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Abstract

In the present work, we use the photoinduced mass transport in thin films
containing azobenzene derivatives to manipulate matter at the nanoscopic
scale. First, we develop a simple method to elaborate periodic arrays of
metal structures with adjustable plasmonic properties. The dispersion dia-
grams of the surface plasmons are measured and exhibit, as expected, the
opening of an energy bandgap and of an unusual momentum-gap. The lat-
ter arises from the interaction of the plasmon modes of the two interfaces
on either sides of the metal film. Near-field measurements show the local-
ization of the plasmon-enhanced optical field on the periodic structure, in
agreement with calculations by RCWA. Second, we demonstrate the optical
control of the displacement of nanoparticles, both metallic and dielectric,
on the surface of an azobenzene-containing thin film. Displacement over
several microns is observed with the direction controlled by the light po-
larization. This provides a new toolkit to manipulate nanoparticles at the
nanoscale and gives deeper insight into the mechanisms at the origin of the
photoinduced mass transport in azobenzene-containing films.

Résumé

Dans ce travail, nous exploitons les propriétés photomécaniques des matéri-
aux contenant des molécules photochromiques dérivées de ’azobenzeéne pour
manipuler optiquement la matiere a I’échelle nanoscopique. Tout d’abord,
nous développons une méthode simple pour élaborer des réseaux périodiques
de nano-structures métalliques dont les propriétés plasmoniques peuvent étre
ajustées par le contrdle du motif élémentaire. Le diagramme de dispersion
des plasmons de surface de ces structures est mesuré. Il présente, comme at-
tendu, 'ouverture d’'une bande interdite en énergie mais aussi une structure
inhabituelle correspondant & 'ouverture d’'un « gap en k », di a 'interaction
des modes plasmons des deux interfaces de part et d’autre de la couche mé-
tallique. Dans un second temps, nous démontrons, pour la premiere fois,
le contréle optique du déplacement de nanoparticules sur la surface d’un
film mince d’azo-matériau. Des déplacements de plusieurs microns sont ob-
servés avec un controle de la direction du mouvement par la polarisation
de la lumiere. Ces résultats fournissent une nouvelle boite a outils pour la
manipulation des nanoparticules & ’échelle nanométrique et permettent de
mieux comprendre le phénomene de transport de matiere photo-induit dans
les films contenant des molécules d’azobenzene.
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Introduction

Light allows transporting energy, information, interacts with matter and
plays thus important role in technology. Moreover, light is particularly inter-
esting thanks to its relative ease of manipulation (i.e. generation, transport
and interaction with matter), to its abundance as being the main component
of the solar spectrum, to its strong interaction with matter, including living
organs and to its wavelength being in the nano range which makes it elemen-
tal in nanotechnology. This explains the large general interest over the last
decades to develop light-based technologies. In order to optimize the ma-
terial design, the understanding of the light-matter interaction is required.
At the fundamental level, one continues to discover intriguing phenomena
of light-matter interaction. Recently, one phenomenon which has triggered
both fundamental and application interest is the photo-induced mass trans-
port in azobenzene-containing films. On one hand, its possibility to convert
light energy into mechanical work at the molecular level is rather unique.
On the other, a complete theoretical account of this phenomenon is still
elusive. No existing models is capable of explaining all the experimental
observation.

The photo-induced mass transport in azobenzene-containing film was
discovered in 1995 simultaneously by two independent research groups [,
2]. They observed the generation of a surface relief pattern upon exposing
such films to the interference of appropriate light. One rapidly pointed out
its link to the photochromic properties of the azobenzene molecules, i.e.
their change of color upon exposure to light [3]. Interestingly, much of the
research effort was thus far devoted to inhibiting such photochromic property
as it was unfavourable to the principal use of azobenzene derivatives as
commercial dyes.? Since the discovery of the photo-induced mass transport,
the photochromic properties of the azobenzene derivative has gain a new
place, in the conception of novel photo-responsive materials.

The present work is devoted to the study of the photo-manipulation of
nano-objects and the elaboration of nanostructured systems with tailored
optical properties. In the first part, we study the optical control of the

2Up to 70% of the world’s commercial dyes are still azobenzene-based [4].
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displacement of nanoparticles, metallic or dielectric, on the surface of an
azobenzene-containing thin film. We employ shear-force microscopy to ob-
serve the effect of the illumination on the azobenzene-containing thin film
and the nanoparticles.

In Chapter 1, we introduce the azobenzene molecule, the azobenzene-
based materials and the photoinduced mass transport.

In Chapter 2, we detail the methods used to obtain polymeric thin films
containing-azobenzene which bring about the photo-induced mass transport.
This study makes intensive use of a home-made instruments: a system of
coupled shear-force/near-field optical microscopy. The working principles
and the characteristics of this instruments will be described.

In Chapter 3, we demonstrate, for the first time, the optical control
of the displacement of nanoparticles, both metallic and dielectric, on the
surface of an azobenzene-containing thin film. Displacement over several
microns is observed. By carrying out the experiments under different illu-
mination conditions, we establish the relation between the displacement and
the illumination (polarization, intensity, wavevector) and the photochromic
thin film (materials, thickness) properties. Moreover, we prove that this
movement is a consequent of the photo-induced mass transport.

In the second part, we develop a simple method to elaborate periodic
arrays of metal structures with adjustable plasmonic properties. The plas-
monic properties are studied by measuring the dispersion diagrams of the
surface plasmons by angular-resolved reflectance spectroscopy and by map-
ping out the plasmon-enhanced optical field on the periodic structure by
optical near-field microscopy. Calculation of the optical properties is carried
out to interpret the experimental data.

In Chapter 4, we provide a brief background on the surface plasmons
(SP) phenomenon. This will serve as the basis to understand the plasmonic
properties of the periodic arrays of metal structures that we have studied.

In Chapter 5, we detail methods to obtain hybrid metal/dielectric
nanostructures using the photo-induced mass transport in thin films contain-
ing azobenzene. We also describe the a home-made apparatus of Angular-
Resolved Reflectance Spectroscopy which allows to measure the dispersion
curves of the surface plasmons.

Chapter 6 is dedicated to the optical and plasmonic properties of the
periodic arrays of metal nanostructures. The photo-induced mass transport
combined with metal thermal evaporation offer a simple and robust tech-
nique to obtain such metal arrays which are among the basic devices in
optics and plasmonics. We consider two types of metal structures: contin-
uous metal films and discontinuous arrays of metal structures. Concerning
the continuous metal films, the surface corrugations, or grating, can prohibit
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the propagation of the surface plasmon, as expected, in a range of energy
but can also prohibit the excitation of SP in a range of momentum. The
latter arises from the interaction of the plasmon modes of the two inter-
faces on either sides of the metal film. Near-field measurements show the
localization of the plasmon-enhanced optical field on the periodic structure,
in agreement with numerical calculation. On the other hand, the structure
of the discontinuous metal arrays can be optically modified as long as the
photochromic film is active. This attracts us into studying the manipula-
tion of their optical and plasmonic properties using light. The result of this
research will also be presented and discussed.

