating period
(t =500 ps), it is easily evaluated (from the eq. 2.23) the thermo-plasmonic coefficient ork.
of the gold/air SPP mode which is 2.90x10~6 ym 1K1,

Secondly, for the reference situation that we consider (when the pump beam power is 100
mW) the maximum temperature of the gold film at the end of the heating period is found to be
around 510 K. Therefore, the temperature derivative dre for the gold film is expected to be
0.01425 K ! according to the results reported in the reference [105] for temperatures ranging
from 470 K to 670 K. Knowing both 8Tk;’pp and dre , the thermo-optical coefficients of the
gold film can be obtained from the equations 2.27 and 2.28 provided that the refractive index
of gold at room temperature is known.

In all the following we use a complex refractive index of gold of 0.515+4:10.65 extracted
from tabulated values reported in the reference [129] for a free-space wavelength of 1.53

spp
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

pm. This choice is motivated by the fact that the refractive index of gold thin films was mea-
sured at telecom frequencies [139] which are found to be in good agreement with the values
reported in the reference [129]. For example, at a free space wavelength of 1.55 pm, the refrac-
tive index of thin films with a typical thickness around 60 nm was measured at 0.505+¢10.7
deviating by less than 3 % for n and x compared to the value 0.52+i10.8 reported in the
reference [129].

Given the refractive index of gold at room temperature for a free-space wavelength of 1.53
pm, the linear system formed by the equations 2.27 and 2.28 can be solved for 0rn and Ork
leading to TO coefficients displayed in the table 2.1.

o,n

TOCs

[K1] [K1]
This work 0.72x10° -1.0x10°
Ref [99] 1.68x107 -0.32x10°
Ref [101] 0.55x10 -1.78x10°

Table 2.1: Comparison of the thermo-optical coefficients (TOCs) of gold extracted from the measured
SPPs depth of modulation (this work [140]) with the temperature-dependent Drude model for gold
given in the reference [99] and the results of the reference [101] which are obtained from a linear
extrapolation (see the text).

Thermo-optical coefficients of this work are compared to the linear TO coefficients ob-
tained from the temperature-dependent Drude model for gold described in the reference [99]
and TO coefficients obtained from a linear extrapolation explained in the reference [101]. Al-
though all of them have same order of magnitude, it should be noted however that our TO
coefficients are significantly different from those given in the reference [99].In particular,
Orn is more than two-fold smaller in our case as compared to the model developed in the
reference [99]. As a result, our values compare more favorably with the linear extrapolation at
1.53 pm of the gold TOCs obtained from the Kramer-Kronig analysis of the reference [105]
data which are given in the reference [101].

Figure 2.10 (a) shows the modulation depth computed from the equation 2.23 by using
either our TOCs values or the model’s ones in the reference [99] for different incident peak
power pump beam modulated at 1 kHz with a 50 % duty-cycle. Whatever the incident pump
power, the temperature-dependent Drude model for gold leads to a depth of modulation which
is overestimated by about 60 % compared to our experimental values or computed values. The
experimental oscilloscope traces of the thermo-modulated SPPs signal displayed in the figures
2.10 (b)-(d) are compared to the modeled traces computed by using our gold TOC values. Apart
for a small deviation for times larger than 200 us after the beginning of the heating cycle
and for an incident power of 100 mW, it is observed a quite good agreement between the
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Figure 2.10: (a) Comparison of our experimental modulation depths (open blue circles) with the
modulation depths computed using either our gold TOCs values (open pink squares) or the temperature-
dependent refractive index (TOCs) given by the reference (open red diamonds) [99] (b) (resp. (c¢) and
(d)) Comparison of the experimental (solid blue line) and computed SPPs modulations (dashed red line)
as a function of time in the case of a modulated cw excitation (1 kHz, duty-cycle=50 % for an incident
power of 100 mW (resp. 73 mW and 59 mW)).

computed and the experimental profiles suggesting that our computations allow us to extract
not only the amplitude of the photo-thermal modulation but also the characteristic time for this
modulation. Although it is of great practical importance, the dynamic of photo-thermal SPPs
modulation is however out of the scope of the present chapter and will be analyzed in detail
down to the nanosecond regime for confined plasmonic waveguides in the next chapter.

When considering the results displayed in the figure 2.10 (a), it is worth to comment on the
amplitude of the SPPs signal photo-thermal modulation. It should be noted that a temperature
rise as large as 200 K (for a pump power of 100 mW) generates a SPPs modulation ampli-
tude as small as 4.5 %. This result can be understood from the fact that the gold/air interface
mode we consider is only very little confined within the metal and thus features a long propa-
gation distance and accordingly a weak thermo-plasmonic 8Tk:;/pp coefficient. For SPP modes
with losses dominated by ohmic losses (bounded or a weakly leaking modes), the damping
constant Ly, = 1/ (Qk;,pp) is inversely proportional to the SPPs field confinement into the
metal. In this respect, the quantity Ly, X 8Tk;lpp can be viewed as a figure of merit (FOM)
characterizing the thermo-optical sensitivity of the metal for plasmonic applications at a given

frequency. Relying on the modulation obtained for the pump power of 100 mW, it can be found

59



2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

in our case such that a FOM for gold at telecom wavelengths of:

"

ap =80 x 107 K~ (2.33)

Lspp X 8Tk

where L, = 276 pm calculated for the gold/air SPP mode has been used to evaluate the
numerical value of the FOM.

As long as thermal modulation of surface plasmon modes is concerned, the use of the
FOM defined above is an interesting practical approach. Indeed, by knowing this FOM from
measurements performed on a given SPP mode, one can easily obtain at least a coarse eval-
uation of the thermo-modulation depth for the other SPP mode provided that the propagation
distances for the two modes are known in the cold state. For example, by using our gold TOC
values, it can be calculated that the depth of modulation for the glass/gold interface SPP mode
(Lspp = 81 pm) should be around 14.6 % when the pump power is 100 mW. For the same
excitation conditions, this depth of modulation is evaluated at 15.3 % when the calculation is
performed by using the FOM value for gold given above.

2.8 Photo-thermal SPPs modulation in the nanosecond regime

In the previous section, the thermo-optical coefficients of gold have been obtained from the
measurements of the SPPs signal thermo-modulation created by a modulated continuous-wave
(cw) source. The goal of this last section is to test the reliability of our gold TOC values in the
context of a pulsed nanosecond illumination.
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Figure 2.11: Schematic view of the Q-switched visible laser (532 nm) installed experimental setup for
measurement of the photo-thermal SPPs modulation in the nanosecond regime
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2.8. Photo-thermal SPPs modulation in the nanosecond regime

The experimental set-up of this last section have been established simply by replacing
the cw laser and the electro-modulator with a 532 nm Q-switched laser as shown in the fig-
ure 2.11. The laser has a repetition rate of 8.3 kHz and delivers 6.5 uJ pulses with a width
(full width at half maximum) of 0.59 ns as specified by the manufacturer. In all the follow-
ing, it is assumed that the pulses have a Gaussian temporal profile. As shown in the figures
2.12(a) and (b), the pump spot that we use has a Gaussian spatial profile with a waist of 50
pm. Furthermore, in order to prevent thin film damaging, the pump spot has been enlarged
compared to the case of cw excitation.
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Figure 2.12: (a) Leakage radiation image showing the infrared plasmon jet and the nanosecond pump
spot (b) Optical image of the pump spot. The cross-cut of the experimental intensity profile (solid
line) of the pump beam is approximated by a Gaussian beam (dashed line) with a waist of 50 pm (c)
Oscilloscope trace showing the photo-thermal modulation of the SPPs signal under the Q-switched
nanosecond laser excitation. The average power is 14 mW (d) Depth of modulation of the SPPs signal
as a function of the average power of the pulsed pump beam.

Figure 2.12 (c) shows the oscilloscope trace of the SPPs signal recorded for an average
pump power of 14 mW. The modulation of the SPPs signal exhibits an asymmetric shape with
an amplitude depth of 11.7 % resulting from the abrupt rise of the film temperature over the
duration of the pulse and the much slower cooling after the end of the pulse. In the figure
2.12 (d), the modulation depth AI/I is displayed as a function of the average pump power. It
should be noted that these experiments were conducted by increasing the pump power meaning
that low pump powers were investigated first. The modulation depth depends linearly on the
pump power until a threshold around 12.2 mW whereas the point obtained for 14 mW departs
significantly from the linear behavior. This result is attributed to a change of the structural
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

properties of the metal film. This conclusion has been confirmed by a subsequent electron
microscope characterization showing a clear change of the grain size of the film at the location
of the pump spot center indicative of a possible partial melting of the film in this area which is
shown in the figure 2.13. Disregarding the result obtained at 14 mW, we obtain a modulation
efficiency corresponding to the slope of the linear fit displayed in the figure 2.12 (d) of 0.66
% mW L,

X:15.936m [ Y 12.891um [ D:20.496um . R 7 o
ICB - UB SEI 20.0k¥ X90,000 100nm WD 8.7mm

ICB - UB | OkV  X4,000 1am WD 8.7mm

Figure 2.13: (a) Area of the gold film where the pump spot was incident with gradually increased
powers that has caused to change the structure of the gold film and led to the formation of a thermal-hole
displayed with a magnification of 4000x (b) The thermal-hole area shows unambiguously deterioration
of gold grain structures imaged with a magnification of 90000x

The evaluation of the SPPs depth of modulation requires the computation of the tem-
perature distribution in the system at any time during the pulsed illumination. For nanosecond
pulses illuminating a particular metal surface, the free-electron gas and the lattice are already at
thermal equilibrium after a characteristic time (10 ps) much shorter than the pulse duration. In
this respect a two-temperature model (accounting for a temperature of the electron gas different
from the ion lattice temperature) is not usually necessary in the pulsed nanosecond regime and
the computation of the temperature can be conducted following the same procedure described
for cw excitation.

Figure 2.14 (a) shows the temporal change of the gold film temperature at the center of
the pump beam for an incident average power of 12.2 mW. The instantaneous power of the
pump pulse for such an average power is displayed in the inset of the figure 2.14 (a). The heat
source density resulting from the absorption of the pump beam follows the temporal profile of
the incident pulse and thus the temperature rises over the pulse duration but decays at a rate
controlled by the characteristic time for heat dissipation in the system. Knowing the tempera-
ture distribution at each time, the depth of modulation is computed according to the equation
2.23 with the thermo-plasmonic coefficient given by the equation 2.27. The experimental and
computed temporal profiles are superimposed on the figures 2.14 (b) and (c) for incident pow-
ers of 12.2 mW and 10.6 mW respectively. In both cases, it can be noticed that modulation
depths computed with our gold TOC values are slightly under-estimated compared to the ex-
perimental values. The computed modulation efficiency is shown in the figure 2.14(d) where
the experimental depth of modulation is compared to the depth of modulation computed by
using our gold TOC values. As expected, the computed depth of modulation increases linearly
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Figure 2.14: (a) Temperature of the thin film at the center of the pump beam in the case of an incident
pulse with an average power of 12.2 mW, both repetition rate and pulse duration correspond to the ex-
perimental situation. The incident pulse reaches its maximum at t=5 ns as shown on the inset displaying
the power of the pulse as a function of time (b) (resp. (c)) Comparison of the experimental (solid blue
line) and computed (dashed red line) SPPs photo-thermal modulation for an average incident power
of 12.2 mW (resp. 10.6 mW). The computed profile accounts for the 2 ns rise time of the infrared
photo-diode response (d) Comparison of the experimental (dashed blue line) depth of modulation and
the depth of modulation (solid pink line) computed using our gold TOC values.

with the pump power, at a rate of 0.55 % mW ~!, smaller by about 17 % compared to the
experimental rate. Such a discrepancy could be related to a pulse duration (which could not
be measured experimentally due to the rise time of our visible photo-diode) slightly different
than the specification.

A more accurate modeling of temperature distribution including a temperature-dependent
absorption of gold film at the pump wavelength could also contribute to a better agreement
between computed and experimental pulsed SPPs thermo-modulation. Nevertheless, in spite
of this difference, it should be noted that the thermo-plasmonic properties of SPP modes sup-
ported by gold at telecom frequencies can be predicted with a fairly good accuracy by using
the TO coefficients obtained in this work.
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2. Photo-thermal modulation of SPPs propagation at telecom wavelengths

2.9 Conclusion

In this chapter, we have specifically investigated the thermo-optical modulation of a thin-film
SPP mode propagation in the near-field infrared frequency range.

After a brief introduction on optical constant of metals and their dependence upon tem-
perature, we have considered the experimental set-up along with the fabrication process of the
samples used for the demonstration of photo-thermal SPP mode modulation.

The investigation of the photo-thermal modulation of thin film SPP mode launched at a
gold/air interface at telecom frequencies is performed by operating a specific fiber-to-fiber de-
tection configuration in conjunction with a leakage radiation microscope set-up. For a gold/air
SPP mode at telecom frequencies, it is shown that the depth of modulation is proportional to
the thermo-plasmonic coefficient defined as the temperature derivative of the damping con-
stant of the mode. This coefficient is obtained in the case of a gold/air SPP mode by using the
experimental depth of modulation and the temperature distribution along the film computed
by means of a finite-difference scheme.

