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who worked actively to help me with the SNOM measurements. I am also grateful to

Mr. Emmanuel Dordor and Mr. Ludovic Gauthier-Manuel, for the various technical helps

rendered.

I am very much indebted to my previous mentors, Prof. Reji Philip of Raman Research

Institute, Bangalore and Prof. Chandrasekharan Keloth of National institute of Technol-

ogy, Calicut for showing me the way to research and for preparing me to do a doctoral

study. I am also grateful for the time spent with my NITC and RRI friends. I am specially

thanking my friend Suneesh, for his supportive nature and good advices. I wish to thank

in addition Priya chechi, Sarayu, Ambili and Shafikka who have willingly helped me out

with their abilities during my stay at RRI.

I would like to thank a lot my friends at Femto-ST, Joël, Shanti, Ravinder, Béatrice, Anu-
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INTRODUCTION

Nonlinear optical effects have a great significance in modern photonic device functionali-

ties including all-optical signal processing, ultra-short pulse generation, wavelength con-

version, amplification and many more [1]. One of the nonlinear phenomena that gained

considerable attention is the formation of optical solitons [2]. These shape preserving

waves have been studied for more than 50 years [3], and it is still an active research field.

Though optical nonlinearities and solitons have potential applications in various area, it

did not yet become competitive for practical applications. One reason is that the nonlinear

effects are weak in nature as they are governed by a photon-photon interactions. Hence

very high field intensities or highly nonlinear materials are required to generate significant

nonlinear effects [4].

Plasmonics is another flourishing research field that has attracted a lot of attention during

the past two decades [5]. A Surface Plasmon Polariton (SPP) [6] at a metal-dielectric

interface is one of the most basic encountered plasmonic wave. It is associated with both

a collective oscillation of free charges in the metal and an extremely confined electromag-

netic wave at optical frequency propagating at the interface. This latter property allows

very strong electromagnetic fields to be formed even if the SPP is excited with a moder-

ate power light beam. Plasmons already found applications in various areas such as in

ultrasensitive molecular detection and cancer treatment [7]. They are also very promising

candidates for the next generation integrated optical devices, generation of new superfast

computer chips and invisibility cloak [8].

Merging the fields of plasmonics and nonlinear optics let envision a variety of fascinating

and original physical phenomena along with great potential. On the one hand, the strong

confinement of light resulting from plasmonic structures can enhance nonlinear effects

[4, 9]. In addition, plasmonic excitations would allow a size reduction of devices. On the

other hand, the diffraction management property of spatial solitons for which diffraction is

compensated by nonlinear focussing effect can be used as an alternative to various ge-

ometrical methods for providing lateral confinement of SPPs [10]. Principally, combining

plasmon and nonlinear self-focusing is an original concept that has to be demonstrated.

Our goal is to realize the first experimental observation of a self-focused plasmonic wave.

Though nonlinear plasmonics is a field of research that has been growing over the past

years with foreseen applications [4] such as frequency conversion [11], switching and
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2 Introduction

modulation [12], this field of research is still in its infancy. In particular, first descriptions

of one-dimensional nonlinear plasmon–soliton and surface waves at metal/dielectric and

dielectric/dielectric interfaces were unveiled more than 35 years ago [13, 14, 15, 16]. A

number of theoretical articles deals with plasmon-soliton waves using various modelling

methods. For instance, the model for field localization at the metal/dielectric interface

predicted in Ref. [13] only applied to a defocusing type of nonlinearity. It was later im-

proved by considering focusing and defocusing Kerr-type nonlinearity as well as TE and

TM polarized waves by Maradudin et al. [17] and Stegeman et al. [18]. Subsequently, a

model based on the resonant interaction between a linear plasmon and a spatial soliton

was developed [19].

Recent studies considered more elaborated waveguiding structures such as a thin metal

film sandwiched between two nonlinear dielectrics [16], nonlinear slot waveguides [20]

and strip waveguides [21]. Among them, slot waveguides are favourable configuration to

support plasmon-soliton waves. The concept of two-dimensional plasmon-soliton waves

in a slot waveguides was first introduced by Feigenbaum et al. in 2007 [22]. Most of

these studies examine the transverse dimension localization of nonlinear guided waves

in metal-dielectric structures. As an improvement to these studies, the localization of

plasmon-soliton waves in both transverse and longitudinal directions were theoretically

predicted and confirmed numerically by different groups [23, 24, 25]. For our study we

have a special interest in structures with an additional dielectric layer between the nonlin-

ear dielectric and the metal film [26, 27, 28]. A detailed theoretical work on such structures

can be found in the PhD thesis of Wiktor Walasik [29].

Currently several models based on analytic and numeric calculations proposed to achieve

realistic structures [30, 31, 32]. Despite this constant and extensive work on modelling,

no experimental evidence has yet been revealed. One reason is that the proposed config-

urations to generate plasmon-solitons often request a nonlinear refractive index change

amplitude too high to be reached in available material. Another practical limitation is due

to the large propagation losses associated with plasmons.

In the present study, a specific architecture has been designed, fabricated and studied

allowing the first experimental observation of the hybrid coupling between a spatial soliton

and a SPP. Precisely, the mechanism that we want to demonstrate experimentally has the

following characteristics: i) it offers the formation of self-trapped beam at low power, ii)

It represents a new way of SPPs generation, iii) It allows the optical control of plasmon

using the nonlinearity. Apart from the fundamental demonstration, plasmon-solitons are

potential candidates for important applications.



3

THESIS OBJECTIVES AND CONTEXT

The main aim of this PhD thesis is to demonstrate the plasmon-soliton coupling that con-

stitutes a new type of hybrid wave. The idea is to form a plasmon polariton wave in a

nonlinear material in order to induce an exalted Kerr self-focusing effect so that the plas-

mon wave is self-trapped. This experimental work is a crucial step towards the demon-

stration of plasmon-soliton that have been predicted in many publications. The designed

structure is based on the fundamental paper of Walasik et al. [26] and was developed

in partnership with the group of Prof. Gilles Renversez from the Fresnel institute in Mar-

seille. The multilayer structures made of high index chalcogenide glasses were fabricated

at the Institute of Chemical Sciences of Rennes in the group of Dr. Virginie Nazabal. The

experimental characterizations have been performed at the Femto-st institute under the

supervision of Prof. Mathieu Chauvet. Results have also been analysed with models

developed in collaboration with the Fresnel Institute.

THESIS ORGANIZATION

The organization of the thesis is as follows. An introduction to nonlinear optics and plas-

monics is presented in chapter 1. The first part of this chapter is mainly devoted to

nonlinear optics and specifically to the Kerr induced beam self-action effects. Kerr spa-

tial solitons and for completeness, other kinds of spatial solitons are presented. The

basic concepts of plasmonics are explained in the second part. This includes historical

development of plasmonics, characteristics of SPPs, different excitation mechanisms, ap-

plications and challenges. Finally, we introduce the central subject of this PhD thesis -

the hybrid plasmon-soliton waves.

The nonlinear material that we chose for our studies is introduced in chapter 2. This chap-

ter begins with a brief introduction of the properties and the applications of chalcogenide

glasses. The following section presents the Ge-Sb-Se chalcogenide composition that we

considered for this thesis along with its synthesis process. Towards the end of this chap-

ter, fabrication and first optical characterizations of the planar chalcogenide waveguides

are presented.

Nonlinear optical characterization of Ge-Sb-Se planar waveguides is described in chap-

ter 3. We investigate the two-photon absorption coefficients of the planar waveguides

by the transmission method. An original experimental technique to measure optical non-

linearities in planar waveguides is described in the following section. This technique is

based on the beam self-action analysis. The proposed technique applied to character-

ize the fabricated waveguides at the wavelengths of 1200 nm and 1550 nm is detailed.
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We found that the measured Kerr coefficients obtained by this method agree well with the

values obtained by other techniques. Moreover, experimental observation of the Kerr spa-

tial solitons, their wavelength dependence and photosensitivity studied in the Ge-Sb-Se

waveguides are also discussed in this chapter. Measured large Kerr nonlinearity with low

nonlinear and linear absorption losses reveal the great characteristics of our waveguides

for plasmon-soliton coupling as well as for integrated photonic devices.

Chapter 4 presents the developments and results on the plasmon-soliton coupling. The

design and fabrication of the nonlinear plasmonic structure are presented in the first part.

This includes the impact of various parameters of the structure on the hybrid wave. The

profile of the plasmonic modes are calculated. A five-layer planar structure designed to

limit propagation losses while exhibiting efficient Kerr self-focusing at moderate power is

fabricated. The first experimental demonstration of plasmon-soliton coupling is then pre-

sented in the second part. The observations reveal an enhanced self-focusing undergone

by a self-trapped beam that propagates inside the plasmonic structure. As expected,

only TM polarized waves exhibit such a behavior. To provide a better understanding of

the underlying mechanism different arrangements are tested. (1+1)-D nonlinear BPM

simulations are also performed to back up the experimental results.

At the end of this thesis, a summary of the results and the contributions to the field of

research are presented. We also provide some suggestions for future research.
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FUNDAMENTALS OF NONLINEAR

OPTICS AND PLASMONICS

This chapter will provide a general introduction to the topics of nonlinear optics and plas-

monics as well as a detailed descriptions of the underlying physics of solitons and surface

plasmons. It is divided into two main parts. In the first part, we will introduce the basic

concepts of nonlinear optics, optical spatial solitons and its applications. The second part

will focus mainly on plasmonics and its applications and more specifically to the char-

acteristics of surface plasmons. Finally, the chapter will conclude by introducing hybrid

plasmon-soliton waves as that is at the crossroad of nonlinear optics and plasmonics and

is the heart of this subject.

PART I

1.1/ INTRODUCTION TO NONLINEAR OPTICS AND SPATIAL SOLI-

TONS

The invention of laser in 1960 gave birth to a new field of optics called nonlinear optics

(NLO) [1] which deals with the study of intense light-matter interactions. Typically, the op-

tical response of a material under low light intensity scales linearly with the amplitude of

the electric field. However, at high intensity, the response has a nonlinear behaviour. This

leads to a variety of nonlinear optical phenomena’s such as the generation of new light

frequencies, beam self-focusing, stimulated brillouin scattering, phase conjugation and

many more. The applications of NLO can be found in spectroscopic areas to study the

physical properties of material and in photonic device functionalities including all-optical

signal processing, generation of ultrashort pulses, optical switching, supercontinuum gen-

eration, optical computing etc. [33]. Note that nonlinear effects are not only restricted to

5



6 CHAPTER 1. FUNDAMENTALS OF NONLINEAR OPTICS AND PLASMONICS

the field of optics. It plays a significant role in other frequency range such as in electronics

(e.g., rectification, modulation, inversion, and harmonic generation), in accoustics (e.g.,

influence on the propagation of high amplitude jet noise, amplifier or speaker), and in the

microwave range [34].

One intriguing physical mechanism offered by the propagation of intense pulses in a non-

linear medium is the formation of optical spatial solitons. These are localized electromag-

netic excitation for which the diffraction is balanced by the nonlinear effects [2]. Spatial

solitons have potential applications in integrated optics and in communication systems

due to its properties such as strong localization and ability to propagate undistorted.

However, the formation of spatial solitons based on the Kerr effect necessitates higher

peak power since optical nonlinearities are weak in nature. The goal of this thesis is also

to limit this drawback by taking advantage of the plasmonic effect.

The primary development of this thesis is focused on the observation and characterization

of Kerr spatial solitons formation in nonlinear media. In order to take a closer look at

the main principles of beam self-trapping and soliton formation, one has to examine the

effects of intensity dependent refractive index in a nonlinear media. We first describe

the basic concepts of nonlinear polarization and Kerr effect. Then the following sections

present the beam self-action effects, Kerr spatial soliton and some applications.

1.1.1/ MAXWELL’S EQUATIONS

Since nonlinear optical effects belong to a broader class of electromagnetic phenomena,

it is useful to start with the Maxwell’s equations.

The general form of Maxwell’s equations is [35, 36]:

∇ × E = −
∂B
∂t

(1.1)

∇ × H = J +
∂D
∂t

(1.2)

∇ · D = ρ (1.3)

∇ · B = 0 (1.4)

where E and H are the electric and magnetic field vectors, respectively, and D and B are

the corresponding electric displacement vector and the magnetic field induction. J is the

current density vector and ρ is the charge density that are sources for the electromag-

netic field. In our studies, we will assume J = 0 and ρ = 0 because we are considering

dielectric media. Additionally to Maxwell’s equations, the four vector fields are related by



1.1. INTRODUCTION TO NONLINEAR OPTICS AND SPATIAL SOLITONS 7

the constitutive relations [35]:

D = ε0E + P (1.5)

B = µ0H + M (1.6)

where ε0 is the vaccum permittivity, µ0 is the vacuum permeability, and P and M are

the induced electric and magnetic polarizations. M = 0, in an non-magnetic materials.

Assuming an instantaneous response of the materials, the polarization describes the

electronic response of the materials to the applied electric field. It can be described by

the relationship in a linear medium:

P = ε0χ
(1)E(t) (1.7)

where χ(1) is the linear susceptibility. This linear description (Eq. (1.7)) is no more accu-

rate when the field intensities become sufficiently high to induce nonlinear effects.

1.1.2/ NONLINEAR POLARIZATION AND KERR EFFECT

In the present section, we introduce briefly the nonlinear polarization equations and de-

scribe the type of nonlinearity considered in this thesis.

For high field strengths, the material response to the electromagnetic field become non-

linear, the propagation can be described by a Taylor-series expansion [1]:

P = ε0[χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + .....] (1.8)

The quantities χ(2) and χ(3) are called second and third order nonlinear optical suscepti-

bilities, respectively. As a consequence, the relation between the induced electric polar-

ization and the electric field in a linear and nonlinear dielectric medium is illustrated in the

Fig. 1.1. Typically relation between P and E can be considered linear for smaller values of

E and becomes nonlinear as E acquires values as high as 105 to 108 V/m [37]. Depending

on the nonlinear optical process χ(2) or χ(3) coefficients are requested. For instance, χ(2)

is exploited for second-harmonic generation, sum-and difference frequency generation,

optical parametric oscillation, and χ(3) is used for third- harmonic generation, kerr effect.

The details of the process arising from the nonlinear contribution to the polarizations can

be found in many textbooks [38, 1]. In this work, we limited ourselves to the study of third

order nonlinear optical process and in particular to the Kerr effect which is exploited to

induce beam self-trapping.

The nonlinearities of the third order are usually studied in centrosymmetric media, in
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E

P

linear
quadratic nonlinearity

cubic nonlinearity

Figure 1.1: Illustration of the relation between P and E in a linear (blue line), quadratic
(green dashed line), and cubic (red dotted line) medium.

which χ(2) is equal to zero. Then the polarization can be denoted as:

P = ε0[χ(1)E(t) + χ(3)E3(t)] (1.9)

From Eq. (1.9), the third order contribution to the polarization is given by:

p(3)(t) = ε0χ
(3)E3(t) (1.10)

In a general case the field E(t) is composed of several frequency components, but for

simplicity, we first consider the case in which the applied field is monochromatic, and is

expressed as:

E(t) = E0cos(ωt) (1.11)

Here E0 is the amplitude of the wave and ω is its angular frequency. Then, by using the

identity cos3ωt = 1
4 cos3ωt + 3

4 cosωt, the third order polarization is given by:

p(3)(t) =
1
4
ε0χ

(3)E3
0cos3ωt +

3
4
ε0χ

(3)E3
0cosωt (1.12)

The first term in Eq. (1.12) describes the process of third harmonic generation and the

second term in Eq. (1.12) describes a nonlinear contributions at ω to the polarization.

This latter contribution leads to an equivalent induce charge experienced by a wave at

frequency ω. Combining equations 1.12, 1.11 with the equation for the polarization (Eq.
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(1.9)), we get [39]:

p ' ε0(χ(1) +
3
4
χ(3)|E0|

2)E0cosωt (1.13)

which is similar to the linear relationship between polarization and an electric field of a

wave with an additional nonlinear term proportional to the square of the amplitude of the

external field, that is the intensity:

χ = χlinear + χnonlinear = χ(1) +
3χ(3)

4
|E0|

2 (1.14)

and:

n = (1 + χ)1/2 = (1 + χlinear + χnonlinear)1/2 ' n0

(
1 +

1
2n2

0

χnonlinear

)
(1.15)

where n0 = (1 + χlinear)1/2 is the linear refractive index. The intensity dependent refractive

index can be described by a Taylor expansion since χ << n2
0 and leads to:

n = n0 +
3χ(3)

8n0
|E0|

2 (1.16)

The modification of the refractive index in the presence of a cubic nonlinearity by the

following relation [38, 1]:

n = n0 + n2I (1.17)

where I is the intensity of the incident wave, denoted as I = 1
2 n0ε0c|E0|

2, n2 is the Kerr

coefficient and the change in refractive index (n2I) can be positive or negative. The order

of magnitude of n2 (in units of cm2/W) is 10−16 to 10−14 in glasses, 10−14 to 10−7 in doped

glasses, 10−10 to 10−8 in organic materials and 10−10 to 10−2 in semiconductors [37]. The

n2 values are thus small, high beam intensities are then required to observe significant ef-

fects. Moreover, a number of physical mechanisms can give rise to the quadratic change

in refractive index of a medium: reorientation and redistribution of molecules, electrostric-

tion, deformation of electronic clouds, heating etc. [40].

As we can see in Eq. (1.17), the nonlinear refractive index change is proportional to

the intensity of the light which characterizes the Kerr effect or the quadratic electro-optic

effect. The Kerr effect can be of two types: 1) in the electro-optic or DC Kerr effect, a

DC field induces the refractive index change, 2) for an optical field or AC Kerr effect, the

modification of the refractive index is induced by an optical field.

In the time domain, the Kerr effect leads to a phase shift and consequently a frequency

shift, and in the spatial domain it leads to beam self-action. If the n2 coefficient is positive,

the Kerr effect leads to beam self-focusing while a self-defocusing is observed if n2 < 0. A
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further analysis of this kind of intensity dependent refractive index can be found in chapter

4 of Ref. [1]. In this thesis, we will exploit the optical Kerr effect in nonlinear chalcogenide

waveguides for beam self-action. This particular configuration is detailed below.

1.1.3/ BEAM SELF-ACTION IN NONLINEAR MEDIA

Beam self-action is an effect in which a beam of light modifies its own propagation

by means of the nonlinear response of the medium [1]. Several studies have been

demonstrated that when a laser beam irradiates a nonlinear medium many self-action ef-

fects such as self-focusing, self-defocusing, self-phase modulation or self-induced trans-

parency can modify the beam propagation [41]. The consequences of these nonlinear ef-

fects have an important significance. In beam propagation, self-focusing and self-trapping

lead to a lowering of the threshold for other nonlinear process such as stimulated Raman

and Brillouin scattering, self-phase modulation, and optical damage [42]. Nonlinear index

modification due to the self-action effects impact the design of very high energy laser

systems and long distance fibre optical communication systems. In our work, the aim is

to manipulate self-accused beams which are detailed in the next subsection.

1.1.3.1/ SELF-FOCUSING AND SELF-DEFOCUSING OF LIGHT

Beam self-focusing is the process in which an intense beam of light modifies the opti-

cal properties of a material medium in such a manner that the beam is focused within

the nonlinear medium [43]. Materials with large third order nonlinear optical susceptibili-

ties (χ3) are good candidates for self-focusing experiments. Typically, self-focusing effect

compensates the beam divergence due to diffraction. Since the nonlinear variations of the

refractive index is mainly dependent on the type of material and on the intensity of radia-

tion, several mechanisms can results in self-focusing. The main cases are Kerr-induced

self-focusing [42, 2], plasma self-focusing [44, 45] and accumulated self-focusing [46].

We are interested in the case of Kerr-induced self-focusing.

An example of self-focusing is shown in Fig. 1.2. Consider a monochromatic beam of

light travelling from a linear medium (air) to a medium with significant nonlinearity. While

initially the wave front is plane parallel, it starts changing shape as the beam propagates

in the medium. This is due to the non homogeneous index change induced by the non

uniform beam intensity profile. For instance, in a medium with n2 > 0, the refractive

index of the medium increases as the light intensity increases. Thus the index value is

maximum at the center of the beam and minimum at the periphery areas. The phase

velocity is lower in the center than at the edge. Consequently, as the beam traverses

the medium, the initial plane wave front gets more and more distorted. With a simple
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Figure 1.2: Schematic of the self-focusing of a beam with an initial Gaussian profile [43].

ray model, rays propagation direction is always perpendicular to the wave front, as a

consequence the beam appears to focus by itself in a medium with n2 > 0.

Since a beam with finite cross section also undergoes diffraction, if the self-focusing ac-

tion is weaker than the diffracting action, the beam will diffract. Moreover index change

being proportional to n2|E|2, and the diffraction being inversely proportional to the square

of the beam radius, as the beam shrinks, both the focusing and diffracting actions become

stronger.

Due to the focusing of an initial parallel beam in media with Kerr nonlinearity, the medium

can play the role of a collecting lens. This effect has a positive feedback; the increasing

intensity in a certain area of the light beam leads to a concentration of the beam in this

area and consequently the optical intensities become even higher and hence the self-

focusing effect increases further. Note that, an extremely high intensity light resulting

from the self-focusing effect can cause possible damages to the optical medium.

Fig. 1.2 also shows the distortion of the wave front inside the nonlinear medium. The

parameters that characterize self-focusing are (i) θs, the angle of self-focusing (as defined

in Fig. 1.2), (ii) linear refractive index n0, (iii) the nonlinear refractive index n2I where I is

the beam intensity distribution. The angle θs is defined as [1, 43]:

θs =

√
2n2I
n0

(1.18)

This quantity is known as self-focusing angle and can be interpreted as the angle through

which a beam of light deviates as a consequence of self-action effects. In terms of self-
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focusing angle, we can calculate the distance ls at which the beam focuses:

ls =
ω0

θs
= ω0

√
n0

2n2I
(1.19)

where ω0 is the beam waist before it enters the nonlinear medium. From Eq. (1.18),

we can see that the beam convergence due to self-focusing expressed by θs is directly

proportional to the square root of the non-linear refractive index. It can be assimilated as

focal length ls and is inversely proportional to the square root of the nonlinear index.

One can use the properties of Kerr induced focusing effect in laser physics. It is the major

mechanism behind Kerr lens mode-locking, laser amplification in transparent media, para-

metric generation and many areas of laser-matter interactions in general. Self-focusing is

used in white light generation to achieve high intensities and large interaction lengths at

the same time, which is more efficient than a simple focusing with a lens [47]. In addition,

focussing effect can be used to measure the magnitude of the Kerr nonlinearity.

Figure 1.3: Self-defocusing of a beam Gaussian profile in a negative nonlinear medium.