In the last part, we will discuss some of the implication of this study
and the remaining questions on the mechanism at the origin of the photo-
induced mass transport. Our future direction in this research will also be
presented. In the manuscript, we use for convenience "azobenzene" and "azo"
interchangeably to refer to the class of compounds that exhibit the core
azobenzene structure, with different ring substitution patterns. Likewise,
"azofilm" and "azomaterial" are used to refer to azobenzene-containing film
and material, respectively.
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Chapter 1

Background on
photo-induced mass
transport in photochromic
materials

The discovery of photo-induced mass transport in azobenzene-containing
materials in 1995 [1, 2] has made azobenzene a major compound in the
conception of photo-responsive materials. The lack of a coherent theoreti-
cal model for this phenomenon does not prevent the flourishing of original
ideas to harness the photo-mechanical properties. This section summarizes
the current understanding and exploitation of this phenomenon. We first
describe the azobenzene molecule and its derivatives. We next consider a
particular class of azobenzene-containing materials, polymeric like materi-
als with azobenzene derivatives grafted as side chains, in which the photo-
induce mass transport was first evidenced. Such materials are used through-
out this work for the photo-manipulation. We will present the important
experimental results and the prominent theoretical models concerning the
photo-induced mass transport in such materials.

1.1 Azobenzene molecule and its isomerisation

The azobenzene molecule consists of two phenyl rings connected by a -N=N-
double bond as depicted in Figure 1.1 (a). The molecule can exist in two
stable conformations, also called "isomers", the thermally stable "trans" iso-
mer and the metastable "cis" isomer whose energy is 50 k.J/mol (~ 0.52 eV
per molecule) higher [3]. The azo molecule can switch between its isomers
by absorption of a photon of appropriate energy. This process is known

9



1.1. AZOBENZENE MOLECULE AND ITS ISOMERISATION

as the photo-isomerization and is at the origin of the photochromism of
the azobenzene molecules, i.e. their change of color under excitation by
light. Moreover, the optimal photo energy for the photo-isomerization can
be tailored, via the substitution of the phenyl ring, to lie anywhere from the
ultra-violet (UV) to the visible red region.

4 TRANS CIS

Yoo

57A
(b)
€cis
€trans ®trans
(pcis
4/y Cig J50 kJ/mol
TRANS

Figure 1.1: (a) Azobenzene molecules in trans and cis configurations.
(b) Schematic energy diagram of azobenzene highlighting the photo-
isomerization. We denote €4.4ns and €.;s the cross-section of light absorption
in the trans and cis states, respectively. ®yqns and $.;s denote the quantum
yields of the indicated photo-isomerization and -y is the thermal relaxation
rate.

1.1.1 Mechanism of the photo-isomerization

The photo-isomerization of azobenzene occurs as the molecule is put in an
excited state by a photon of suitable energy. The following relaxation give
rise to a change of conformation, trans — cis, or the reverse. Figure 1.1
(b) shows a simplified energy diagram highlighting the electronic transitions
involved in the photo-isomerization. These electronic transitions take place
at the N=N bonding, from the bonding states (n) or (7) towards the anti-
bonding states m, denoted by m*: n — 7% and m — 7. The change of
conformation may occur following two different pathway, through a rotation

10



CHAPTER 1. BACKGROUND ON PHOTO-INDUCED MASS TRANSPORT IN
PHOTOCHROMIC MATERIALS

about the N=N bond, with rupture of the m bond, or through inversion,
with the 7 bond remaining intact [3]. Rotation is the main mechanism
in the thermal relaxation. In the photo-isomerization, both mechanisms
are possible and depend on the specific compound [3]. The timescale of
the photo-isomerization is of the order of picoseconds while the thermal
relaxation, cis — trans, may take from milliseconds to hours [3, 4], depending
on the given azobenzene molecule and its environment.

1.1.2 Classification of azobenzenes

One of the key properties of azobenzene lies on the ease to tailor the photo-
isomerization energy by adding substituents to the phenyl rings. The result-
ing molecules are called azobenzene derivatives and are classified into three
groups according to their absorption spectrum [5]:

e the azobenzene-type molecules - These compounds exhibit a yellow
color. Their absorption spectrum is characterized by a low intensity
n — 7* band in the visible region and a much stronger # — 7+ band
in the UV range. The relatively slow cis — trans thermal relaxation
allows to isolate the cis form.

e the aminoazobenzene-type molecules - These orange compounds are
obtained by substitution on the phenyl rings of an electron-donating
group (usually an amino, -NHy. The n — 7% and m — 7 bands are
much closer or even overlap. The molecules of this class exhibit faster
cis — trans relaxation than the case of the azobenzene-type.

e the pseudo-stilbenes — These red compounds are obtained by the so-
called "push-pull" substitution scheme. The 4 and 4’ positions (see
Figure 1.1 (a)) are substituted with an electron-donor and an electron-
acceptor (such as an amino -NHy and an nitro -NOg group). The elec-
tronic distribution is strongly asymmetric resulting in a broad overlap
of the absorption spectra of the trans and cis isomers. The isomer-
ization cycle can hence be induced by illumination with a single light
wavelength. These molecules, when grafted into a host medium, can
give rise to photo-induced mass transport as will be described later.
In our study, we use the so-called dispersed red 1 (DR1) azobenzene
derivative of pseudo-stilbene type.

1.1.3 Photo-reorientation and birefringence

The absorption cross-section of the trans isomer is strongly anisotropic which
is not the case for the cis isomer. The trans — cis isomerization occurs

11
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more readily when the molecular electric dipole is in better alignment with
respect to the polarization of the incident light. The molecules whose elec-
tric dipole axis lies perpendicular to the light polarization do not absorb
and therefore do not isomerize. The reverse process, cis — trans, produces
trans isomers with equal probability of orientation. Therefore, under illu-
mination with linearly polarized light, the trans population undergoes a net
progressively reorientation, known as the angular hole-burning process, to a
configuration such that all the electric dipoles are perpendicular to light po-
larization. The photo-induced angular hole-burning can give rise to strong
optical anisotropy, i.e. birefringence or dichroism, in azobenzene containing
films. Birefringence An of up to 0.5 at 633nm in azo-polymers has been re-
ported [6, 7]. This optical anisotropy slowly relaxes by the random thermal
movement of the molecules. More interestingly, it can be modified or erased
also by illumination and can find application in data storage. For instance,
linear birefringence can be erased using circularly polarized light which ex-
hibit a rotational symmetry. Instead, this type of beam turns the azobenzene
molecules to align along its propagation axis [3]. Since the photo-induced
reorientation requires multiple isomerization cycling, it is more conveniently
achieved with the pseudo-stilbene systems.