Moreover, we have proposed a figure of merit which can be useful to characterize the ther-
mal properties of a metal at a given wavelength. Once established on the basis of the thermo-
modulation of a given SPP mode, the figure of merit can be conveniently used for a rough
evaluation of the thermo-plasmonic properties of other SPP modes provided that the losses of
those modes are dominated by ohmic losses. By using our experimental results in conjunction
with optical data available in the literature, we have computed the thermo-optical coefficients
of gold at telecom wavelengths. These coefficients lead to a SPPs thermo-modulation ampli-
tude about 60% lower than predicted by the temperature-dependent Drude model for gold
indicating that the temperature dependent Drude model can significantly deviates from the
experimental situation.

Finally, we have checked the reliability of our gold TOCs by performing photo-thermal
experiments with a pulsed nanosecond laser. Although the computed depth of modulation
for pulsed illumination are underestimated by about 17% compared to the experimental val-
ues, it should be concluded that the gold TOCs obtained in this work are reasonable and
can be useful for anticipating thermal effects on SPP modes supported by gold at telecom
wavelengths. Those thermal effects are actually critical and are expected in any non-linear ex-
periment when a large amount of power is deposited into the metal or even in loss-compensation
configurations when the optical pumping and potentially the electrical pumping in semicon-
ductor gain media can be at the origin of a significant rise of the plasmonic metal temperature.

The next steps in the study of SPP mode photo-thermal control include the characterization
of the temporal dynamic of the modulation in the case of plasmonic waveguides featuring a
high field confinement and the use of pulsed photo-thermal excitation for the activation of fast
thermo-plasmonic devices which will be demonstrated in the following chapter.
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Chapter

Nanosecond thermo-optical dynamics of
polymer loaded plasmonic waveguides

3.1 Introduction

Thermo-optical (TO) effects are to date the most common way to control dynamically in-
tegrated plasmonic components such as variable attenuators [92, 141] and low bandwidth
modulators [91, 142]. Initially implemented by using waveguided long-range surface plas-
mon modes [47], more compact thermo-optical plasmon based devices relying on dielectric
loaded surface plasmon polariton waveguides [60, 64, 143] have been proposed [93, 94, 144]
and demonstrated [16, 66, 67, 145]. So far, and most often, the dielectric loading material is a
polymer deposited onto a metal film or strip and in this respect the waveguides will be denoted
hereafter as polymer loaded surface plasmon polaritons waveguides (PLSPPWs).

Single-mode PLSPPW feature cross-sections with typical sub-micron dimensions enabling
low-loss coupling with passive silicon-on-insulator circuitry [74, 146, 147]. The ability of
integrating PLSPPW devices into a photonic passive circuitry has triggered the development
and the demonstration of hybrid Si-PLSPPW thermally-activated routers for controlling high-
bit rate traffic at the system level [12, 14, 15]. The key interest of the plasmon based devices in
the context of thermo-optical control resides in the fact that the metal sustaining the plasmon
mode can also be used as an heating electrode. However, photo-thermal activation of thermo-
plasmonic devices is also an appealing approach. Indeed, this all-optical control offers the
possibility to tune parameters such as the incident pump wavelength and/or polarization to
optimize the TO devices activation [17].

Except when implemented with ultra-high quality factor resonators with corresponding
narrow spectral range of operation [148], the main limitation of TO devices, whatever the
material platform, is their moderate response times in the range of a few microseconds. For
TO-PLSPPW routers integrated into a silicon on insulator circuitry, response times around 3-
4 us have been obtained [12,14]. Although many dc or low-frequency characterizations of TO-
PLSPPW devices have been reported, the dynamics of the thermo- optical response of these
components has not been investigated in detail. It is therefore the main objective of this study
to analyze experimentally and numerically the PLSPPW dynamics down to the nanosecond
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3. Nanosecond thermo-optical dynamics of polymer loaded plasmonic waveguides

time scale. For this purpose, we operate a photo-thermal excitation of the PLSPPW devices by
using a Q-switched nanosecond pulsed visible (532nm) pump laser. The nanosecond pulse can
be viewed, in the first approximation, as a delta-function excitation from which the overall TO
dynamics of the PLSPPWs can be extracted. However, beyond PLSPPW TO dynamics, we
also consider the use of nanosecond pulses for fast photo-thermal activation of our devices. In
this context, the pulse is used as a pre-conditioning of the TO component by abruptly setting
it into its hot state. Our approach can be viewed as the optical equivalent of the so-called "pre-
emphasis driving" recently operated for fast reconfiguration of electrically driven silicon-based
TO devices [149].

The chapter is organized as follows. The fabrication process of the samples as well as the
experimental setup based on a combined leakage radiation microscope (LRM) and a fiber-to-
fiber characterization scheme are briefly described in the following two sections. In the next
section, we present our model of the PLSPPW TO response relying on a numerical compu-
tation of temperature distributions for a nanosecond photo-thermal excitation coupled to an
effective index method. Afterwards, we investigate the thermo-absorption of a PLSPPW mode
traveling along straight waveguides irradiated by nanosecond pulses in the section four. We
demonstrate depth of modulations as large as 50% and we find that the presence of the poly-
mer impacts the thermo-absorption dynamics at the sub-nanosecond scale. In this way, we
show that the heat diffusion into the polymer over characteristic lengths around 20 nm is de-
tectable from the PLSPPW properties. Next, we consider in the section five, the TO dynamics
of photo-thermally excited PLSPPW racetracks resonators. We demonstrate that an activation
of the resonators at a time scale of 300 ns followed however by a cool down characteristic time
of about 18 us. By analyzing the origin of these performances from the thermal properties of
our polymer-based configuration, we conclude that nanosecond photo-thermal excitation is a
convenient approach for the development of high-speed TO plasmonic devices.
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Figure 3.1: (a) Top view SEM images of (a) dielectric grating couplers at 800x magnification (b)
Polymer loaded surface plasmon polariton waveguides (PLSPPWs) at 900x magnification (c) PLSPPW
racetrack shaped resonators at 900x magnification which all are fabricated on thin gold film lying on a
glass substrate
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3.2 Nanofabrication of samples

The same fabrication methods, as described in chapter two, are used for the production of
various PLSPPW samples basically comprised of patterned polymer at nanoscale. We fabri-
cate three different samples for the TO characterization in our study such that in/out grating
couplers for the excitation of air/Au SPP mode, PLSPPW consisting of grating couplers with
a 100 pm waveguide section for the propagation of polymer/Au SPP mode and PLSPPW race-
track shaped resonators which all are displayed in the figure 3.1(a)-(b)-(c) respectively.

The samples we use in all the following are fabricated by electron beam lithography using
a negative tone resist AR-N 7500 as the same before (from Allresist Co.) which is spin-coated
at a speed of 1800 rotations per minute onto a gold film with a thickness of 70 nm deposited
onto a 170 pm thick BK7 glass substrate. The design of the grating couplers for efficient
excitation of SPPs depends on the same principle described earlier in the section "Electron-
beam lithography" of the chapter two. Once this deposition is completed, the resist layer with a
typical thickness of 600 nm is exposed to the electron beam at a dose of 170 ;«C/cm? under an
acceleration voltage of 20 kV and eventually dissolved in a mixture of developer (AR 300-47:
4 vol) and DI water (1 vol) for 5 minutes to complete fabrication process.

3.3 Experimental setup

Figure 3.2 shows a schematic view of the experimental setup we use for the characterization
of the PLSPPW nanosecond photo-thermal excitation. The setup is built up around a leakage
radiation configuration [128] relying on an inverted microscope equipped with a high numer-
ical aperture objective (1.49 NA) and a sensitive InGaAs camera. The samples mounted onto
the microscope stage are excited by an infrared laser tunable over the C+L telecom bands. The
infrared incident light is injected through a lensed-fiber producing a spot with a typical radius
of 20 um focused onto the input grating couplers of the PLSPPW device under test (DUT). The
signal at the output of the DUT is scattered by a grating coupler and collected by the output
focuser. With this configuration, insertion losses for PLSPPW samples in the range of 25-30
dB are typically achieved.

A visible pump spot (532 nm) produced by a Q-switched laser is directed at normal in-
cidence onto the samples by means of a low magnification, long working distance objective
which has been already introduced in chapter two. The Q-switched nanosecond laser has a
pulse duration of 0.59 ns (full width at half maximum), a repetition rate of 8.3 kHz and a
maximum energy per pulse of 6.5 uJ. The thermo-optical activation of the PLSPPW devices
is monitored by the infrared signal transmitted through the DUT. The output signal can be di-
rected on two different photo-detectors. For short time scale measurements, the output signal
is amplified with an erbium-doped fiber amplifier (EDFA), filtered to remove the spontaneous
emission contribution and directed onto a 50 GHz photo-diode. The voltage of the 50 GHz
photo-diode is next monitored by a real time 33 GHz bandwidth oscilloscope which is trig-
gered by a visible photo-diode receiving a tiny fraction of the pump signal. For long timescale
observations (in the range of several us), the output signal is directed onto a 250 MHz (2
ns rise/fall time) sensitive photo-diode without optical amplification connected directly to a 1
GHz bandwidth oscilloscope.
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Figure 3.2: (a) Schematic view of the experimental setup combining a leakage radiation microscope
and a fiber-to-fiber detection scheme. (b) and (c) Typical leakage radiation images recorded during
the alignment procedure of the two lensed-fibers. (b) The infrared signal coupled by means of the left
grating creates the output scattering spot shown by the arrow. For alignment purposes the output fiber
is also coupled to another infrared source to generate the spot surrounded by the dashed perimeter. (c)
At the end of the coarse alignment procedure, the spots generated by the input and output fibers are
respectively located on the input and output grating couplers

Figures 3.2(b)-(c) show typical leakage radiation microscope images of a straight 100 pm-
long PLSPPW. The main interest of leakage radiation microscopy in this study is to provide a
very convenient way for the optimization of the input and output coupling at the cost however
of the use of transparent substrates.

3.4 Thermo-optical modeling

When a nanosecond pulse irradiates a metal film, the temperatures of the free-electron gas and
the lattice becomes thermal equilibrium after a characteristic time (typ. 10ps) much shorter
than the pulse duration. Therefore, the use of a two-temperature model considering the lattice
and the electron gas temperature separately is then usually not necessary in the nanosecond
regime. In addition, if the characteristic heat diffusion times into the system are larger than
phonons relaxation times (1ps), the classical Fourier’s law holds and the thermal problem can
be solved in the framework of classical heat diffusion theory. For simple configurations such as
a semi-infinite absorbing medium illuminated by a pulsed Gaussian beam, analytical solutions
exist. However, in our situation, these approximate solutions are not sufficient and a numerical
approach is necessary. Numerically, we consider the two-dimensional (2D) situation schemat-
ically shown in the figure 3.3. The PLSPPW we consider is excited by a two-dimensional
pulsed beam with a Gaussian intensity distribution in space (along x-axis) centered onto the
z-axis. The pulse has also a Gaussian temporal profile. The temperature distribution of the sys-
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tem under photo-excitation is obtained by solving the time-dependent heat diffusion equation
such that

p(CH) O = Q1) + ¥ - (K(FIVT) G.1)

where p, Cp and k are the position dependent density, specific heat and thermal conductivity
of each materials of the system. The source term () is the volume power density created by
the absorption of the incident pulse and is given by [131]

R 1 o
Qp(r,t) = iweoezlEQ(r, t) (3.2)

where €/ denotes the imaginary part of the relative dielectric function of gold and where
E(7,t) is the electric field for observation points located within the gold film.
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Figure 3.3: (a) Schematic view of the two-dimensional configuration for temperature distribution
computation. The PLSPPW has a 0.5 pmx0.5um cross-section. The computation windows shown by
the dashed line perimeter has a width of 35 pm and a total height 2h,=20pm and is discretized over up
to 125x 103 rectangular non-regular meshes. A Neumann condition (97/0x = 0) is applied onto the
x = 0 boundary in order to account for the symmetry of the configuration. Dirichlet conditions at the
room temperature are applied on the three other boundaries. (b) Electric field distribution generated by
the illumination of the PLSPPW by a Gaussian beam with a waist of 10 ym. (c)-(d)-(e) Temperature
distribution in the PLSPPW for a 0.6ns-FWHM Gaussian pulse reaching its maximum in the metal
plane at¢ = 5 ns

Figure 3.3(b) shows a typical example electric field intensity distribution computed with
the differential method [150] in the case of 2D Gaussian beam with a waist wg =10 um
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3. Nanosecond thermo-optical dynamics of polymer loaded plasmonic waveguides

illuminating a PLSPPW. The source term Q g(7, t) can be obtained readily from this intensity
distribution and used to solve the equation 3.1. We compute the temperature distribution by
using a non-regular rectangular mesh finite-difference implicit scheme with non-uniform time
steps ranging from 50 ps to 100 ns depending on the delay with respect to the excitation pulse.