In the case of a negative n2 nonlinearity a self-defocusing effect (Fig. 1.3) is obtained.

Indeed when n2 < 0 the refractive index of the medium decreases with increasing intensity.

Thus beam broadening occurrs and hence the nonlinear medium can play the role of a

negative lens. This thesis is dedicated to the observation of self-focusing nonlinearity in

a Kerr dielectric slab waveguides, the detailed explanations of self-defocusing effect can

be found in [3, 43].
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1.1.3.2/ SELF-TRAPPING OF LIGHT AND SOLITON FORMATION

A special case of self-action effect is the self-trapping of light. It occurs when a beam of

light propagates with a constant diameter as a consequence of an exact balance between

self-focusing and diffraction effects [3].

We have seen in the previous section that the beam tends to spread transversely due

to diffraction while self-focusing leads to a reduction of the beam diameter. The angular

spread θd due to linear diffraction for a beam of diameter d is given by [43]:

θdi f =
0.61λ0

n0d
(1.20)

The beam divergence due to diffraction is exactly compensated by the beam nonlinear

convergent effect due to self-focusing when

θdi f = θs (1.21)

By introducing the expressions given by Eq. (1.18) and Eq. (1.20) into this equality, we

find that self-trapping occurs if the intensity of the light of the beam is equal to:

Icr =
0.37λ2

0

2n0n2d2 (1.22)

The corresponding beam power is given by Pcr = π
4 d2Icr and the critical power for self-

trapping is thus expressed as:

Pcr =
π(0.61)2λ2

0

8n0n2
'

λ2
0

8n0n2
(1.23)

The beams of intensity less than this critical value diverges whereas a higher intensity

I leads to beam self-focusing that may give beam breakup, where the beam is split up

into several narrow beams. When intensity matches the critical value, compensation

of diffraction and self-focusing occurs and the resulting beam can maintain its profile

undistorted for long distances within the medium and is said to be self-trapped. It act as

if the beam generates its own waveguide [43] as depicted in Fig. 1.4. Such beams are

also termed as spatial solitons [3].

These localized beams have been demonstrated not only in optics [48] but in many

branches of physics including plasma waves [49], sound waves in 3He [50] and Bose-

Einstein condensates [51]. The term soliton can also be associated to any solution of

a nonlinear equation which represents a wave with an unchanging profile. The signif-
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Figure 1.4: Formation of spatial solitons: beam diffraction is compensated by nonlinear
self-focusing.

icant properties of solitons are: the maintenance of a constant profile along propaga-

tion, possible interaction with other solitons while retaining its identity. Though many

nonlinear dispersive partial differential equations can provide soliton solution Korteweg-

de Vries equation [52] (describing waves on shallow water surfaces) and the nonlinear

Schrödinger equation [53, 2] (describing waves on deep water surfaces and more im-

portantly light waves in optical fibers/ waveguides) are the most important ones. Apart

from optical solitons that will be at the center of our work, I would like to mention soliton

phenomena that naturally form: solitary water waves, on the surface or undersea-internal

waves ( Fig. 1.5(a)) and atmospheric solitons such as Morning glory clouds that can form

vast linear roll clouds produced by pressure solitons travelling in a temperature inversion

[54] (Fig. 1.5(b).

a) b)

Figure 1.5: Examples of solitons found in nature, (a) solitary wave approaching the beach
in the lagoon of Molokai, Hawaii [55], (b) Morning glory cloud formation in the Gulf of
Carpentaria, Australia [54].

A temporal solitons can also be formed when group velocity dispersion is counteracted

by self-phase modulation effects. The pulse or the beam then propagates without change

in its shape and is said to be self-localized or self-trapped.
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While optical solitons have been intensively studied in both spatial and temporal domain,

soliton research in spatial domain has attracted a lot of attention due to its ease to conduct

sophisticated experiments in a laboratory environment that offers a precise control over

almost every parameter. In addition, these localized waves in space can exhibit many

fascinating features such as particle like interactions during collisions. Apart from the

fundamental applications, spatial solitons have been proposed for variety of applications

including waveguiding and beam splitting, optical interconnects, frequency conversion,

image transmission, gateless computing, and soliton based navigation [56].

A number of nonlinear mechanisms can support spatial solitons, for example: photore-

fractive effect, parametric χ(2) mixing phenomena, non-linearities in liquid crystals and

polymers and also the saturable non-linearities of two level systems [57]. Such diversity

of non-linear effects and the discoveries of spatial solitons in different systems and as-

sociated phenomena have stimulated the interest in spatial solitons. This thesis concen-

trates on spatial optical solitons in media exhibiting Kerr non-linearity, readers interested

in temporal solitons can refer to Agrawal [38] and Trillo [3].

1.1.4/ KERR SPATIAL SOLITONS

The first optical solitons observed in gases [58], fluids [48], and solids [59] are based on

the third order nonlinear effect. The propagation in a Kerr medium can be represented by

the Eq. (1.17). Since Kerr nonlinearity is weak, high peak power lasers are necessary to

induce sufficient perturbations in the material. Peak power is on the order of 1 GW/cm2

[59]. The high peak intensity required somehow limits the possibility to employ such effect

in optical communication system. This can be reduced by using a proper material with

a large Kerr nonlinearity. It is worth mentioning that the self-trapped beams are unstable

in bulk media (represented by the Eq. (1.23)) and leads to catastrophic self-focusing.

However, the stability can be achieved when diffraction is limited to one spatial dimension

(1-D solitons) such as in planar waveguides. This thesis devoted to the characterization

and observation of spatial solitons in planar waveguides.

For the theoretical solution of a 1-D soliton, we thus consider the condition where the

beam is allowed to vary only in one transverse dimension, x. A planar waveguide is

suitable in that point. The nonlinear Schrödinger equation model the propagation in the

z direction of an optical beam in the presence of an intensity dependent refractive index

[60]:

2ik
∂E
∂z

+
∂2E
∂x2 + 2k2 n2

n0
|E2|E = 0 (1.24)
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where E is the amplitude of the electric field, n0 and n2 are the linear and nonlinear index

coefficients defined by Eq. (1.17) and k is the wave vector in the medium. The first term

accounts for the diffraction and the second term describes the nonlinear contribution to

the refractive index. The solution of a fundamental soliton propagating along the z axis is

given by [59]:

E(x, z) =
1

ka0

(n0

n2

)1/2
exp

( iz
2ka2

0

)
sech

( x
a0

)
(1.25)

where a0 is the beam width. The sech profile is typical of fundamental solitons.

The integrated intensity over the beam leads to soliton power ps and denoted as:

ps =

∫
|E|2dx =

n0

n2

2
a0k2 (1.26)

The total power required to form a fundamental soliton is given by :

pt =
2n0ω

n2a0k2 (1.27)

where ω denotes the transverse mode size. This result is valid if ω is much smaller

than the soliton width a0. At this power level, an effective soliton propagation can be

observed in a planar waveguide which is restricted to only x dimension. Higher order

soliton solutions can also exist when the beam is the square of an integer number (N)

times the fundamental soliton power ( N2Pt) [61]. Such beam don’t have a constant

shape, but have a profile that varies periodically along propagation. The period of this

evolution is the so-called soliton period.

1.1.5/ OTHER KINDS OF SPATIAL SOLITONS

A) CONTINUOUS, DISCRETE AND CAVITY SOLITONS

Spatial solitons can be classified according to the configurations in which they exist. Such

a way one can distinguish solitons in continuous, in discrete media and in optical cavities.

Solitons in continuous medium such as in optical crystals, liquid or even in gas [48] are

the first who have been discovered. They encompass the one studied in this work.

In the second case, discrete solitons form in a medium in which periodic modulation of

the refractive index is present such as waveguide arrays and photonic crystals [62]. They

form due to a balance between discrete diffraction and nonlinear effect. The pioneering

experimental results of 1-D discrete solitons observed in an AlGaAs waveguide arrays
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by Einsenberg et al. [63] is shown in Fig. 1.6. One of the special property of discrete

medium is that complete diffraction management is possible (diffraction can be cancelled,

diminished or reversed). As a consequence either focusing or defocusing nonlinearities

can be exploited to form such solitons.

Figure 1.6: Experimental demonstration of a 1-D discrete optical soliton in a 4 mm long
AlGaAs semiconductor waveguide arrays for different powers. At low power, the beam
undergoes linear diffraction, but at high power, formation of a descrete soliton occurs.
Images taken from Ref. [56].

Finally, optical cavities can also support solitons [64] which are peaks of self-localized light

in an optical cavity (Fig. 1.7). The main features of cavity solitons are bistability (on/off),

independent on each other and their position on the transverse plane of the cavity can be

controlled. In addition, these localized bright spots driven in optical cavities could be bits

for parallel processing of optical communication system [3].

Figure 1.7: Cavity solitons: the injection of laser pulses into an optical cavity containing a
nonlinear material creates localized intensity peaks at the output. Figure taken from Ref.
[65].
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B) BRIGHT, DARK AND VORTEX SOLITONS

Spatial solitons are also classified depending on their transversal shape (Fig. 1.8): bright

spatial solitons propagate as non-diffracting bright spots developed as earlier in the doc-

ument.

Bright spatial soliton Dark spatial solitona) b)

Figure 1.8: Bright and dark spatial soliton intensity profiles. Figure taken from Ref. [66].

To the contrary, dark solitons present a dark spot of finite width across the transverse pro-

file surrounded by a bright background. This dark region is due to a π phase shift located

where the field value is zero. This second class of solitons requires a self-defocusing

media to guide self-trapped dark beams [67].

intensity phase

Figure 1.9: Intensity and phase distribution for an optical vortex soliton. Figure taken from
Ref. [68].

A third category of solitons known as optical vortex solitons (Fig. 1.9) consists of a cir-

cularly symmetric dark hole surrounded by a bright uniform background. This particular

variety of solitons possess a helicoided angular phase shift of ±2π, thus optical vortex soli-

tons propagate without changing its transversal shape but with a phase rotation around

the center of symmetry [69]. Therefore, vortex solitons can be considered as (2+1)-D dark
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solitons and they can be observed in a media with defocusing nonlinearity. These bright,

dark and vortex spatial solitons could find application in guided wave optics especially in

all-optical logic and switching devices [67].

C) PHOTOREFRACTIVE AND QUADRATIC SOLITONS

The next important classification of spatial soliton relies on the type of non-linearities by

which they are supported. Apart from the Kerr solitons, the two major classes of solitons

discovered in terms of nonlinear mechanisms are photorefractive solitons and quadratic

solitons.

The former type of spatial soltions were discoverd in the early nineties [70]. The pho-

torefractive effect is the main mechanism behind the formation of these solitons. The

photorefractive effect starts with the absorption of light and subsequent charge genera-

tion. Then these charges move and establish a local space-charge fields. Finally a linear

electro-optic effect is requested to change the index of refraction proportional to the lo-

cal fields [57]. It can be observed in noncentrosymmetric dielectric (LiNbO3 and KNbO3)

and semiconductors (GaAs, InP) with second-order non-linearities. A peculiarity of pho-

torefractive solitons is that very low power (microwatt-level) is sufficient to induce them.

Moreover, the induced waveguide can be later used to guide other beams at wavelengths

that are photorefractively less sensitive. This makes them attractive for waveguiding and

steering applications [56]. In addition, photorefractive soliton induced waveguides can be

used for device applications such as directional couplers and high-efficiency frequency

converters [71, 72].

The quadratic solitons were predicted in the 1970s [73] and were demonstrated experi-

mentally in 1995 [74]. In this case, beam self-trapping mechanism arises in the material

due to second harmonic generation, which is based on χ2 effect in noncentrosymmet-

ric materials such as KDP, LiNbO3 and BBO [75]. When light at a certain frequency ω

(fundamental fields) propagates in such materials, a polarization field excites a field that

propagates with twice the frequency (second harmonic) of the input beam. Hence, both

frequencies are present at the output of the non-linear crystal. The phase velocities of

these two beams are different due to dispersion. Due to this phase mismatch the optical

power is converted from ω to 2ω and then reconverted back from 2ω to ω via processes

called up- and down-conversion. This coupling induces a large phase deformation and

thus modifies the propagation of both beams. A balance between diffraction and non-

linear phase shift is required for the soliton formation [76].

There are other families of nonlinearities via which spatial soliton can generate. For exam-

ple, resonant nonlinear effects in atomic vapors, nonlinear upconverted photobleaching
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in dye-doped polymers, orientational and thermal nonlinear effects in liquid crystals and

pyroelectric effects etc [77, 56].

SUMMARY

So far we have discussed the basics of NLO and the formation of different kinds of opti-

cal spatial solitons. Besides these Kerr induced effects, intense light matter interactions

contributes to several phenomena and has made a great impact on today’s daily life. For

instance, the relevance of NLO can be found in optical communication, sensors, com-

mercial lasers, medicine, military, scientific instrumentation, high-resolution spectroscopy

and many more [33]. However, most of these applications are limited by the requirement

of high energy, highly nonlinear material and the device size constraints related to the

wavelength of light. One possible solution to overcome the challenges in the field of NLO

is to use plasmonic effects. The role of plasmonics for enhancing optical nonlinearity is

detailed in the following sections.

PART II

1.2/ INTRODUCTION TO PLASMONICS

A second domain directly linked to the subject of this thesis is plasmonics. This field for

which first results were reported in the early 1900 deals with the interactions of electro-

magnetic wave with conduction electrons in metal [7]. The basis of plasmonics is about

the excitation of Surface Plasmons (SPs) that are collective charge oscillations on a metal

surface. SPs can take the form of Surface Plasmon Polaritons (SPPs) as well as Local-

ized Surface Plasmons (LSPs). The combined excitation of light and surface plasmons

at the interface of a metal-dielectric is called SPPs and the excitations of SPs in bounded

geometries such as metallic nano particles are called LSPs.

The studies of plasmons based structures and devices have received a lot of attention in

the past few years due to its peculiar properties and applications in optics such as surface-

enhanced Raman spectroscopy, magneto-optic data storage, solar cells and to construct

sensors for detecting biologically interesting molecules [78]. Many of the advances in

these areas result from the unique properties of SPPs such as the ability to confine light to

nanoscale dimensions that are far beyond the diffraction limit [5]. The properties of SPs,

especially their interaction with light can be modified by altering the structure of a metal

surface. This leads to the miniaturization of photonic circuits with length scales much

smaller than those currently achieved [78]. Furthermore, concentration of light in sub
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wavelength structures can enhance the electric field and boost non-linear phenomena

which is one ambition of the present work.

In this thesis we will exploit the strength of plasmonics for enhancing the Kerr optical

nonlinearity. More specifically, we will study the coupling of propagating SPs and spatial

solitons. To understand the concept of hybrid plasmon-soliton waves it is thus important

to understand the properties of SPPs. Here we provide an overview of the properties

of SPPs. We begin by a historical review of the field of SPs followed by introducing the

underlying physics. Then excitation schemes along with applications and challenges of

plasmonics are presented.

1.2.1/ HISTORICAL DEVELOPMENT OF SURFACE PLASMONS

The first observation of propagating SPs dates back from 1902, when Robert. W. Wood

illuminated a metallic diffraction grating with polychromatic light and found a pattern of

unusual dark and bright bands in the reflected light, which he refered as anomalies [79].

The theoretical treatment of these anomalies was later suggested by Lord Rayleigh in

1907 [80].

Several experimental and theoretical studies were carried out on electron energy losses

in glasses and on thin foils in the fifties [81, 82, 83, 84]. In 1956, David Pines theoretically

described that the energy losses were due to the collective oscillations of free electrons

in the metal and called these oscillations as ’plasmons’ [82]. The same year Fano as-

sociated Wood’s anomalies with the excitation of electromagnetic surface waves on the

diffraction grating [85]. Subsequently, Rufus Ritchie proposed the concept of SPs in the

context of electron energy loss in thin films [83]. The experimental observation of the

excitation of surface collective charges were demonstrated by Powell and Swan [84] and

the term ”surface plasmons” was given by Stern and Ferrell [86].

Major progress in the study of SPs was made by Otto and Kretschman in the late sixties

[87]. They proposed the optical excitation of SPs on metal films by attenuated total reflec-

tion. Thereafter, Stephen Cunningham et al. introduced the term SPP for the coupling

between oscillating electrons of surface plasmons and electromagnetic field in 1974 [6].

The next section presents the underlying physics of SPPs, involving excitation of SPPs,

dispersion relations, propagation behaviour and the length scales of SPPs.

1.2.2/ CHARACTERISTICS OF SURFACE PLASMON POLARITONS

SPP is an electromagnetic surface wave that travels along the interface between a metal

and a dielectric material. The surface electromagnetic wave is linked with surface charges
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[88]. In order to describe the properties of SPPs, it is helpful to start from the excitation

of surface charges.

Metal

Dielectric

1

2

E

H

Figure 1.10: Illustration of a TM polarized light incident upon a planar interface between a
metal and a dielectric at an angle of incidence θ1. ~E and ~H are the electric and magnetic
field components of the incident wave respectively.

Consider a TM polarized light (P-polarization, electric field parallel to the plane of inci-

dence and magnetic field perpendicular to the plane of incidence) that reaches a smooth

planar dielectric-metal interface at an angle θ1 (Fig. 1.10). The momentum of the incident

wave in the dielectric medium is ~kd, where ~ is the Dirac constant and kd is the wave

vector in the dielectric, given by kd = 2πnd/λ, with nd the dielectric refractive index. When

the wave hits the interface, the reflected wave propagates an angle equal to the incident

angle, thus the photon momentum is conserved. The wave transmitted in the metal prop-

agates in the direction given by θ2 (See Fig. 1.10). The transmitted photon momentum

is ~km, where km = 2πnm/λ, with nm the refractive index of the metal, and the momentum

component along the x direction has to be conserved, i.e., kdx = kmx, (it is also because

of the continuity equation: the field components (electric and magnetic) parallel to the

interface have to be continuous), where kdx = kd sin θ1 and kmx = km sin θ2, and we obtain:

nd sin θ1 = nm sin θ2 (1.28)

This is called Snell’s law. In general the refractive index of the dielectric nd is larger than

that of the metal nm, thus θ2 > θ1 with the maximum value for θ2 being 90◦. The largest

value for θ1 to have a transmitted beam is thus equal to the critical angle θc, Which is

given by:

sin θc =
nm

nd
(1.29)
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A wave with incident angle beyond θc is totally reflected. For a TM polarized wave, the

z-component of the oscillating electric field generates surface charges at the interface

between the metal and the dielectric and these surface charges undergo collective oscil-

lations.

To summarize, as the incident angle increases toward the critical angle, the transmit-

ted beam diminishes in intensity while the reflected beam grows stronger. At all angles

greater than critical angle, total reflection is achieved, in which all of the light is reflected

back into the dielectric medium. Although the light no longer propagates into the metal,

there is a small amount of penetration of the reflected light across the interface, which

then propagates parallel to the surface, creating an electromagnetic field in the metal

immediately at the interface. This field is evanescent because its amplitude decreases

exponentially with increasing distance from the interface. This evanescent field is at the

origin of the charges that undergo collective oscillations and give rise to the SPs. Note

that, the s-polarized light (TE mode- electric field perpendicular to the plane of incidence)

will not create SPs at the metal dielectric interface since it has no field component per-

pendicular to the interface, only TM waves can excite plasmons.

We have seen that SPP is an electromagnetic excitation existing at the interface between

a conductor and a dielectric material and evanescently confined in the direction perpen-

dicular to the interface [5]. To introduce the main parameters characterizing SPP, let us

consider a metal-dielectric interface with two evanescent waves decaying exponentially

into both neighbouring media as shown in Fig. 1.11. The plane z = 0 separates the metal

from the dielectric medium. Since the SPP supported at the planar interface is TM in

nature it possesses the non zero field components Ex, Ez, and Hy. The surface charge

distributions and electric field components of the SPP propagating in the x direction are

also schematically shown in Fig. 1.11.

The tangential components of E and H are continous at y = 0 according to the continuity

of the electromagnetic fields, i.e., the field components Ex and Hy are continuous at the

interface. The SPP electric field for z > 0 space is filled by a lossless dielectric material

having a positive permittivity, εd and the space z < 0 is filled with a metal having a negative

permittivity, εm. According to Ref. [89], the electric field components are given by :

E(z > 0) = (E0
x, 0, E

d
z ).ei(kspp x−ωt) exp(−z

√
k2

spp − εdk2
0), (1.30)

E(z < 0) = (E0
x, 0, E

m
z ).ei(kspp x−ωt) exp(z

√
k2

spp − εmk2
0), (1.31)

where E0
x is the amplitude of the tangential electric field component while Ed(m)

z is the per-

pendicular component of the electric field in the dielectric (metal). kspp is the propagation

constant of the SPP mode propagating in the x direction. k0 is the light wave vector in
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Figure 1.11: Illustration of the electromagnetic field components of a SPP supported
by metal and dielectric interface. The mode is TM with components of the electric field
normal to the interface (z-axis) and along the x-axis. The electric field distribution is max-
imum near the surface and decays exponentially in the direction normal to the interface
(z).

free space denoted as k0 = 2π/λ0, λ0 is the wavelength in free space and ω is the angular

frequency. Since the field components should satisfy Coulomb’s law ∇.E = 0, the field

components perpendicular to the interface can be related to the tangential one:

Ed
z =

ikspp√
k2

spp − εdk2
0)

E0
x and (1.32)

Em
z = −

ikspp√
k2

spp − εmk2
0)

E0
x (1.33)

Many of the SPPs characteristics can be understood by examining their dispersion rela-

tion i.e., the relation between the angular frequency (ω) and the wave vector (kspp) of SPP

modes. The dispersion relationship for SPP can be found in a number of ways. Using

the continuity boundary condition for the electric field displacement components along z :

εdEd
z = εmEm

z . From equations (1.32) and (1.33), we thus deduce:

kspp = k0

√
εmεd

εm + εd
(1.34)

For the SPP to exist, it requires that the square root expressions in equations 1.30, 1.31

and 1.34 to have a positive real part. Since we assumed earlier that εd > 0 and εm < 0 we

thus have

εdεm < 0 (1.35)
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As a consequence we also need:

εd + εm < 0 (1.36)

The relations Eq. (1.35) and Eq. (1.36) determine the frequency interval within which

SPPs are allowed. For most metals and dielectrics, this condition is satisfied in the long

wavelength part of the visible and in the infrared. The permittivity εm is expressed by the

Drude model [5]:

εm = 1 −
ω2

p

ω2 (1.37)

Here ωp is the plasma frequency of the metal. In general, light of frequency below the

plasma frequency is reflected by a material because electrons in the material can screen

the electric field of the light whereas the light of frequency above the plasma frequency

is transmitted because the electrons cannot respond fast enough to screen it. For most

metals the plasma frequency is in the ultraviolet wavelength region.