1.2 photo-induced mass transport

The effect of illumination on the properties of the azobenzene containing
materials brings about the idea of making photo-tunable materials. Such
materials have attracted important research effort as they offer a novel way
to develop light-based technology. A good review of the current develop-
ments of azobenzene-based materials is [8]. In the followings, we will focus
on the photo-induced mass transport in thin films containing azobenzene
derivatives. Thin phenomenon not only offers interesting practical applica-
tions but also arises ongoing debate on its photo-mechanical mechanism.

1.2.1 Macroscopic effects

During the photo-isomerization of the azobenzene molecules, part of the
light energy is translated into mechanical work. This provides azobenzene-
containing systems with unique photo-mechanical properties. For instance,
the surface potential, i.e. its wettability, can be optically controlled via an
auto-assembly of a monolayer of azobenzene. A spectacular demonstration
is the transport of a macroscopic water droplet by an illumination gradient
[9-11]. Another strategy to harness the photo-mechanical properties of the
azobenzene molecules is by putting them into polymer films. As shown in
[12], a self-standing azo-polymer film can be optical bended and unbended
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CHAPTER 1. BACKGROUND ON PHOTO-INDUCED MASS TRANSPORT IN
PHOTOCHROMIC MATERIALS

along the direction of the light polarization. The mechanical force here is
provided by the contraction of the film surface where the photo-isomerization
takes place.

1.2.2 Mass transport

Thin films containing the pseudo-stylbene derivatives exhibit a spectacular
photo-induced mass transport phenomenon. When the photo-isomerization
of the chromophores is excited, the film surface exhibit deformation ac-
cording to the illumination pattern. This results in a surface relief pattern
which remains stable even when the illumination is off. Thermal effects were
rapidly ruled out since this phenomenon occurs well below the glass tran-
sition temperature, T}, of the azo-films. The deformation occurs efficiently
even under very weak illumination (typically well below 1 W /cm™2) that
gives rise to no significant temperature increase. Furthermore, during the
surface deformation process, the nature of the material and its density is
not altered. These evidences point to a transport of matter triggered by
the photo-isomerization of the azobenzene derivatives. The phenomenon
was first reported in 1995 simultaneously by two research groups who ob-
served the appearance of a surface relief grating (SRG) on an azo-polymer
film upon exposure to an optical interference pattern (Figure 1.2) [1, 2].
The height of the surface structures, depending on the exposure, may attain
heights comparable to the film’s thickness while their periods are given by
the interference pitch. It is remarkable to note that half of the film’s mass
is moved over several-micron-distance by a rather weak optical interference
pattern.

Even though the microscopic mechanism of the photo-induced mass
transport is not completely known, studies on the different hosting materials,
the types of dyes and the grafting methods have evidenced the critical role
of the the azobenzene molecules and their photo-isomerization [2, 13, 14].
Replacing the chromophores removes or reduces drastically the efficiency
of the SRG formation. The molecules of the pseudo-stilbene are the most
suitable since their isomerization can be excited by one wavelength giving
rise to continuous cycling of the isomers. The photodeformation process fol-
lows in general two stages. First, a photoexpansion of the hosting material
takes place within a few photo-isomerization cycles. This photoexpansion is
not reversible and corresponds to the increase in the free volume required
to accommodate the isomerizing chromophores [15, 16]. Subsequently, the
photo-induced mass motion sets in. This process is fully reversible [17, 18].
The photo-induced pattern is flattened upon annealing the sample above
the glass transition temperature 7T of the polymeric materials or by acti-
vating the isomerization using uniform illumination. Moreover, by shifting
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1.2. PHOTO-INDUCED MASS TRANSPORT

the interference pattern, one can translate the surface pattern [19, 20]. Fi-
nally, the efficiency of the photo-induced mass transport depends strongly
on the light polarization [21]. Indeed, the direction of the photo-induced
transport is mainly governed by the gradient of the light polarization inside
the azobenzene-containing films [22].

(b)

Figure 1.2: (a) Azobenzene derivative of pseudo-stilbene family grafted as
side-chain to a polymer backbone. (b) Interference pattern projected on
an azofilm, the light wavelength is within the photo-isomerization band of
the azobenzene derivative. (c) photo-generated surface-relief grating (SRG),
image courtesy taken from [23].

On the other hand, it is also possible to optically deform the azobenzene-
containing film by using a subwavelength light source. Figure 1.3 illustrates
the dots inscribed by a metal-coated, tapered optical fiber tip [24]. These
dots exhibit a lateral size of 50nm, which is ten times smaller than the wave-
length of the inscribing light, and a height attaining 20nm. The shapes of
the surface structures depend on the tip-to-sample distance which conditions
the distribution of the electromagnetic field [22]. Irradiating the sample in
far-field produces a groove, surrounded by two lobes, which are aligned along
the light polarization. This pattern is created by a displacement of matter
away from the center of the illuminated area in the direction along the light
polarization. On the other hand, a source held within the wavelength-scale
distance from the surface “attracts” the matter towards it. This behaviour
is attributed to the presence of a significant electric field component per-
pendicular to the surface. This component is, however evanescent and is
thus absent in a far-field illumination scheme. The resulting structures are
round protrusions whose diameter is equal to the size of the light source.
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This observation demonstrates the possibility to optically inscribe surface
structures in the subwavelength scale.

—

Far-field l

2pmx2pm 5pm x5 um 5umx5pum

Near-field

Figure 1.3: Surface deformation induced by a nanosource

An important effect of the photo-isomerization is the softening of the host
film. Karageorgiev and the coworkers evidenced the reduction of the Young
module and the plastic yield of the film during the photoizomerization which
is unrelated to the thermal effect [25]. Moreover, it is possible to induce a
spreading of the film in the parallel direction of the light polarization. The
authors showed a strong evidence of this phenomenon by optically induce
a filling up of a channel carved in azofilm. Only the channel perpendicular
to the light polarization is filled while the parallel one is unaffected. The
direction control of the mass transport is recently demonstrated in a striking
way using optical vortex by Ambrosio and the coworkers [26, 27]. They were
able to inscribe spiral patterns whose shapes reflects the topography of the
beam, namely its orbital angular momentum of a Laguerre-Gauss-style opti-
cal vortex beams. This photo-softening effect is the crucial element in some
of the theoretical models of the photo-induced mass transport, especially to
facilitate the transport under the weak predicted photo-generated force.