Figures 3.3(c) and 3.3(d) show typical temperature distributions computed at different
times in the case of a 2D nanosecond pulse with temporal characteristics similar to the exper-
imental case (pulse duration FWHM duration=0.59 ns, repetition rate 8.3 kHz) and a central
fluence (at x = 0) of 4.8 mJ/cm?. Once the temperature is known, the refractive index at each
point is computed from the thermo-optical coefficients (TOCs) of each material listed in the
table 3.1 along with their thermal parameters. Next the PLSPPW is divided into ten slices and
the average refractive index of these slices is used to compute the complex propagation con-
stant of the plasmonic waveguide mode from the effective index method [60] implemented on
the basis of the reflection pole method [151]. In this way, we obtain the complex propagation
constant of the PLSPPW mode as a function of temperature from which the TO dynamics can
be extracted.

3.5 Thermo-absorption dynamics of PLSPP waveguides

The thermo-modulation of the signal intensity transmitted through a straight PLSPPW is me-
diated by the temperature dependence of the PLSPPW mode damping constant. Many works
have been devoted to the thermally induced change of the real effective index of PLSPPWs
(thermo-optical effect) but so far and to the best of our knowledge, none of them have ad-
dressed the temperature dependence of the PLSPPW mode imaginary effective index (thermo-
absorption effect). So this dependence deserves a careful examination due to the remarkable
impact on the performances of PLSPPW devices in practical applications.

1.4 1.5 NA

Glass 2500 500
Polymer 1200 1500 0.15 1.5 -1.0x10
Air 1.2 1005 0.024 1.0 NA
Gold 19300 129 150 0.55+10.7i (0.72-1.0i) x10°

Table 3.1: Thermal and optical parameters of the materials used in our thermo-optical model are
listed above. It should be noted that the data taken into account for the thermal (or heat) conductivity
coefficient of the gold thin film is smaller than the bulk’s one [137] and besides the gold TOCs employed
here has been extracted from our previous results [140]

Waveguiding in a PLSPPW results from the combined actions of metal and polymer from
which the vertical and lateral field confinement of the guided mode originates respectively.
These two materials are then expected to contribute to the thermo-optical properties of a
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3.5. Thermo-absorption dynamics of PLSPP waveguides

PLSPPW. At this stage, it is instructive to refer to the situation of a SPP mode traveling at
an interface between a metal and a dielectric. At telecom wavelengths, metal of interest for
plasmonic applications are such that where \e/m| > e;;b where E;n and e’,’n are the real and
imaginary part of the relative dielectric function of the metal. The relative dielectric function
€4 of typical dielectric media such as standard polymers is also small compare to |e;n| in such
a way that the temperature derivative of the SPP mode damping constant k;/pp is given by [34]

3 Ore Ore” Ore
Td+ T//m_2 T/m)
m m

ok — k" (

spp spp

(3.3)

2 €4 € €

where the notation Oy is used in place of 9/0p.

The metal contribution to the SPPs thermo-absorption is not only mediated by the ohmic
losses (through Ore!) but also by the temperature dependent €. At telecom wavelengths,
where the dielectric function of noble metals are dominated by the free-electron contribution,
the ohmic losses depend on temperature mostly through the electron-phonon scattering rate
whereas a change of the free-electron density resulting from a thermally induced lattice volume
expansion is at the origin of the dre/,, coefficient.

The dielectric medium also contributes to the SPPs thermo-absorption through the change
of the SPPs field confinement within the metal which depends on dr¢4. For a PLSPPW with
a complex geometry, the respective contribution of the metal and the dielectric to the thermo-
absorption effect is difficult to estimate. It is then useful to investigate first a situation where
the dielectric medium contribution is expected to be negligible such as in the case of a SPP
mode traveling at a gold/air interface.

The Au/air SPPs is coupled in and out using dielectric grating couplers separated by a dis-
tance of 100 pm (see fig. 3.4(a)) and designed according to the approach described in chapter
two [121]. A very similar configuration has been previously used to extract the thermo-optical
coefficients (TOCs) of gold given in table 3.1 [140]. Typical leakage radiation images of
the SPPs jet launched by the input grating couplers are shown in the figure 3.4(b) and 3.4(c)
with the pump spot respectively off and on. And figures 3.4(d)-(f) show the oscilloscope
traces at different time scales of the Au/air SPPs signal thermo-modulated by a Gaussian
pump beam with a waist of 50 um. For this experiment, the average pump power was 5.6
mW (Ep=0.68 pJ/pulse) corresponding to a fluence at the center of the Gaussian beam of
F = E,/(rw?) =8.5 mJ/cm? far below the damage threshold (140 mJ/cm? [152]). The
normalized signal plotted in Figs.3.4(d)-(f) is defined as Sy = 1 — V(¢)/Vy where V (t)
is the ac-coupled voltage measured at the output of the photodiode and where V), denotes
the maximum modulation amplitude. For the 5.6 mW pump power, Vs is only 3.7% of the
cold state transmitted SPPs signal for a maximum thin film temperature rise at the center of
the pumped beam evaluated at 87 K by solving numerically the heat diffusion equation in
cylindrical coordinates [140] For the Au/air SPP mode, the modulation amplitude is given by
V(t) o< I°(yout) (1 — exp (=207kY,, [ AT (y', t)dy’)) [140] where I°(yout) is the elec-
tric field intensity of the SPPs jet in the cold state at the location of the output grating y,,; and
ATy (y',t) is the temperature rise in the gold film along the SPPs propagation pathway. The
argument of the exponential in the definition of V'(¢) being small, the normalized signal Sy
can be approximated by
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3. Nanosecond thermo-optical dynamics of polymer loaded plasmonic waveguides

Jo o ATy t)dy
maac(fg"’“t AT (y', t)dy')

Sy=1- (34

Thus, for a SPP mode traveling at the interface between the metal and a dielectric with negligi-
bly small TO coefficient, the thermo-absorption of the transmitted SPPs signal is characteristic
of the thin film temperature change accumulated over the SPP mode propagation distance. By
using the profile displayed in the figure 3.4(d), we measure a 90%-10% fall-time of 7 = 1.0
ns indicating that the thin film temperature changes at the time scale of the pulse duration.
On the other hand, the 10%-90% rise-time evaluated from the stretched exponential fit of the
experimental [153] profile displayed in the figure 3.4(f) is measured at 7p = 3.1 us.
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Figure 3.4: (a) Scanning electron microscope (SEM) image of the in and out grating couplers (scale
bar=50 pm). (b) (resp. (c)) Typical leakage radiation microscope images of the plasmon jet (at A =
1540 nm) propagating at the Au/air interface with the pump beam off (resp. on, cut-on filter off). The
pump spot features a Gaussian intensity distribution in I(r) = I(0) exp [—(r?/w?)] with a waist of w,
= 50 pum. (d)-(e)-(f) Observation of the thermo-absorption of the SPPs signal under the nanosecond
excitation at different time scales. In (d) and (e), the dashed lines are the experimental signal whereas
the solid lines are the computed thermo-absorption profiles for an interface SPPs. The dashed-dotted
line in (d) shows the temporal profile of the incident pulse used in the calculations

As discussed in the following, the value of 7z depends on the ability of the system to
dissipate heat and can be decreased down to the sub-us regime by choosing a proper design.
The thermo-absorption of the Au/air SPPs is compared in the figures 3.4(d) and 3.4(e) to the
computed TO response following the approach described in the previous section. Our model
underestimate the fall-time by about 0.5 ns compared to the experimental value. On the other
hand, we note a very good agreement between experimental and computed profiles for the
cooling process. The discrepancy of the computed and experimental results at very short time
scale (a few nanoseconds) is not fully understood but could be related to a specific heat dif-
fusion regime at the interface between the metal film and the glass substrate. Despite these
differences, we note that our model can predict quantitatively the dynamics of the thermo-
absorption process (at least for times larger than a few nanoseconds after the pulse) and then
can be safely used to anticipate the TO response of other plasmonic devices at the sub-us scale.
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3.5. Thermo-absorption dynamics of PLSPP waveguides

In Fig. 3(e), we observe a small increase of the transmitted signal right before the thermally in-
duced abrupt signal drop. This increase, which is not visible onto the computed profile, could
be due to a slight improvement of the in and out coupling conditions of the polymer gratings
for a moderate temperature rise.
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Figure 3.5: (a) Scanning electron microscope (SEM) image of a typical PLSPPW equipped with
grating couplers (scale bar = 40 ym). (b) (resp. (c)) Leakage radiation microscope images of the
PLSPPW mode (at A = 1530 nm) propagating at the polymer/gold interface with the pump beam off
(resp. on, cut-on filter off). The excitation conditions are the same as in the figure 3.4. (d) Depth
of thermo-absorption of the PLSPPW mode as a function of the incident average pump power. The
depth of modulation is defined with respect to the signal level in the cold state. (e)-(f)-(g) Experimental
and computed thermo-absorption of the PLSPPW signal under nanosecond excitation at different time
scales. The solid lines are computed profiles whereas the dashed lines are experimental profiles. The
dash-dotted line in the figure 3.5(e) is the profile of the excitation pulse used in the calculations

We consider now the situation of a straight PLSPPW photo-thermally excited by the
nanosecond pulsed beam. The excitation conditions are the same as for the interface SPP
mode. Figures 3.5(a)-(c) show respectively a scanning electron microscope image of the
straight PLSPPW as well as a typical radiation leakage image of this waveguide with the
pump spot off and on. Although we focus in this work onto the dynamics of the TO response
of PLSPPWs, it is worth to consider first the curve displayed in the figure 3.5(d) showing the
depth of modulation of the signal collected at the output of the PLSPPW as a function of the
average pump power. For an average pump power of 5.6 mW, the depth of modulation is about
38% of the cold state signal amplitude, up to ten times larger than in the case of the interface
SPPs. This difference can be understood from the larger field confinement within the metal
(and accordingly the shorter propagation length) for the PSLPPW mode compared to the SPP
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mode [140].

Figures 3.5(e)-(g) show the normalized signal Sy recorded at different time scales. On
the basis of the profiles displayed in the figures 3.5(e)-(g), we find that the fall-time for the
thermo-absorption of the PLSPPW mode is 7 = 1.7 ns and the sub-us rise-time drops at 7r
= 800 ns respectively two times longer and four-fold shorter than in the case of the interface
SPP mode. For a PLSPPW, the normalized signal S does not follow anymore the dynamics
of the metal film temperature but results from the combined contributions of the metal and
polymer as illustrated by the equation 3.3. The activation time for the thermo-absorption of
PLSPPWs can be explained from a slower thermalization of the gold film in the presence of
the polymer but also from its negative TOC. The typical heat diffusion length for the pulse
duration 7, is L = 2,/a7, [154] where « is the thermal diffusivity (o = k/(pCj)) of the
material of interest. In our situation (apoly =8.3x10"8m?3s1, T, 1 ns), the heat diffusion
length into the polymer is around 20 nm. At the nanosecond scale, the temperature rise of the
polymer generates a thin low index layer in contact with the metal film leading to a decrease
of the PLSPPW mode field confinement into the metal and a corresponding increase of its
propagation length. Hence, during the heating cycle, the increase of the metal losses is partly
compensated by the PLSPPW mode field delocalization resulting in a longer activation time of
the PLSPPW thermo-absorption process than for the Au/air SPPs mode. At longer times, after
the pulse, the temperature of the metal film drops and the propagation length of the PLSPPW
mode increases accordingly. However the rise-time 7r for PLSPPWs being about four times
shorter than for the Au/air SPPs, we conclude that the polymer still contributes to the increase
of the PLSPPW damping distance during the cooling cycle.

Once again, we note that our model fails to capture the dynamics of the thermo-absorption
during the first nanoseconds whereas computed and experimental profiles are in good agree-
ment for times larger than 5 ns after the pulse. From these results, we conclude that our
model is reliable for time scales larger than 10 ns which is still of key interest to predict the
performances of high bandwidth thermo-plasmonic devices. The assessment of the character-
istic time for the polymer contribution to the TO PLSPPW dynamics is difficult to complete
from thermo-absorption experiments owing to the metal contribution and requires the use of
frequency resonant devices.

