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Abstract

In this work we use direct local-probe techniques to study the photomechanical phe-

nomena induced at micro-nanoscale in photochromic thin films containing azobenzene

molecules. We show the existence of different mechanisms at the origin of the photo-

induced deformation and their crucial dependence on the spatial distribution of the

light field polarization and intensity, which allows to coherently interpret far-field and

near-field photodeformation phenomena so far observed. Moreover, we investigate the

near-field deformation effects due to the interaction between the local probe and the

sample surface. Finally, we present preliminary studies of the photomechanical effects

in layered hybrid metal/azo-polymer structures which open perspectives in view of ap-

plications in the fields of nano-fabrication and nano-actuation of thin films and surfaces.
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Introduction

The present work is dedicated to the study of the photodeformation effects induced

at micro-nanoscale in photoactivable systems. In particular, we investigate the pho-

tomechanical response of photochromic thin films containing an azobenzene derivate,

the Disperse Red 1 (DR1) grafted to a mineral sol-gel matrix or to an organic polymer

(PMMA) backbone. Since their first discovery in 1995 [1, 2], these phenomena have

been widely investigated under various illumination configurations [3–9]. Experiments

performed with far field photo-excitation by focused gaussian beams [10, 11], Bessel

beams [12] and interfering beams [1, 2, 8, 13, 14] have demonstrated that the efficiency

of the deformation process and the shape of the photoinduced pattern are very much

dependent on the light polarization distribution. Experiments performed with near-

field excitation by a local light source [6, 15] have shown a specific photomechanical

response which exhibits apparent contradictory behaviors when compared to far field

configurations, but which confirms the important role of the polarization.

The understanding of the mechanisms at the origin of the photodeformation phenomena

is still debated [16–18]. First, it requires to establish the relationship between the pho-

todeformation and the properties of the light excitation, namely power density, dose,

polarization and spatial distribution. Several studies have shown the influence of these

parameters on the deformation efficiency [3], but direct measurements of the correlation

between the local light field structure and the photoinduced deformation are lacking.

Second, the characterization of the reversibility and the repeatability of the photode-

formation is still an open question. It has been demonstrated that under particular

polarization configurations it is possible to optically erase the photoinscribed structures

[19, 20], but very little is known on the possibility to obtain successive reversible de-

formation cycles. Finally, the directionality of the deformation phenomena has not

been clearly addressed. Several observations demonstrate the fundamental role of the

polarization on the orientation of the photoinduced relief pattern [3], but very little

information is available on the direction of the matter migration.
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In this work, we study in detail the formation of surface relief gratings (SRG) induced

by projecting an interference pattern. The aim of this work is to bring new direct exper-

imental data on the photodeformation processes in order to identify and characterize the

underlying mechanisms. Our approach is based on near-field techniques, which allow to

measure in-situ and in real-time the information on the local spatial distribution of the

light field and the corresponding photoinduced relief pattern.

InChapter 1, we introduce the photochromic properties of the azobenzene molecule and

we present the most relevant and spectacular photodeformation phenomena that have

been observed so far, which are admitted to be directly related to the photoisomerization

transition of the azobenzene units. We briefly discuss some interpretations that have

been proposed as well as the most debated and open questions.

In Chapter 2, we detail the experimental apparatus and methods used in this work.

We describe our measurement system constituted of a shear-force topography detection

coupled to a SNOMmicroscope, and we characterize its performances. We also introduce

the photochromic materials that we have studied and the experimental procedures that

we have developed for their synthesis.

In Chapter 3, we investigate the microscopic mechanisms at the origin of the photoin-

duced deformation in photochromic thin films containing azobenzene derivatives. On

this purpose, we study the formation of SRG under excitation with an interference pat-

tern. We distinguish two kinds of photodeformation phenomena.

First, we study the deformation corresponding to the matrix photoexpansion, produced

by the free volume increase necessary for the azobenzene isomerization. By using a sin-

gle uniform beam to pre-irradiate the sample before the projection of the interference

pattern, we manage to single out a plastic and an elastic contributions to the photoex-

pansion and we propose a fist-order model that describes the dependence between the

light dose and the photoinduced deformation.