1.2.3 Mechanism of the photo-induced mass transport in
azofilms

The photo-induced mass transport is a specific property of materials incor-
porating azobenzene derivatives of the pseudo-stilbene class. The confor-
mation cycling of the azobenzene derivatives enables the conversion of light
energy into mechanical work that displaces matter. The exact conversion
mechanism is however still debated since no existing theoretical model is ca-
pable of explaining all to experimental observations [28]. The kinetics, the
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direction of the transport and the amount of matter involved depend on the
optical pattern, the host materials and how the azobenzene derivatives are
incorporated. The photo-isomerization of the azobenzene derivatives softens
the film as is evidenced by load-penetration measurements [25]. Whether
this softening is essential for the photo-generated driving force to overcome
the materials’ plastic yield is still unclear [29, 30]. The optical heating
is negligible as the mass-transport happens at temperatures far below the
glass transition temparature of the films [17, 18]. The photoexpansion, i.e.
the increase of the free volume to accommodate the isomerizing azobenzene
molecules, plays a minor role in the mass transport. It accounts only for sev-
eral nanometers out of hundreds in the total height of the photo-generated
SRGs [20]. Two features of the interference pattern independently drive the
SRGs generation, namely, the intensity gradient and the polarization gradi-
ent. They simultaneously govern the photo-induced mass transport [20, 22]
where the polarization gradient drive is usually predominant.

Table 1.1 summarizes the most prominent theories with their validity
and drawbacks:

Model Assumption Validity Invalidity Refs
Field gradient | Driving force | Good qualitative | Too weak predicted | [29, 31, 32]
(Kumar et al.) o gradient of | agreement in | driving force; in-

electric field most cases valid in p-asssited

s — s interference

Orientation Electrostriction-| Photo-induced Invalid in s — s in- | [30]
approach like effect due | pressure | light | terference
(Toshchevikov to the photo- | polarization
et al.) . .

reorientation
Asymmetric Asymmetric Good qualitative | Polymer azo- | [33]
diffusion random walk of | agreement in | materials; unclear
(Lefin et al.) azo-molecules most cases microscopic origin
Permittivity Driving force | Transport direc- | The essential role | [34]
gradient x refractive | tion in amor- | of azobenzene does
(]?z)ﬂdus et | index gradient | phous materials not manifested
ab.
Mean-field Dipolar inter- | Liquid- Amorphous  azo- | [35]
(Perdersen et | action between | crystalline materials
al.) azo-molecules azo-materials

Table 1.1: Theoretical models of the photo-induced SRGs generation in

azofilm.
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1.3 Materials fabrication and matter manipulation
by light

1.3.1 photo-generation of SRGs

The photo-mechanical response azobenzene-containing films opens up the
possibility of simple, rapid, reversible all-optical method for surface pattern-
ing. 1-dimensional (1D) or 2-dimensional (2D) photonic crystals of surface
structures can be easily obtained by reversible, few-step processes without
having to resort to chemical development. The same approach can be gener-
alized to 3-dimensional (3D) structures through stacking [36]. Moreover, by
combining azopolymer mask with plasma etching (RIE), one can extend the
scope of this approach to conventional semiconductor materials such as ITO
or silicon [37, 38]. The reversibility of the process is of particular interest
since it allows adjusting in posterior the azobenzene-containing structures.
The potential of this approach is demonstrated in a recent series of work on
the so-called Directional Photofluidization Lithography (DPL) [39-41].

1.3.2 Transport of nano-objects using azobenzene

Large amount of matter can be optically transported over micron-distances
in azobenzene-containing films. Monolayer of azobenzene auto-assembly al-
lows to transport liquid droplets by optical gradient. Wrapping nano-objects
with a monolayer of azobenzene provide them the capacity to swim in aque-
ous media under optical activation [42]. These are the most notable ex-
amples of employing azobenzene to assist the optical transport of matter.
Even though the most spectacular transport is associated with polymer-
like azobenzene-containing films, optical transport of nano-objects on this
platform remains so far unfruitful.

1.4 Conclusion

Azobenzene-containing films exhibiting photo-induced mass transport can
be used as a platform for the optical control of matter at the nanoscale. Even
though the mechanism at the origin of this phenomenon is not fully clear,
intensive effort has been put on exploiting these photo-mechanical proper-
ties. In Chapter 3, we will show that directional movement of nanoparticles
can be optically induced on azobenzene containing films. The dependence
of the movement on the azofilm and the illumination allows to attribute it
to the photo-mechanical properties of the azofilm. This finding also gives
deeper insight into the mechanism of the photo-induced mass transport in
this medium.
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Chapter 2

Sample fabrication and
experimental setup

2.1 Fabrication of the photochromic films

The samples we use in this study consist of a photochromic layer coated with
either a metal layer or a layer of nanoparticles (NPs). The photochromic
layer is a polymeric thin film grafted with azobenzene-derived molecules.
We take advantage of the photo-induced mass transport in this layer to
elaborate arrays of surface structures and to manipulate NPs deposited there
upon. In this section, we present the fabrication of the photochromic layer
and the surface patterning process. We will discuss the metal deposition
method which consists the first step in our study of the optical and plasmonic
properties of metal/polymer hybrid thin films. The deposition of NPs will
be described in the chapter dedicated to the study of the photo-induced
motion of NPs.

2.1.1 Azobenzene molecules

The photochromic layer is a polymeric matrix incorporated with an azoben-
zene derivative of the pseudo-stilbene family, the Disperse Red 1 (DR1),
which is represented in Figure 2.1. The presence of the electro-donor (N(Cz
H;5)(Cy Hy OH)) and electro-acceptor (NOg) groups para-substituted in the
phenyl rings causes the partial superposition of the trans and cis isomers
absorption spectra [1]. Besides, the lifetime of the thermal relaxation from
cis to trans is relatively short [2], therefore contributes to the trans — cis —
trans cycling of the molecules. For thin film fabrication, the photochrome
molecules are inserted into either mineral or organic matrices. The organic
matrix is obtained from commercially available PMMA-DR1 (polymethil-
methacryalte polymer backbone grafted with molecules of Disperse Red 1
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(DR1) azobenzene derivative). The mineral matrix is a silica backbone ob-
tained using a sol-gel process.
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Figure 2.1: (a,b) Azobenzene isomers: Trans & Cis. (c-d) Azobenzene
molecule incorporated in a material matrix.