3.6 Thermo-optical dynamics of a PLSPPW ring resonator

We have identified in the previous section the role of the polymer in the dynamics of the
thermo-absorption of a PLSPPW mode by comparison with a reference Au/air SPP mode.
To push further this qualitative analysis, we consider now the thermo-optical response of a
PLSPPW based resonator. Prior to the discussion of the experimental results, we evaluate the
respective contribution of the metal and polymer in this context by considering once again the
situation of the interface SPP mode. At telecom wavelengths, the temperature derivative the
SPP phase constant can be approximated by

k! /
BTk:’ ~_ PP (edaTE;n + imaTEd> (3.5)
d

PP 2(el 4 €q) \ €,

The metal contribution to the PLSPPW TO coefficient is roughly two orders of magnitude
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3.6. Thermo-optical dynamics of a PLSPPW ring resonator

smaller than the dielectric contribution in such a way that the thermally-controlled properties
of a PLSPPW based resonator can be interpreted in terms of polymer properties only. The
resonators that we consider are racetrack resonators excited by a straight bus waveguide (see
fig.3.6(a)). Plasmonic switches relying on optimized racetrack resonators have been already
demonstrated in the reference [66] and the opto-geometrical parameters we use are directly
inspired from this previous study. The resonator that we consider features well pronounced
resonances as illustrated by the leakage radiation images recorded at 1560 nm (see fig.3.6(b))
and 1565 nm (see fig.3.6(c)).

The spectral properties of the resonator have been characterized by exciting the bus waveg-
uide with a broadband spontaneous emission source and by collecting the output signal with
an optical spectrum analyzer. The normalization of this first spectrum by the spectrum of a
reference waveguide (without resonator) leads to the spectrum displayed in the figure 3.6(d).
We focus onto the resonance centered at 1538 nm located within the optimum amplification
band of the EDFA.
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Figure 3.6: (a) Scanning electron microscope (SEM) image of the racetrack shaped resonator coupled
to a straight bus waveguide (scale bar = 40 um). The radius of the resonator is R = 5.5 um, straight
interaction length with the bus waveguide is 6 um long and the nominal gap between the resonator and
the bus waveguide is 250 nm. (b) (resp. (c)) Leakage radiation microscope image of the resonator at
1560 nm (resp. 1565 nm). (d) Cold state spectrum of the resonator. (e) (resp. (f)) Thermo-optical
response of the resonator under ns excitation for blue-detuned (resp. red-detuned) wavelengths com-
pared to the cold state resonance of 1538 nm. The photo-excitation is achieved with a large pump spot
exciting simultaneously the resonator and the bus waveguide
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The resonator is photo-thermally excited using a pump spot with a waist of 50 ym (average
power 5 mW) illuminating the bus waveguide and the resonator simultaneously. Figures 3.6(e)
and 3.6(f) show the time resolved signal modulation for wavelengths located respectively on
the blue and red side of the central resonance wavelength (in the cold state). For wavelengths
corresponding to a blue detuning, the photo-excitation leads to an abrupt drop of the signal
followed by a slower signal rise. For those wavelengths the modulation is negative indicating
that the signal in the hot state is lower than in the cold state. For a red detuning, we observe first
a very sharp signal drop followed by a positive modulation of the signal at longer time scales.
These results clearly indicate that the resonator has been photo-activated by the nanosecond
pulse. Indeed, the polymer we use having a negative TOC, the spectrum of the resonator blue-
shifts in the hot state causing the positive (resp. negative) modulation for red detuned (resp.
blue detuned) wavelengths. For red-detuned wavelengths, the sharp drop of the signal is due
to the thermo-absorption of the PLSPPW mode investigated in the previous section. For blue
detuned wavelengths, the negative modulation of the signal can be unambiguously attributed
to the heating of the polymer and not to the ohmic losses of the heated metal film. Indeed, the
time scale for the signal rise after the excitation in the figure 3.6(e) is much slower for 1532
nm and 1534 nm than for 1530 nm for which the spectral response of the resonator is flat.

With this experiment, we show that nanosecond photo-thermal activation of plasmonic de-
vices is possible and could be of practical interest for high-bandwidth thermo-optical devices.
However in our situation neither the amplitude nor the dynamics of the optical response is suf-
ficient to target such an application. Indeed, by increasing the average pump power up to 10
mW slightly below the damage threshold of the resonator, we could achieve a positive depth
of modulation of AI/I = 25% at 1541 nm, corresponding to a resonance detuning of only
0.6 nm, insufficient for switching with a low quality factor plasmonic resonator. Nevertheless,
future designs of thermo-plasmonic devices activated in the nanosecond regime can greatly
benefit from an analysis of the limited performances of the polymer based devices.

Figures 3.7(a) and 3.7(b) show the TO response of the photo-activated resonator at differ-
ent time scales. The thermo-absorption of the PLSPPW mode occurring at a scale of 2 ns,
the abrupt drop of the signal in the figure 3.7(a) is a reliable indication of the pump pulse ar-
rival time from which the dynamics of the resonator can be accurately measured. The profile
displayed in the figure 3.7(a) indicates that the characteristic activation time for the PLSPPW
resonator is 7r = 280 ns followed by a much longer relaxation time. We measure a 90%-10%
fall time of 77 = 18 us on the profile shown in the figure 3.7(b).

The average temperature in the polymer and the metal film are plotted in the figure 3.7(c)
for the PLSPPW excited in the same conditions as in the figure 3.3. The polymer slice in
contact with the metal film, which is expected to contribute dominantly to the TO properties
of the PLSPPW, reaches a maximum temperature (averaged over a thickness of 125nm) of
only one fourth of the maximum metal film temperature. For slices at larger distances from
the metal film, the temperature is maximum after a time characterizing the diffusion speed of
the thermal pulse. The time dependent PLSPPW effective index n. sy = k' /ko (ko = 27/ Ao,
Ap=1541 nm) plotted in the figure 3.7(d) has been obtained by means of the effective index
method with the refractive index of each polymer slice evaluated from the temperature profiles
of the figure 3.7(c). The minimum effective index is reached 200 ns after the excitation pulse,
in reasonable agreement with the experiment given that no adjustable parameter is used for
this calculation.
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Figure 3.7: (a) Photo-thermal excitation of the resonator for a red-detuned signal wavelength (1541
nm). The photo-excitation is achieved by using a large spot (w,, = 50 pm) exciting the resonator and
the bus waveguide (average power 7 mW). The abrupt drop of the signal at t = O results from the
thermo-absorption of the bus-waveguide mode and indicates the arrival time of the incident pulse. The
activation (or heating) time of the resonator is 280 ns. (b) Long-time scale TO response of the resonator
pump by a focused beam (w, ~ 5 um, see the inset) with an average power of 150 pW. With the local
excitation of the resonator, the thermo-absorption is not observed anymore. The characteristic cooling
time is 18 ps. (c) Comparison of the average temperature into the gold film and polymer slices of the
PLSPPW with a thickness of 125 nm for the photo-excitation by a nanosecond pulse (0.6 ns FWHM)
arriving onto the PLSPPW at t = 5 ns. (d) Computation of the effective index of the PLSPPW mode
from the temperature profiles displayed in (c). (¢) Comparison of the average temperature profile of
the first polymer slice (125 nm) in contact with the metal film and different fit models inspired by the
equation 3.6

77



3. Nanosecond thermo-optical dynamics of polymer loaded plasmonic waveguides

The thermo-optical activation of the PLSPPW occurs at sub-us time scale whereas the
cooling time is clearly the main limitation to high-speed operation. Indeed, the cooling time
for the thermo-optical response of the ring resonator is about 20 times larger than the thermo-
absorption relaxation time along a straight PLSPPW. This difference results from the fact that
the thermo-optical response depends upon the polymer temperature only whereas for thermo-
absorption, the temperature of the metal film plays the dominant role.

Beyond the numerical modeling, the physical quantities of interest for improved TO per-
formances can be more conveniently identified from an approximate analytical model. When
a short pulse with a fluence F' is fully absorbed at ¢t = 0 within a very thin layer at the surface
of a semi-infinite medium occupying the z > 0 half-space, the temperature rise in the material
at a distance z from the surface is approximated by [155]

F ( —22
exp (——
eVt P dat

AT(z,t) = ) (3.6)

where € = /kpC), is the thermal effusivity of the semi-infinite medium. We assume that
the TO properties of the PLSPPWs can be analyzed from the temperature of a characteris-
tic polymer slice located at a distance z.yy from the surface of the metal film. For typical
PLSPPW heights of 500 nm, a reasonable choice for this effective distance is around z.rs =
250 nm. According to the equation 3.6, the temperature at 2.y reaches its maximum value
AT e (zefp) o< F/(pCpzesy) att = g = szf/(2oz) = 280 ns in perfect but fortuitous
agreement with the experiment. From this approach, we conclude however that a high ther-
mal diffusivity of the TO active medium is the key parameter for the fast activation time of
PLSPPW devices.

The average temperature of the polymer slice in contact with the gold layer computed
numerically is compared to fit models inspired by the equation 3.6 in the figure 3.7(e). We
note that during the cooling cycle, the contribution of the exponential term in the equation 3.6
can be neglected in the first approximation. From this further approximation, one can show
that the typical cooling time 7¢ needed for the temperature at z.ss to decrease from 90% to
10% of AT}z (2efy) is given by 7¢ =~ (100mez2;¢)/(2). Although this equation leads
to a cooling time about five-fold overestimated compared to the experiment, the diffusivity
« appears to be once again the main parameter for controlling the cooling dynamics of the
system. However, the response time is not the only parameter that should be considered in
a practical device. As pointed out recently in the reference [95], the dynamics of electrically
driven TO PLSPPW devices is improved at the expense of larger activation powers. For photo-
thermal excitation, such an increase can be minimized by a stronger focusing of the pump beam
at least in the case of small footprint devices. In addition, the equation 3.6 indicates that the
heating efficiency scales as the inverse of the thermal effusivity of the material. Combining
this requirement to the large thermal diffusivity needed for high-speed operation, we conclude
that the optimum material in this context should have a large thermal conductivity k£ and a
small pC), product.

The above analysis has been conducted considering heat diffusion in the TO active medium
whereas in the experimental situation the role of the substrate is also critical. The conclusions
given for the TO material also applies for the substrate which should feature a high thermal
diffusivity as well. In addition, the thermal diffusivities and effusivities of the TO medium and
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the substrate should also be close in order to prevent a poor heating of the TO medium as in
our configuration (see fig.3.7(c)) where heat diffusion is four times faster in the glass substrate
than in the polymer load.

On the basis of this analysis, we conclude that PLSPPW based TO devices operating in the
sub-us regime will be difficult to implement with standard polymers mostly due to their poor
thermal diffusivity. In spite of their thermal properties, it is worth to note that sub-us switching
operations with PLSPPW based TO devices are achievable at the cost however of the imple-
mentation of sophisticated configurations such as a push-pull Mach-Zehnder interferometer.
Indeed, for the latter, the switching speed is given by the typical activation time of each arm in
the interferometer (in the range of 300 ns in our case) whereas the relaxation time (several us
with PLSPPWs) imposes the switch latency [156]. Nevertheless, provided that high-speed TO
devices are targeted, the polymer and the glass substrate used in this study must be replaced
by highly thermally diffusive materials such as semi-conductors. For example, heat diffusivity
of silicon (ov ~ 8 x 10~°m?s~1) is about three orders of magnitude larger than the polymer
used in this study suggesting that the bandwidth of the TO semi-conductor loaded plasmonic
devices could be extended up to several MHz.

3.7 Conclusion

In summary, we have experimentally and numerically investigated the dynamics of the thermo-
modulation of PLSPPW devices photo-excited by nanosecond pulses. By operating a fiber-to-
fiber detection scheme, we have demonstrated a response time for the thermo-absorption of
the PLSPPW mode in the nanosecond regime at the scale of the pulse duration. Whatever
the time scale, we have shown that the thermo-absorption of the PLSPPW mode is mediated
not only by the temperature-dependent metal ohmic losses but also by the field distribution of
the PLSPPW mode into the metal controlled by the polymer TOC. For a negative TOC, we
observe a sub-us thermo-modulation characteristic time (fall-time+rise-time) about four-fold
shorter than the cooling time of the metal film itself. In addition, we find that the thermo-
absorption amplitude for a PLSPPW mode is about 10 times larger than for a Au/air interface
SPPs photo-excited in the same conditions. On the basis of these results, we conclude that
the thermo-absorption effect significantly impacts the performances of the PLSPPW based TO
devices.

Next, we have considered the thermo-optical response of PLSPPW racetrack resonators
featuring well pronounced resonances. By choosing a signal at the wavelength either blue
or red detuned compared to the cold state resonance, we have shown that the nanosecond
pulse can activate the resonator at a time scale of 300 ns however followed by a characteristic
cooling time of about 18 us in our configuration. The slow TO dynamics of these resonators
is attributed to the poor thermal diffusivity of both the polymer and the glass substrate used in
this study. In spite of these poor thermal performances, we note that the nanosecond photo-
thermal excitation is convenient for sub-us activation which is the key feature for the fast
pre-conditioning of the TO devices.