By considering the Eq. (1.37) for εm in Eq. (1.34), we can deduce the dispersion relation

of SPP mode supported by a lossless Drude metal-dielectric interface,

Kspp = k0

√√√√√
εd(1 − ω2

p

ω2 )

εd + 1 − ω2
p

ω2

= β (1.38)

Fig. 1.12 shows the dispersion relations of the SPP wave described by Eq. (1.38). The

dispersion relationship between frequency and wave vector of the photon is given by

k0 = ω/c, c being the speed of light. Consider a medium having a relative permittivity εd

and thus refractive index nd =
√
εd. In this case, the dispersion relation for the photon

is given by k = ndk0 =
√
εd

ω
c , it is thus represented by a straight line. The black dashed

line represents the photon propagation in the dielectric and the blue solid line is the SPP

dispersion curve.

We can see that the propagation constant of the SPP is larger than that of the light in the

dielectric. This leads to two important facts: 1) special momentum matching schemes

are required for the coupling of SPPs modes (since SPP modes having greater momen-

tum than light of same frequency (kspp >
√
εd

ω
c ), one cannot use incident light to couple

these modes, a momentum enhancing scheme is needed), and 2) it results into better

confinement of light than in dielectrics. To understand this point, consider the following

equation:

|kd(m)|
2 = β2 − k2

0εd(m), δd(m) = |kd(m)|
−1 (1.39)
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light line = ck / d

Dispersion curve of SPP

β

ω

Figure 1.12: Dispersion curve of surface plasmon polariton at a metal dielectric interface
without considering the metal loss.

Here, kd(m) are the wave vector components perpendicular to the interface of the dielectric

(metal) medium. δd(m) are the evanescent decay lengths of the fields perpendicular to the

interface. Since εm is negative, the penetration depth of light into the metal is always

smaller than the one into the dielectric. As depicts in Fig. 1.12, for a small frequency

(ω), β is very close to k0
√
εd and the dispersion curve follows the light line very closely. In

this case kd is very small and inversely δd is large. Consequently, the SPP wave extends

deeper into the dielectric. As ω increases, the difference between β and k0
√
εd also

increases which means that kd becomes larger and δd becomes smaller. This results a

better confinement of light in the dielectric side.

Note that, when ω approaches the surface plasmon resonance frequency (ωspp), β ap-

proaches infinity. It corresponds to εd + εm = 0, the plasmon frequency is thus given

by,

ωspp =
ωp

(
√

1 + εd)
(1.40)

This condition is known as surface plasmon resonance (SPR). Near the SPR frequency,

the plasmonic wave greatly slows down and the extent of field on either side of the inter-

face becomes vanishingly small.

Another important characteristic parameter of SPP is the propagation length δS PP which

is defined as the distance over which the intensity decreases to 1/e of its starting value.
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It is given by,

δS PP =
1

2βi
=

c
ω

(
εmr + εd

εmrεd

)3/2 ε2
mr

εmi
(1.41)

where εmr and εmi are the real and imaginary parts of the dielectric function of the metal

respectively. It shows that the propagation length is mainly dependent on the dielectric

constant of the metal and the incident wavelength.
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Figure 1.13: Penetration depth into the (a) dielectric, (b) metal and (c) propagation dis-
tance of the SPP wave as a function of wavelength. Figure taken from Ref. [90].

To provide a better understanding, the penetration depth and propagation distance as

a function of wavelength for silver/air interface is shown in Fig. 1.13. We can see that

the penetration depth of SP wave into the dielectric (Fig. 1.13(a)) is on the order of few

micrometer and it increases with wavelength. On the other hand, the penetration depth

of SP into the metal decreases with the wavelength (Fig. 1.13(b)) and is a few tens of

nanometer. The propagation distance (Fig. 1.13(c)), is a few hundreds of microns for

longer wavelengths and it can be much shorter for short wavelengths due to a strong

attenuation in the metal. Moreover, as wavelength is increased, the SP is less confined

and hence the propagation distance increases.
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1.2.3/ EXCITATION OF SURFACE PLASMON POLARITONS

In the previous section we have discussed the characteristics of SPPs. Here we present

some general techniques to excite plasmonic modes with electromagnetic waves. As

shown in Fig. 1.12, the wave vector of SPP is larger than the light wave vector in the

dielectric medium. Thus, wave vector matching has to be fulfilled when excitation of

plasmon is induced by light illumination. The excitation mechanisms are highly depen-

dent on the geometry of the plasmonic structures as well as the polarization state of the

incident light. The commonly used configurations to resolve this wavenumber mismatch-

ing are prism couplers [91, 92], grating couplers [91, 92] , and fibre/waveguide couplers

[93, 94, 95, 96].

Figure 1.14: SPP excitation configurations: (a) Kretschmann geometry, (b) two-layer
Kretschmann geometry, (c) Otto geometry, (d) excitation with a SNOM probe, (e) diffrac-
tion on a grating (f) diffraction on surface features, (g) waveguide coupler, and (h) fiber-
optic coupler. Figures (a-f) taken from Ref. [92].

The prism based system can be applied in different configurations. In the Kretschman

configuration (Fig. 1.14(a)), a metal film is deposited directly on top of a prism base,

and it is illuminated through the dielectric prism at an angle of incidence greater than the

critical angle for total internal reflection [87]. When the light couples to the SPPs, a sharp

minimum can be observe in the reflectivity since the light energy is transferred to the

plasmons. With the increase of the metal film thickness, the efficiency of SPP excitation

decreases as the tunnelling distance increases. The SPP at the interface between the

prism and the metal cannot be excited in this geometry since the wave vector of the

SPP at this interface is greater than the photon wave vector in the prism for all angles
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of incidence. This is however possible by the addition of a dielectric layer with a lower

refractive index than the one of the prism between the metal film and the prism (Fig.

1.14(b)). In this geometry, the photon tunnelling through this additional dielectric can

excite SPPs at the inner interface when choosing the proper angle of illumination.

For bulk metal, the Otto arrangement is used (Fig. 1.14(c)). Here, the light tunnelling

occurs through the air gap between the prism and the surface [97]. Otto configuration

is useful in the study of SPR in solid phase media. However, since the air gap between

the metal and prism surface reduces the SPR efficiency, it is less useful for applications

with fluids and solutions. The major drawback with the prism coupling technique is that

it necessitates a prism where the refractive index is higher than the effective index of the

SPP. So plasmonic mode with a high effective index cannot be excited with this scheme.

Near field optical microscopy offers the possibility to excite SPPs locally at a given place

on a surface [98]. In this geometry (Fig. 1.14(d)), a small probe tip of aperture size

smaller than the excitation wavelength of light illuminates the surface of a metal film in

the near field. This configuration is treated as either a diffraction or tunnelling mechanism

for SPP excitation. It allows high optical resolution through the local excitation of SPPs

at the position of the scanning near field optical microscope tip. But at the same time

the collection efficiency is limited by the aperture size and by the distance between the

sample and the tip.

Another way to provide the conservation of wave vector is by a periodic pattern of shal-

low grooves or holes, i.e., grating couplers (Fig. 1.14(e) and (f)). The grating coupling

system is based on the physics of diffraction grating. It can be realised by etching a

smooth metal film (Fig. 1.14(e)) or by corrugations at the surface Fig. 1.14(f). When

such a metal-dielectric interface is periodically distorted, incident wave will be diffracted

in several beams with a variety of angles [99]. As a result, the component of the diffracted

light whose wave vectors coincides with the SPs wave vector will be coupled. This excita-

tion configuration provides efficient coupling to the plasmon mode for both air-metal and

substrate-metal interfaces, when the film thickness and the grating corrugation depth and

period are suitable.

The light can also be coupled to SPPs using optical waveguides or fibres. The light

wave is guided by either a single or multilayer (slab or channel) waveguide to a region

with a thin metal layer. In that region, the light wave evanescently penetrates through

the metal. Under the phase matching condition of the guided mode and the SP mode,

the incident photon excites the SPP at the outer interface of the metal layer. The use of

optical waveguides offers some attractive features, including a simple control of the path

for sensors, small sizes, light transmission over long distances and ruggedness [96]. The

following section will present different waveguiding geometries of plasmon propagation in
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more details.

1.2.4/ PLASMONIC WAVEGUIDES

A wide variety of plasmonic waveguides have been investigated for the purpose of on-chip

communication [100] and the fabrication of plasmonic devices and components including

Mach-Zehnder interferometers, lasers, modulators, AND NOR gates, triple gates, control

switches, routers, photon-electric converters etc [101]. The main reason of the growing

interest in plasmonic waveguides is due to the subwavelength confinement while retain-

ing the broad bandwidth transmission capacity from photonics [89]. An overview of the

waveguide architectures are shown in Fig. 1.15.

a) b) c)

d) e) f)

g) h) i)

Figure 1.15: Plasmonic waveguides: (a-c) one dimensional plasmonic waveguides: (a)
metal-dielectric interface, (b) dielectric film is sandwitched between two metal, (c) metal
is sandwiched between between two dielectric. (d-i) Two dimensional plasmonic waveg-
uides: (d) dielectric loaded, (e) low index hybrid, (f) metal strip, (g) gap, (h) channel, and
(i) wedge waveguides. Metal layer is in yellow and dielectric layer is in green.

The simplest geometry to generate strong localization of electric field is a single metal-

dielectric interface (Fig. 1.15(a). Here, SPPs at the interface of metal-dielectric can

provide confinement only in the direction perpendicular to the interface.

Multiple interface systems such as two metal-dielectric interfaces can supports SPP

modes. Here, SPPs are supported either by a thin dielectric layer bounded by metals

(Fig. 1.15(b)) or a thin metal surrounded by a dielectric (Fig. 1.15(c)), often called metal-

insulator-metal (MIM) or insulator-metal-insulator (IMI), respectively [102]. Excitation of

two independent SPP waves occurs at two interfaces involving the dielectric and the metal
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when a thick metal film is sandwiched between a dielectric. But, the evanescent fields

of the two uncoupled SPP waves into the metal cannot overlap with each other [103]. In

contrast, for a very thin metal films of tens of nano meter thickness bounded by a dielectric

can results two SPP waves into the metal and can form two coupled modes. One is called

symmetric mode and the other is called antisymmetric mode. The field loss is smaller for

symmetric mode because the electric field penetrates more deeply (several micrometers)

into the dielectric via two identical evanescent tails. Also, the attenuation loss is much

lower than that of the SPP at the single interface. The symmetric mode is therefore called

the long-range SPP (LR-SPP) [104, 105, 102]. For the antisymmetric SPP mode, the

field losses are very large due to an electric field mainly concentrated in the metal, which

results in a strong loss. Therefore, antisymmetric mode is called the short-range SPP

(SR-SPP) [104]. These two configurations have received a lot of attention due to the

ease of fabrication.

Two dimensional (2-D) confinement is required for real applications. The most common

2-D geometries are shown in (Fig. 1.15(d-i)). In the case of dielectric loaded waveg-

uide (Fig. 1.15(d)), the SPP is confined within the high-refractive index region and the

propagation loss of SPP at the interface of metal-dielectric is larger when the dielectric

contacting the metal has higher index. For low-index hybrid geometry (Fig. 1.15(e)), SPP

exhibits strong localization to the thin (nanometer wide) layer of low index gap and atten-

uation is bounded between the low index and high index medium. The metal strip (Fig.

1.15(f)) configuration is useful to produce lateral confinement by limitting the width of the

metal film. Though the attenuation of LRSPP in metal srip is ten times lower than the

wide metal film, but the confinement is poor [106].

Better mode confinement is possible with gap waveguides (Fig. 1.15(g)). The gap mode

supported by MIM structure can provide strong SR-SPP confinement and attenuation

is comparable to that of the metal clads. The channel waveguide (Fig. 1.15(h)) has a

V-shaped cut into a metal surface and it is useful for photonic integrated circuits function-

ality [107]. Difficulties to fabricate an extremely sharp groove or wedge angles to pro-

vide strong confinement has limited their applications. The inverse structure to V-groove

waveguide is a metallic wedge (Fig. 1.15(i)) and faces the same fabrication challenges.

Basically, all these waveguide schemes have their own advantages and disadvantages,

the choice of the scheme is depends on the particular applications.

1.2.5/ APPLICATIONS AND CHALLENGES OF PLASMONICS

The previous sections described the basic concepts of plasmonics. In order to deeply

appreciate the strength and success of plasmonics, it is important to understand the

potential applications and challenges of plasmonics in sub wavelength optics.
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One of the impressive application of plasmonics is in sensors. Plasmonic sensors

have been used in many important areas including medicine, environmental monitoring,

biotechnology, drug and food monitoring for detection and analysis of chemical and bio-

chemical substances [96]. The sensing based on surface-enhanced Raman spectroscopy

(SERS) can amplifies the electromagnetic field up to 1010 to 1011 times and identify the

presence of specific target molecules based on their unique vibrational signatures [108].

In the typical SERS experiment, the incident laser light is focused onto the SERS hot

spots on the metal nanostructure and the emitted light being detected from the same

spot. This approach is not feasible with living systems because the high power incident

light can cause destruction or induced chemical modification of the analyte.

Another spectacular applications of plasmon is in subwavelength imaging and superlens

or perfect lens [109]. The wavelength of plasmon is much smaller than in the dielec-

tric medium so they can be used to view objects much smaller than the wavelength of

light. Opposite of this is the superlens which uses plasmons to view objects much larger

than normally possible due to the diffraction limit. This is possible by plasmonic meta-

materials.

Plasmon assisted solar cells (converts light into electricity) are found to be very useful

in space exploration vehicle, rural electrification, for providing power to light houses, re-

frigerate medications etc. Unlike the conventional solar cells with a thick photovoltaic

absorbers, plasmonic solar cells absorbers are very thin, typically less than 2 µm thick,

and can use cheaper substrates than silicon such as glass, plastic or glass. However,

thin film solar cells cannot absorb as much light as thick conventional solar cells made

with same absorption coefficient [88].

Other promises of plasmonics including superfast computer chips [8], new possibilities to

treat cancer [110], ultrasensitive molecular detectors [111, 112], invisibility with negative

refractive index materials [113], quantum optics [114], optical data processing [107] and

data storage [115]. All these are possible through the strengths of plasmonics such as 1)

extreme light concentration and light manipulation below the free space diffraction limit;

2) straightforward tunability of the optically-resonant response of metallic nano-structures

by engineering their size, shape or dielectric environment; 3) simple building blocks offer

a tremendous design flexibility to create a large number of optical functions; 4) efficient

light to heat conversion with high spatial and temporal control; 5) multi-functionality of

nano-metallic elements in a single physical space [7].

Although plasmonics is a promising candidate for many applications, there are a number

issues which needs to be solved. The primary restriction is related to the size of metallic

nano structure. A minimum size is required for efficient collective oscillations of plasmons.

The only way to overcome the physical restriction is to go beyond the diffraction limit of
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light.

Another issue is spectroscopy with ultra violet and deep-ultraviolet frequencies. As seen

in dispersion curve (Fig. 1.12), plasmonics effects are significant only in the visible to

near infra-red region. When we go beyond the plasmon resonance frequency, metals are

not plasmonic, but dielectric. So we have to consider either a natural or artificial materials

that can work as plasmonic materials in this frequency region.

The major limitation of SPs is its high propagation losses. Different approaches have been

proposed to solve this challenge. One way of reducing the SPP attenuation is to use a

thin metal film or operating the structure in the LR-SPP mode. In the case of LR-SPP

mode, the power is concentrated mainly in the dielectric and hence the propagation loss

is reduced. It has also been shown that the LR-SPP attenuation is at least a factor of 2 to

3 lower than that of the single interface SPP [116]. However, the comparable mode size

of LR-SPP and dielectric waveguide modes makes them less suitable for nanophotonic

applications. An optical gain medium can be used to compensate for the absorption

losses in the metal. When a SPs suffer propagation loss, the gain medium could provide

large enough amplification and hence reduce the losses. But, the pumping schemes with

plasmonic waveguide is difficult in practice.

One possible way of compensating for SPP loss is to introduce dielectric materials close

to a metal. This way of improving the plasmonic waveguide design can provide a com-

promise between loss and confinement. The second main goal of this thesis is following

this approach and looking for the practical realization of strong field confinement together

with low propagation losses.

1.3/ GOAL OF THE THESIS WORK: PLASMON-SOLITON COUPLING

We propose to demonstrate that beam focusing assisted with plasmon is possible. It

paves the way to hybrid plasmon-soliton waves. This concept was envisioned for more

than 35 years ago but no experimental demonstration has yet been revealed. The main

goal of this thesis is to combine both solitons and plasmons to form self-trapped beam at

low power.

The study of plasmonic effects at nonlinear regime is still an unexplored area. Only few

nonlinear processes have been described and studied in plasmonic systems such as

second harmonic generation [117, 118], optical limiting and self-phase modulation with

nano particles [119]. In this thesis we will study the underlying mechanism of intensity

enhancement brought by the plasmon through design, fabrication and characterization

of a specific structure. The exploitation of the enhanced nonlinear effects and the hybrid
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wave propagation will lead to the development of integrated and standalone photonic

devices. The following chapters will describe our work on the experimental demonstration

of plasmon-soliton coupling in the proposed nonlinear plasmonic structure.



2

CHALCOGENIDE GLASSES, MATERIAL

WITH LARGE OPTICAL NONLINEARITIES

Identifying optical materials for ultrafast all-optical signal processing and more generally

for nonlinear photonic devices fabrication [120] has attracted researcher’s attention over

the past decades. Key materials such as silicon [121] or III-V compounds [122, 123]

have been investigated. Although excellent results have been obtained for given spec-

tral range, the quest for better material with stronger Kerr coefficient, lower two-photon

absorption (TPA), negligible free carrier absorption and low-cost processing techniques

are still relevant. Chalcogenide glasses (ChGs) that have large Kerr nonlinearity, ultra-

fast response time, and optical transmittance in the infrared are among the materials of

interest.

In this chapter, we will discuss the properties of the ChGs that make them suitable for

nonlinear optical applications and especially for plasmon-soliton coupling. The first sec-

tion begins with an overview of the main features and the optical properties of the ChGs.

The following section presents the Ge-Sb-Se based chalcogenides as well as their syn-

thesis and fabrication carried out at the institute of chemical science in Rennes, France

in collaboration with the group of Dr. Virginie Nazabal. We then present the characteris-

tics of the fabricated films such as chemical composition, index of refraction and optical

band gap. Subsequently, the measurements of linear absorption losses of the fabricated

waveguides are described. This chapter will conclude with the selection of three nominal

compositions for the nonlinear characterization at the telecommunication wavelengths.

2.1/ CHALCOGENIDE GLASSES: PROPERTIES AND APPLICATIONS

The term ’chalcogen’ means ’ore former,’ derived from the Greek words chalcos that

means ’ore’ and gen that means ’formation’ [124]. The elements of group sixteen of

the periodic table such as sulfur, selenium and tellurium (but not oxygen) are known as

35
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chalcogens. These glasses are formed by the addition of other elements for example

arsenic, gallium, antimony, silicon etc. The glass structure consists of covalently bonded

molecules, in contrast with the ionic bonding of other glasses, and these are bound to-

gether via a combination of covalent and Van der Waals-like attractions [125, 126]. One

can classify chalcogenide materials by the type of atoms to which they bond to form amor-

phous systems. The most known amorphous chalcogenide systems under these classifi-

cations are pnictogen-chalcogen (e.g., (V-VI) As2S3, P2Se), tetragen-chalcogen (e.g., (IV-

VI) SiSe2, InxSe1−x), metal chalocgenide (e.g., MoS3, WS3) and halogen-chalcogenide

(e.g., As-Se-I, Te-Cl) [127, 128]. Chalcogenides can also be doped with rare earth el-

ements (e.g., Er, Nd, Pr, etc.) to enhance the functionalities. Furthermore, they exist

naturally as minerals for example FeS2 and AuTe2 [127]. Basically, ChGs can be formed

with a wide variety of composition and it can be adjusted to tune the optical properties

such as refractive index, band gap and nonlinearity.

ChGs are advantageous over many materials (monocrystalline Ge, polycrystalline ZnSe)

which is currently used for mid-infrared applications [129]. They can be molded by simple

heating above their glass transition temperature (Tg). The strong mechanical properties

(hardness, toughness, etc.), a relatively easy synthesis and lower production costs of

chalcogenides than mono or polycrystals (Ge, ZnS) make them suitable for infrared (IR)

optical applications such as detection of chemical and biological species, production of

infrared fibers, agricultural and environmental analysis, or quality control in food industry,

etc. [130, 131].

Figure 2.1: Transparency window of different glass families. The insets are examples of
sulfide As2S3 (yellow), selenium As2Se3 (red) and tellurium Te20As30Se50 (black) glasses.
Figure taken from [129].

One of the main interest of ChGs lies in their wide transmission window that can extend
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from the visible to the mid-infrared depending on chemical composition [129, 126]. For

example, wavelengths up to 10 µm for sulfides, 12-13 µm for selenides, and 18-20 µm

for tellurides can be transmitted as seen in Fig. 2.1 [132, 133]. As also shown in Fig.

2.1, these glasses are partially transparent in the visible range for glasses based on

sulfur and opaque for selenium or tellurium based glasses. The introduction of heavier

elements in the glass composition can further broaden the spectral window to longer

wavelengths due to the modification of phonon vibrations. However, the extension of the

transparency window to short wavelengths are very complicated because it is connected

to the variation of the electronic band gap. The imagery using visible (Fig. 2.2(b)), near-IR

(Fig. 2.2(c)) and thermal-IR radiations offer a large number of applications including the

driving assistance of a vehicle to read the road signs properly (Fig. 2.2(a)). The thermal

imaging permits one to see in the fog and to detect the presence of pedestrians even in

the dark [129] and in military areas for de-camouflaging hot targets [129]. Further, ChGs

are promising sensors materials for the infrared spectral range [134].

a)

b) c)

Figure 2.2: (a) Night driving assistance, (b) visible image, (c) same image in the infrared.
Figures taken from [129].

Another important and most widely studied properties of ChGs is their photosensitivity

[135, 136, 137]. This is associated with the local changes in the chemical bonds and

in the valency of neighbouring atoms induced by the irradiation of light at a wavelength

close to the band gap. Commonly observed photoinduced phenomena involve changes

in the optical properties of the system such as band gap energy (photo-darkening or
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photo-bleaching [138]) and corresponding to the refractive index [139]. Others include

photo-decomposition, photo-crystallization, photo-polymerization, photo-dissolution and

photo-vaporization [128, 140].

As its name implies, photo-decomposition is the light-induced dissociation of a compound

into its constituents and occurs when illumination of photon energy greater than Eg of

the material. Phenomena called photo-crystallization and re-amorphization have been

well studied in As-Te-Ge compositions and requires pulsed laser system to raise the

temperature of the film to the melting point of the crystals. Similarly, photo-electronic

and chemical changes are possible during photo-polymerization of chalcogenide films.