2.1.2 Polymeric film preparation

We use commercially available PMMA-DR1 compound presented in Fig-
ure 2.2. The DRI unit is grafted to the polymer backbone in a molar con-
centration of 15%. The compound comes in form of a red powder. We dis-
solve this powder into dichloromethane in a proportion of 25mg of PMMA-
DRI to 1mL of dry dichloromethane (obtained ideally through distillation).
The solution is next filtered with 0.45um sieve to remove residual particles
and then deposited by spin-coating on a clean substrate at 4000rpm during
80s. The substrates we used are made of either glass or silicon. The films
obtained are typically 250nm thick.

The films obtained by the above process exhibit a surface roughness
of about 0.5nm (see Figure 2.3 (a)). In some cases, we have observed a
large number of pinhole-like defects of 20nm depth and 500nm width (see
Figure 2.3 (b)). It has been reported that such defects are formed by
the non-complete removal of solvent after the deposition process [3]. In our
case, such pinhole-like defects are observed when dichloromethane is still
hydrated or when the spin-coating time is too short. Thus the evacuation of
water or other residual volatile substance, such as dichloromethane, after the
deposition is crucial in controlling the formation of surface pinhole defects.
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Figure 2.2: PMMA-DRI1. (a) Azobenzene molecule grafted as a side-chain
to the polymer backbone. (b) The absorption spectrum of a PMMA-DR1
film showing the absorption band 400nm — 600nm associated with the pho-
tomerization of azobenzene.

Figure 2.3: PMMA-DRI1 film obtained by spin-coating at 4000rpm. (a)
Spin-coating during 80s. (b) Spin-coating during 20s, the film presents
pinhole defects. (c) PMMA-DRI1 solution is contaminated by water, the
final film present defect pinhole defects. (d) Sample (¢) upon exposure to a
laser beam A = 488 of power 10mW / mm? during 30 minutes
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2.2, SCANNING NEAR-FIELD OPTICAL MICROSCOPE

2.2 Scanning near-field optical microscope

We are interested in the interaction between light and objects and how
they influence the optical field distribution. Therefore, it is crucial to ob-
tain simultaneously the physical shape of the objects and the optical field
distribution in its proximity. The size of the objects of interest is usually
comparable to the optical wavelength of the active light which is in the
visible to near infrared range (400nm — 1100nm). In these conditions, con-
ventional optical microscopy is not adapted since its resolution is diffraction
limited. Indeed, the so-called Rayleigh’s criterion asserts a lower limit to
the lateral resolution of the conventional optical imaging instrument, due to
the diffraction of the optical components, namely:
Ax = 721?11()\9) ky = Q;nsinﬁ (2.1)

where

A is the wavelength of light in vacuum

n is the optical index of the medium in which the experiment is embedded

6 is the half aperture angle of the objective, nsin(6) represents therefore
the numerical aperture of the microscope

Ax is the minimal distance between two discernible points on the object
plane

In 1928, E. H. Synge pointed out that the resolution limit imposed by
diffraction could be circumvented by working with the evanescent instead
of the progressive wave. His original approach involved the use of a sub-
wavelength light source, for instance a hole in a perfectly opaque screen, to
illuminate a sample at a close enough distance and register the scattered
light [4]. Indeed, the small source-to-sample distance brings into interaction
the studied object and the evanescent light and the fingerprint of this process
is contained in the scattered progressive light. This is because the evanescent
wave possesses a complex wavevector component in the normal direction to
the surface, the absolute value of its in-plane wavevector k| is no longer
limited by the one of the propagative light in the surrounding medium:

ki + k3 = ko = (ﬁ;)

where n is the optical index of the medium in which the experiment is
immersed, k| and k; are the normal and the in-plane components of the
wavevector, respectively. The large k| carries information on the high fre-
quency modulation of the surface, even higher than that of the incident
light, which explains the high spatial resolution of the near-field microscopy.
In theory, the resolution is only limited by the size of the probe [5].
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Figure 2.4: Scanning near-field optical microscopy (SNOM).

Since the evanescent field only extends to a distance of the order of a
fraction of the wavelength (or of the observed object’s size) from its source,
all the difficulty relies on maintaining the probe-to-sample distance in the
relevant range and on the detection of the usually low signal. One had to wait
until 1984 to see the first optical near-field experiment in the visible range by
Pohl and the coworkers [6]. In the meantime, other local probe techniques,
such as Atomic Force Microscopy, or Scanning Tunnelling Microscopy, have
been developed allowing to attain atomic resolution [7]. The realization
of the first optical near-field microscopy experiment was largely thanks to
the instrumental progress brought about by these two techniques. Practical
issues prevent optical near-field microscopy to ultimately reach resolution
much smaller than the working wavelength, this technique is mandatory to
study the interaction between objects and the optical field at submicroscopic
scale, which is of great importance in nanophotonics and nanotechnology.

In this work, we used a home-made scanning near-field optical microscopy
(SNOM). The system makes use of a tapered optical fiber fabricated using a
home-developed heat-pulling process. The probe-to-sample distance is con-
trolled by shear-force feedback. The optical signal is scattered and guided
inside the optical fiber and measured using photon counting to avoid addi-
tional noise in the signal amplification. By raster scanning the probe over
the sample surface, one is able to simultaneously acquire a topographic im-
age and an optical image.

This section reviews the principles and the characteristics of our home-
made microscopy system. We begin by presenting the probe fabrication
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process. This is followed by a description of the implementation of the
shear-force feedback. Finally, we describe the photon counting technique.

2.2.1 Probe fabrication

The nano-probe is obtained by heat-pulling of an optical fiber. The principle
of the process is depicted in Figure 2.5a. The optical fiber is clamped on
two rails and stretched by a constant load. The heating of the fiber is
carried out by a CO2; laser delivering a computer controlled series of laser
pulse (ms). This produces a step-by-step pulling of the fiber. The pulling
length produced by each pulse is measured with a quadrant photodiode
which detects the displacement of the reflection spot of a laser beam from a
mirror soldered on one rail. At each step, the next pulse width is calculated
in order to maintain constant the pulling length. The pulling is monitored
using a video camera mounted with a microscope objective which allows
measuring in real-time the fiber diameter.