Finally, it should be also pointed out that, as long as the metal of the plasmonic devices
is used as the heat transducer for electrical or optical driving, the TO plasmonic devices will
suffer from the detrimental effect of thermo-absorption of the plasmon mode and from the time
delay imposed by heat diffusion from the metal to the thermo-optically active material. Inter-
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estingly, we note that photo-thermal excitation offers the unique possibility to circumvent all
these limitations by localizing the absorption of the incident light within the TO active medium
rather than in the metal. By combining the nanosecond pulsed photo-thermal approach to the
use of inorganic materials featuring all high thermal diffusivity, TO plasmonic devices with
several MHz bandwidths turn to be achievable.
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Chapter

Nanowire SPPs photo-thermal
modulation at telecom wavelengths

4.1 Introduction

Waveguiding along plasmonics waveguides does not rely on refractive index contrast as in the
case of standard photonic waveguides. This property makes it possible for plasmonic waveg-
uides to outperform conventional waveguides in terms of footprint and compactness. Among
many plasmonic waveguiding configurations, nanowires have attracted much interest as they
can be fabricated by standard techniques such as not only electron beam lithography [157] but
also chemically grown [80]. Lots of theoretical and experimental works have been reported
in the literature operating nanowire such as unidirectional SPPs propagation along metallic
nanowires [80], nanowire SPPs imaging by photon scanning tunneling microscopy [158], sub-
wavelength focusing [159,160], long-range surface plasmon polaritons (LRSPPs) along metal-
lic nanowires [161], selective launch and fan out of SPPs along nanowires [162], nanoparti-
cle (QD) -surface plasmon coupling through nanowires [163, 164], SERS (surface-enhanced
raman scattering) applications mediated by nanowire/nanoparticle systems [165-167], direc-
tional light emission from nanowires [168, 169], hybrid nanophotonic components [170, 171],
plasmonic routers and multiplexers [172], interferometric logic operations [173], cascaded
plasmonic logic gates by nanowire networks [174] and ultrashort-pulse propagation along
nanowires [175]. Most of above-mentioned works have been addressed to demonstrate passive
functionality of SPPs propagation. However, for operating a real plasmonic circuitry [11] to
control and process SPPs signals, it is absolutely required for the components to be not only
passive elements but also active devices (modulators, switches etc.).

Although many works dealing with active plasmonics have been reported so far [17,91,
92,94-96], the properties of the plasmonic waveguides are most often dynamically controlled
through the properties of a nearby dielectric materials. In this respect, the contribution of the
metal to the modulation of the propagation of a SPP mode deserves a careful examination. We
have demonstrated in chapter 2 the thermo-optical modulation of a thin film SPP mode trav-
elling at an air/gold interface at telecom frequencies. Such a configuration achieves a one-
dimensional field confinement only in the direction perpendicular to the thin film. At this
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stage, it is then worth to evaluate the impact of metal mediated thermo-optical effects for a
configuration realizing a tight two-dimensional field confinement in particular in the context
of plasmonic interconnect applications. So, in this chapter, we will focus onto photo-thermally
induced effects of metallic nanowires. However it is clear that the results we discuss in the fol-
lowing are of interest for SPPs propagation along an electrically addressed nanowire that could
be heated by joule effect.

In this chapter, we investigate the photo-thermal modulation of gold nanowires sustaining
highly confined plasmonic mode at telecom wavelengths. The nanowires with widths ranging
from 150 nm to 400 nm are fabricated by one-step electron-beam lithography. Both optical
and telecom characterization of the nanowires are carried out by means of a fiber-to-fiber con-
figuration. First of all, we demonstrate for what we believe for the first time this kind of
plasmonic nanowires can be utilized and found to be convenient for a high-bit-rate traffic over
short distances at telecom wavelengths. Next, we consider the photo-thermal modulation of
the plasmonic nanowire modes by illuminating nanowires with an electro-optically modulated
CW visible laser. We show that for a given pumping power, the modulation depth is larger for
thinner nanowires. It is also demonstrated that the photo-thermal modulation can be controlled
by the incident beam polarization. This effect is attributed to the excitation of localized surface
plasmon along the transverse dimension of the nanowire if the incident field contains a compo-
nent perpendicular to the longitudinal axis of the nanowire. This effect that can be termed as a
plasmo-thermally induced heating have been exhaustively investigated in the case of nanopar-
ticules sustaining localized surface plasmon modes [114] but has not been considered in detail
propagative plasmon modes.

4.2 Design of the nanowire waveguides

The structures we target are schematically shown in the figure 4.1. They are comprised of a
grating coupler and a nanowire connected to a taper which all fabricated from the evaporated
gold lying on a glass substrate. The opto-geometrical parameters of the nanowires and the
grating couplers have been chosen on the basis of numerical calculations explained in next
paragraphs.

Figure 4.1: Sketched design of top view and cross-sectional view of a gold nanowire lying on a glass
substrate
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4.2. Design of the nanowire waveguides

4.2.1 Modal analysis of gold nanowires deposited onto a glass substrate

Prior to the fabrication of gold nanowires, it is needed to perform modal analysis of the SPP
modes sustained by those waveguides. To this aim, we are going to use COMSOL Multiphysics
commercial software package which is numerical simulation software based on finite element
method (FEM) for solving partial equations of the electromagnetic waves.

o
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Figure 4.2: Design of the modeling domain for the investigation of modal analysis at A = 1.55 um
telecom wavelength

Our design to be solved is represented in figure 4.2 where we investigate modal analysis
in 2D (x-y plane) in which electromagnetic waves propagates in z direction. First, we describe
our modeling domain composed of a closed circle with a radius of 2.5 ym as seen. And our
gold plasmonic nanowire is placed at the center of the modeling domain on top of the glass
substrate. Air is considered as superstrate with the refractive index of 1. Glass (BK7) is chosen
as substrate with a refractive index of 1.5. The refractive index of gold at 1.55 ym telecom
wavelength is selected from the dataset of Johnson and Christy such that n = 0.52 4 10.74¢
[129]. The thickness of the nanowire is chosen to be 50 nm. The upper two edges of the
nanowire waveguide are rounded with a radius of 5 nm to mimic a more realistic situation. The
width of the nanowire is considered as a variable in the numerical calculation ranging from 50
nm to 400 nm.

Furthermore, we want to model our domain with open boundaries meaning that waves
should pass through domain boundary without reflection. In other words, our boundary condi-
tions of the modeling domain along the outside should be transparent to any incident radiation.
So we surround around the outer border of the domain with a perfectly matched layer (PML)
with a width of 100 nm (like a ring around the modeling domain). PML is in fact a domain
having the same refractive index with the adjacent medium which should absorb all outgoing
waves. Moreover, in order to ensure perfect absorption at the boundaries we apply a scatter-
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4. Nanowire SPPs photo-thermal modulation at telecom wavelengths

ing boundary condition at the outer contour of the PML which is an another open boundary
option proposed by COMSOL Multiphysics for truncated domains. This condition provides
non-reflection for the radiations incoming normally to the boundary.
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Figure 4.3: Numerically calculated effective mode index of the SPPs propagation versus the nanowire
width ranging from 50 nm to 400 nm at A = 1.55 um telecom wavelength

The calculated modal field distributions of the SPPs propagation modes supported by nano-
wires of different widths are displayed in the figure 4.4 for a frequency corresponding to a
free-space wavelength of 1.55 pm. For intermediate nanowire widths (400nm) we note that
the mode of interest features a field confinement at the edges of the strip (see fig.4.4). The
field becomes maximum at the corners in contact with the substrate leading to an effective
index of the mode close to that of the glass substrate (see fig.4.3). We note however that the
effective index of the SPP mode is lower than the refractive index of the substrate making
the SPP mode leaky. This situation has already been recognized and reported in the work of
Verhagen et al. [82]. In spite of its leaky nature, the propagation length of the SPP mode is still
in the range of 25 um (see fig.4.5). Note that, because of its leaky nature, the damping distance
of the SPP mode depends upon two loss channels, ohmic losses on one hand and radiation
leakages on the other hand. As the width of the nanowire decreases, the effective index on the
SPP mode increases above the glass light line making the SPP mode bounded to the nanowire
which is sometimes called bounded SPP mode. In this situation, the damping distance is only
related to the ohmic losses. For a nanowire width of 50 nm, we find that the damping distance
is reduced down to about 4 pm. This result can be understood from a higher field confinement
of the SPP mode within the metal for narrow nanowires. Actually, for a narrow nanowire, one
can speculate that the SPP mode is built-up from the hybridization of the edges modes. For
highly sub-wavelength nanowire, this hybridization leads to a quasi-radial polarization of the
SPP mode.
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Figure 4.4: Numerically calculated modal field distribution of SPPs propagation modes supported by
gold nanowires with a thickness of 50 nm whose width ranging from 50 nm to 400 nm at A = 1.55 um
telecom wavelength

As previously noted, for narrow nanowires, the field still exhibits a maximum confinement
at the metal/substrate interface (see fig.4.4). An efficient excitation of the nanowire can thus
only be achieved by using an incident mode with a field featuring a field confinement at the
same interface. For a wide metal strip, the SPP mode having a field amplitude maximum at
the metal/substrate interface is the so-called short-range SPP (SR-SPP) mode reminiscent of
the SR-SPP mode of an infinitely extended thin film. In this short range SPP mode or in other
words antisymmetric mode most of the electric field distribution localized into the high-index
side part of the medium, i.e. glass side [48]. The reason of our interest in this mode because of
its outstanding feature allowing us nanofocusing of SPP field without cut-off width which has
also been emphasized previously [176].

An efficient excitation of the nanowire mode can be achieved in principle by coupling
with a SR-SPP mode sustained by a wide metal strip provided that first an efficient excitation
of the SR-SPP mode is performed and second that an adiabatic transition from the metal strip
to the nanowire is implemented. An efficient excitation of the SR-SPP mode of a wide metal
strip is thus needed for the experimental characterization of the nanowires. As detailed in the
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Figure 4.5: Numerically calculated SPPs propagation length along gold nanowires with a thickness of
50 nm whose width ranging from 50 nm to 400 nm at A = 1.55 pm telecom wavelength

next paragraph, we operate grating couplers for the excitation of the SR-SPP mode. For the
fabrication reasons, we limit the widths of the nanowire waveguide in the range of 150 to 400
nm for sustaining efficient short-range plasmonic mode.

4.2.2 Design of the gratings couplers

Because of the field symmetry of the plasmon modes sustained by the nanowires, the grating
couplers are intended for the excitation of the short-range SPP mode sustained by the thin film
taper and peaked at the glass/gold interface. The design of the gratings leads to the choice of
the period and the filling factor of the gratings couplers. As described in the following, the
excitation of the gratings will be done by using a tilted fiber-focuser at an average angle of
30° (see fig.4.18(a)). Thus we focus onto such tilted illumination for the design of the grating
couplers. Unlike previous works [82] we consider simple one-dimensional gratings due to the
fabrication reasons.

So, the period (d) of grating couplers are designed according to the well known grating
coupler principle [34] in order to excite bound SPP mode (at gold/glass interface) such that:

kopp = K|'° +mG 4.1
n’lko = k sin@—i—mQ—7r 4.2)
eff 0 — RhO d .

where ks, is SPPs wave vector, k"¢ is the incident wave-vector component parallel to the

average surface of the gratings, m is the order of diffraction harmonics (integer) and G is
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4.3. Nanofabrication of gold nanowires

the grating momentum vector of couplers which provides an additional momentum to in-plane
wave vector in order to excite SPP mode. If we develop the equation 4.1, we can obtain the next
equation where 77!/, is the effective mode index of SR-SPP, ky is the free-space wave vector,
0 = 30° is the angle of the tilted fiber-focuser and d is the period of the grating couplers. For
instance, if we search the mode index of SR-SPP around nZ%’c:I .51, then according to the prin-
ciple given above the period can be deduced as d=1.534 pum. Besides, we could numerically
obtain relevant values of the period and the filling factor via our homemade differential cal-
culation method. Although the computed values from the simulations give us some tips about
the approximate value of the period and the filling factor, nevertheless we extend the range of
these values to ensure short range SPP excitation such as we choose for the range of period
d=1.5/1.53/1.54/1.55/1.56/1.60 pum and for range of wa=700/750/760/770/780/790
/ 800 nm. This extension of the values also allows us to overcome possible discrepancy results
in nanofabrication process.

Based on the above considerations the following design is suggested in the figure 4.1. A 10
pm lateral width grating coupler is implemented in front of a 3 ;m long thin film region. This
thin film region is continued by a taper with a full opening angle of 53°. The taper is connected
to 20 pum-long nanowires with different widths (150 nm, 200 nm, 300 nm and 400 nm). In all
the following the thickness of the metal film is fixed at 50 nm. The distal end of the nanowire
is not equipped with output grating coupler. As explained in the following, such a coupler is
not necessary when a confocal detection of the light scattered at the end of the nanowire is
performed.

4.3 Nanofabrication of gold nanowires

The gold nanowires are fabricated by one-step electron-beam lithography on the BK7 glass
substrate. Using a support material (e.g.dielectric material) not only changes wave guided
mode along a nanowire by breaking the symmetry of the mode field but also decreases opti-
cal confinement of the propagated mode which enable us to achieve highly confined nanowire
plasmonic waveguides below the diffraction limit.