Second, we study the photo-induced matter migration phenomena. We use a configura-

tion where the optical pattern is the superimposition of an intensity and a polarization

interference patterns and we vary the relative amplitude of each contribution. In sol-

gel Si-DR1 films we observe that the material deformation is fully governed by the

polarization pattern, while in PMMA-DR1 films it depends on both the intensity and

polarization patterns. These results demonstrate that two distinct microscopical mecha-

nisms are at the origin of the mass transport and their relative efficiencies depend on the

nature of the matrix. The matter migration mechanisms governed by the polarization

are compatible with models based on the electromagnetic interactions [16]. The trans-

port mechanisms which depend on the intensity pattern are coherent with a description

based on the statistical motion of molecular entities [21].
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Subsequently, we use a configuration where the interference pattern is assisted by a third

incoherent beam. In this configuration, previous studies have shown that the efficiency

of the photodeformation process is strongly increased [5]. In our experiment, since we

measure in real-time both the intensity pattern and the topography, we have access to

the direction of the mass transport with respect to the optical pattern. We demonstrate

that in sol-gel Si-DR1 films the direction of the mass transport depends on the light

polarization distribution. Thus, for a given intensity pattern, switching in real-time the

light polarization produces an alternating photoinduced mass transport. This clearly

demonstrates both the directionality and the reversibility of the matter migration. In a

PMMA-DR1 film, the assisting-beam experiment exhibits two subsequent matter trans-

port regimes, which result from the competition of the intensity and polarization driven

processes. At a short time scale the intensity dependent mechanism is dominant, whereas

at longer time scale, the polarization dependent mechanism prevails.

In Chapter 4, we demonstrate the possibility to use the photodeformation properties of

azobenzene containing materials for the patterning of hybrid metal/azo-polymer struc-

tures. We show that the photodeformation induced in the underlying photochromic thin

film is mechanically transferred on the overlying metallic layer. This sets the basis for a

new nanofabrication technique.

Moreover, we present near-field photodeformation effects observed in the vicinity of the

near-field probe. We show that the photomechanical response is related to both the

”mechanical” interaction between the tip and the metal surface, and the photoactivity

of the underlying photochromic film.

InChapter 5, we present some preliminary results on nanostructured hybrid metal/azo-

polymer systems and we discuss potential applications in the fields of nanofabrication

in thin films and surfaces.
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Chapter 1

The azobenzene molecules:

photochromic materials and

photodeformation effects

1.1 Introduction

Although the photochromic properties of the azobenzene molecules have been known

for almost a century [1] nowadays the spectacular effects induced by their isomerization

still draw great attention [2–16]. In particular, the photomechanical effects obtained

under polarized light are among the most studied and widely debated, since the first

observation of matter transport phenomena over a long range (hundreds of nm), in 1995

[17, 18].

In this chapter, after a brief description of the azobenzene molecules, we present some

of the most remarkable results reported in the literature concerning the photoinduced

deformation phenomena observed in the far and in the near field. In particular, we focus

on the open problems and the most debated interpretations.

1.2 The azobenzene molecules

1.2.1 The isomerization

The structure of the azobenzene molecule consists in two phenyl rings connected by an

azo group -N=N-, as is depicted in Figure 1.1. The molecule exists in two isomeric

configurations, the more stable trans (E) isomer and the metastable cis (Z) isomer, the

7
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Figure 1.1: The trans/cis photoisomerization of the azobenzene molecule.

two forms being separated by an energetic barrier of typically 50 kJ/mol at room tem-

perature [19]. The trans/cis isomerization can be induced by the absorption of a photon,

in the UV-visible absorption band, while the reverse transition can be produced either

optically or by thermal activation. The thermal activation time depends on several fac-

tors (environment, type of molecule, functional groups, etc.) and can range from ms up

to hours [20].

For the trans form, the absorption probability is strongly anisotropic and depends on

the angle φ between the orientation of the molecule dipole and the polarization of the

incident light, like cos2φ, while for the cis isomer the absorption probability is almost

isotropic [21]. The quantum yields for the trans-to-cis and cis-to-trans transitions have

been measured both in solution and in a polymeric matrix and the obtained respective

values are: ηT → C ≃ 0.1, ηC → T ≃ 0.5 [21, 22]. The interconversion between the two

isomers produces an evident re-organization of the molecular geometry. Passing from

the trans to the cis form, the distance between the 4 and 4’ C atoms changes from 10

to 5.6 Å [23] and the isomerization of the molecule requires a free volume increase of

0.2 nm3 [24]. A variation of the dipolar momentum has also been measured in various

azobenzene derivatives [6, 25, 26].