Vi=Va-Va CO, laser
. . A=10.6 pm
diff. ampli
A B
quadrant
photodiode

laser diode

computer

camera

lens ..

mirror

— ‘ =~ optical fiber

U U
mobile rail clamp clamp mobile rail
N

\l,} pulley
l load

(a)

()

Figure 2.5: The heat-pulling procedure. (a) The experimental set-up. (b)
The tip preformed by heat-pulling. (c) The probe after etching in HF
solution

The pulling procedure has been set empirically to obtain, with high
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repeatability, tapered optical fiber tips whose diameter may attain 0.5um [8].
The apex of the tip is approximately that of a truncated cone. Subsequent
chemical etching in HF' further reduces the tip apex diameter. The final
size of the tip is determined by the concentration of the HF solution, the
temperature and the etching time. For example, dipping a preformed tip in
HF 25% solution maintained at the triple point of water (=~ 0.01°C') results
in a tip diameter reduction rate of 4.3nm/s.

2.2.2 The microscope head

The probe is mounted on the microscope head depicted in Figure 2.6. The
head combines two piezo tubes, a (z,y, z) scan piezotube (30 x 10mm) and
a small dither piezotube (8 x 1.3mm) which oscillates the probe to enable
the shear-force feedback system. The fiber is glued into a syringe needle
fixed into the dither piezotube. The needle, the dither piezotube and the
scan piezotube are held together by Araldite glue. The whole ensemble is
fixed on the head body. The probe slides inside the syringe apex and the two
piezotubes, and comes out at the back of the head. The tapered extremity
is fixed on the syringe apex by means of a wax droplet, while the other end
of the fiber is cleaved and connected to a photomultiplier.

Sample (x.y,z) optical
scan piezo fiber

. wax dither piezo
tip

needle

z <—TX
y — -Vy Vy Vx-Vx
Ext. electrodes
®) v,
Int. electrode

Photo-

head ) ) multiplier
Sample optical fiber
holder

()

(xy) step
(a2) p-transl. p-transl. motor

©

Figure 2.6: The head of the microscope. (al) The head. (a2) Close look
at the extremity of the head, showing the optical fiber tip fixed by a wax
droplet on the needle. (b) Schema of the electric connections. (c) Global
view.

The (z,y, z) scan piezotube has four external electrodes and one internal
electrode, driven by a voltage between 0 and 400V. Its maximum excursion
is about 18um along the x,y axes and 2um along the z-axis. The head
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body is mounted on a translation stage coupled to a step motor. Each
step corresponds to a 200nm displacement along the z-axis, thus allowing a
precise setting of the tip-to-sample distance within the range of the (z,y, 2)
piezotube extension.

The sample is mounted in front of the tip, on a sample holder equipped
with manual translational stages with 10um precision along the x and z
directions of the sample surface plane. The setting of the tip close to the
sample is first achieved by a visually controlled coarse approach, bringing the
tip to about 10um to the sample surface, and subsequently, by an automatic
approach based on the shear-force feedback described below, bringing the
tip to 1um to the sample surface, i.e. within the excursion range of the
scanning piezotube.

2.2.3 Feedback mechanism/Shear-force microscopy

The probe is raster scanned above the sample surface while its distance to
the sample surface is kept constant. This is achieved by shear-force feedback
which measures the damping of the tip oscillation at resonance when it comes
within the atomic force interaction range with the sample surface. Since in
our set-up, the tip is vibrated in plane parallel to the median plane of the
surface, the interaction produces a shear force on the tip. The extent of the
shear-force, as measured in [8], is of about 1.6nm giving thus access to the
nanoscopic scale sensitivity. The tip can therefore be maintained at about
1Inm to the surface and dip into the optical near-field which extends upto
hundreds of nanometers into the surrounding medium.

Tip-surface distance detected via shear-force damping

The tip and dither piezo tube is oscillated by means of an alternating
voltage Vj applied to the dither piezo tube. When the whole system of dither
piezotube, syringe needle and tip oscillates, the resonant properties can be
modelled by a compound pendulum system whose resonant frequencies de-
pend the length of each component. The resonant frequencies associated
with the tip is given by to the tip-ending free length L, for the ¢ — th har-
monic frequency f;, by the equation:'

k2 [EI 1
= 2.2
J 27\l pS L2 (2:2)
where

FE is the Young modulus of the fiber
1 is its inertia moment
p is the material density

1See for example [9)]
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S is the fiber cross section
k; = o; L where «; is solution of:

cosh(a;L).cos(c;L)+1 =10

We drive the tip-ending free length of the optical fiber at its first harmonic.?

The fundamental vibration mode gives a very strong mechanical constraint
and a large vibration amplitude.

Dimensioning of the electric components

In electronic terms, the dither piezotube behaves mainly like a capacitor.
The oscillations of the piezotube itself or other elements that it carries (the
needle and the tip) impose mechanical constraints on the tube that can be
detected as a change in its capacitance. The rate of change of the capacitance
is modified when the oscillation is damped by the shear-force. To further
increase the sensitivity, we drive the piezotube at the resonant frequency of
the tip.

The balanced Wheatstone bridge circuit is a convenient tool with great
sensitivity to measure such a change in the piezotube capacitance. The
change in the capacitance unbalances the bridge and produces an output
signal related to the amplitude and the phase of the vibration of the tip-
piezo tube system with respect to the input signal. There exists another
method based on the measurement of the deviation of a reflected beam
from the fiber. However, we prefer the Wheatstone bridge method for two
reasons: first, it limits optical disturbance to other optical measurement
and allows to obtain a more compact microscope head; second, the optical
detection is affected by the displacement of the head during the scan.

Lock-in

Figure 2.7: Wheastone bridge set-up to detect the oscillation of the dither
piezotube

The Wheatstone bridge circuit, depicted in Figure 2.7, consists of two
branches driven by a common input signal V. The voltage measured be-

2The tip-ending length is of about 3mm
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tween the midpoints of the branches is called the bridge voltage. One branch
contains the piezotube which is equivalent to a non-ideal capacitor.® The
parasitic resistance suffers thermal drifts. At a low working frequency, a
lower resistance R, is placed in parallel to eliminate its effect on the cir-
cuit. The value of R, is chosen high enough to be shorted by the piezotube
impedance (Z, = ﬁ) in the frequency range of interest (typically above
10kHz). The thermal dissipation on the piezotube is accounted for by a
small resistance 7, in series with the piezotube. On the counterpart of this
branch is an equivalent circuit consisting of R, 7. and C. The other branch
is purely resistive, constituting of a potentiometer (R + r). The total resis-
tance (R + r) is chosen large enough to limit the current flowing into this
branch, but low enough to limit the thermal noise compared to the full scale
resonance signal. Detailed information on the values of each component is
given in [10] (page 29).