The nanofabrication of gold nanowires relies on the same electron beam lithography ap-
proach as described in the previous chapter. The main differences in the fabrication process are
first using a positive tone resist for e-beam lithography which is known as PMMA resist and
secondly a new process step called lift-off.

So we would like to explain fundamental differences in fabrication of nanowires: (see
fig.4.6).

v’ After cleaning glass samples with the same protocol as before, this time we are going
to deposit a positive resist onto the sample, PMMA resist (from Allresist Co.) composed
of poly(meth)acrylates with a 950K molecular masse dissolved in ethyl lactate. A very small
quantity, 160 uL of PMMA resist is deposited on the glass surface and spin coated with a
rotation speed of 4000 rpm for 50 s. Then the coated sample is baked on the hot plate at 170
°C for a duration of 5 minutes.

v" Before starting electron-beam lithography process, it requires to deposit a thin conductor
film on top of the PMMA layer in order to evacuate electrons from the sample surface. So we
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Figure 4.6: Nanofabrication steps for producing gold nanowires on a glass substrate

deposit a thin gold layer (~15-20 nm) with a sputter coater (Edwards sputter coater S150B).
Next, we realize our nanowire design (see fig.4.1) by using the specific lithography software
(Elphy Quantum RAITH). Finally we designate e-beam lithography parameters and launch
e-beam lithography process.

v" As soon as the e-beam lithography process is finished, the samples are developed. The
development process is also different with the previous one due to using the positive resist,
PMMA resist. The samples are developed by immersing in a mixed solution of MIBK : IPA (2
: 5) inside an ultrasonic processor by sonicating of 1-2 second pulses in each 10 seconds for
a duration of 50 seconds totally. This sonicating operation is needed and crucial for removing
thin gold layer from top of the PMMA coated surface which was previously deposited for evac-
uating electrons in order to perform e-beam lithography. The development process is ended by
immersing the sample inside a beaker filled with IPA (2-Propanol or isopropyl alcohol) and
immediately after is gently blown dried with nitrogen.

v Before the deposition of gold, we put the samples inside a plasma cleaner with Oo
(Harrick Scientific) under vacuum conditions for 1 minutes to ensure complete removal of
residual PMMA and other organic particles on the lithographically engraved regions of the
resist. Next, a 50 nm-thin gold film is evaporated onto the samples under vacuum conditions
(~ 1078 mbar) at a speed of 0.1 nm/s without using any adhesion layer which is a critical
requirement since we are interested in short range SPP mode at the intersection of gold and
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glass so the evaporated metal must only be composed of pure gold film.

v' Lift-off is the last process to be done (neither used nor explained before) for nanowire
fabrication aiming at removing irrelevant gold+PMMA parts from the surface. The evaporated
samples are placed inside a beaker filled with acetone which is covered by a thin aluminum
film to avoid evaporation of acetone and are subsequently left for heating up on a hot plate at
70 °C for ~ 4-5 hours to be able to perform lift-off process.

At the end, the fabricated gold nanowires are observed by an optical microscope to check
the nanofabrication quality. For example, SEM images of well fabricated gold nanowires are
displayed in the figure 4.7. It should be emphasized that the quality of fabricated gold nanowires
is fine although no adhesion layer was used.

ICB - UB 200KV X1,600 10pm WD 11.2mm SEI 200KV X2,700 10um WD 11.2mm

X:0.161um

J A5
ICB - UB 20.0kv  X6,500 Tum WD 11.2mm ICB - UB SEI 20.0kv  X7,000 Tum WD 11.2mm

Figure 4.7: (a) Top view SEM image of various 150 nm-width gold nanowires on the glass substrate at
1600x magnification (b) Connections of wire parts to taper sections and grating couplers seem well fab-
ricated at 2700x magnification (c) Period of a grating couplers d which is previously designed 1.54 ym
and measured to be 1.543 pm with SEM shows a fair agreement at 6500x magnification (d) Observed
wire part of a nanowire shows both good fabrication quality and coherence width measurement of
161 nm with designed value of 150 nm at 7000x magnification
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4.4 Optical characterization of gold nanowires
at telecom wavelengths

In this section, we report on the results of two different kinds of optical characterizations of
the lithographically fabricated gold nanowires. First we will consider the transmission of a
high-bit rate (10 Gbit/s NRZ (Non return to zero)) signal along gold nanowires demonstrating
for what we believe to be the first time the use of those kind of plasmonic waveguides for
short-range data transfer. In particular, we will investigate the quality of the transmitted signal
after propagation along the nanowires by means of eye-diagrams and BER (Bit Error Rate)
measurements. The second part of this section will be devoted to the demonstration of the
photo-thermal modulation of a DC (or low frequency) signal travelling along the nanowires at
telecom wavelengths.

4.4.1 High-bit rate transmission along gold nanowires
4.4.1.1 Basics of optical data transmission systems

In the following paragraphs, we are going to describe basic key components used in classical
optical communication systems. Presentation of this part is essential to understand the follow-
ing section regarding with high-bit rate data transmission along gold nanowires.

An optical communication system is basically considered in three main parts such that
a transmitter (TX), a transmission channel and a receiver (RX) as depicted in the figure 4.8
below.

Transmission channel

o .

@ ( Receiver (RX)
L

Optical fiber

...................................................

Figure 4.8: Schematic representation of an optical communication system

a) Transmitter

A transmitter serves as a generator of appropriate optical signals by converting them from the
electrical ones. It is basically composed of a laser source or LED (Light Emitting Diode) and
a modulator. The information sending from the transmitter originally consists of electrical
bits or symbols such that 0 and 1. Although there are positive and negative voltage levels for
electrical communication systems, no negative light exits in an optical communication system
but instead of it only light intensity and no light intensity formats are present. So, the signal
transmission can be performed through optical systems by means of these two levels.

Transmission in any optical systems is characterized by the rate which is known as the
number of bits sent per second. For instance, 10 Gbits/s rate in our optical communication
system in here signifies that ten milliards bits consisted of 0 or 1 are sent per second from the
transmitter.

90



4.4. Optical characterization of gold nanowires at telecom wavelengths

1 1 1
Binary
data 0 0 0
I(+) 1 1 1
NRZ 0 0 0
1(0)
I(+) 1 1 1
RZ
0 0 0
I(0)

Figure 4.9: Non-return-to-zero (NRZ) and return-to-zero (RZ) coding for a given binary data in optical
communication. I(+) and I(0) correspond to presence and absence of light intensity respectively

The generated optical signal coming from the transmitter has to be modulated before sent
over the transmission channel. Modulation is defined as the process of changing one or more
properties of the carrier signal depending upon the information to be transmitted. There are
various coding techniques for modulation or in other words generating an optical bit sequence
such as ASK (amplitude-shift keying), FSK (frequency-shift keying) and PSK (phase-shift
keying).

ASK, is also known as ON-OFF keying while using within two formats such that NRZ and
RZ (see fig.4.9). It is a type of intensity modulation based on the absence or presence of the
light corresponding to O or 1 binary signal. In FSK, the frequency of a laser light is switched
between two frequencies corresponding to O or 1 binary signal. And the PSK is also a phase
switching of laser light between two different phases corresponding to O or 1 binary signal.

We are going to implement NRZ format to the signal in our optical characterization exper-
iments, so it will be useful to give a very brief summary about ASK modulation types.

Non-return-to-zero (NRZ)

A non-return-to-zero (NRZ) is the most widely used coding format in optical communication
systems. It is a binary code where 1s correspond to one significant condition, e.g., pulse of
light and Os correspond to other significant condition, e.g., no light. There is no rest condition
or other neutral condition level while transition occurring between two consecutive conditions
(see fig.4.9 and 4.10(a)).

Return-to-zero (RZ)

A return-to-zero (RZ) coding format is commonly used for solitons in optical communications.
It is again a binary code where the signal returns zero level between each consecutive condi-
tion (see fig.4.9 and 4.10(b)). The "zero" is accepted to be a rest condition or neutral condition
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Figure 4.10: Eye diagrams of an optical signal (a) Non-return-to-zero (NRZ) (b) Return-to-zero (RZ)
coding formats have been used (Image adapted from ref. [177])

between transitions (see grey lines on the part of the RZ coding depicted in the figure 4.9).
When it is used for solitons, bit 1 represents presence of a pulse and bit O represents absence
of a pulse.

b) Transmission channel

Optical fiber is known as the fundamental transmission medium for transporting optical signals
from source to destination. Before travelling along optical fiber, the signal is amplified by an
optical amplifier, such as EDFA (Erbium doped fiber amplifier) and then start to propagate
through the transmission channel (see fig.4.8). It should be noted that while optical signal is
travelling, it is subjected to loss of strength and dispersion. Therefore, this amplification is a
required process for boosting its strength.

Optical fibers will be replaced by plasmonic nanowire waveguides in our experiments.

— voaA IR-PD Osc.

BERT

Figure 4.11: Schematic representation of our receiver part consecutively composed of variable optical
attenuator (VAO), Erbium doped fiber amplifier (EDFA), infrared photodiode (IR-PD), bit error rate
tester (BERT) and optical sampling oscilloscope (OSO) for imaging eye diagrams

c) Receiver

Receiver part is responsible for the conversion of transmitted optical signals to electrical ones
and further processing them precisely in order to recover appropriate received signals. Receiver
can compose of various types of components such as optical amplifier, photodiode, bit error
rate tester (BERT) and optical sampling oscilloscope (OSO) as shown in the figure 4.11.
Optical amplifier functions for boosting optical signal strength and generally an optical
filter is tailed after it to reduce amplified spontaneous emission noise. Photodiode or pho-
todetector is used to convert optical signals into electrical ones. BERT is employed for the
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assessment of transmitted signal accuracy in the optical communication system by measuring
bit errors per unit time. Optical sampling oscilloscope (OSO) is operated for evaluating optical
transmission quality in ultra high speed by different types of analysis such as pulse waveform,
eye diagrams and SNR (Q factor) measurement.

In forthcoming experiments, we will conduct our investigations by involving in eye diagrams
and BER measurements. So, it can be helpful to give brief explanations about these concepts.

Eye diagrams (patterns)

In a high-bit rate optical transmission (Gbit/s), ultra fast change of the signal state and accurate
display desire of the received signal instantly do not allow us to measure and visualize it easily
with conventional techniques. The eye diagrams propose an efficient solution by displaying
each instants of the signal one top of the another one in a superimposed way. So that, you
can assess the quality of the transmission by means of only observation the aggregate of all
instances of the signal in a concise image.

An eye diagram is basically a demonstration format of the received data by a type of
oscilloscope image where all transmitted symbols are continuously sampled and displayed on
the vertical axis while the rate of the data is shown on the horizontal axis in the image (see
fig.4.10(a)). This special image is generated by use of a photodiode and OSO (optical sampling
oscilloscope) in the optical communication. Due to looking like to a pair of eyes, it is named
as "eye diagram" or "eye pattern".

It is a very instructive experimental tool whereby we can evaluate the performance of a
transmission system only by observing an eye diagram. For instance, an open eye diagram in-
dicates a good quality transmission whereas a closed one shows the distortion of the signal due
to various effects such as channel noise, intersymbol interference (ISI) and etc. Furthermore,
some features of an eye diagram allow us to perform various measurements on the system for
example, eye width permits to measure timing synchronization and jitter effects and so on.

Bit error rate (BER)

In digital communication systems, the threshold detection method is used to determine whether
the transmitted bit is to be O or 1 in the receiver. If noise fluctuations are dominant on the signal
level, received bit may be interpreted as 1 (or 0) instead of O (or 1) sent from the transmitter.
Therefore, a bit error occurs. Bit error rate (BER) is defined as the ratio of bit errors to the
total number of transmitted bits. Bit-error-rate analysis is considered as one of the fundamental
characterization techniques for evaluating signal quality or measuring goodness of an optical
communication system.

BER is indicated by a percentage and has no unit. Increasing of SNR (signal to noise ratio)
decreases bit error rate. BER is expressed as a negative power of 10. For instance, in optical
communications, the maximum acceptable BER is 10~ signifying one error is acceptable in
one billion bits sent.

BER measurement

The receiver part for measuring BER of the system is schematically depicted in the figure
4.11.1t consists of variable optical attenuator (VAO), Erbium doped fiber amplifier (EDFA),
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4. Nanowire SPPs photo-thermal modulation at telecom wavelengths

infrared photodiode (IR-PD), bit error rate tester (BERT) and optical sampling oscilloscope
(OSO) with a bandwidth of 50 GHz for imaging eye diagram.

By increasing attenuation via VOA, the BER and received optical powers are measured
for signal transmission through first the transmission medium such as optical fiber (in our
case plasmonic waveguides) and then secondly back-to-back (BtB) transmission that means
connecting the transmitter directly to the receiver without a transmission medium. So that we
can distinguish two principal BER mechanisms, attenuation and dispersion, within the channel
and then we can readily extract power penalty. At the end, we can demonstrate these obtained
data in a graphical form as given in the figure 4.12 where two curves representing the BER of
back-to-back (BtB) and fiber transmissions in terms of received optical power.