The usual configuration to observe the photo-dissolution effects consists of deposition of

a thin metallic layer on or below the chalocogenide film. Further, this effect is possible

with a photon of energy above or below Eg of the material or illumination from either the

chalcogenide or metallic (e.g., silver, copper) side. While, photo-vaporization is strictly a

photo-oxidation reaction followed by thermal evaporation of the volatile oxidation products.

All mentioned photoinduced effects can be observed in bulk glasses and particularly in

films, because film can condense into amorphous state with a large number of defective

bonds, creating a different topology from that of bulk glasses [141]. Both reversible and

irreversible photoinduced effects are observed in both poorly annealed vapour-deposited

films or in well-annealed glasses [142]. In additon, photoinduced effects can be of inter-

est for applications such as optical imaging, hologram recording, photolithography, light

trimming bandpass filters etc. [143, 136].

Specific chalcogenide alloys posses low acoustic loss and high acousto-optics figure of

merit. Further, recent work on chalcogenides was for acousto-optic applications [144].

Ternary ChGs of Ge33As12Se55 (AMTIR-1) can be used for bulk acousto-optic cells oper-

ating in the near IR [145].

The main reason for choosing chalcogenides as our key material is due to its high refrac-

tive indices and its flexibility to fabricate waveguides [146]. ChGs exhibit high third-order

nonlinearities between two to three orders of magnitude greater than silica in the near in-

frared region and high values of linear refractive index (2.2 to 2.6 for sulfides [147], 2.4 to

3.0 for selenides [148], and 2.6 to 3.5 for tellurides [149]). Further, the large index differ-

ence between chalcogen and air can provide a complete band-gap for photonic crystals

[126]. The high refractive indices are advantageous for strong field confinement which

allows waveguides with low bend loss at small radii (leading to compact circuit designs)

and enhanced optical intensities (for efficient nonlinear interactions) [129]. These unique

features make them great for developing next generation integrated photonic chip plat-

forms for ultrafast all-optical processing including regeneration [126], optical performance

monitoring [150], optical sampling [151], wavelength conversion [152], logic gates [153].
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The moderate level of two-photon absorption at telecommunication wavelength [154, 155]

and negligible free-carrier absorption [156] in contrast to semiconductors make them also

well suitable for applications in nonlinear optics.

ChGs have received an increased interest due to all these properties. However, key

challenges to their use include toxicity, lack of chemical and mechanical durability, ther-

mal expansion incompatibilities with certain substances and stability issues during the

processing have to be resolved [145]. Hence, the choice of a proper chalcogenide com-

position is very important.

While few chalcogenide compositions and systems such as As2S3 [157], As2Se3 [158],

Ge–As–S(Se) [159], and Ge–Sb–S [160, 161] have been intensely explored for nonlin-

ear optical properties purposes, new chalcogenide glasses are still synthesized, with the

hope that a high-bit-rate optical processing system operating at low peak power can be

reached. For our studies ChGs of composition Ge-Sb-Se is selected. The reason behind

the selection of this particular ternary composition is presented in the following section.

2.1.1/ CHOICE OF GE-SB-SE SYSTEM

The composition of Ge-Sb-Se have many advantages including wide range of optical

transparency. The quantity of Ge atom into Se matrix allows modification in the chem-

ical composition and the energy band structure. Most importantly, it can extend the

transparency window up to 1600 nm [162, 128]. To further strengthen the material, a

third element such as Sb can be introduced into the Ge-Se system. Sb increases the

(non)linear refractive index of the corresponding chalcogenides due to an enlargement

of (hyper)polarizability [163]. The corresponding ChGs will also have a lower band gap

energy related to this addition. Moreover, Sb is an element that reduces photosensitivity

of the glass and this property could be tailored by changing the proportion of Sb [148].

This Ge-Sb-Se glass can be synthesized at very low temperature which is advantageous

for the integration with silicon technology. In addition, Ge-Sb-Se composition can provide

better thermal, mechanical and chemical properties including higher melting and glass

transition temperature and lower thermal expansion coefficient such as ∼ 16 × 10−6/◦C

compare to 21.4×10−6/◦C for As2S3 [126, 164]. Compared with arsenic-contained glasses

such as As2S3, As2Se3, and Ge-As-Se [165], selenium based ChGs especially Ge-Sb-

Se glasses are less toxic which makes them environmentally acceptable. Moreover, the

tailoring of the glass chemical composition in Ge-Sb-Se system could provide large Kerr

nonlinearity, low Two Photon Absorption (TPA) and optimized figure of merit.

In addition, selenide system has a large glass forming area, giving the possibility to

choose the composition of glasses in accordance with the desired properties and ap-
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Figure 2.3: Glass forming areas of Ge systems (As, Sb)-(S, Se, Te). Figure taken from
[166].

plications. For a comparison, glass forming areas of different systems such as Ge-Sb-S,

Ge-As-Se and Ge-Sb-Te are shown in Fig. 2.3. In the case of Ge-Sb-S system, glassy

field is greater than that of selenides, but the glassy field offers by sulfides are less in-

teresting for our study. Indeed studies have shown that the selenides can have a high

nonlinear refractive indices of ∼ 1.2 × 10−17m2/W which is ∼3-4 times higher than that of

sulfides [155]. Since we are interested in the third order optical nonlinearity and related

applications of ChGs, selenide system is a good choice.

Research into Ge-Sb-Se thin films and waveguides have attracted much attention due to

their great potential for use as integrated biological and chemical sensors, optoelectronic

and thermal electric device fabrication [146, 167]. Recently, the linear and nonlinear op-

tical properties of Ge–Sb–Se glasses have been studied at near and mid infrared wave-

lengths [148, 163, 168, 169, 170]. Krogstad et al. reported nonlinear properties of bulk

and single mode strip waveguides made of Ge28Sb12Se60 glass at a wavelength of 1030

nm [171]. Nevertheless, the Kerr nonlinear response of Ge–Sb–Se amorphous materials,
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when fabricated in thin film forms, needs further studies. Thus we will focus on linear and

nonlinear characterization of selected chalcogenide waveguides from Ge-Sb-Se system.

2.1.2/ SYNTHESIS OF CHALCOGENIDE GLASS TARGET

Chalcogenide glass targets from pseudo-binary (GeSe2)(100−x)(Sb2Se3)x (where x=10, 30

and 50) system were synthesized in the laboratory of the Institute of Chemical Sciences in

Rennes, France by the conventional melting and quenching method. High purity elements

of Ge, Sb, Se are selected for the glass preparation. Since they are very sensitive to

contamination by the oxygen, the synthesis is performed in a silica tube under vacuum.

The experimental setup used for the systhesis of glasses is shown in Fig. 2.4.

Figure 2.4: Schematic of the experimental set up used for the synthesis of Ge-Sb-Se
glasses. Figure taken from Ref. [166].

It is composed of a turbo molecular vacuum pump and trap impurities cooled with liquid

nitrogen. The use of the vacuum trap cooled with nitrogen make it possible both to protect

the pump and to avoid steam release of the various elements present in the atmosphere.

Then purified selenium is introduced into the filter tube and germanium and antimony are

added directly into the tube. After that, the assembly is sealed under vacuum (10−4 mbar)

over the filter. This sealed assembly is then placed in a furnace called distillation furnace.

This has two distinct zones named as a hot zone (750◦) and a cold zone. Selenium which

is located in the hot zone of the oven, evaporates and condenses in the cold zone with

the other two elements. This step can eliminates the non-volatile species present in the

selenium such as carbon and residues of silica. All constituent elements of ChGs are
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combined in the reaction tube which is then sealed below the filter.

As a next step, the reaction tube is inserted in a tilting furnace. The mixture is melted at

850◦C and maintained at this temperature for 9 hours to allow complete reaction between

the elements and good homogenization in the liquids allowing the formation of Ge-Se-Sb.

After this phase of melting, the furnace temperature was lowered to (750◦C) for two hours

to reduce the vapor pressure above the melt, thereby facilitating quenching. In order to

avoid the crystallization during the quenching step, the glass is cooled with water. The

glass is then annealed for several hours at a temperature close to its glass transition

temperature (Tg − 20◦C). This step reduces the mechanical stresses due to rapid cooling

of the quenching. Finally, the glass is slowly cooled down to room temperature and then

cut and polished to form glass samples. An example of the glass rod obtained by this

method is shown in Fig. 2.5.

Figure 2.5: Photograph of the glass rod of (GeS e2)90(S b2S e3)10(2S 1G − S e − 3) (diameter
12 mm and length 6.5 cm). Photo taken from Ref. [166].

2.1.3/ PLANAR WAVEGUIDE FABRICATION

The next step consists in the fabrication of slab chalcogenide waveguides since Kerr

spatial solitons are only stable in this configuration. One advantage of using slab/planar

waveguides based on chalcogenides is the low-cost production techniques. Further, the

light guidance and propagating nature in a confined space is advantageous for coupling

the plasmon-soliton waves. This section presents the fabrication of planar waveguides

from Ge-Sb-Se system.

Commonly used techniques for the fabrication of chalcogenide thin films are chemical

vapour deposition [172], thermal evaporation [173], pulsed laser deposition or radio-

frequency sputtering [174]. Since the film characteristics such as stoichiometric con-

formity, morphology, topography, structure or optical properties can be affected by the

deposition method, it is important to choose the right deposition technique. Here, we

will concentrate on the Radio-frequency (RF) magnetron sputtering because of its rel-

ative simplicity, easy control of the process, good adherence, high composition control,

good homogeneity and possibility to fabricate multi-layered structures or films of unusual
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compositions [126, 162].

2.1.3.1/ PRINCIPLE OF RF MAGNETRON SPUTTERING

Before going to the details of RF magnetron sputtering, it is better to start from the basic

idea of sputtering process. Sputtering is a physical vapour deposition process used for

depositing thin films onto a substrate (e.g. silicon), by ejecting atoms from target (or

source) materials and condensing the ejected atoms onto a substrate in a high vacuum

environment. Schematic view of the basic sputtering process is shown in Fig. 2.6. This

process begins when a target is bombarded with energetic ions, typically inert gas ions

such as Argon (Ar+). The forceful collision of these ions onto the target ejects target

atoms into the space. These ejected particles then travel some distance until they reach

the substrate and starts to deposited as thin film onto the surface of the substrate.

Sputtering

gas

Sputtering target

Substrate and film growth

Figure 2.6: Overview of the basic sputtering process. Figure taken from wikipedia.

There are a number of ways to enhance the sputtering. One way is to use a magnetron

sputtering system. The main difference between magnetron and simple sputtering de-

scribed above is the addition of a magnetic field originating from permanent magnets

placed below the target (Fig. 2.7). This magnetic field causes travelling electrons to spi-

ral along the magnetic flux lines near the target instead of being attracted towards the

substrate. Since plasma (ionized gas consisting of approximately equal numbers of pos-

itively charged ions and negatively charged electrons) is confined to an area near the

target, thin films can be formed without damages. Moreover, magnets can increase the

number of electrons that take part in ionization and thereby increase the probability of

electrons striking the Argon atoms, increase the length of the electron path, and hence

increase the ionization efficiency significantly [175].

Magnetron sputtering is possible in RF or DC modes. For a conducting target, a DC

power supply is mainly used. Note that, this DC voltage is placed between the target and

substrate which ionizes Argon atoms and creates plasma. In the case of insulating or
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Figure 2.7: Schematic diagram of the RF magnetron sputtering device. Figure taken from
Ref. [166].

semiconducting targets, positive charge will build up on the material and it will stop the

sputtering hence an RF power supply is required. Further, RF sputtering can be applied

on both conducting and non conducting materials.

2.1.3.2/ THIN FILM DEPOSITION

Fabrication of the films were realised by the group of Dr. Virginie Nazabal of the Institute

of Chemical Sciences Rennes, France and also by Dr. Peter Nemec from Pardubice in

Czech Republic. The insulating nature of our materials requires to work in RF mode.

ChGs prepared by the conventional melting and quenching discussed above were used

as a sputtering targets for thin films deposition. As shown in Fig. 2.8, targets with a diam-

eter of 50 mm and thickness of 3.5 mm were obtained by slicing the glass rods followed

by polishing with abrasive discs. The SiO2/Si substrate used for the deposition of thin

films were chemically cleaned at room temperature with a detergent solution (surfactant)

in an ultrasonic bath. It is worth noting that, several parameters such as the distance

between the target and the substrate, the substrate temperature, the nature and pressure

of the gas (Argon), and the applied RF power can influence the quality of the fabricated

film. In our case, we identified three factors as being the most influential factors such as

the argon pressure (mbar), the applied RF power (W), and the deposition time (min).

The high quality thin films were deposited on oxidized silicon substrate under the fol-

lowing conditions. The working pressure and the Ar gas flow ranged from 5 × 10−3 to

5 × 10−2 mbar and 25-100 sccm (Standard Cubic Centimeters per Minute) respectively is

used. The sputtering power was maintained at a low RF power (10-25 W) considering

the insulator nature of the targets and the requirement of fabrication of amorphous lay-

ers. Deposition rate varied from ∼10 to ∼70 nm/min depending on the target chemical

composition and the distance between the substrate and target since the optical waveg-
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Figure 2.8: Chalcogenide glass target from Ge-Sb-Se system. Photo taken from Ref.
[166].

uiding requires selenide layers of few microns thickness. Finally, the three dielectric layers

(SiO2/chalcogenide/air) with different refractive index allows the formation of slab waveg-

uides.

2.2/ CHARACTERIZATION OF PLANAR WAVEGUIDES

The following characterizations were carried out at the Institute of Chemical Sciences in

Rennes, France in Dr. Virginie Nazabal’s group.

The chemical composition of the fabricated Ge-Sb-Se structures were analysed by scan-

ning electron microscope (SEM) with an energy-dispersive X-ray analyser (JSM 6400-

Oxford Link INCA, Buckinghamshire, UK). The realized compositions Ge12.6Sb24.5Se62.9,

Ge19.5Sb17.8Se62.7 and Ge28.8Sb5.8Se65.4 are in agreement with the theoretical target com-

position of Ge12.5Sb25Se62.5, Ge19.4Sb16.7Se63.9 and Ge28.1Sb6.3Se65.6 with a measurement

uncertainty of about ±0.5 %. For simplicity, sputtered films are named in a general

way by considering the theoretical compositions of the targets; i.e., Ge12.5Sb25Se62.5,

Ge19.4Sb16.7Se63.9 and Ge28.1Sb6.3Se65.6 or with a simplified name, Se6, Se4 and Se2

respectively. The chemical compositions of the sputtered films are presented in Table.

2.1.

The chalcogenide guiding layer thicknesses were determined by ellipsometry and SEM

techniques (See Table. 2.1). Further, micro-Raman spectroscopy was used to determine

the structure and physicochemical properties of the RF sputtered selenide films. Pre-

pared thin films are found to be of good quality in terms of morphology, topology and

surface roughness. More details of the films quality analysis deterimend by the non-

optical methods of SEM, atomic force microscopy, and energy dispersive spectroscopy

can be found in Ref. [166].
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Table 2.1: Material parameters for the chalcogenide thin films

Sample Theoretical composition Real composition Guiding layer thickness (µm)
x=50/Se6 Ge12.5 Sb25 Se62.5 Ge12.6Sb24.5Se62.9 3.0
x=30/Se4 Ge19.4Sb16.7Se63.9 Ge19.5Sb17.8Se62.7 3.0
x=10/Se2 Ge28.1 Sb6.3Se65.6 Ge28.8Sb5.8 Se65.4 3.2

2.2.0.1/ REFRACTIVE INDEX AND OPTICAL BAND GAP OF THE CHALCOGENIDE LAYER

The refractive index of the films in the near infrared range were measured by the prism

coupling technique using a Metricon 2010 equipment. As shown in Fig. 2.9, the film to

be analyzed is brought into contact with the prism base by means of a pneumatically-

operated coupling head, creating a small air gap between the film and the prism. A laser

beam strikes the base of the prism where refractive index is higher than the film and

is reflected at the base of the prism onto a detector. At certain values of the incident

angle (θi), photons can tunnel across the air gap into the film and enter into a optical

propagation mode, causing a sharp drop in the transmitted intensity to the detector. To

determine film index, measurements were made with silicon prism at the wavelengths of

λ =1550 nm and λ =1311 nm. This technique allows a measurement of the films index

with an uncertainty of ±10−3. The obtained values are listed in Table. 2.2. As expected,

the refractive index values rises by increasing the proportion of antimony from 2.47 (for

se2) to 2.9 (Se6) at 1550 nm. The high refractive index of the chalcogenide films and

the presence of lower refractive index SiO2 layer form a step index waveguides with high

index contrast.

Figure 2.9: Principle of the prism coupling technique.
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In addition to the above analysis, the dispersion of the refractive index of the films as

a function of wavelength in the near infrared spectrum were extracted from the variable

angle spectroscopic ellipsometer (VASE) technique (VASE, J.A. Woollam Co., Inc.). In

ellipsometry, the change of polarization state of linearly polarized light is measured upon

reflection at the surface of the sample (Fig. 2.10). The polarization states after reflection

depend on properties of the investigated surface and, in case of multilayer thin film sys-

tem, on the properties of each layer. Compared to standard ellipsometry, VASE measures

the sample’s coefficients in s-and p-polarized light (where s-is electric field perpendicular

to and p-is in to the plane of incidence) as a function of wavelength and angle of incidence

[176]. Two experimental parameters, ψ and ∆, called changes in amplitude and phase,

are usually measured. Further, the following parameters can be deduced such as thin

film thickness and refractive index.

Figure 2.10: Typical ellipsometry configuration. Figure taken from Ref. [177].

Measurements were performed for the spectral range of 300-2300 nm (UV-Vis-NIR) with

wavelength steps of 10 nm and angle of incidence of 65◦, 70◦ and 75◦. The resolution of

UV-Vis-NIR ellipsometer of 20, 10 or 5 nm was selected. The optical response of the thin

films were fitted using the Cody-Lorentz (CL) model [178] which is appropriate to describe

the optical functions of thin films. Thickness of thin film and its uniformity were selected as

fitting parameters. Experimental data of VASE were analysed using a three layer model:

i) a glassy substrate, ii) chalcogenide thin film and iii) a rough surface layer. Note that, the

measurement uncertainty was ±10−2 which is greater than that of refractometry. However,

this technique has the advantage of providing the dispersion of the refractive index of the

material over a wide range of wavelengths. The refractive index obtained by ellipsometry

at 1311 nm and 1550 nm are also listed in the Table. 2.2.

Optical band gap values of the fabricated waveguides were also extracted from VASE

data again employing Cody–Lorentz model [178]. As listed in Table. 2.2, the band gap
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Table 2.2: Refractive indices and band gap of chalcogenide thin films

Sample Prism coupling VASE Eg
n(1311 nm) n(1550 nm) n(1311 nm) n(1550 nm) (eV)

x=50/Se6 2.93 2.90 2.92 2.89 1.70
x=30/Se4 2.68 2.67 2.69 2.67 1.86
x=10/Se2 2.48 2.47 2.48 2.47 2.11

values of the Ge-Sb-Se system decreases with the addition of Sb content. The decrease

in optical band gap is due to the formation of Sb/Se bonds having lower bond energy than

Ge/Se bonds. In addition, the variation of the glass network structure and the variation

of defects affected by deposition parameters could lead to the variations in the band

gap energy (Eg) [179]. It is worth noting that Eg has a great correlation with third-order

nonlinear properties. Thus, a stronger Kerr nonlinearity can be expected for Se6.

2.2.1/ MEASUREMENTS OF WAVEGUIDE LOSSES

The determination of optical losses in waveguides is of great interest for the fabrication

and optimization of the parameters of the integrated optical devices. Three main mecha-

nisms are considered to cause losses in waveguides; absorption, scattering and radiation.

In order to make waveguides into a functional optical devices its losses should be reduce

as low as possible.

The basic method to determine losses consist in injecting a known optical power into one

end of the waveguide and measure the emerging power from the other end. However,

there are many problems and imprecisions inherent in using such basic approach. A

number of techniques have been developed to circumvent the basic issues and to ac-

curately measure the optical losses. Commonly used techniques are prism coupling,

Fabry-Perot loss measurement, transmission methods, thermo-optical methods such as

photo-acoustic and thermal lens techniques and cutback method [180]. Among these

techniques, we chose cutback method to determine the linear losses in the fabricated

planar waveguides.

2.2.1.1/ LINEAR LOSS MEASUREMENTS BY CUTBACK METHOD

Cutback method is a simple method for direct measurement of transmission losses by

comparing the transmittances of waveguides having different lengths [181]. The method

is performed by injecting light of the desired wavelength inside a polished or cleaved input

face of a waveguide and measuring the total power transmitted. A series of transmitted

power measurements are recorded starting with a relatively long sample and then repeti-
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tively shortening the sample by cleaving. We used a simple hand tool called diamond-tip

scribe for cleaving the samples. Note that we also used a dicing saw to shorten the

waveguides but light coupling to the waveguide was poor due to the low-quality facets.

Schematic drawing of the cleaved waveguide is shown Fig. 2.11. Moreover, cutback

method requires two waveguides of equal quality and different length since the measure-

ments are repeated for several times. As a matter of fact, proper care has to be taken

before each measurement to have optimum end constant coupling efficiency.

Figure 2.11: 3D artistic view of the planar chalcogenide waveguide.

In our case the measurements are performed by cleaving the waveguides into two differ-

ent lengths, starting from the long propagation length z2=1 cm to a small length z1=0.5

cm. We make sure that the same power is coupled in both waveguides by optimizing the

coupling efficiency. The following equation is then used to calculate the linear losses,

α1 =
ln(P1/P2)

z2 − z1
, for z2 > z1, (2.1)

where P1, P2 are the transmitted power for the short and long sample [182]. The linear

absorption coefficient of waveguides extracted from cut back method is included in Table.

2.3.

Linear losses of 0.19 cm−1 for Se2, 0.24 cm−1 for Se4, and 0.26 cm−1 for Se6 are

measured at 1550 nm. As expected, loss is decreasing as material bandgap energy

increases. Since the photon energy is closer to the material bandgap at 1200 nm, larger

propagation losses range from 0.63 cm−1 for Se2 to 0.76 cm−1 for Se6 are determined.

Comparison with data found in the literature is not straightforward since ternary glasses

of the very same composition have not been studied or different wavelengths have been

considered. The propagation loss values measured in our three planar waveguides at
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Table 2.3: Linear loss of the selenide waveguide

Sample λ Linear loss
(nm) α1(cm−1)

x=50/Se6 1550 0.26
1200 0.76

x=30/Se4 1550 0.24
1200 0.71

x=10/Se2 1550 0.19
1200 0.63

1200 nm are consistent with the waveguiding loss values measured at 1064 nm in the

compositions of Ge29.9Sb15.6Se54.5 prepared by RF sputtering presenting a deficit in se-

lenium [183]. At 1550 nm, the values can be compared to one found in bulk glasses of

similar composition [148]. Our waveguides present larger losses (Table. 2.3) than the val-

ues measured in bulk, which may be attributed to additional losses due to the waveguide

imperfections.