Bridge balancing

The bridge is balanced far from the tip-piezotube resonances. Only at
resonance a significant voltage is measured on the bridge, allowing to further
increase the sensitivity. This is achieved by adjusting R+ r and R¢ following
these steps:

e Set the two potentiometer R+ r and R at about their midpoint to
avoid short circuit.

e Drive the bridge at the highest frequency accepted by the lock-in
(120kH~z) and adjust the R+ r potentiometer to minimize the out-
put signal. Under this condition, the current flow principally through
the piezotube and C, the capacitive impedance is thus balanced.

e Drive the bridge at low frequency (10Hz is reasonable) and adjust
Rc in order to minimize the output signal. Under this condition,
the current flows predominantly through R, and Rc, the resistive
impedance of the detection branch is thus balanced.

Signal conditioning for the feedback
At resonance, the bridge voltage is proportional to the change of the

piezotube capacitance:
AC
AV ~ —PV
20, °
When approaching the tip to the sample surface, shear-force damping
modifies the rate of change of the capacitance C,. This damping depends

on the tip-to-sample distance. Therefore, the bridge signal depends on this

3 A capacitor in parallel with a large resistance to account for the leakage current.
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distance and can be modelled by [11]:

AV = AVg [1 —exp (—iﬂ (2.3)
do
where d is the tip-surface distance, dy ~ 1.6nm is the characteristic shear-
force interaction distance [8], AVg is the bridge voltage when the tip is at
infinite distance to the surface which is practically the bridge voltage when
it is at dp.

The position of the tip is controlled by the scan piezotube whose elon-
gation depends on the applied voltage V.. In first order approximation:

z=|V,|

Hence:

AV = AVg {1 —exp (w)] (2.4)
Vo

where V,,.; is the voltage required to approach the tip into contact with
the surface and Vy = df} = C'te.

This signal, amplified through a gain G = 100, serves as the input of
the electronic feedback loop whose purpose is to maintain a constant bridge
signal. During tip scanning above the sample surface, the surface relief
manifests as a change of Vy,,r. The feedback loop consists of maintaining
V. — Veury (hence, AV') constant via the control of V..

Electronic implementation of the feedback loop

Ve

A

GAav Vin

Lav |

Figure 2.8: Schema of the feedback electronics.

A schema of the feedback loop is given in Figure 2.8. The bridge signal
is an a.c. voltage at the resonance frequency of the free fiber end. The
signal entering the feedback loop is a d.c. voltage V;, proportional to the
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amplitude of (AV — AVg). It is obtained by demodulating AV in Lock-in
amplifier:
V, -V,
Vip = G.GLI.AVR.e;Up(w
Vo
This voltage is amplified by the lock-in gain 1/G¢ and input into a log-

arithmic amplifier allowing to extract V, from the exponential. The 6V was
added into the above expression to assure non-zero input at the logarithmic

)+ oV

gain resulting in oscillation of the feedback loop. The logarithmic amplifier

‘/'LnGC
Vi N is constant. We call the output of the logarithmic amplifier V.. This

signal is again amplified by a feedback gain G¢g and the goal now consists

compares the signal to a fixed voltage Vo and output Vixin ( Ve ) where

of maintaining V, close to zero by adjusting V., i.e.:

v
0= GerVinin ( ¢ )

V:inGC’
VeGe < Ve — Viur f)]
— In|_2C¢ZC _ V27 Vsurf
GorVinin [GGLIAVR“”” v
VoG Vourg =V
_ 2.
GorVin [l” (GGLIAVR> BT } (2:5)

= GerVe

G¢ can be manually adjusted to modify the median tip-to-surface distance.
Decreasing of G¢ increases this distance and vice versa.

Finally, to obtain a two dimensional topographic image, the tip is raster
scanned in two directions, one fast and one slow, the feedback control is
divided into fast and slow components. The fast component provides the
surface topography and the slow one is used to set the average tip posi-
tion. This is implemented in the electronic set-up in the Gor which is the
combination of two low-pass filters of different cut-off frequencies:

Con— {Gfat] + [Gm}
1+iwrr Juer; ] 1+ iwTsiow lwerst

The Gy gain acting at low frequency (Tsion = 1) is fixed at Gy = 10,
the Gqst gain acts at higher frequencies, 777 is the time constant of the
lock-in (77 is practically 10ms). Gjqs is adjusted manually to adapt the
sensitivity of to the specific imaging purpose. Pratically, for a constant input
signal, the higher is G's44, the higher is the applied reaction voltage V. The
higher limit of the tip’s sensitivity is set by the value above which the tip
start to oscillate in the z direction.

The overall feedback loop is implemented via a modified commercial
STM electronics fabricated by Park Scientific Instruments (STM-SU2-210
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Figure 2.9: Noise spectrum of the shear-force probe.

and SPC-400, 1992). Data are recorded using a home-developed Labview
7.1™routine, which also generates the (z, y) scan voltages. Topography
images are stored into a 256 x 256 matrix, in binary file format.

Response spectrum and working frequency

The tip is driven at its first harmonics. Under this condition, the oscilla-
tion amplitude of the tip is about 10nm which defines the lateral resolution
of the microscope. The oscillation frequency of the tip is adjusted by chang-
ing its free length (f = aL~?). Experimental data give o ~ 600mH z for
our microscopy system [10]. When choosing the oscillation frequency of the
tip, one must avoid the oscillation frequency of the piezotube. Its high me-
chanical rigidity makes it hardly sensitive to the influence of the shear-force
applied to the tip.*

The working frequency should be chosen to avoid the frequency range
where the system is the most coupled to environmental noise. Figure 2.9
shows typical responses of the microscope head for different configurations:

Feedback electronics off The oscillation of the dither piezotube and the
voltage powering the (x,y, z) piezotube are off. In this condition, one
measures the inherent noise of the head.

4The same observation can be made when comparing our set-up to another set-up in
which the tip is fixed on a tune fork and vibrates at the resonant frequency of the tuning
fork. Working at the resonance of the tip seems to give better overall sensitivity to the
shear-force detection. Atomic step imaging has indeed been achieved with our system as
shown in [8].
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Feedback electronics on - open loop The dither piezotube is put on os-
cillation but the (x,y, z) piezotube is off. One observe the resonance
of the piezotube and the syringe.

Feedback electronics on - closed loop Condition the closest to the ex-
perimental condition.