In most long distance telecom systems, a BER of 10~'2 is accepted to be a requirement,
so we use this value in order to calculate power penalty. At the same bit error rate, namely
log(BER)=-12, the received optical power difference between two curves indicates the power
penalty which is essentially required additional signal power in order to achieve a BER of
1072 in these conditions. In general, the power penalty is desired to be as low as possible in
optical communication systems.

4.4.1.2 Gold nanowires as high-bit rate data transmitters

Telecom wavelengths in optical communication is accepted as essential frequency ranges with
lowest losses where the minimum loss is 0.2 dB/km occurring through an optical fiber at
1.55 pm wavelength. Although the investigations in plasmonics is generally concentrated on
visible wavelengths, recently telecom wavelengths has also attracted more interest especially
demonstration of plasmonics in true datacom and telecom traffic applications [12-15]. So,

ie—————; Power penalty

>

Received optical power

Figure 4.12: A conventional graph of logarithmic bit error rate (BER) versus received optical power
with extraction of power penalty at the same bit error rate log(BER = 107'2) = —12. Red-line
with small squares corresponds to back-to-back (BtB) transmission and blue-line with small circles
corresponds to fiber transmission (or any transmission medium)
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4.4. Optical characterization of gold nanowires at telecom wavelengths

in this section, we demonstrate telecommunication characterization of lithographically fabri-
cated gold nanowires what is believed to be the first investigation on plasmonic nanowires as
high-bit rate data transmitters according to our best knowledge.
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Figure 4.13: Fiber-to-Fiber homemade confocal detection set-up for measuring of 10 GHz NRZ signal
transmission along lithographically fabricated gold nanowires at telecom wavelengths

The optical characterization of the high-bit rate signal traffic along lithographically fab-
ricated gold nanowires are carried out by means of a fiber-to-fiber homemade confocal ex-
perimental set-up (see fig.4.13). The key features of this setup is first having a high excita-
tion/detection sensitivity in free-space measurements, implying that, for instance more sen-
sitive than a CCD camera and second allowing us to perform time-resolved high-bit rate in-
vestigation along nanowires by 10 Gbit/s signal transmission analysis. So that, we can also
demonstrate the efficiency of this fiber-to-fiber set-up for the optical characterization of the
nanowire waveguides by performing a 10 Gbit/s NRZ (Non return to zero) signal transmission
experiment at telecom wavelengths. For this high bit rate experiment, we will use the Picasso
platform which is a study platform for ultra-fast optical communications with a bandwidth of
500 GHz in optics and 50 GHz in electronics, a data rate ranging from 10 to 40 Gbit/s and 8
canals. !

First of all, we would like to present our telecom characterization set-up that consists of
an important innovation based on a specific detection scheme of nanowires SPPs (see fig.4.18)
different from the previous detection setup (see fig.2.5). In the experimental set-up, an optical
10 GHz NRZ pseudo-random binary sequence (PRBS) is generated by means of a pulse pattern
generator (PPG) associated to an intensity modulator acting on a continuous-wave near-IR

IThis technical support has been provided from the council of the Burgundy region in Dijon
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4. Nanowire SPPs photo-thermal modulation at telecom wavelengths

laser source tunable from 1500 nm to 1610 nm. A TM-polarized non-return to zero signal
(NRZ) is focused on input gratings of a nanowire through 30 degree tilted lensed fiber focuser
with respect to the optical axis of the microscope.

The input gratings provide efficient excitation of highly confined SPP mode (will be con-
sidered in detail afterwards) on the nanowire. When the propagated SPPs signal arrives at the
distal end (or endface) of the nanowire, naturally it scatters and then converted into the light.
So it can be detected by an inverted high numerical aperture (NA=1.49) microscope equipped
with an immersion oil objective. The detected signal can be both monitored by an IR camera
and injected into a single-mode fiber (SMF) by means of low numerical aperture objective
(10X / NA=0.25). This signal is then amplified and filtered optically to choose relevant part of
telecom wavelengths (A = 1.56 pm in our case). After that, by passing through our receiver
part comprising of variable optical attenuator (VOA), erbium doped fiber amplifier (EDFA)
and for converting optical signals to electrical one via IR photodiode with a bandwidth of 70
GHz, the corresponding detected signal can be either visualized by optical sampling oscillo-
scope (OSO) with a bandwidth of 50 GHz allows us to display "EYE diagram" or connected
to BERT (bit error rate tester) in order to measure BER.

BtB Transmission Nanowire Transmission

Figure 4.14: Eye-diagrams of the back-to-back (BtB) and nanowire transmission of 10 Gbits/s signal
for a received average power of -29 dBm at the wavelength of 1.56 ym

Described steps up to now are the demonstration of high-bit rate transmission along litho-
graphically fabricated gold nanowires. In order to investigate the back-to-back transmission
(BtB) on the system, a non-return to zero optical signal (NRZ) is directly connected from the
exit of polarizer to VOA (without passing through the nanowire) and then the measurement
operation is performed again. In the end, the obtained results are compared and interpreted
both qualitatively and quantitatively in the following paragraphs.

Experimental results and discussions

At first, we observe the displayed eye-diagrams in the case of back-to-back (BtB) and nanowire
transmission in order to evaluate the impact of the nanowire transmission on the quality of
a 10 GHz NRZ signal. The measured eye-diagrams for the two types of transmissions are
demonstrated in the figure 4.14. In both cases, the eye-diagrams were recorded for an incident
wavelength of 1.56 pim and an average received power of -29 dBm. For both BtB and nanowire
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Figure 4.15: Comparison of the bit error rate (BER) for the back-to-back (BtB) and nanowire trans-
mission as a function of the received power at A = 1.56 um

transmission case, we adjusted received power by changing the VOA attenuation level while
keeping constant the amplifier gains. As a result, it is observed that the transmission along the
nanowire does not change the opening of the eye-diagram and the amplitude of the time jitter
does not alter significantly which all proves that a lithographically fabricated gold nanowire
can be safely used for high-bit rate traffic over short distances.

This qualitative result is further confirmed by the bit error rate (BER) measurements of 10
GHz NRZ signal as a function of the received powers for the nanowire and back-to-back (BtB)
transmissions at 1.56 um wavelength. No power penalty observed in these results which are
displayed in the figure 4.15. It is clearly seen that at this wavelength an error-free traffic at 10
GHz along the nanowire is achievable for received power larger than -36 dBm. It should be
also noted that the loss of our nanowire is found to be 41 dB at A=1.56 um according to these
measurements.

As a conclusion, the negligible BER power penalty for 10 GHz NRZ signal transmission
demonstrates that this kind of nanowires is convenient and can be safely used for a high-bit-
rate traffic over short distances at telecom wavelength.

4.4.2 Photo-thermal modulation of SPPs propagation along nanowires

In this part, we focus on optical characterization of thermo-optical properties of lithograph-
ically fabricated gold nanowires. More specifically, we investigate the photo-thermal modu-
lation of highly confined SPPs propagation mode along the nanowires at A=1.55 pm telecom
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4. Nanowire SPPs photo-thermal modulation at telecom wavelengths

wavelength. Photo-thermal excitation of lithographically fabricated gold nanowires is per-
formed by means of a normally incident visible pump laser on a nanowire which leads to the
photo-thermal modulation of SPPs propagation mode. While launched SPP mode is propagat-
ing along the nanowire at telecom wavelengths, the photo-thermal excitation is generated by
illuminating on the wire center of the nanowire by means of a visible laser at the wavelength
of 532 nm. As a matter of fact, the physical mechanism of this excitation is based on the non-
linear thermo-optical effects which arising from light-induced modulations of the refractive
index of the gold due to the temperature changes and in turns modifies the field distribution of
the nanowire plasmon mode travelling along the gold/glass interface.

Thermo-optical
g
coefficients a:n [K1]
Gold 0.72x10°°
PMMA -0.105x10™

Cycloaliphaticacrylate

-3
-0.3x10
polymer (cyclomer)

Figure 4.16: Comparison of thermo-optical coefficients (TOCs) of gold [140] with two different poly-
mers’ ones, PMMA [95] and cyclomer [66], at telecom wavelength which are being frequently used in
plasmonic applications currently

It is well known that thermo-optical properties of metals are described by their thermo-
optical coefficients (TOCs) which have previously been explained in the second chapter. And
subsequently, we demonstrated that TOCs of gold at telecom wavelength are prominent and
cannot be neglected [140]. Indeed, we can perceive this situation more clearly while compar-
ing TOCS of gold with the ones of different types of polymers which are extensively used in
plasmonic devices currently (see fig.4.16). Although it is not very convenient directly perform
this comparison due to the extinction coefficient contribution of gold, nevertheless, we can
qualitatively say that TOCs of gold are remarkable compared to frequently used polymers. As
it can be seen, the absolute magnitude of the TOCs of gold is nearly seven times larger than
PMMA'’s one [95] and two and a half times larger than cyclomer’s one [66] which confirms
the importance of this investigation especially for plasmonic applications.

Before anything else, we want to describe the experimental set-up (see figure 4.17) used for
the measurement of the photo-thermal modulation of SPPs propagation mode along nanowires
which contains some modifications with respect to the previous one (see figure 4.13). Near-IR
signal provided from a tunable CW laser source (range between 1500-1610 nm) is polarized by
a manual fiber paddle polarization controller and subsequently focused on the input gratings of
a nanowire through 30 degree tilted lensed fiber focuser (also see figure 4.18). A low numer-
ical aperture long working distance objective (EPI L Plan Apo 5X / 0.16) is placed above the
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Figure 4.17: Schematic view of fiber-to-fiber homemade confocal experimental detection setup for
measurement of the SPPs photo-thermal modulation along nanowires at telecom wavelengths

microscope stage to focus the visible pump beam. And the photo-thermal excitation is gener-
ated by a continuous-wave visible laser at the wavelength of A=532 nm which is modulated by
a highly efficient, 20 ns rise/fall-time, electro-optical modulator (EOM).

The detection scheme is identical to that of previous one (see figure 4.13) except that vari-
able optical attenuator (VOA) and erbium doped fiber amplifier (EDFA) have been removed
from the setup. While the visible pump beam is filtered at the exit of the microscope (see
figure 4.18), the photo-thermally modulated signal detected and injected into a single mode
fiber (SMF) through an objective (10X / 0.25). After amplifying the detected optical signal,
it is optically filtered to obtain relevant part of the telecom wavelength and then converted
to electrical signals by a fast IR photodiode (Rise time 2ns / frequency range 0-250 MHz).
These detected electrical signals can be monitored by an oscilloscope with a bandwidth of 40
MHz which is also to be triggered by the signal of the fast visible photodiode (Rise time 2ns /
frequency range 0-250 MHz) receiving a tiny fraction of the pump beam.

Leakage radiation microscopy (LRM) allows us to record simultaneously leakage radia-
tion images of the SPP mode traveling along nanowires [128]. Specifically designed grating
couplers can excite not only air/gold SPP mode which a is frequently encountered situation in
the literature but also more confined gold/glass SPP mode (short range SPP mode) which has
been preferred in here. By illuminating input grating couplers with our near-IR source with a
polarization parallel to the longitudinal axis of the nanowire at A = 1.55 ym, we can excite
bound SPP mode at gold/glass interface as shown in the figure 4.19. Increasing the integra-
tion times of recorded leakage images by our InGaAs-IR camera confirms our bound mode
in which no leakages are seen along the wire part of the nanowire whereas a high intensity
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Figure 4.18: (a) Excitation part: It is composed of a 5X long working distance objective for focusing
of visible laser and 30 degree tilted lensed fiber focuser for focusing of near-IR laser (b) Detection part:
while blocking visible laser by a filter, a confocal detection of near IR laser is performed by injection
into a single mode fiber (SMF) through an objective (10X / 0.25).

of SPP spot at the distal end of a 150 nm-width nanowire is clearly observed. It should be
also pointed out that at very high integration times in the images taken by the camera, some
small leakages may be observed on the wire part due to the roughness of gold surface orig-
inated from imperfections in lithographical fabrication results (see fig.4.7) which causes the
conversion of the SPPs into a free space light.

Int 20 ys Int 100 pus | Int 200 ps

Figure 4.19: Bound SPP mode excitation via grating couplers and propagation along a 150 nm width
nanowire with increasing integration times at A = 1.55 ym wavelength imaged by LRM

After exciting this highly confined SPP mode and it propagates along the gold/glass in-
terface, the detection mechanism can be accomplished in the manner described hereafter. Al-
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4.4. Optical characterization of gold nanowires at telecom wavelengths

though no output grating couplers are present at the distal end of the nanowire, propagated
SPPs waves can be converted to scattered light via the edge of the nanowire that allows us to
collect light waves if confocal detection set-up is already established. Besides, while SPPs
waves are propagating along the nanowire, photo-thermal excitation is generated by illumi-
nating on the midsection of the nanowire with a normally incident pump laser modulated at a
frequency of 1 kH z with a duty-cycle=50% (see fig.4.20(a)). The photo-thermal modulation
of SPPs propagation can thus be measured through the edge of the nanowire with the confocal
detection setup (see fig.4.18(b)). We demonstrate and discuss these measurements and results
in detail in the next section.