2.2.2/ SUMMARY

Among the variety of nonlinear materials, ChGs are selected due to their large Kerr non-

linearity, low losses, low fabrication cost and numerous applications in the infrared re-

gion. We particularly opted for the Ge-Sb-Se composition for several reasons. Firstly,

the surface oxidation and formation of crystals can be reduced by antimony. Secondly,

the introduction of selenium instead of sulfur could extend the optical transparency of

chalcogenides further in the infrared spectral range. The fabrication of amorphous thin

films from (GeSe2)(100−x)(Sb2Se3)x system with x=10, 30 and 50 are carried out by RF

sputtering technique. Three different types of composition are selected, Ge12.5Sb25Se62.5,

Ge19.4Sb16.7Se63.9 and Ge28.1Sb6.3Se65.6 and called Se6, Se4 and Se2 respectively due

to their excellent mid-IR transparency, high stability against crystallization and refractive

index contrast allowing optical waveguiding in mid-IR.

Optical properties of the fabricated waveguides are studied by employing VASE and prism

coupling technique. The measured refractive index at 1550 nm is 2.93, 2.68, and 2.47

for respectively Se6, Se4, and Se2. The material band gap energy of 1.70 to 2.11 eV

is deduced by VASE. Linear loss values of the fabricated waveguides are measured by

cutback method at 1200 nm and 1550 nm. Lowest value of propagation loss is found in

Se2. Among the three compositions, Se6 has the smallest Eg and the largest refractive

index. Importantly, with the increase of Sb content, the band gap energy decreased and

the index of refraction increased.



3

NONLINEAR OPTICAL

CHARACTERIZATION OF GE-SB-SE

PLANAR WAVEGUIDES

So far we have completed the fabrication and the linear optical characterization of the

designed structures. In order to get a full understanding of the characteristics of selenide

waveguides, we must study the nonlinear optical properties. Further, the ternary chalco-

genide (Ge-Sb-Se) films that we chose to propagate solitons have not been intensively

studied yet, most of the resarch works on ChGs are limited into the compositions of As2S3

[157], As2Se3 [158], Ge–As–S(Se) [159], and Ge–Sb–S [160, 161] and in bulk samples.

The aim of this chapter is to investigate the third order nonlinear properties of the chalco-

genide waveguides presented in the previous chapter. Towards this goal, an original and

reliable experimental technique based on the analysis of beam self-action effect is also

proposed.

Structure of the chapter is as follows. First we present the measurements of nonlinear

propagation losses conducted in the three different selenide waveguides at 1550 nm and

1200 nm. Then we describe the technique developed to find the nonlinear coefficients.

This section includes the description of the technique principle, presentation of the exper-

imental set up as well as the experimental results and the numerical simulations. Forma-

tion of Kerr spatial soliton is also demonstrated. The following section concentrates on the

experimental results of wavelength influence on self-focusing behaviour. The last section

reports the photosensitivity of the chalcogenide waveguides under long illumination time.

51
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3.1/ TPA LOSS MEASUREMENTS BY TRANSMISSION ANALYSIS

Nonlinear absorption losses such as TPA, three photon absorption can present in mate-

rials when it is subject to high intensities (typically at intensities approaching GW/cm2).

These effects are detrimental for some nonlinear optics applications particularly for all-

optical switches because of the reduction in switching speed produced by the long-lived

carriers and the limiting of optical power [184]. On the other hand, optical limiters or

protectors in laser systems require materials with large TPA coefficients. Thus, measure-

ments of nonlinear absorption coefficient is required. Importantly, to accurately determine

the third order refractive index coefficient using the beam self-trapping technique that will

be presented later we have to measure the TPA coefficients.

Ground state

Excited state

Eg

hν

hν

Figure 3.1: Illustration of the two photon absorption process.

The lowest order of a nonlinear absorption is TPA which involves a transition from the

ground state of a system to a higher state by the absorption of two photons from an

incident radiation field [185]. Illustration of the TPA process is presented in Fig. 3.1. TPA

occurs when the incident photon energy ~ω is less than the direct band gap energy but

greater than Eg/2 of the material. Since the photon energy at the excitation wavelength

(e.g., 0.8 eV at 1550 nm and 1 eV at 1200 nm) is less than or close to half the band

gap (Se6-0.85 eV, Se4-0.93, Se2-1.05) of the fabricated waveguides, they exhibit low or

moderate TPA only. Hence, we can neglect the possibilities of higher order nonlinear

absorption. Different techniques have been developed to determine the TPA coefficients

of the materials. The simplest and most used is known as direct methods, in which the

attenuation of the excited beam is monitored and indirect method, in which the secondary
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effects of TPA such as fluorescence, phosphorescence in the sample is measured [186].

In our case, we chose a direct method to analyse the contribution of TPA loss in the

selenide waveguides at the wavelengths of 1550 nm and 1200 nm.

Figure 3.2: Schematic illustration of TPA measurement setup. λ/2, half-wave plate; PBS,
polarizing beam splitter; CL, cylindrical lens; Obj, microscope objective; PM, power me-
ters.

In order to evaluate the TPA coefficients of the planar waveguides at both wavelengths,

transmission versus launched optical power is recorded. Schematic illustration of the

experimental setup designed to measure the TPA coefficients is shown in Fig. 3.2. Ex-

periments are performed with a 200 fs laser pulses from a tunable optical parametric

oscillator (OPO) with a repetition rate of 80 MHz. The OPO is tuned to operate either at

1550 nm or 1200 nm. A small amount of incident power (10%) is split out by a beam split-

ter to monitor the input power to the sample using a power meter (PM1). The laser beam

is reshaped to an elliptical spot by a cylindrical lens and focused by a ×40 microscope

objective. The spot size at the entrance of the waveguide at a wavelength of 1.55 µm is

4×33 µm (FWHM) in the guided (X) and transverse dimension (Y), respectively and mea-

sured with an acquisition software connected to an IR camera. Note that the spot size is

slightly smaller at 1200 nm (3.3 × 27 µm) in accordance with the wavelength dependence.

The sample is mounted on an XYZ translation stage to get the maximum light coupling.

The combination of a half-wave plate and a polarizer is used to vary the coupled power

while the second power meter (PM2) allows measurement of the output power.

We have monitored the light power before and after the waveguide to deduce the trans-

mission as a function of injected power using the setup mentioned above. The mea-

surements are repeated several times at different positions in the sample to minimize

experimental errors. Fresnel losses at the input of the waveguide are taken into account

to deduce the incident intensity. Fig. 3.3 represents the typical transmission curves as

a function of input intensity in the three selenide waveguides at 1550 nm (Fig. 3.3(a))

and 1200 nm Fig. 3.3(b). As can be seen in Fig. 3.3, TPA becomes dominant at high

input intensity and limits the maximum transmitted power. We observed higher reduction

of transmitted power in Se6 thin films at both the wavelengths. Whereas reduction in the
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Figure 3.3: Normalized transmission as a function of intensity: for Se6 (red solid line),
Se4 (blue solid line) and Se2 (green solid line) at 1550 nm (a) and 1200 nm (b).

transmitted power was lower for Se2 films.

The nonlinear absorption coefficient is then deduced by fitting the experimental data with

the following equation which gives the normalized transmission as a function of input peak

intensity I0 [60]:

TN =
T

T max
=

1
1
α1

[α1 + α2I0(1 − exp(−α1l))]
(3.1)

where T is the transmission, α1 and α2 are the linear and nonlinear absorption coefficients

and l is the sample length. An examples of data fitting (using Eq. (3.1)) done in a 1 cm

long Se6, Se4 and Se2 sample at 1550 nm and 1200 nm are shown in Fig. 3.4. The

red circles represents the experimental data while the solid blue line is the fitting curve.

The agreement between the experimental data and the fitted curve confirms that the

power reduction effect is due to TPA. The fitting coefficient α2 obtained for the different

waveguides are given in Table. 3.3.

Table 3.1: TPA coefficients of the selenide waveguides

Sample λ α2

(nm) (cm.GW−1)
x=50/Se6 1550 1.66 ± 0.18

1200 5.5 ± 0.8
x=30/Se4 1550 0.37 ± 0.05

1200 5.4 ± 0.6
x=10/Se2 1550 0.43 ± 0.06

1200 2.7 ± 0.4



3.1. TPA LOSS MEASUREMENTS BY TRANSMISSION ANALYSIS 55

b)

0.1 0.2 0.3

0.7

0.8

0.9

1

T
N

Incident intensity

GW/cm2

T
N

T
N

a)

Experiment
Fit

Incident intensity

GW/cm2

0.2 0.4 0.6

1

0.95

0.9

0.85

0.8

Se4

Experiment
Fit

Incident intensity

GW/cm2

0 0.1 0.2

1

0.8

0.6

Se4

Experiment
Fit

Experiment
Fit

0.05 0.1 0.150

1

0.8

0.6

Incident intensity

GW/cm2

T
N

Se6 Se6

c) d)

@1550 nm @1200 nm

0 0.5 1

1

0.7

0.8

0.9

Incident intensity

GW/cm2

Experiment
Fit

T
N

0 0.1 0.2 0.3

1

0.9

0.8

0.7

Incident intensity

GW/cm2

Experiment
Fit

T
N

f)e)
Se2Se2

Figure 3.4: TPA curve fit done in a 1 cm long selenide films at 1550 nm and 1200 nm. (a,
b) Se6, (c, d) Se4, and (e, f) Se2. Red circles: experimental data, Blue lines: data fitting.
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From the results it is evident that TPA coefficients increases when the Eg of the selenide

thin films becomes closer to the photon energy of the excitation wavelength. As expected

the largest TPA coefficients are measured at 1200 nm. The values obtained at the wave-

length of 1550 nm is low in the three compositions. However, measurement uncertainty of

TPA is too large to conclude. It is however important to note that the values estimated for

similar composition than Se4 and Se2 by Petit et al. [187] at 1064 nm are in good agree-

ment with the values we found at 1200 nm. They have measured that α2 varies from (1.6

± 0.2) cm.GW−1 to (4.9 ± 0.6) cm.GW−1 depending upon the Ge-Sb-Se composition. TPA

is weak at 1550 nm in Se2 and Se4 with values consistent with measurements performed

in bulk samples of similar composition by transmission analysis [148] and by Wang et al.

by open aperture Z-scan [169] given in Table. 3.3. The values obtained from the best fits

range from 0.37 cm/GW (Se4 at 1550 nm) to 5.5 cm/GW (Se6 at 1200 nm) depending

on the composition. These values are approximately 3 times smaller than the TPA value

measured in selenide strip waveguides at 1030 nm with 7 ps pulses by an Yb-doped fiber

laser [171].

3.2/ MEASUREMENTS OF ULTRAFAST OPTICAL NONLINEARITY

As stated in chapter 1, different mechanisms such as bound electronic motion, two-

photon free-carrier generation, molecular Kerr reorientation, photo refractive effect, ther-

mal effects etc. can contribute to a change in index dependent on intensity [188]. The

nonlinearities that arise from these mechanisms possess different response times and

can be associated to an equivalent n2. As is seen in table. 3.2, electronic nonlinearities

are fast and it is resulting from the instantaneous change in polarization density to the

optical electric field. On the other hand thermal effect implies a long excitation and relax-

ation time. It can be induced optically and cause a change in refractive index due to an

increase of the temperature due to material absorption. Importantly, to make a material

useful for future photonic devices an ultrafast electronic response is desired.

Table 3.2: Characteristics of optical nonlinearities according to their physical process [1]

Mechanism n2 Response time
(cm2/W) (sec)

Electronic polarization 10−16 10−15

Molecular orientation 10−14 10−12

Electrostriction 10−14 10−9

Saturated atomic absorption 10−10 10−8

Thermal effects 10−6 10−3

Photorefractive effect large (intensity-dependent)
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The following sections present the experimental results of nonlinearity measurements

conducted in the three different selenide waveguides at the wavelengths of 1550 nm and

1200 nm as well as details of the mechanism (thermal or electronic) that contribute to the

change in refractive index of the material. Furthermore, we will introduce a new technique

to measure the optical nonlinearity in very thin layers of planar waveguides. The real

motivation to develop a new experimental technique is given in the following section.

3.2.1/ TECHNIQUES FOR THE DETERMINATION OF n2

The characterization of nonlinear optical properties have an important role in modern

photonic functionalities including ultrafast all optical signal processing, short pulse gener-

ation and wavelength conversion. Different techniques have been employed to determine

the third order nonlinear optical constants of bulk/film samples including self-phase mod-

ulation (SPM) [189], Mach-Zehnder technique (MZT) [190], degenerate four wave mixing

(DFWM) [157], two-photon absorption spectroscopy [191], optical Kerr gate [192] and

z-scan [193].
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Figure 3.5: Schematic illustration of a z-scan technique (top) and the transmission versus
position z-scan curve [194] (bottom).

The latter technique is the most widely used one and is appropriate to characterize both

bulk material and thin films. The z-scan [193] is suitable to determine both the real and

imaginary part of the nonlinear refractive index. This method is based on the analysis

of the diffraction modification due to nonlinear effect of a beam focused in the sample

under study while the sample is scanned along the z-direction as shown in Fig. 3.5 (top).
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The transmitted light by a small aperture is then measured in the far field as a function of

sample position z with respect to the focal plane of the focusing lens. If the material has a

positive nonlinearity (n2 > 0), the transmission versus position has a valley first and then

peak (Fig. 3.5 (bottom). For a material with a negative nonlinearity (n2 < 0) will produce

an exactly reversed curve, first the peak and then the valley (Fig. 3.5 (bottom). One can

determine the amplitude of n2 from the transmission graph versus sample position. For

accurate measurements, it requires samples with very good homogeneity. In addition, this

technique cannot be used in very thin layers since the induced beam change becomes

indiscernible. Moreover, the thin film under test is often deposited on a substrate that can

perturb or prevent the measurement.

Figure 3.6: Schematic of Mach-Zehnder experimental setup: NL, nonlinear material; L,
lenses; M, mirrors; BS, beam splitters. Figure taken from Ref. [190].

Unlike z-scan, a single laser shot is enough in MZT [190] technique to obtain a large

number of measurements and to accurately estimate the nonlinear coefficients. Further,

the risk of damage to samples is highly limited with single laser shot in the sample. The

operating principle of MZT is explained by the experimental set up shown in Fig. 3.6.

One beam of the Mach-Zehnder interferometer is used as a reference beam with intensity

I1(r); a second beam is asses the area to be tested with an intensity I2(r). The nonlinear

medium is then illuminated by a second pump beam focused with the aid of a lens. Then

the interference pattern intensity due to the recombinations of the beams is recorded at
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the output of the sample using a CCD camera. When the nonlinear medium is excited

by the pump beam, local fringe alteration is observed in the interference pattern due to

the nonlinear dephasing and the amplitude change due to the nonlinear transmittance.

The nonlinear dephasing allows the determination of n2 and the TPA coefficient can be

deduced from the amplitude of transmittance. Moreover, numerical treatment such as

spatial Fourier transform on the acquired image permits both the characterization of poor

optical quality sample and increase the precision of the measurements. But the great

inconvenience of the MZT is the complexity of the optical setup. The poor optical quality

of beam requires a day to day alignment of the optical setup which can be tedious.

Figure 3.7: Schematic diagram of the experimental setup used for SPM technique. PD,
pin-photodiode; ATT, attenuator; C, chopper; λ/2, half wave plate; L, lenses; A, aperture;
M, glass plate; P, polarizer. Figure taken from Ref. [189].

Many techniques have also been developed to analyze nonlinearities in 2-D waveguides.

For instance, the SPM technique [189], which is based on the analysis of the spectral

broadening of a beam as a function of intensity and sample length, allows determination

of nonlinear coefficients in 2-D waveguides or fibers. Schematic of the experimental setup

for SPM is presented in Fig. 3.7. A pin-photodiode and a sampling oscilloscope is used

to monitor the temporal-pulse profile. For instance a modelocked Nd:YAG laser can be

used as the light source. The laser beam is injected into the waveguide/fiber with an

objective lens. An intense pulse propagating through the nonlinear medium acquires a

phase shift due to the nonlinear index of refraction. The self modulated pulses having a

broadened spectrum of frequencies is then analysed at the output of the waveguide using

an optical spectrometer. The n2 coefficients can be deduced from the spectrum change.

The main issues associated with SPM are an accurate measurement of peak intensity

and an independent measurement of the effective area (Aeff) of the waveguide/fiber since

the quantity actually measured by the SPM technique is n2/Ae f f .
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Likewise, DFWM technique [157] is also well suited to analyse third order susceptibility

tensor of 2-D waveguides. This is based on the temporal and spatial overlapping of three

separate light pulses which allows an increased flexibility such as the possibility of mea-

suring different tensor components of χ(3), a straightforward study of temporal behavior,

and less strict conditions on the beam profile and the surface roughness [195]. However,

the complex experimental set up and the requirement of injection of synchronized pulses

at different wavelengths limits the application.

Principally, none of these techniques is well suited to study nonlinear properties in very

thin layers that form planar waveguides. So we propose a technique that is convenient to

determine the Kerr effect in such structures. The method is based on the direct analysis of

the influence of the non-linear effect on the spatial light distribution of a beam propagating

in the slab waveguide. The proposed method has several merits. The experimental

setup is simple and one laser shot could be sufficient to deduce the Kerr coefficient. The

sensitivity is good especially when self-trapping leads to the formation of spatial soliton.

The method can be used even in multimode waveguides and is relatively immune to

perturbations due to the substrate. In addition, the proposed technique can be applied

to characterize any materials that form a waveguide. The following section describes the

principle of the proposed technique.

3.2.2/ PRINCIPLE OF BEAM SELF-TRAPPING TECHNIQUE

The characterization technique we propose is based on the analysis of beam self-action

and more specifically on beam self-trapping to measure optical nonlinearities in planar

waveguides. As described in chapter 1, section 1.1.3, beam self-trapping occurs when

diffraction is counteracted by nonlinear index change induced by the beam itself [2]. Such

an effect can even lead to the formation of a spatial soliton when the trapped beam prop-

agates without changing its shape. The technique is used to characterize ultrafast non-

linear properties of three different selenide waveguides at 1550 and 1200 nm.

The proposed technique consists in focusing a pulsed laser at the input face of a slab

waveguide while the beam profile is monitored with a camera at the output face. As

shown in Fig. 3.8, if the launched beam is narrow, typically few 10’s of micron wide, it

clearly enlarges due to diffraction in the linear regime along few millimetres propagation

distance. In the nonlinear regime, i.e., at higher power, diffraction is modified due to either

self-focusing or self-defocusing.

To properly model the beam propagation, the effects of both linear and nonlinear absorp-

tion must be considered. The modified nonlinear Schrödinger equation (Eq. (1.24)) that

includes absorption can be written as [122]:
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Figure 3.8: Beam propagation in the three layer planar waveguide.
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Here E(x, y, z) is the beam electric field distribution and is related to the beam intensity

distribution by I =
1
2

cε0n|E2|. x and y are the coordinates perpendicular and parallel to the

chalcogenide layer, respectively, and z is the coordinate associated to the propagation

direction. The second term of Eq. 3.2 corresponds to diffraction that only occur along

y since the beam is guided along x-axis. The third term accounts for absorption α ex-

pressed as α = α1 +α2I, α1 and α2 being the linear and TPA coefficients respectively. The

contributions of three-photon and higher order absorption are neglected [128]. Thus, the

equation describing the evolution of the pulse with linear and TPA can be defined as:
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λ

n2IE(x, y, z) = 0 (3.3)

The last term of Eq. (3.3) accounts for the contribution of the Kerr nonlinearity. For a

positive n2 coefficient and within certain power constraints, self-focusing effect can com-

pensate for diffraction and the fundamental solution of Eq. (3.3) leads to a spatial soliton

[128]. In our work, the Kerr coefficient will be deduced by fitting the experimental re-

sults with simulations given by the nonlinear Schrödinger equation Eq. (3.3) solved with

a beam propagation method (BPM: a numerical method for evaluating the evolution of

optical fields in waveguides) [196].
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3.2.3/ EXPERIMENTAL SETUP

As mentioned in the previous section, following parameters have to be identified to extract

optical nonlinearity by employing the beam self-trapping technique:

• input beam size for each wavelength.

• output beam size as a function of intensity

• linear refractive index (n0)

• propagation length (l)

• linear and nonlinear absorption coefficients for greater accuracy.

Figure 3.9: Experimental setup used to analyze the beam self-action in chalcogenide
planar waveguides. λ/2, half-wave plate; PBS, polarizing beam splitter; CL, cylindrical
lens; Obj, microscope objective; PM, power meters; B.S, beam splitter.

The experimental setup used for TPA measurements is thus modified with the introduction

of a vidicon camera and an optical chopper as shown in Fig. 3.9. The laser system and

the optical components are the same as in the setup of Fig. 3.2. The impact of the

cumulative thermal effect is excluded with an optical chopper. Samples are kept on an

XYZ translation stage to provide the maximum light coupling. The spot size of 4.3×33

µm (FWHM) at 1.55 µm and 3.3×27 µm at 1200 nm allows efficient end fire coupling to

the fundamental mode of the waveguide. A coupling efficiency of ∼ 21% is measured in

our waveguides at the wavelength of 1550 nm. Beam distribution at the output face of

the chalcogenide film as a function of intensity is monitored with a vidicon camera (the

size in the image plane corresponding to 768 x 576 pixels is 0.40 x 0.31 µm) using a

×10 microscope objective. The experimental demonstration of beam self-action effects is

presented in the following section.
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3.2.4/ FORMATION OF SPATIAL SOLITONS IN THE SLAB WAVEGUIDES

Figure 3.10: Experimental images of beam self-action analysis within a 1 cm long Se6
planar waveguide. (a) Input beam injected into the waveguide, (b) diffracted output beam
in linear regime for an intensity of 0.05 GW/cm2, (c) output self-trapped beam near soliton
propagation with a peak intensitiy of 0.30 GW/cm2.

We have performed the experiments in the three selenide waveguides at two different

wavelengths. A typical observation made in a 1 cm long Se6 slab waveguide at 1550 nm

is depicted in Fig. 3.10. Fig. 3.10(a) shows the shape of the beam at the entrance of

the waveguide whose horizontal size is 33 µm FWHM. At low incident intensity, the beam

propagates in linear regime and diffracts freely to give an output beam whose FWHM

is about 78 µm (Fig. 3.10(b)). As we increase the input peak intensity, we observe a

beam narrowing which reveals a positive n2 coefficient. Adjustment of the beam input

peak intensity to 0.30 GW/cm2 even leads to the formation of a trapped beam close to a

spatial soliton as depicted in Fig. 3.10(c). Formation of Kerr spatial soliton is confirmed

when the input and output beam profiles are similar. In such a situation, diffraction and

self-focusing compensates each other. Note that, the intensity required to form soliton is

very low in this composition. Thus a strong Kerr coefficient can be expected.