2.2.4 Optical near-field detection
Optical signal acquisition

The evanescent light at the sample surface is scattered by and partially
guided inside the optical fiber to a photomultiplier tube (PMT). When the
photodetector of the PMT, made of GaAs, receives a photon of energy larger
than its bandgap, an electron/hole pair is generated and the photoexcited
electron is emitted into the vacuum. In order to minimize thermionic elec-
tron emission, the PMT is kept in contact with a thermostat kept at —70°C'
by dry ice. The signal carried by the emitted electrons goes through seven
successive dynodes which multiplies the number of incident electron by a
factor of 10. Thus, the signal arriving at the anode consists of a pulse of
approximately 107 electrons. The PMT output also contains pulses gener-
ated by thermoionic electron coming from the intermediate dynodes causing
a background noise, also called dark noise. For the detection of low signal,
this dark noise should be eliminated by using photon counting technique.
In fact, the PMT signal pertaining to an incident photon, as previously
mentioned, is a well-defined pulse of ~ 107 electrons. The dark noise pass-
ing through fewer dynodes is less amplified and is hence weaker by orders
of magnitude. One can thus eliminate the dark noise by simply putting a
threshold to the output signal. The selected pulses are then converted to
TTL form and transported to the dedicated counting device. In our set-up,
the TTL pulses are acquired via a National Instrument DAQ. The same

1™routine in each time interval required for the acquisition of

Labview 7.
a topographic pixel counts the number of TTL pulses received, normalized
into the number of pulses per second and store into a 256 x 256 matrix, in
a binary file. One thus obtains for each scan the simultaneous topographic

and optical images of the sample surface.

Specificity of optical near-field detection

The following points should be kept in mind when one interprets the near-
field images:

Tip asymmetry The fabrication process described in Section 2.2.1 pro-
duces asymmetric tips. In particular, the light intensity captured by
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Figure 2.10: Parasitic optical diffraction due to a surface defect. (a) Topo-
graphic image of a metal grating presenting a defect. (b) Near-field optical
image of the surface in (a) showing the effect of the defect on the collected
near-field.

the tip depends on the incident angle of light with respect to the tip
axis. When imaging an interference pattern produced by two beams,
this may result in a reduced effective intensity contrast. The solu-
tion is to choose the orientation of the tip to capture equally the light
coming from each interfering beam. In concrete terms, we use a clean
glass plate as a sample and project an interference pattern on the sur-
face. Next, the tip is approached to a few um to the surface. We
then measure, for each interfering beam, the light collected for various
azimutal orientations of the tip. The tip captures the most effectively
each beam at opposite orientations. Turning the tip 90° from one of
these orientations puts the tip in the configuration to capture equally
light from the two interfering beams. More detail on this procedure
can be found in [10].

Polarization dependency The asymmetry of the tip also makes its detec-
tion capability depend on the light polarization. This is more difficult
to correct since the polarization difference varies with incidence angle
and whether the detection is in far-field or near-field (this is related to
the change of the detection cross section which will be discussed in the
following paragraph.) An ultimate solution would require coating the
tip with an opaque metallic layer, leaving a well-defined aperture at
its extremity. The truncated conic shape of our tip makes it relatively
simple to obtain such metallic coating through thermal evaporation at
an oblique angle while rotating the tip. The detail of this procedure
is reported in [12]. In all of our near-field measurements, we used non
metalized tips, the interpretation of the results taking into account the
polarization dependency will be provided on purpose.
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Effective cross section The tip couples the external light field to its in-
ternal guided mode. The coupling process depends critically on the
exact portion of the tip where the coupling takes place. For a non
metallic-coated tip, light can couple to the internal mode at the ex-
tremity or on the side. Thus the coupling efficiency depends strongly
on the field profile, for instance, the tip detects differently a Gaussian
beam and an evanescent field.

Parasitic diffraction The detection of a near-field optical signal requires
a clean sample surface to avoid parasitic optical diffractions, see Fig-
ure 2.10.

2.3 Conclusion

We have described the fabrication method of the photochromic films as well
as the characterization of their morphology. We have also reviewed the prin-
ciple of our shear-force/SNOM measurement system. The feedback mecha-
nism and the probe made of tapered optical fiber are the central elements
of the microscopy technique and have been discussed.
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Chapter 3

Photo-induced transport of
nanoparticles on the surface
of an azo-polymer thin film

3.1 Introduction

Thin films containing azobenzene derivative present the spectacular proper-
ties of photo-induced mass transport which has been demonstrated by the
photo-inscription of surface relief gratings [1, 2]. The mass transport takes
place over a distance of the order of microns which is much larger than the
size of the azobenzene molecules themselves. This opened up the perspec-
tive of using azobenzene-containing films to convert directly light energy
into mechanical work, (see the photomodulation of the water contact angle
[3, 4], the optical bending and unbending of a free standing azopolymer film
[5] or the light driven motion of an oil droplet on a monolayer of azoben-
zene [6]). In this chapter, we are interested in harnessing the property of
photo-induced matter transport of azo-containing films to put into motion
nanoparticles (NPs).

The conventional methods for matter transport at nanoscale involve ei-
ther a nanosize microscopy probe or the optical trapping, also known as
optical tweezers. The approach with the nanoprobe consists of using a scan-
ning microscope’s probe to address one by one the nano-objects. Since the
interaction between the probe and objects is tunable, for instance, by con-
trolling the voltage applied on the former, one can use the probe to catch,
carry and release the nanobject at specific places. This approach is however
hardly scalable since the nanoobjects are addressed sequentially. Using the
probe to move the nanoobjects also presents the risk of damaging the probe
and consequently the quality of the microscopy image.
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On the other hand, optical tweezers work since transparent particles
with a higher refractive index than their surrounding medium are attracted
towards the region of maximum laser intensity [7]. By moving the focus
of the laser beam, it is possible to transport dielectric particles. However,
high-power focused laser is usually required with the risk of affecting the
nature of objects under examination [8].

A novel approach pursued by Watanabe et al. in 1999, reproduced in
Figure 3.1 consists of using the photo-induced deformation of photosen-
sitive material, such as urethane-urea azo copolymer. A compactly packed
monolayer of monodispersed polystyrene spheres is deposited on the surface
of a urethane-urea azo copolymer film through a self-assembly process. The
sample is next irradiated by a laser beam (A = 488nm, power density of
5mW /mm?) through the monolayer of NPs which acts as a mask in this
process. A surface pattern is revealed after rinsing the NPs whose shape
and size depend on the geometry of the NPs. The irradiation must be in
the absorption band of the azobenzene units of the thin film to produce
the surface pattern. The patterning of the surface is explained by a model
based on the competition between the gradient force of the induced optical
near-field of monodispersed polystyrene spheres and the radiation pressure.
In practical terms, there is a relative penetration of the NP into the sample
surface which is triggered by the irradiation in the absorption band of the
azobenzene derivatives.

Figure 3.1: Imprint of polystyrene spheres deposited on an azofilm after
illumination. SEM images of azofilms covered by (a) 100nm spheres and (b)
500nm spheres. The samples are exposed to laser light (power 5mW 