IR laser
spot

Pump laser
spot

Detection
Int 80 us

(a) While excited SPP mode propagates along the nanowire, photo-thermal
excitation generated by a modulated pump laser illumination on the nanowire
center and in turns SPP modulation depth can be detected by the edge

(Notice: Left image captured by visible camera, right image captured by
IR camera and magnifications are different)

(b) Polarization convention of the incident visible pump beam

Figure 4.20:
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4. Nanowire SPPs photo-thermal modulation at telecom wavelengths

4.4.2.1 Experimental results and discussions

We have measured photo-thermal modulation depths of SPPs propagation along lithographi-
cally fabricated gold nanowires widths ranging from 150 nm to 400 nm. In order to inves-
tigate consistency of measured modulation depths, the characterization steps for each width
have been carried out with more than one nanowire. In other words, two different individual
nanowires for the widths of 150 and 400 nm and three different individual nanowires for the
widths of 200 nm and 300 nm have been employed. Furthermore, the measurements have
been performed either TM or TE incident polarization of the pump beam (see fig.4.20(b)).
Besides, we have realized our experiments for three different pump powers normally incident
on nanowires such that 56.8, 85.2 and 113.6 mW in order to determine the effect of incident
pump laser on the modulation depth.
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Figure 4.21: Solid-line: SPPs signal modulation recorded with the IR photo-diode in the case of a
photo-thermal excitation with a cw illumination (113.64 mW) modulated at a frequency of 1 kHz (Duty-
cycle=50%) along a 150 nm-width nanowire. Dashed-line: Control signal of the visible photo-diode
showing the modulation of the cw pump beam

Photo-thermal modulation of SPPs signal can be detected by the fast IR photo-diode and
then can be recorded by the oscilloscope which is triggered by the signal of the visible pho-
todiode in case of modulated CW laser (see fig.4.17). Figure 4.21 shows the oscilloscope
traces of the ac coupled SPPs signal for both TM and TE polarization of incident pump beam
detected by the fast IR photo-diode along with the visible photo-diode signal when a photo-
thermal CW excitation modulated at a frequency of 1kHz (with a power of 113.6 mW and
Duty-cycle=50%) is applied on the midsection of 150 nm-width nanowire (see fig.4.20(a)).

Likewise in our previous work (in chapter 2) [140], we define modulation depth as ratio of
the SPPs signal modulation A7 during the photo-thermal pumping to the SPPs signal [ in the
cold state in absence of pumping as follows

Al
Modulation depth (%) = - % 100 (4.3)
Based on the experimental measurements of the detected SPPs signal, we can compute SPPs
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Figure 4.22: (a) (resp. b) Modulation depths (%) have been computed from the measurements of
SPPs photo-thermal modulation for three different pump powers 56.8, 85.2, 113.6 mW incident on
nanowires ranging from 150 to 400 nm for TM (resp. TE) polarization of the pump beam (f=1 kHz,
Duty-cycle=50%)
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4. Nanowire SPPs photo-thermal modulation at telecom wavelengths

photo-thermal modulation depths for individual nanowires which have been demonstrated in
the figure 4.22 and 4.23.

Regardless of polarization state of incident pump power, it is clearly seen in the figure
4.22 (a)-(b) that the modulation depth increases when the width of nanowires decreases. In
other words, modulation depth is found to be smaller for thicker nanowires whereas larger for
thinner nanowires whatever the incident pump power. And also, modulation depth increases
with rising of incident pump power.

If we consider modulation depths for a fixed pump power (maximum incident power of
113.64 mW) as shown in the figure 4.23 (a)-(b), it is apparently observed again that the mod-
ulation depth is larger for thinner nanowires at any polarization. This result arises from the
larger damping and hence larger field penetration into the metal of the SPP mode sustained
by narrow nanowires. Besides, a fair agreement of modulation depths of each consecutive
individual nanowires of the same width can be noticed whatever the polarization.

On the other hand, the modulation depth can be controlled by the polarization of the in-
cident pump beam as is seen. Both TM and TE polarization of incident pump beam have
a tendency of increasing modulation depth when the width of the nanowires decreases from
400 nm down to 150 nm. However, it is striking that the increase of TM polarization in
thinner nanowires is much larger than thicker nanowires. We explain this physical situation
as the enhancement of the modulation depths due to LSPR (Localized surface plasmon reso-
nance) contribution effect which occurs only in TM polarization [178] and becomes a domi-
nant mechanism when the aspect ratio of the nanowire approaches its resonant frequency. We
have henceforth named this influence as "plasmo-plasmonic effect".
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Figure 4.23: (a) (resp. b) Modulation depths of nanowires ranging from 150 to 400 nm are displayed
at the maximum power of 113.6 mW for TM (resp. TE) polarization (f=1 kHz, Duty-cycle=50%)
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4.5 Conclusion

In summary, we have investigated photo-thermal modulation of SPPs propagation along litho-
graphically fabricated gold nanowires sustaining highly confined plasmon mode at telecom
wavelengths. By operating a specific fiber-to-fiber homemade confocal detection configuration
in conjunction with a leakage radiation microscope set-up, first we have performed a 10 GHz
NRZ signal transmission experiment along the nanowires. A negligible BER power penalty
for 10 GHz NRZ signal transmission demonstrates that this kind of nanowires is convenient
for a high-bit-rate traffic over short distances at telecom wavelengths.

Secondly, we have performed photo-thermal modulation of SPPs propagation by illumi-
nating nanowires with an electro-optically modulated CW visible laser. We have observed that
the modulation depth is larger for thinner nanowires whatever the polarization of the incident
beam. This result arises from the larger damping and hence larger field penetration into the
metal of the SPP mode sustained by narrow nanowires. On the other hand, the modulation
depth can be controlled by the polarization of the incident beam. In TM polarization, we
have noticed a considerable increase in modulation depth for thinner nanowires which can be
explained as the enhancement of the modulation depths due to LSPR (Localized surface plas-
mon resonance) contribution effect which becomes gradually a dominant mechanism when the
aspect ratio of the nanowire approaches its resonant frequency.

Thirdly, we have previously obtained photo-thermal modulation depth as 4.5% for thin
gold film sustaining air/gold SPP mode [140] whereas, in here, we have found a greater mod-
ulation depth value as 12.9% for a 150 nm-width nanowire (\/10) sustaining short range SPP
mode at TM polarization which is definitely a strong evidence of outstanding property of
highly confined SPP mode along subwavelength nanowires.

As a result, we have demonstrated that lithographically fabricated thinner gold NWs are
not only promising elements with their large thermo-plasmonic coefficient for nonlinear opti-
cal devices and thermo-optical based applications but also convenient for a high-bit rate traffic
at telecom wavelengths.
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Conclusions and Future works

Plasmonics has been continuing to attract interests due to its versatile properties for realiz-
ing such as fast interconnects, improved resolution microscopes, efficient LEDs and sensi-
tive chemical and biological detectors [5]. Plasmonic circuitry could be implemented in near
future in order to perform ultrafast speed computers and optoelectronic devices [11]. Many
works have been demonstrated as passive devices so far. But efficient, compact, and carrying
high modulation features active devices are still needed. So we have surveyed thermo-optical
(TO) and thermo-plasmonic properties of a noble metal sustaining various SPP mode at tele-
com wavelengths when photo-excited by either CW or nanosecond regime in order to reveal
nonlinear effects.

In this context, first of all, we have investigated the photo-thermal modulation of thin
film SPP mode launched at a gold/air interface at telecom frequencies by operating a spe-
cific fiber-to-fiber detection configuration in conjunction with a leakage radiation microscope
(LRM) set-up [140]. It has been found that the photo-thermal modulation depth is proportional
to the thermo-plasmonic coefficient defined as the temperature derivative of the damping con-
stant of the mode. In addition, we have demonstrated that the thermo-plasmonic coefficient
can be readily computed by using the experimental depth of modulation and the tempera-
ture distribution along the gold film computed numerically. Next, we have proposed a fig-
ure of merit which can be useful to characterize the thermal properties of a metal at a given
wavelength. Subsequently, we have extracted the thermo-optical coefficients (TOCs) of gold
at telecom wavelengths which may be helpful in TO based plasmonic devices for datacom
applications. Finally, we checked the reliability of our gold TOCs by performing photo-thermal
experiments with a pulsed nanosecond laser. Although the computed modulation depth for
pulsed illumination are underestimated by about 17% compared to the experimental values,
we can conclude that the gold TOCs obtained in this work are reasonable and can be useful
for anticipating thermal effects on SPP modes supported by gold at telecom wavelengths.

Secondly, we have investigated the thermo-optical dynamics of polymer loaded surface
plasmon waveguide (PLSPPW) based devices by exciting photo-thermally in the nanosec-
ond regime [133]. It has been observed that a response time for the thermo-absorption of the
PLSPPW mode is found to be in the nanosecond regime at the scale of the pulse duration. We
have demonstrated that the thermo-absorption of the PLSPPW mode is mediated not only by
the temperature-dependent metal ohmic losses but also by the field distribution of the PLSPPW
mode into the metal controlled by the polymer TOCs. It has been demonstrated that a sub-us
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thermo-modulation characteristic time (fall time+rise time) about four-fold shorter than the
cooling time of the metal film itself. Besides, the thermo-absorption amplitude for a PLSPPW
mode has been found to be about 10 times larger than for a Au/air interface SPPs photo-excited
in the same conditions. Furthermore, we have investigated the thermo-optical response of a
PLSPPW based racetrack shaped resonator coupled to a straight bus waveguide and evaluate
the photo-thermal activation. It is found that the nanosecond pulse can activate the resonator
at a time scale of 300 ns however followed by a characteristic cooling time of about 18 us in
our configuration. We attribute these slow TO dynamics of the resonators due to the poor ther-
mal diffusivity of both the polymer and the glass substrate used in this work. Although these
poor thermal performances are not sufficient to realize high-speed TO devices, the nanosecond
photo-thermal excitation is convenient for sub-us activation which is the key feature for the
fast pre-conditioning of the TO devices.

Finally, we have investigated photo-thermal modulation of SPPs propagation along litho-
graphically fabricated gold nanowires sustaining highly confined plasmon mode at telecom
wavelengths. By using a specific fiber-to-fiber homemade confocal detection setup, first we
have performed a high-bit rate signal transmission experiment along the nanowires at telecom
wavelengths. We have found a negligible BER power penalty for 10 GHz NRZ signal trans-
mission demonstrates that this kind of nanowires is convenient for a high-bit-rate traffic over
short distances at telecom wavelengths. After that, we have demonstrated photo-thermal mod-
ulation of SPPs propagation along nanowires by illuminating them with an electro-optically
modulated CW visible laser. It has been observed that the modulation depth is larger for thin-
ner nanowires whatever the polarization of the incident beam. This result arises from the larger
damping and hence larger field penetration into the metal of the SPP mode sustained by nar-
row nanowires. In addition, the modulation depth can be controlled by the polarization of the
incident beam. In TM polarization, we have noticed a considerable increase in modulation
depth for thinner nanowires which can be explained as the enhancement of the modulation
depths due to LSPR (Localized surface plasmon resonance), named as "plasmo-plasmonic
effect”. Besides, we have previously obtained photo-thermal modulation depth as 4.5% for thin
gold film sustaining air/gold SPP mode whereas, in here, we have found a greater modulation
depth value as 12.9% for a 150 nm-width nanowire (\/10) sustaining short range SPP mode at
TM polarization which is definitely a strong evidence of outstanding property of highly con-
fined SPP mode along subwavelength nanowires. As a conclusion, lithographically fabricated
thinner gold NWs are not only promising elements for TO based applications with their large
TOC:s but also can be used safely for a high-bit rate traffic at telecom wavelengths.

For the future research, although there is not a single material choice for plasmonic ap-
plications, Aluminum (Al), frequently used metal in semiconductor technology, can be con-
sidered as a prospective candidate for the investigation of TOCs, photo-thermal modulation
and characterization of the temporal dynamics of SPPs propagation. So far, it has been rarely
employed in plasmonic applications due to the larger plasma frequency which leads to its lo-
calized surface plasmon response to be found in the ultraviolet (UV) region while the gold
one’s takes place in the visible and NIR region that is why frequently used. Nevertheless, Al
may play a critical role for merging plasmonics and semiconductor technology in near future.

On the other hand, although lithographically fabricated gold nanowire plasmonic wave-
guides was investigated in continuous wave (CW) regime, the nanosecond pulsed photo-
thermal approach of this type of metallic plasmonic waveguides has not been considered in
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this thesis. So it would be fruitful to handle this type of research for next generation thermo-
optical based plasmonic devices.
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