Similar experiments have been performed in Se4 and Se2 samples at 1550 nm and 1200

nm. Fig. 3.11 represents the evolution of the output beam FWHM as a function of the

input intensity for the three waveguides at 1550 nm (Fig. 3.11(a)) and 1200 nm (Fig.



64CHAPTER 3. NONLINEAR OPTICAL CHARACTERIZATION OF GE-SB-SE PLANAR WAVEGUIDES

Figure 3.11: Measured output beam FWHM as a function of incident intensity in the
three-selenide compositions: (a) at 1550 nm, (b) at 1200 nm.

3.11(b)). Since they are all about 1 cm long, diffraction regimes are similar. At low

incident intensity, output beam diffracts to give a beam, which is 2.4 times larger than

the input beam. For all samples, self-trapping is observed (n2 > 0 ) and soliton formation

can be reached. Soliton is formed at input peak intensities of 0.30 GW/cm2 for Se6, 0.83

GW/cm2 for Se4 and 1.28 GW/cm2 for Se2, respectively at 1550 nm whereas the intensity

required to form soliton at 1200 nm is 0.14 GW/cm2 for Se6, 0.24 GW/cm2 for Se4 and

0.35 GW/cm2 for Se2. Note that to prevent input facet damage we voluntarily did not go

beyond the soliton power in the tested samples.
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Figure 3.12: Evolution of output beam FWHM as a function of intensity in Se6 at 1550
and 1200 nm with and without optical chopper.

Since our measurements are made with a high repetition rate laser (80 MHz), it is im-

portant to evaluate the contribution of potential thermal effect or photo-induced effects

that could be present in addition to the instantaneous electronic nonlinearity. Following

the literature [197, 198, 199], we performed experiments with an optical chopper in order

to lower the average power while maintaining the peak power. A chopping frequency of

1000 Hz and a duty cycle of 28% was used. Fig. 3.12 depicts the self-focusing behavior

versus intensity in the Se6 sample with and without the chopper at both 1550 nm and

1200 nm. Note that the Se6 composition has the lowest bandgap energy and conse-

quently the strongest absorption which should favour appearance of the thermal effect.

Within the experimental errors, no change in FWHM beam behaviour is observed despite

an average power divided by more than 3.5 times with the chopper compared to without

chopper. It clearly demonstrates that thermal effect can be neglected in these glasses

when working at near infra-red wavelengths with our femtosecond laser system. Further-

more, we have also verified that the self-focusing effect is reversible when we switched

from high intensity to low intensity. It proves that no permanent modification of refractive

index that could be due to the glass photosensitivity [140] is induced during the experi-

ment. We have also confirmed the absence of thermal or photosensitivity effect in Se4

and Se2 samples.

While previous measurements are standard, the originality of our method to determine

the coefficient n2 is based on the beam self-action analysis. This will be presented in the
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next section along with examples.

3.2.5/ n2 MEASUREMENTS BY THE BEAM SELF-TRAPPING TECHNIQUE

The experimental self-action regime is modelled using Eq. (3.3) to deduce the Kerr coeffi-

cient. Accuracy is however higher when the nonlinear regime reveals an obvious change

in the experimental output profile. As an example we will consider the beam self-action

effect observed in Se6 sample at first.

Figure 3.13: Comparison between experimental and numerical beam profiles of beam
self-action analysis as a function of input intensity within a 1 cm long Se6 planar waveg-
uide. (a) Input beam, (b) output beam in linear regime for an intensity of 0.05 GW/cm2,
(c) output beam in nonlinear regime for an incident intensity of 0.30 GW/cm2. Circles and
solid line profiles correspond to experimental and numerical fits, respectively.

We thus chose to consider the soliton regime for the fitting using the numerical simula-

tions given by Eq. (3.3). The coefficient being the only free variable while absorption

coefficients are taken from the previous section. More precisely, we look for the n2 coeffi-
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cient that predicts the experimental results numerically by the BPM method. A Gaussian

input beam profile of identical width and same peak intensity than the experimental one

is considered at the input of the numerical simulation. For instance, the solid lines in Fig.

3.13(a), (b) show the fitted beam profile in linear regime, respectively at the entrance and

at the exit face of the 1 cm long Se6 sample at 1550 nm. Fig. 3.13(c) depicts the out-

put beam profile in soliton regime for an input peak intensity I0 = 0.30 GW/cm2, α2 = 1.66

cm.GW −1, α1 = 0.26 cm−1, and n2 = 17 x 10−18 m2. W−1. The numerical simulation results

give a beam FWHM of 31.5 µm, 79 µm and 31.5 µm respectively for input beam, diffracted

output beam in linear regime and soliton beam profiles, which are in good agreement with

the experimental beam profiles as shown in Fig. 3.13.

Figure 3.14: Computed output beam FWHM versus nonlinear refractive index for two
different input intensity in Se6 chalcogenide waveguide. Parameters: Input beam FWHM
= 33 µm, linear refractive index = 2.9, λ = 1550 nm, α1 = 0.26 cm−1, α2 = 1.66 cm/GW,
waveguide length = 1 cm.

Further increase of intensity leads to the formation of side wings and beam breakup.

This could be explained by considering the contribution of TPA at high intensity [200,

201]. Moreover, waveguide facet damage occurs when the excitation intensity exceeds

0.82 GW/cm2 for Se6 samples at 1550 nm. Two experimental parameters lead to some

uncertainty in the evaluation of n2, the input beam FWHM and the input beam intensity.

The beam width uncertainty is about 2 µm while the uncertainty of the incident intensity is

evaluated to be 10%. So, we first deduced n2 corresponds to soliton formation intensity

with the parameters of input beam FWHM, n0, λ, α1 and α2. Then we calculated n2

coefficients for an input peak intensity, which is 10% above and below the soliton intensity.

Fig. 3.14 shows the calculated beam FWHM at the exit face of a 1 cm long waveguide
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as a function of n2 coefficient for two different incident intensities. Dependence of the

expected FWHM versus n2 is found to be linear. The estimated uncertainty on intensity

dependent n2 is 17.6% for Se6.
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Figure 3.15: Simulated beam evolution corresponding to soliton propagation in a 1 cm
long sample at λ = 1550 nm: In Se4 films for an input intensity of 0.8 GW/cm2 (a), material
parameters used are n2 = 8 x 10−18 m2.W−1, α1 = 0.24 cm−1, α2 = 0.37 cm/GW; in the Se2
films for an input intensity of 1.28 GW/cm2 (b), material parameters used are n2 = 5.5 x
10−18 m2.W−1, α1 = 0.19 cm −1, α2 = 0.43 cm/GW−1.

In addition , simulated beam evolution corresponding to the soliton propagation for Se4

and Se2 is depicted in Fig. 3.15. The intensity dependent changes in refractive index

of the medium are attributed to the Kerr effect. As seen in Fig. 3.15(a) and 3.15(b),

the reduction in intensity of the self-trapped beam is due to the nonlinear absorption.

Comparison of BPM simulations with experimental results leads to a nonlinear index n2 of

8 x 10−18 m2.W−1 with α2=0.37 cm/GW for Se4 and n2 of 5.5 x 10−18 m2.W−1 with α2=0.43
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cm/GW−1 for Se2.

The same technique is used to characterize the nonlinear properties of our selenide

waveguides at 1200 nm (Fig. 3.11(b)). Since strong self-trapping and soliton formation is

observed for an intensity lower than 1550 nm we can expect large nonlinear index coeffi-

cients at 1200 nm. Table. 3.3 summarizes the results of optical constant measurements

for the three studied planar chalcogenide waveguides at the two different wavelengths.

The measurements showed that both n2 and TPA are smaller in Se2 in accordance with

its larger band gap than Se4 and Se6.

Table 3.3: Measured values of the optical coefficients in the three chalcogenide waveg-
uides at 1550 nm and 1200 nm. To validate the measurements, optical coefficients of
the chalcogenide glases/waveguides obtained by other techniques are presented (BSA,
beam self-trapping analysis (present study); DTA, direct transmission analysis; SRTBC,
spectrally resolved two beam coupling.

Sample λ (nm) α1(cm−1) α2(cm.GW−1) n2(10−18m2.W−1) Method
and
references

Se6/Ge12.5Sb25Se62.5
Slab waveguide 1550 0.26 1.66 ± 0.18 17.0 ± 3 BSA
Slab waveguide 1200 0.76 5.5 ± 0.8 32.0 ± 5 BSA
Bulk 1550 0.20 0.84 20.3 ± 3 DTA [148]
Se4/Ge19.4Sb16.7Se63.9
Slab waveguide 1550 0.24 0.37 ± 0.05 8 ± 2 BSA
Slab waveguide 1200 0.71 5.4 ± 0.6 21.5 ± 3 BSA
Bulk 1550 0.15 0.31 9.97 ± 2 DTA [148]
Se2/Ge28.1Sb6.3Se65.6
Slab waveguide 1550 0.19 0.43 ± 0.06 5.5 ± 2 BSA
Slab waveguide 1200 0.63 2.7 ± 0.4 14 ± 3 BSA
Bulk 1550 0.15 0.29 9.0 ± 2 DTA [148]
Ge29.9Sb15.6Se54.5
(waveguide)

1064 0.806-
0.852

[183]

Ge23Sb7Se70 (bulk) 1064 2.4 z-scan
[187]

Ge28Sb7Se65 (bulk) 1064 4.9 ± 0.6 z-scan
[187]

Ge23Sb7Se70(ridge
waveguide)

1550 3.71 SPM [202]

Ge-Sb-Se (bulk) 1150-
1686

0.05-7.44 7.33-20.3 z-scan
[169]

As2Se3 1500 19 z-scan
[155]

1250 2.8 ± 0.4 30 ± 4.5 SRTBC
[203]

As2S3 (bulk) 1250 0.16 ± 0.02 6.8 ± 1.0 SRTBC
[203]
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To validate our method, we compare our values with the ones obtained by other tech-

niques. The experimental n2 values obtained for Se4 and Se2 waveguides by the beam

self-trapping analysis at 1550 nm are close to the values obtained in bulk samples of

similar composition (See Table. 3.3) characterized by the Z-scan techniques [148]. In ad-

dition, our n2 values measured for Se4 and Se2 are consistent with the values reported by

Dai et al. in Ge-Sb-Se ternary system using the Z-scan technique in femtosecond regime

[168]. They estimated values of n2 vary from 5.3 x 10−18 m2/W to 19 x 10−18 m2/W at 1550

nm for different compositions of Ge-Sb-Se glasses. A recent paper [202] reported the

nonlinear characterization of a Ge23Sb7S70 ridge waveguide using the self-phase modu-

lation to be 3.71 × 10−18 m2/W at the wavelength of 1550 nm. In Ge-Sb-Se samples, we

obtained n2 as high as (17 ± 3) x 10−18 m2/W at 1550 nm and (32 ± 5) x 10−18 m2/W at

1200 nm for the sample with the smallest bandgap. This is in accordance with a nonlin-

earity four times larger in As2Se3 than in As2S3 [203, 155]. This clearly reveals that, n2

increases as selenium is substituted for sulfur atoms. Moreover, n2 increases as material

bandgap decreases. This trend is consistent with values reported by Wang et al. where

the wavelength was tuned from 1150 nm to 1686 nm [169]. It is also important to note that

some properties of the bulk materials such as the chemical composition, the band gap

energy and the refractive index are known to slightly differ from properties of deposited

films [204]. Consequently, nonlinear optical properties of bulk target and deposited films

do not exactly match. Nonetheless, the intensity dependent n2 values measured by the

beam self-trapping analysis follows the same trends than the one estimated by the z-scan

method in Ge-Sb-Se glasses. All results validate our original technique.

3.2.6/ SELF-FOCUSING VERSUS WAVELENGTH

Nonlinear optical properties of chalcogenide glasses are very dependent on wavelength.

We thus propose to perform a nonlinear characterization of Ge-Sb-Se on a wide wave-

length range. Few results have been recently published for this material [168, 171]. These

literatures have well characterized the nonlinear properties of chalcogenide glasses at

shorter wavelength (1030 nm) [171] and mid-infrared wavelengths (2000 nm and 2500

nm) [168] by z-scan technique. Since the studies are on a fixed wavelength, a step by

step wavelength varying study is necessary to understand the influence of wavelength on

the propagation of self-trapped beam. In this section, we report the optical characteriza-

tion of the waveguide Se2, by tuning the wavelength from 1200 nm to 1570 nm.

Input beam width is similar than in the previous experiment from Fig. 3.10(a). Output

beam profile of best self-focusing behavior (strongly focused central beam) for different

wavelength and its influence on power is depicted in Fig. 3.16. We note that self-focusing

is observed for all tuned wavelengths. However, an almost clean or distinguishable beam
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Figure 3.16: Experimental output beam profiles of the best self-focusing behavior ob-
tained as a function of wavelength in the Se2 waveguide.

size of self-trapped beam is formed at 1550 nm and 1200 nm. Besides, a similar width

at the exit face and at the entrance face (soliton formation) is observed at 1550 nm.

For all studied wavelengths, self-trapped beam is accompanied with local maximum on

each side. This is more dominant at shorter wavelengths. The strong Kerr coefficient in

chalcogenide gives focusing in our experiment, but the contribution of absorption (TPA)

opposes the focusing and brings out wings on both sides of the beam. Also, we note
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that, the energy required for self-focusing is lower at shorter wavelength than at longer

wavelength. For longer wavelengths the focusing is given by weak nonlinear coefficients

and three photon absorption [128]. Self-trapped beam quality (soliton like behaviour)

couldn’t improve by increasing the input power. If we increase the power above the self-

focusing threshold, the wings become more intense and lead to beam splitting. The

clean self-trapped beam observed at 1550 nm and 1200 nm could be easier compared

to simulations and to extract the Kerr coefficient. The n2 values extracted for 1550 nm

and 1200 nm are listed in Table. 3.3. The high optical nonlinearity measured at shorter

wavelength is interesting for photonic applications.

3.3/ PHOTOSENSITIVITY OF SAMPLES

In addition to the instantaneous nonlinear Kerr response presented before, we have ob-

served a slow and irreversible self trapping of the optical beam when the illumination is

maintained for a long time. We call this effect a photoinduced self-action. This refractive

index variation under illumination has been studied for several decades and have been

applied to the fabrication of devices such as gratings and waveguides notably in chalco-

genide glasses [128]. As mentioned in the previous chapter, photoinduced effects can

come from different mechanism and induce changes in the optical constants such as the

refractive index, the absorption coefficients and the optical band gap. These effects are

stronger when illumination is performed at a wavelength near the optical band gap of the

material. Moreover, the photoinduced modification of refractive index takes place slower

at lower laser power. In this section, we discuss the photoinduced beam self-trapping and

photosensitivity studies in both Se2 and Se4 compositions.

3.3.1/ EXPERIMENTAL DEMONSTRATION OF PHOTOINDUCED SELF-TRAPPING IN

CHALCOGENIDE WAVEGUIDES

In order to study this effect, the same experimental setup (Fig. 3.9) as for the beam self-

action is used. The measurements were carried out at 1.55 µm in femtosecond regime for

an illumination time of about an hour. Evolution of the beam distribution at the output of

the Se2 waveguide as a function of time is shown in Fig. 3.17, for an input intensity of 1.2

GW/cm2. At the beginning of light exposure, the input beam of 32 µm (FWHM) diffracts to

80 µm through the 1.2 cm long waveguide (Fig. 3.18(a)). Then the beam tends to reshape

gradually to form weak peaks on each side of the central beam that tends to enlarges as

seen in Fig. 3.18(b) and (c). As time progress, multiple peaks formation is observed (Fig.

3.18(d), (e), (f)). At t = 1380 s, the lateral peaks are as intense as the central peak, as
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Figure 3.17: Evolution of beam with time for intensities of about 1.2 GW/cm2 in Se2. (a)
Profile of 84 µm wide output beam at t=60 s, (b-f) temporal evolution leads to multiple
peak formation.

observed at t = 2040 s (Fig. 3.18(e)). At the end of photoinduced process the beam

start to splits asymmetrically due to the strong photoinduced absorption. Photoinduced

absorption and scattering are known to be present in chalcogenide on exposure to high

power irradiation, when the photon energy is less than the band gap [128]. Hence, pho-

toinduced losses (absorption) are present in this composition with an irradiation of lower

energy photon (0.8 eV) than the material bandgap (2.11 eV). Waveguide Se2 is thus

photosensitive at 1.55 µm under high illumination intensity. It gives rise to a strong beam

dislocation.

Similar experiments are done in Se4 that has bandgap energy of 1.86 eV. Experimental

results on the evolution of output beam size with time are shown in Fig. 3.18 for an

illumination intensity of 0.81 GW/cm2. At first, the 32 µm input beam width experience

linear diffraction to 90 µm (t = 0 s). Then the beam starts to focus gradually as a function

of time. At the end of photoinduced process, the output beam is clearly focused (32

µm, at t = 2640 s) and has a width similar than the input beam. The self-trapped beam

maintain its shape for about 14 minutes. Since the process continues to evolve the beam

width becomes smaller than the input beam. In other terms, diffraction is balanced by the

photoinduced index change. Similarity of the input and output beam (at t = 2640 s) profiles

is an indication of soliton formation by the photo- induced effect. These effects thus give

an increase of the index of refraction in the illuminated area. If we stop the illumination a

guiding structure is present. After comparing the results in both compositions, we found
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Figure 3.18: Temporal evolution of the optical beam width at the output of the Se4 waveg-
uide for an input intensity of about 0.81 GW/cm2. Insets show the profile of input beam at
t = 0 s and t = 2500 s.

that studied compositions are photosensitive and the observed effects are irreversible

because when the intensity is lowered, the diffraction regime is not recovered like when

the Kerr effect is dominant.

3.4/ SUMMARY

In this chapter we have characterized the nonlinear optical properties of the three different

selenide waveguides at the wavelength of 1550 nm and 1200 nm. Nonlinear absorption

losses of the selenide waveguides are determined by the transmission analysis. A de-

crease of TPA losses with increase of wavelength is observed. The obtained TPA values

are negligible especially at 1550 nm and shows some changes with the increase of Se

content. Since the photon energy of excitation wavelength is close to the band gap en-

ergy of Se6 films, largest absorption losses are detected. Whereas, minimum absorption

losses together with highest damage threshold intensity to light exposure is found in Se2

guiding layer.

We have shown that beam profile analysis due to beam self-trapping is an accurate and

simple technique to deduce optical Kerr effect in planar waveguides. This technique has

been applied to measure ultrafast optical properties in three slab waveguides named Se6,

Se4 and Se2 at the wavelengths of 1550 and 1200 nm. Beam broadening and narrowing
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results are compared with simulations of the nonlinear Schrödinger equation solved by the

(1+1)-D BPM method to deduce the Kerr n2 coefficients. The found nonlinear refractive

index coefficients are consistent with values obtained by different techniques. The highest

n2 coefficient of 32± 5.10−18m2.W−1 is found in Se6 films at 1200 nm while the lowest n2 of

(5.5 ± 2) x 10−18 m2/W is obtained in the Se2 films at 1550 nm.

We have also studied the influence of parameters such as wavelength on self-focusing

behaviour. Though self-focusing is obtained for a wide range of wavelengths, formation

of solitons are limited to the wavelengths of 1550 nm and 1200 nm. In addition, we have

reported the experimental observation of an efficient beam self-trapping and soliton-like

behavior in Se4 chalcogenide waveguide due to a photo-induced effect. The analysis

of nonlinear properties of the Ge-Sb-Se system is showing that the Kerr coefficient as

well as TPA coefficient increases with increasing the content of antimony and decreas-

ing the value of band gap energy. The strong ultrafast nonlinearities together with Kerr

spatial soliton formation and low propagation losses of the Ge–Sb–Se fabricated planar

waveguides make them suitable for nonlinear photonic devices.

After evaluating the optical properties of the fabricated waveguides, the best combination

of all parameters for plasmon-soliton coupling such as lowest linear and TPA coefficients,

highest damage peak intensity threshold and soliton formation are found in Se2. Thus,

Se2 will be the selected composition to deposit plasmonic layer on top of it. The next

chapter is dedicated to the experimental study of plasmon-soliton coupling.





4

DEMONSTRATION OF ENHANCED

SELF-FOCUSING BY PLASMONS

This chapter provides an insight into the strength of plasmonics for enhancing nonlin-

ear effects. It is divided into two main parts. The theoretical design and fabrication of

the chalcogenide plasmonic waveguide is presented in the first part. The second part

concentrates on the experimental demonstration of the plasmon-soliton coupling in the

designed structure.

PART I

4.1/ THEORETICAL DESIGN AND FABRICATION OF THE PLASMON-

SOLITON STRUCTURE

As already mentioned in the introduction, the idea of coupling a SP and a spatial soli-

ton started in the 1980’s with the seminal paper by Agranovich et al. [13]. However,

experimental evidence confirming the existence of these nonlinear waves have not yet

been revealed. To observe the plasmon-soliton waves, the designed structure should

have specific properties. Firstly, we need a structure that supports solitonic propaga-

tion at moderate input intensity. Secondly, the structure should allow the propagation of

plasmon with moderate losses. Finally, the structure has to be compatible with fabrica-

tion techniques and it is also beneficial to design a structure in which plasmonic field is

accessible for measurements using scanning near field microscope (SNOM) tip.

In this part, we focus our attention on the structure design to reach this experimental ob-

servation of plasmon-soliton waves. We begin with the section describing the structure of

our interest and its theoretical design. Specifically, we present the influence of various pa-

rameters such as buffer layer thickness, polarization and wavelength on plasmon-soliton

77
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coupling with the help of the model developed by our collaborators from the Fresnel insti-

tute in Marseille. Following sections focus on the fabrication and characterization of the

chalcogenide plasmonic waveguide.

4.1.1/ STRUCTURE OF INTEREST AND MODELLING APPROACH

Metal
a)

Nonlinear dielectric

Metal

External dielectric medium

b)

Nonlinear dielectric

Nonlinear dielectric

Metal

External dielectric medium

Buffer linear dielectric

c)

Figure 4.1: Plasmon-soliton waveguide structures: (a) two-layer configuration, (b) three-
layer configuration, and (c) four-layer configuration.

The basic waveguide geometry for plasmon-soliton propagation consists of a single inter-

face made of a nonlinear dielectric and a metal as shown in Fig. 4.1(a). Different waveg-

uide configurations are also proposed including the metal-slot [30], the insulator-metal-

insulator [102], channel waveguides [107], the dielectric loaded metal and metal wedge

[12] to better confine the field and make the light coupling more efficient. Among them the

simplest structure in which it is possible to obtain the solutions of plasmon-soliton wave

is the three-layer configuration. It is composed of a nonlinear dielectric/metal/external

linear dielectric (air) layers (see Fig. 4.1(b)). The study presented in Ref. [29] shows

that a three-layer structure supports both plasmonic and solitonic type solutions at low

light power. However, these solutions are found only in the case of small refractive index

contrast between the nonlinear and the external dielectrics. Importantly, to support low

power solitons, a nonlinear medium of high n2 is required. Moreover, the linear dielectric

also has to be a high-index material if the nonlinear dielectric has a high index. Under

these circumstance, it is not possible to measure directly the plasmonic part of the solu-
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tion if the external layer is filled with a solid. Though three-layer configuration can fulfil the

main conditions described at the beginning of this section the last one such as plasmon

detection by SNOM cannot be fulfilled. To reach this goal, configuration possesses a low

refractive index external layer has to be identified.

To overcome the limitations of three layer configuration, a four layer configuration is intro-

duced. As illustrated in Fig. 4.1(c), a thin layer of a linear dielectric (or buffer layer) has

been added between the metal and the nonlinear dielectric medium. The detailed study

conducted by Walasik et al. reports that these structures support low power plasmon-

soliton solutions even for high refractive index contrast between the nonlinear and the

external dielectrics [28]. In addition, the constraints of material parameters (e.g., buffer

layer thickness and metal thickness) are much broader than the three layer case and it

can satisfies the three main conditions set for a feasible structure. However, light coupling

is not very easy in this structure due to the absence of a guiding layer.

Nonlinear dielectric

Metal

External dielectric medium (air)

Buffer linear dielectric

Low index dielectric

Figure 4.2: Designed 5-layer configuration for plasmon-soliton coupling.

The configuration we propose overcome the limitations of the above mentioned struc-

tures. The origin of our structure is a planar chalcogenide waveguide that offers suitable

nonlinear properties to form Kerr spatial solitons at near infrared wavelengths as demon-

strated in Refs. [205, 161]. For the propagating wave to generate a plasmon polariton a

thin metal film must be present at the top surface. However, a compromise has to be found

between the improved confinement provided by the plasmon wave, that we want to exploit

to efficiently exalt the Kerr effect, and its propagation losses that can be too high and pre-

vent observation of the self-focusing. The chosen solution is to insert a thin low refractive

index dielectric layer in between the metal and the nonlinear dielectric layer. Basically our

structure consists of a five layer geometry of low index dielectric (SiO2)/nonlinear dielec-

tric (chalcogenide)/buffer linear dielectric (SiO2)/metal (Au)/external dielectric (air) (see

Fig. 4.2). The designed structure originates from the theoretical study of Walasik et al.
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[28, 26]. It is expected to allow propagation on a distance long enough to form and main-

tain a self-focused beam that takes advantage of an enhanced Kerr effect thanks to the

electric field plasmon tail that extends deep in the nonlinear dielectric layer. Principally,

this particular configuration can be used to excite the plasmon-soliton waves at low input

peak intensity. Another advantages are the feasibility to detect the plasmonic part at the

interface between the metal and the external dielectric using near-field optics and the

suitability for sensor applications.

The influence of various parameters on the formation of hybrid wave is described in the

following section.

4.1.2/ DESIGN OF THE PLASMONIC STRUCTURE

As we discussed in chapter 1, the field confinement should be optimized by choosing the

waveguide characteristics. Numerical simulations have been performed to determine the

optimum thickness for the top layers. It shows that the buffer silica layer thickness is the

most critical parameter in the design. Moreover, polarization and wavelength have an

influence on plasmon-soliton coupling. In this section we examine the effects of these

various parameters on plasmon mode profile.

EFFECTS OF BUFFER LAYER THICKNESS AND POLARIZATION

Let’s first examine the influence of buffer layer thickness and polarization. Fig. 4.3 shows

the calculated TM and TE mode profiles for SiO2 layer thickness equal to 30 nm, 15 nm

and 5 nm (left column) and zoom in on the field profiles close to the interface area (right

column). As depicted in Fig. 4.3(a), if the silica layer thickness is 30 nm, TM and TE trans-

verse profiles of guided beams are very similar. The presence of the metal marginally

influences their profiles which are then similar to the fundamental guided modes of the

SiO2/chalcogenide/SiO2 slab waveguide. For a 15 nm buffer layer, the TM field profile is

significantly different from the TE profile (Fig. 4.3(b)). In this case, TM wave is confined

in the buffer layer and in the nonlinear layer. A decrease in buffer layer thickness even

improve this confinement. For example, when a SiO2 layer as thin as 5 nm is considered

(Fig. 4.3(c)) the TM wave is strongly affected by the metal and its plasmonic nature is

clear with a strong localization at the metal/dielectric interface. No such characteristic is

observed for TE waves since they do not have electric field component perpendicular to

the interface. Note that the intensity in the nonlinear medium is greater for a 5 nm thick

buffer layer compare to a 15 nm one. However, absorption is also greater for a 5 nm layer.

We chose to fabricate a structure with a 10 nm thick SiO2 layer. We considered this partic-
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ular thickness as a fair compromise between light confinement and moderate propagation

losses. In addition, simulations show that plasmonic mode is TM in nature.

Figure 4.3: Calculated fundamental TM and TE mode profiles for SiO2 buffer thickness
equal to (a) 30 nm, (b) 15 nm and (c) 5 nm respectively.

EFFECTS OF WAVELENGTH

The intensity profile of modes for the wavelength range of 1.6 µm to 1.0 µm in the pres-

ence and absence of metallic layer with a buffer layer thickness of 15 nm are shown in

Fig. 4.4. As can be seen in Fig. 4.4(a) and (b), light shift toward the metal layer is in-

creased as the wavelength increases. The plasmonic character is less and less evident

as the wavelength is shorter (Fig. 4.4(c) and (d)). It is expected because for a given

guiding chalcogenide layer thickness light penetrates deeper into the cladding for longer

wavelengths. Further, as we move to longer wavelengths, an increase in peak intensity

at the interface is noticed with metal. Since we are looking for a solution to excite Kerr
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solitons, it is better to work at long wavelength. So, with an aim to achieve strong confine-

ment while keeping the propagation losses low, we selected 1550 nm as the excitation

wavelength for plasmon-soliton wave which is the longest wavelength achievable with our

tunable parametric oscillator.

Figure 4.4: Intensity distribution of TM polarized light in the presence and absence of
metal for an excitation wavelength of (a) 1.6 µm, (b) 1.55 µm, (c) 1.3 µm and (d) 1.0 µm.
Buffer layer thickness is 15 nm.

4.1.3/ FABRICATION AND CHARACTERIZATION OF CHALCOGENIDE PLASMONIC

STRUCTURE

In this section we focus our attention on the fabrication of the designed Plasmonic Struc-

ture (PS).

As a first step in the fabrication of the structure, the chalcogenide deposition parameters

such as Ar pressure and sputtering power were optimized to have a low surface rough-

ness to reduce propagation losses and enabling an efficient deposition of top layers at

the surface. Detailed description of the planar structure fabrication steps and its optical

characterization have been described in chapter 2 and chapter 3 since it corresponds

to the previously characterized waveguide. As we mentioned in the summary of chapter
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3, we selected Se2 (Ge28.1 Sb6.3Se65.6) composition for the nonlinear dielectric medium.

This glass compositions have been chosen due to its large Kerr nonlinearity (n2 = 5.5

x 10−18m2.W−1), moderate two-photon absorption coefficient (α2 = 0.43 cm/GW ) at the

wavelength of interest of 1.55 µm [205] and high damage threshold intensity evaluated to

2 GW/cm2. In addition, this film composition present a lower photosensitivity than glasses

with higher antimony content.

Figure 4.5: (a) 3-D view of the PS. (b) Schematic description of the cross section of the
sample with the metal cover. (c) Detailed top view of the staircase metallic pattern. (d)
Schematic overall top view of the studied configurations.

The Kerr layer is 3.6 µm thick, it is made of Se2 chalcogenide glass deposited by RF

sputtering on an oxidized silicon wafer [162] as shown in Fig. 4.5(a). Top silica buffer

layer of 10 nm thickness is deposited by the same RF sputtering technique. Note that de-

position of thinner SiO2 layer of good quality is very challenging with the used deposition

technique. The next step is the deposition of a gold layer on top of the SiO2 buffer layer.

For that, a 2.54 cm diameter gold target constituted of a pure gold foil (99% purity, 0.5 mm

thick) is selected. Then, a 32 nm thick gold layer was sputtered (DC sputtering) on top

of SiO2, at room temperature under pure Ar atmosphere with a pressure of 5.10−3 mbar

which gives the hybrid stack described in Fig. 4.5(b). Note that we didn’t deposit the SiO2

buffer and the gold layer on the whole surface of the chalcogenide film, we limited it to

a small area. The coated area can be called as with PS and the uncoated area can be

called as without PS. In this way one can study the propagation of spatial soliton and the
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coupled plasmon-soliton waves separately by choosing the light coupling zone. A good

adherence of gold on the surface of SiO2 layer was obtained.

The metal layer was then patterned to form a staircase shape as described in Fig. 4.5(a)

and Fig. 4.5(c). This shape provides a way to analyze the influence of the metal length on

the propagating wave by choosing the position of the launched beam. Metallized length

can be chosen between 0 to 660 µm as shown in Fig. 4.5(c) and Fig. 4.5(d).

3
2
n
m

1
0
n
m

3.6 μm

a)

b) c)

Figure 4.6: (a) Photograph of the chalcogenide plasmonic wafer (Se2+Au) used
in our study. (b) SEM image of the chalcogenide layer. (c) SEM image of the
Au/SiO2/chalcogenide interfaces.

The photograph of the fabricated nonlinear plasmonic wafer is shown in Fig. 4.6(a). Fi-

nally, two samples 5.5 mm long and one sample 5.1 mm long along the propagation

direction are obtained by cleaving the processed wafer. Each sample possesses different

plasmonic patterns located at different positions that thus constitutes three different con-

figurations as described in Fig. 4.5(d). The first considered configuration (Fig. 4.5(d), top

left) is a rectangular plasmonic pattern of 660 µm long located near the exit face of the

sample (configuration I). The two other configurations correspond to staircase metallic

patterns present either 1 mm before the exit face (Fig. 4.5(d), top center), or 1 mm after

the entrance face of the sample (Fig. 4.5(d), bottom right) which are called configurations

II and III, respectively.

Furthermore, the thickness of the chalcogenide, buffer SiO2 and Au layer are analysed
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by SEM (Fig. 4.6(b), (c)). Characterization shows that chalcogenide layer is 3.6 µm, SiO2

layer is 10 nm thick and gold layer is 32 nm thick which proves that the targeted and

fabricated layer thicknesses are in accordance.

4.1.4/ DISCUSSION

In the previous part, a feasible structure was designed and fabricated to allow the ex-

perimental characterizations. We have investigated the effects of the SiO2 buffer layer

thickness, polarization and wavelength on the characteristics of the mode. The proposed

configuration combines a pure dielectric and localized plasmonic structures via a thin

buffer layer. It can provide a strong confinement while retaining a long propagation length.

Samples have been fabricated by the sputtering technique.

PART II
4.2/ EXPERIMENTAL DEMONSTRATION OF PLASMON-SOLITON

COUPLING

The main goal of this PhD thesis is the experimental demonstration of an enhanced self-

focusing with the help of a plasmonic structure . The results are presented in the following

development. We start with the presentation of the experimental setup used for plasmon-

soliton coupling. The following sections focus on the various experimental results that

unambiguously reveal the coupling between plasmon and soliton. We also present pho-

toinduced effect observed in the fabricated chalcogenide plasmonic waveguide.

4.2.1/ EXPERIMENTAL SETUP

The same experimental setup as for the beam self-trapping analysis (Fig. 3.9) is used for

the characterization of plasmonic structure. 3-D artistic view of the experimental setup is

replicated in Fig. 4.7. Further to the setup descriptions given in section 3.2.3 of chapter

3, a polariser and half wave plate are also used to adjust the polarization state of the

injected beam.

The experiments consist in injecting a 4 x 31 µm2 (FWHM along X and Y-axis, respec-

tively) elliptical beam either with a TM or a TE polarization in to the chalcogenide layer

in which the spot size along y-axis is focused 2 mm inside the sample. Such a way of

beam focusing inside the sample helps to prevent the input facet damage at high intensity

since the intensity at the entrance face is lower than the intensity inside the waveguide.
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FWHM=31 m

Input beam

Y

FWHM= 41 m

0.035 GW/cm²

Output beam

Figure 4.7: Experimental setup used for the observation of plasmon-soliton coupling and
images of the injected beam and output beam in linear regime. HWP, half wave plate;
PBS, polarizing beam splitter; Ch, chopper; CL, cylindrical lens; Obj, microscope objec-
tive; NDF, neutral density filters.

Moreover, it results a weakly diffracting beam over the 5.5 mm long propagation distance.

This spot size is also carefully end-fire coupled into the waveguide in order to excite the

fundamental guided mode. No higher order modes are observed at the output of the

waveguide thanks to a weak overlap with the injected beam. Input and output powers

are monitored to deduce the coupling efficiency and the waveguide transmission. The

output beam spatial profile evolution versus light power is then monitored with a vidicon

infrared camera using a x10 microscope objective. After 5.5 mm propagation inside the

waveguide, the diffracted beam reaches a 41 µm FWHM along Y-axis (Fig. 4.7) in linear

regime. In this regime a ≈21% waveguide transmission is measured for both TM and TE

polarizations when light propagates outside the metallized area. This transmitted power

is consistent with a coupling efficiency of 28% and propagation losses of about 0.19 cm−1.

The incident intensity is latter determined by dividing the coupled light peak power by the

section of the guided mode.

4.2.2/ CONCEPT OF PLASMON-SOLITON COUPLING

As we discussed in chapter 1, plasmons can be excited via evanescent waves generated

at the total internal reflection or using appropriate periodic structures producing evanes-

cent waves [23]. In contrast to this usual way of plasmon excitation, we used the plasmon
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waveguide to inject light below the metallic structure and excite the plasmon.

Figure 4.8: 3-D artistic view of plasmon-soliton coupling in a nonlinear plasmonic waveg-
uide.

The basic principle of the excitation mechanism is illustrated in Fig. 4.8. It consists in

injecting light into the nonlinear dielectric layer without metal and the plasmon wave will

form only when this guided wave enters in area where a PS is present. In nonlinear

regime, we can utilize the property of diffraction compensation by nonlinear effects in the

Kerr medium i.e., formation of Kerr spatial soliton to excite the plasmon mode and could

even generate the non-diffracting plasmon-soliton waves. As illustrated in Fig. 4.8, light

propagating through the chalcogenide layer is coupled with the plasmon when reaching

the PS and results in a stronger localization of light. As a result, an enhancement in

intensity is expected under the PS. The strong intensity provided by the plasmon can

thus provide a stronger Kerr nonlinearity and reduce the power requirement to induce a

self-trapping effect.

Experimental demonstration of the spatially self-trapped plasmonic wave is presented in

the following section.

4.2.3/ FIRST EXPERIMENTAL EVIDENCE OF PLASMON ENHANCED SELF-
FOCUSING

In order to disclose the coupling between the SPP and the optical Kerr nonlinearity, we

first characterize the self-trapping behavior in the absence of metallic layer. These pre-

liminary experiments can thus be considered as a benchmark. As shown in references
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Figure 4.9: Experimental images taken at the output of the 5.1 mm long sample showing
both soliton formation and self-focusing behavior in the absence of PS.

[205, 161] and in chapter 3 the optical Kerr nonlinearity in such chalcogenide slab waveg-

uides can support spatial solitons at near-infrared wavelengths. In the tested sample,

input beam undergoes free diffraction in a 5.1 mm long sample at low incident intensity

of 0.031 GW/cm2 and give a beam size of about 41 µm (Fig. 4.9(a), (d)) regardless of

the state of polarization. As we increase the incident intensity, a beam narrowing effect is

observed. With an input intensity of 0.62 GW/cm2, we observe that the beam diffraction

is compensated by the self-focusing effect as shown by the output width (Fig. 4.9(b), (e))

similar to the injected one (Fig. 4.7). If the input intensity is further raised a stronger

focusing effect occurs. For an intensity of 1.17 GW/cm2 a 23 µm FWHM is obtained at the

output (Fig. 4.9(c), (f)). Note that the very same behavior is observed for both TM and TE

polarizations for this configuration without PS.

The sample is then shifted laterally so that the PS is on the trajectory of the launched

beam. To be more specific, configuration I (PS is at the exit facet) is first considered
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Figure 4.10: Schematic illustration of top view of configuration I with a PS length of 660
µm positioned at the exit face.

with a PS length of 660 µm (see Fig. 4.10). To analyse the polarization dependence and

to understand the influence of the incident intensity, experiments are performed for both

polarizations by varying the input intensity.

In linear regime the presence of this metallic structure located near the end of the waveg-

uide does not modify the observed output beam distribution (Fig. 4.11(a), (d)). The linear

transmission is however reduced due to additional propagation losses. Compared to the

situation without the PS, additional attenuation (power loss under the PS) of 0.572 cm −1

and 28 ± 1 cm−1 are deduced for TE and TM polarized light, respectively. The strong ab-

sorption loss for TM wave is expected due to plasmon. As the intensity is raised, a strong

enhancement of the self-focusing behavior is observed at the output of the waveguide for

a TM polarization. For instance, for an input intensity of 0.62 GW/cm2 (Fig. 4.11(b) the

output beam is already narrower (19 µm FWHM) than the injected one (31 µm FWHM)

while an input intensity of 1.17 GW/cm2 leads to a very efficient trapping of the beam as

witnessed by the output beam of 12 µm FWHM (Fig. 4.11(c). This enhanced focusing is

also evident in Fig. 4.11(A).

To show the difference in self-focusing effect in the presence and absence of the PS, the

results for the case without PS is reproduced in column 3 of Fig. 4.11(g-i). By comparing

the result shown in Fig. 4.11(c) with the one obtained at the same intensity without PS

(Fig. 4.11(i)), we can deduce that the plasmonic enhanced nonlinear effect focuses the

beam from 23 µm to 12 µm FWHM over the 660 µm long structure. It is important to

note that this exalted focusing is not observed for the TE polarization. Indeed, as shown

in Fig. 4.11(e), (f) and (B), the TE mode shows no improved self-focusing compared

to the configuration without the PS (Fig. 4.11(g-i) and (C)). This polarization dependent

behavior is a characteristic marker of the plasmonic effect.

Otherwise, the possible influence of a thermally induced self-focusing has to be consid-
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Figure 4.11: Comparison of self-focusing behavior of light as a function of input intensity
in the hybrid plasmon-soliton waveguide under TM polarization (a-c), for TE polarization
(d-f) and without PS (g-i). Output beam profiles corresponding to Figs; a-c (A), d-f (B) and
g-i (C).
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ered since absorption is higher when a plasmon is generated. To this end, the experiment

is repeated by inserting a mechanical chopper that diminishes the average power to 40%

while keeping the same peak power. As in the experimental results shown in section

3.2.4 of chapter 3, no measurable change of the self-trapping was observed which ex-

cludes any significant role of the temperature.
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Incident intensity (GW/cm2)
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Figure 4.12: Measured output beam FWHM as a function of input peak intensity for both
TM and TE polarization. Metallic layer is 660 µm long and it is positioned exactly at the
exit face of the sample(configuration I).

The striking self-focusing enhancement due to the plasmonic effect is also evident in

the graph from Fig. 4.12 where the output FWHM beam is plotted as a function of the

beam intensity for TE and TM polarizations both with and without the PS. For the three

arrangements for which plasmon generation is not achievable, i.e., without PS-TM and

TE, and with PS-TE polarization, a similar behavior is observed. It is characterized by a

gradual focusing with a linear evolution of the beam width versus intensity. As discussed

earlier, similar FWHM of 31 µm at the input and output, indication of a regime very close

to the spatial soliton, is reached at an intensity of about 0.62 GW/cm2. The behaviour for

a TM polarized mode in presence of a PS differs significantly with a rapid focusing as the

intensity is raised. About three times less intensity (0.21 GW/cm2) is needed to reach a 31

µm output beam compare to the case without plasmon. In addition, the width evolves with

a nonlinear trend and tends to saturate when beam size approaches a 12 µm FWHM.

This hybrid plasmonic geometry is thus definitely providing an enhanced self-focusing

nonlinearity for TM polarization.

Further to these experimental results, BPM simulations are performed to identify the in-

tensity enhancement expected by the plasmons which is depicted in Fig. 4.13. To be
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Figure 4.13: (a) Numerical simulation showing the predicted evolution of the pulsed beam
in a 5.1 mm long nonlinear plasmonic waveguide. (b) Zoom in on the beam profile for
distance from 3.8 to 5.1 mm in the absence of metallic absorption, (c) in the presence of
metallic absorption. Material parameters: λ = 1550 nm, n2 = 5.5 x 10−18 m2.W−1, α1 of
waveguide = 0.19 cm−1, α1 of PS= 28 cm−1, α2 = 0.43 cm/GW, input beam FWHM = 31
µm, input intensity = 1.17 GW/cm2.
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more specific, BPM is done for a (1+1)-D case to model the behavior of the pulse optical

beam in the Nonlinear Plasmonic Waveguide (NPW). Material parameters for the simula-

tions are taken from our previous studies (chapter 2, 3) on the nonlinear characterization

of chalcogenide waveguides by the beam self-trapping technique. Firstly, we consider the

propagation of light through the NPW by neglecting the absorption due to the PS (Fig.

4.13(a), (b)). As in the experiment an input intensity of 1.17 GW/cm2 and a propagation

length of 5.1 mm (length without PS (4.4 mm) + length with PS (660 µm) = 5.1 mm) are

considered in the BPM simulation. In this case, the input beam of 31 µm undergoes beam

narrowing and reaches a spot size of 23 µm after a propagation length of 4.4 mm. When

entering the PS we have to increase the intensity 5 fold than before the PS to observe

the tight focusing to 12 µm as in the experiment. In other words, if we want to achieve a

similar giant focused beam of 12 µm due to the Kerr effect, it requires an intensity of 5.8

GW/cm2 at the entrance of the PS. Note that such a high power would not be possible

to butt coupled in the sample since it is much higher than the damage threshold of 2

GW/cm2.

We repeated similar simulations by considering the metallic losses. The BPM result is

depicted in Fig. 4.13(c). We observed that the imposed intensity has now to be close

to 8.5 times higher at the entrance of the PS compare to before the PS to retrieve the

strong trapping and compensate the large losses associated with the metal. At this point

the expected intensity under the metallic structure is 11 GW/cm2. Moreover, a decrease

in the beam amplitude along the propagation distance of PS is noticed due to the large

plasmonic losses.

We show that a clear improvement of the self-focusing is present in the fabricated NPW,

when a TM polarized light propagates through the structure. We attribute this enhance-

ment to the plasmonic effect. As a consequence a strong focusing effect occurs even at

low input intensity. Theoretical predictions of enhanced nonlinearity through plasmonic

effect is thus confirmed experimentally for the first time. Note that a potential Kerr effect

due to the metal could be suspected to play a role in the enhancement. In the following

part we will further characterize the discovered effect.

4.2.4/ CHARACTERIZATION OF THE PLASMON ENHANCED FOCUSING

To get a better understanding of the disclosed plasmon-soliton coupling for TM waves and

further confirms the propagation and behavior of light in the proposed structure, different

configurations are then tested.

We first studied the influence of the position of the PS along propagation as shown in Fig.

4.14. Three different cases are considered. The previously considered one (configuration
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Figure 4.14: Schematic illustration of the considered configurations. PS length (h) of
configuration I is 660 µm, Configuration II and III are for h= 500 µm respectively.

I) with a 660 µm long PS (Fig. 4.14, top left). The second (configuration II) is a 500

µm long PS positioned 1 mm before the exit face (Fig. 4.14, top center). The last one

(configuration III) is made of a 500 µm long PS located 1 mm after the entrance face (Fig.

4.14, bottom right). Experimental results of the observed beam width as a function of

incident intensity in the three configurations are summarized in Fig. 4.15. At low intensity

the beam undergoes the very same free diffraction in the 5.5 mm long sample regardless

of the electrode location which precludes any linear beam distortion from the PS. As soon

as the intensity is raised the output beam clearly focuses which is mainly attributed to the

Kerr-lens effect in the PS. However, a beam spreading is observed when the intensity is

increased above an intensity threshold that depends on the considered configuration. The

threshold is about 0.87 GW/cm2 and 0.35 GW/cm2 for a PS positioned 1 mm before the

exit face (configuration II) or 1 mm after the entrance face (configuration III), respectively.

This behavior can once again be explained by the strong localized self-focusing induced

by the PS. Indeed, when such a focusing leads to a narrow spot the beam diffraction

cannot be compensated by the weaker nonlinearity present after the PS and the beam

diffraction is dominant. Consequently, beam spreading is observed at the output face.

For instance, if we consider a 11 µm (FWHM) spot size formed after the PS, linear diffrac-

tion predicts that an 83 µm wide beam is formed after a 4 mm long propagation. This

calculation is in accordance with the beam size (84 µm) observed at high intensity in con-

figuration III from Fig. 4.15. The diffraction is weaker in configuration II since the PS

is only 1 mm from the output observation face. Note that, as observed experimentally,

the input threshold intensity is expected to be weaker when the PS is close to the en-

trance face. Indeed, due to the linear and two photon absorptions, the intensity reaching

the PS is not reduced as much as in configuration II where the PS is far from the input

face. It is also important to note that diffraction is not present in configuration I but a
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Figure 4.15: Evolution of output beam width as a function of input peak intensity for the
three configurations I, II and III for TM polarization.

strong self-focussing followed by the localization of light in very small volume is observed

as we increase the intensity. The observed focusing and widening of light in relation to

the PS position on the dielectric allows tunability in the light propagation or in the beam

self-action effects.

4.2.5/ INFLUENCE OF METAL LENGTH ON FIELD ENHANCEMENT
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Figure 4.16: Schematic illustration of top view of the PS staircase pattern.

The previous characterization has been realized with 500 µm and 660 µm long PS. To

analyse the impact of the PS length for TM polarized waves, experiments have also been
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conducted for PS lengths of 100 µm, 200 µm and 500 µm for configuration II and configu-

ration III (Fig. 4.16).
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Figure 4.17: (a) Evolution of output beam width for PS length of 500 µm, 200 µm and
100 µm for configuration II for TM and TE polarizations, (b) for configuration III with TM
polarization.

The obtained results are presented in Fig. 4.17(a) and (b). Measurements made with TE

polarization is shown as a reference in Fig. 4.17(b). For TM modes, beam narrowing and

widening effects are observed. At low intensity, the PS enhances the self-focusing effect
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observed at the output face. Shorter PS give rise to weaker nonlinear focusing for the

two configurations. For instance, for configuration II, at an intensity of 0.23 GW/cm2 the

measured output beam FWHM is 39 µm , 33.2 µm and 28 µm for 100 µm, 200 µm and 500

µm PS length, respectively. With configuration III at an intensity of 0.23 GW/cm2 the mea-

sured output beam FWHM is 31.6 µm, 30.7 µm and 29 µm for 100 µm, 200 µm and 500 µm

PS length, respectively. As the intensity is further increased, the improved confinement

brought by the PS gradually diminishes until the threshold intensity is reached which is

characterized by the sudden defocusing. This threshold intensity raises as the PS length

is reduced. Such a behaviour is expected since short PS lengths necessitate larger in-

tensity to induce the same small spot size than in a longer PS. It is however remarkable

that beam width, that we can infer to be on the order of 10 to 12 µm, can be induced by a

PS as short as 100 µm. Note that, beam widening effect in accordance with the PS length

is weaker in configuration II than configuration III since the PS is closer to the exit face.

So we conclude that, we can control the behaviour of light in a NPW by choosing the PS

length. In addition, these results could be used for the design of photonic circuits where

large nonlinear effects over short distance are requested.

4.2.6/ SPATIAL MODULATION INSTABILITY

Furthermore, analysis of the output beam profile provides additional information on the

strong nonlinearity seen by the propagating beam. Same characteristics than that modu-

lation instability (MI) is present at high incident intensity. The nonlinearities induced spatial

and temporal instabilities have been studied in a variety of fields such as nonlinear fibre

optics, plasma physics and fluid dynamics [206]. Fundamentally, MI is a phenomenon in

which a beam propagating in a nonlinear media undergoes modulation of its amplitude

triggered by initial small perturbations or noise. This process may eventually grow until

the beam break-up into sub beams. In the spatial domain, MI occurs due to the inter-

play between the nonlinear self-focusing and the diffraction in the medium, whereas in

the temporal domain, MI occurs through the interplay between the nonlinearity and the

dispersion effects. The existence of MI in a medium can be used for several applica-

tions including white light generation [206] and the generation of ultrashort pulses [38].

This section will present some clues that indicate that spatial MI is playing a role in the

plasmon enhanced self-focusing.

In Fig. 4.18 the output beam profile is plotted for 6 intensity values for a 500 µm long PS

positioned 1 mm from the output face (configuration II). The previously described beam

diffraction at low intensity is shown in Fig. 4.18(a). The efficient focusing effect forms a

smooth profile beam (Fig. 4.18(b)). This beam then enlarges and develops symmetric

side lobes on both sides of the main peak as the intensity is raised (Fig. 4.18(c-d). The
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Figure 4.18: Beam profile at the output of the 5.5 mm long sample as a function of incident
intensity for TM polarization. PS length is 500 µm, configuration III.

amplitude of the generated side lobes increases as we increase the incident intensity. At

an intensity of 1.1 GW/cm2 (Fig. 4.18(e)) additional peaks and the splitting to form a top
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hat beam is observed. For an intensity of 1.2 GW/cm2 (Fig. 4.18(f)), a more pronounced

beam broadening is observed. Such beam profiles are a signature of the MI that has

been observed in the time domain in presence of strong nonlinearity [207, 208]. Note

that, we didn’t go above an intensity of 1.2 GW/cm2 to prevent the input facet damage.

Moreover, when the intensity is lowered, the diffraction regime observed at 0.031 GW/cm2

is recovered which excludes the presence of permanent photoinduced effects.

MI is thus an additional consequence of the plasmon enhanced nonlinearity even if we

miss a theoretical study to validate the observations. A detailed study has to be con-

ducted in the future to have a clear understanding of the lateral maximum induced by the

plasmonic effects.

4.3/ PHOTOSENSITIVITY OF CHALCOGENIDE PLASMONIC WAVEG-

UIDE

Besides the above mentioned results, we studied the photosensitivity of the fabricated

chalcogenide plasmonic waveguide at the wavelength of 1550 nm. By comparison with

the similar studies on chalcogenide planar waveguides discussed in chapter 3, we used a

lower input intensity of 0.3 GW/cm2 to analyse the presence of irreversible index changes.

Light was coupled in the sample for almost an hour. The used experimental setup is the

same as in Fig. 4.7. Since we observed a very strong self-trapping and plasmon en-

hanced nonlinear effects in configuration I, we chose the same sample piece for photo-

sensitivity studies. The obtained results are shown in Fig. 4.19. At the beginning (t = 0 s),

an input beam of 31 µm FWHM undergoes free diffraction to 42 µm within a 5.1 mm long

sample like in the beam self-action analysis (Fig. 4.19(a). As time progresses, a gradual

increase in beam width is observed (Fig. 4.19 (b-d)). At t = 1860 s, the FWHM of the

diffracted beam is 57 µm (Fig. 4.19(e)). It is obviously accompanied with a reduction in

the peak intensity. Beam widening and reduction in peak intensity became conspicuous

with time. At t = 2340 s, strong widening and beam splitting is recorded (Fig. 4.19(f)). It

is important to note that the observed effects are non reversible and a permanent index

change is recorded even after the illumination is removed.

By comparing this results with the one observed in the pure dielectric waveguide made

of Se2 mentioned in chapter 3, we found that the photoinduced effect follows the same

trend in both structures. The presence of the PS on top of chalcogenide guiding layer has

no particular influence on the photosensitive effects. Note that the incident intensity used

for the photosensitivity study described in chapter 3 and the above mentioned study are

not the same thus a longer illumination time is required at low intensity to obtain similar

results than as high intensity.
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Figure 4.19: Temporal evolution of the optical beam distribution at the output of the NPW
for an input intensity of about 0.3 GW/cm2 (a- f). Configuration I, metallic layer length is
660 µm.
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In this chapter, we have reported for the first time the experimental observation of

plasmon-soliton coupling that have been predicted in many theoretical publications since

the 1980’s. To reach this goal a proper structure has been designed and fabricated. The

analysed structure consists of a highly nonlinear chalcogenide layer, on a SiO2 substrate,

covered by a 10 nm thick SiO2 buffer layer and a thin layer of gold deposited on top of it.

The thickness of the silica layer has been chosen to optimize the plasmonic confinement

while limiting the propagation losses. The structure was successfully used to demonstrate

the plasmonic enhanced nonlinear effects.

We have analysed the characteristics of plasmon enhanced self-focusing through various

experimental results. The strong confinement and localization of light observed only for

the TM polarization confirms its plasmonic character. A strong confinement of light is

directly observed for PS exactly located at the exit face of the waveguide. (1+1)-D BPM

simulations have been used to estimate the intensity improvement provided by the PS

compared to a simple chalcogenide waveguide.

We have shown that Kerr focusing can lead to dramatic beam widening by positioning the

PS away from the sample output. The studied structure can thus act as an efficient beam

intensity limiter whose threshold is set by the position of the PS. The study conducted for

different PS lengths reveals that a giant focused beam of 12 µm can also be induced in

PS lengths as short as 100 µm but with higher intensity than in a longer PS lengths. In

addition, we have presented the features of spatial MI induced by the plasmon enhanced

Kerr nonlinearity as well as the photoinduced effects in the fabricated NPW.





CONCLUSIONS AND PERSPECTIVES

This PhD thesis deals with a study in the field of nonlinear plasmonics. The main goal

of this thesis is to demonstrate the formation of self-trapped plasmons that lead to a new

type of hybrid wave: soliton-plasmon. This concept has been theoretically studied in

many publications since the 1980’s but no experimental observations had been reported

to date. The principle reason is that the nonlinear refractive index change required for

the formation of hybrid plasmon-soliton wave in all the proposed configurations neces-

sitates light intensity that exceeds the damage threshold of typical nonlinear materials.

Another reason is the large metallic losses that limit the propagation length. To achieve

this goal, combination of modelling, design of structure and experimental investigation

was required. Hence, this project was developed in collaboration with the theoreticians

from the Fresnel Institute of Marseille in France and material specialists from the Institute

of Chemical Sciences of Rennes in France. I have conducted a series of experiments

and simulations to reach our goal. The main contributions of this thesis are summarized

below.

We started with the design and fabrication of a planar waveguide that supports the prop-

agation of spatial solitons at low intensity. Chalcogenide glasses are opted due to their

large Kerr nonlinearities, low linear and nonlinear absorption losses and low-cost fabrica-

tion techniques. Chalcogenide glass composition of Ge-Sb-Se was specifically chosen

since it has good thermal, mechanical and chemical properties. The fabrication of pla-

nar waveguides were carried out by the RF sputtering technique. Three type of selenide

compositions are selected, Ge12.5Sb25Se62.5, Ge19.4Sb16.7Se63.9 and Ge28.1Sb6.3Se65.6 later

called Se6, Se4 and Se2 respectively. They have excellent mid-IR transparency, high

stability against crystallization and refractive index contrast allowing optical waveguiding

when associated with silica cladding.

Optical properties of the selected compositions have been analysed by scanning electron

microscopy (SEM), variable angle spectroscopic ellipsometry (VASE) and prism coupling

technique. The results show that Se6 has the lowest bandgap energy and the highest

value of linear refractive index. In addition, cutback method is used to determine the

propagation losses of the planar waveguides at the wavelengths of 1200 nm and 1550 nm.

At the wavelength of 1550 nm linear losses range from 0.19 cm−1 to 0.26 cm−1 depending

on the chalcogenide compositions whereas larger losses range from 0.63 cm−1 to 0.76
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cm−1 are measured at 1200 nm. Among the three studied composition, the minimum

value of linear loss is found in Se2 due to its larger band gap energy.

Subsequently, we have explored the nonlinear optical properties of these waveguides.

We have designed and set up an optical bench based on a tunable femtosecond optical

parametric oscillator. Nonlinear absorption coefficients were determined by transmission

analysis at 1550 nm and 1200 nm. Measurements show that the nonlinear losses are

negligible in our waveguides especially at 1550 nm.

To analyse the Kerr effect we have introduced a new experimental technique based on

the analysis of the beam-self-trapping as an alternative to the well-known z-scan, SPM

or wave mixing that cannot be applied to easily characterize planar waveguides. Optical

nonlinearities in chalcogenide waveguides are studied at 1200 nm and 1550 nm wave-

lengths. Characterizations show that the fabricated slab waveguides can support low

power spatial solitons. The largest Kerr coefficient of (32 ± 5) x 10−18 m2/W is mea-

sured in the Se6 films at 1200 nm, whereas lowest Kerr coefficient of (5.5 ± 2) x 10−18

m2/W is found in the Se2 films at 1550 nm. The obtained n2 values are consistent with

measurements performed with other techniques in bulk samples of similar composition.

The experimental observation of an efficient beam self-trapping and soliton-like behav-

ior in Se4 chalcogenide waveguide due to a non reversible photoinduced effect is also

reported.

Thereupon, we have presented the theoretical design and fabrication of a nonlinear plas-

monic structure. A five layer structure composed of a low index dielectric substrate (SiO2)/

nonlinear dielectric (chalcogenide)/ buffer linear dielectric (SiO2)/ metal (Au)/ external lin-

ear dielectric (air) has been designed and studied. This configuration is made to support

plasmon-soliton with moderate losses. In addition, the proposed structure is compatible

with the available fabrication technique. Performed numerical simulations show that the

designed planar structure supports a fundamental TE mode profile at NIR wavelengths

whose transverse profile is not affected by the metal layer while the TM mode is clearly

confined at the SiO2-metal-chalcogenide interfaces due to the plasmonic effect. In non-

linear regime an enhanced self-focusing effect is thus expected for this TM wave since its

intensity is higher compared to the TE polarized one. We have also shown that the field

confinement at the metal-dielectric interface can be tailored by adjusting the thickness of

buffer SiO2 layer. Furthermore, we have chosen the thickness of the chalcogenide layer

to ease the experimental observation of plasmon-soltion waves.

Se2 composition has been selected as a nonlinear medium for the fabricated PS due to its

large Kerr nonlinearity (n2 = 5.5 x (10−18m2.W−1), low nonlinear absorption coefficient (α2

= 0.43 cm/GW) and high intensity damage threshold evaluated to 2 GW/cm2. Sputtering

technique was used to deposit the chalcogenide layer on an oxidized silicon substrate.
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A SiO2 pattern followed by a gold layer was then laid on top. We have analysed the

thickness of each layer by SEM. The chalcogenide layer is 3.6 µm, the SiO2 buffer layer is

10 nm, and the gold layer is 32 nm in thickness which are found to be in good agreement

with the targeted thickness.

Using these nonlinear plasmonic structures, we have then successfully demonstrated an

enhanced self-focusing by the plasmon-soliton coupling. The extreme self confinement

observed only with TM polarization is a key characteristics of the plasmonic effect. BPM

simulations have been performed to evaluate the intensity enhancement induced by the

plasmon. It shows that the intensity under the plasmonic structure (PS) is at least 5 fold

higher than the non PS zone.

A detailed characterization has also been conducted which clearly exposes the properties

of the plasmon enhanced focusing. The different tested configurations reveal that two

types of behavior exist in the nonlinear plasmonic waveguide (NPW). When the PS is

positioned close to the input facet of the sample, self-focusing is obtained at low intensity

but transform to defocusing above an intensity threshold. Contrarily, the positioning of the

PS at the output facet of the sample results in a tight focusing without beam broadening.

We have also shown that the tightly confined beam of 12 µm FWHM can be achieved even

in a PS length as shot as 100 µm. Moreover, we have observed modulation instabilities

in the output beam profiles due to the plasmon enhanced nonlinearity.

This first experimental proof validates the concept of the nonlinear spatial optical self-

trapping enhanced by the assistance of a plasmon polariton. It also let envision the

possibility to extend the demonstration to other nonlinear surface waves. A more detailed

study of the surface waves will provide better insights into the mechanism of enhanced

nonlinear/plasmonic effects disclosed in this thesis. Nonlinearity predicted by the metal

could be suspected.

In essence, there are a lot of exciting things we can do with the plasmonic enhanced

self-trapped wave. First, to better analyse the effect, observations of the trapped beam

using scanning near field optical microscopy are planned. Samples with thinner gold

layer could be fabricated to ease the SNOM imaging as the plasmon propagates in the

PS. Similarly, characterization of the hybrid wave in the temporal domain could provide a

deeper understanding of the presented results.

The extension of plasmon-soliton studies to other materials can lead to many interest-

ing results. For instance, plasmon-soliton formation in graphene can further enhance the

optical properties of this versatile material via the improved light-matter interactions in

graphene [209]. Further, more research on structure improvement and material parame-

ters will be of great interest from the view points of fabrication, experiment and control of

the plasmon-soliton properties.
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Finally, the first experimental evidence of enhanced optical nonlinearity by plasmons re-

ported in this work can act as a guideline for the realization of exciting applications, the

formation of shape preserving plasmon-soliton wave and the demonstration of new phys-

ical phenomena.
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SAGAZAN, O. D., LHERMITTE, H., RINNERT, E., MICHEL, K., BUREAU, B., CHAR-

RIER, J., AND NAZABAL, V. Selenide sputtered films development for MIR envi-

ronmental sensor. Optical Materials Express 6, 8 (Aug. 2016), 2616–2627.
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[163] NĚMEC, P., OLIVIER, M., BAUDET, E., KALENDOVÁ, A., BENDA, P., AND NAZABAL,
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Titre : Démonstration de l'autofocalisation d'une onde plasmonique  

Mots clés : Optique nonlinéaire, Plasmonique, Solitons spatiaux Kerr, Guide plan en chalcogénure 

Résumé : Cette thèse est une contribution au 

domaine de recherche de la plasmonique 

nonlinéaire, domaine émergent de l'optique. 

L'objectif principal est de démontrer 

expérimentalement l'autofocalisation d'une onde 

plasmonique. 

 

L'étude débute avec la fabrication et la 

caractérisation de guides plans en verre de 

chalcogénure de composition Ge-Sb-Se. Une 

technique basée sur la formation de solitons 

spatiaux est développée afin d’estimer leurs non-

linéarités Kerr. Les propriétés optiques linéaires 

et non linéaires de ces guides sont étudiées aux 

longueurs d’onde de 1200 nm et 1550 nm. 

 

Des structures plasmoniques sont ensuite 

conçues pour propager des ondes hybrides 

plasmon-solitons avec des pertes de propagation 

modérées. Elles sont constituées des guides 

précédents recouverts de nanocouches de silice 

et d'or. 

Les caractérisations optiques par couplage 

plasmon-soliton révèlent une forte 

autofocalisation subie par l’onde qui se propage 

à l'intérieur de la structure plasmonique. Comme 

prévu par la théorie, le comportement est présent 

uniquement pour une lumière polarisée TM. Des 

résultats expérimentaux détaillés de cette 

autofocalisation exaltée par effet plasmonique 

sont présentés pour différentes configurations. 

Des simulations confirment les résultats 

expérimentaux obtenus. 

 

Cette démonstration fondamentale vient 

confirmer le concept d’autofocalisation assistée 

par plasmon tout en révélant un effet nonlinéaire 

très efficace. Cela ouvre de nouvelles 

perspectives pour le développement de 

dispositifs photoniques non linéaires intégrés 

ainsi que de nouveaux phénomènes physiques. 

 

 

 

Title: Demonstration of the spatial self-trapping of a plasmonic wave 

Keywords: Nonlinear optics, Plasmonics, Kerr spatial solitons, Planar chalcogenide waveguides 

Abstract: This dissertation contributes to the   

research area of nonlinear plasmonics an 

emerging field of optics. The main goal is to 

demonstrate experimentally the spatial self-

trapping of a plasmonic wave.  

 

The study begins with the fabrication and the 

characterization of slab Ge-Sb-Se chalcogenide 

waveguides. A technique based on the formation 

of spatial solitons is developed to estimate their 

Kerr nonlinearities. Linear and nonlinear optical 

properties of the waveguides are studied at the 

wavelengths of 1200 nm and 1550 nm. 

 

Plasmonic structures are then designed to 

propagate hybrid plasmon-soliton waves with 

moderate propagation losses. They are 

constituted of the previous waveguides covered  

with nanolayers of silica and gold. 

 

Optical characterizations reveal a giant self-

focusing undergone by the wave that propagates 

inside the plasmonic structure. The behavior is 

present only for TM polarized light as expected 

from theory. Detailed experimental results of 

this plasmon enhanced nonlinear self-trapping 

corresponding to different configurations are 

presented. Simulations confirm the obtained 

experimental results.  

 

This fundamental demonstration confirms the 

concept of plasmon-assisted self-focusing while 

revealing a very efficient nonlinear effect. This 

opens new perspectives for the development of 

integrated nonlinear photonic devices as well as 

new physical phenomena.  
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