1.2.2 The photoisomerization mechanism

The isomerization is induced by the excitation of an electron belonging to a nonbonding

(n) or a bonding (π) orbital towards the lowest non occupied π orbital, denoted π∗. A

description of the energy levels involved is shown in Figure 1.2 [27], where1:

• n→ π∗ indicates: ground state → S1 (first molecular singlet state);

• π → π∗ indicates: ground state → S2 (second molecular singlet state).
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Figure 1.2: Azobenzene molecule: energy levels Jablonski diagram, supposing triplet
states. The de-excitation probabilities reported have been proposed by Lemarie et al.
[27].

rotation 

inversion 

Figure 1.3: Azobenzene photoisomerization: rotation and inversion mechanisms.

The relaxation (de-excitation) may occur through different pathways involving several

intermediate states and corresponding transition probabilities and leads either to the

relaxation towards the initial state or to the transition in to the isomer state. The

mechanism governing the interconversion between the two forms has long been studied

during the second half of the last century, and is still matter of debate. The two most

accredited hypothesis are depicted in Figure 1.3. In one case (top), the isomerization

is accomplished through the rotation of a phenyl ring around the -N=N- group, while

in the other case it is obtained via an inversion of a phenyl ring in the plane of the

molecule [28].
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Figure 1.4: Disperse-Red 1 (DR1) molecule and its absorption spectrum in THF [29]:
the order of the π → π∗ and n→ π∗ is inverted.

1.2.3 The azobenzene families: classification

The azobenzene molecule has a great variety of derivatives, depending on the function-

alization of the 4 and/or the 4’ C terminal atoms. It is possible to obtain their classifi-

cation in three categories, in relation to the order of the transition energies involved in

the photo-excitation [19].

• The molecules of the azobenzene family, which are characterized by a n − π∗

transition of low intensity in the visible range and by a π − π∗ band of strong

intensity in the UV, which are well separated. In this case, it is possible to isolate

the cis form since the cis → trans thermal relaxation is relatively slow [20].

• The molecules belonging to the aminoazobenzene family, which present a super-

position of the n − π∗ and π − π∗ bands and a more rapid cis → trans thermal

relaxation.

• The molecules of the type pseudo-stilbene, which have a π − π∗ band situated at

high wavelengths, while the n−π∗ and π−π∗ bands energy order is inverted (S2 <

S1), generally because of an electro-donnor and electro-actractor functional groups

present on the phenyl rings (see Figure 1.4). For these molecules the cis → trans

thermal relaxation is relatively fast.

1We note that generally the n → π∗ transition happens at lower energies than the π → π∗.
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In general, the absorption bands of the trans isomer are located at higher wavelengths

with respect to the cis form. In the case of the pseudo-stilbene, the absorption peaks of

the trans and the cis forms are very close, so the photoisomerization of the two species

can be excited by the same wavelength, generally in the blue-green range. In condition of

constant temperature and illumination, it is possible to generate continuous trans → cis

→ trans photoisomerization cycling, leading to a photostationary equilibrium between

the trans and the cis populations. Turning the light off, the cis isomers undergo thermal

relaxation towards the trans state, with a characteristic time of a few seconds or even

shorter.

1.2.4 Molecular reorientation

The strong anisotropy of the absorption probability characterizing the trans isomer con-

tributes, together with the statistical reorientation of the molecules, to the depletion of

the molecule orientational distribution along the light electric field direction. After a

trans-cis isomerization cycle, each molecule can return to the trans state with an orien-

tation slightly different from the initial one. Assuming that the initial orientation was

along the polarization axis, the probability of absorption and further isomerization is

reduced. This leads to a statistical re-orientation of the molecules away from the di-

rection parallel to the light polarization, a phenomenon known as angular hole-burning,

which, under linearly polarized light, causes birefringence and linear dichroism [30], that

can be observed in viscous liquids and polymers. The photoinduced optical anisotropy

can relax, in the absence of irradiation, due to Brownian motion. It can also be par-

tially erased by irradiation using circularly polarized light, which favors a more isotropic

orientational distribution of the molecules [31].

1.3 Photoinduced deformation in azo-containing materials

1.3.1 Photodeformation phenomena in polymeric matrices containing

azo-derivatives

The incorporation of azobenzene derivative molecules into a polymeric matrix leads to

peculiar photodeformation phenomena, which have drawn great attention in the past

15 years. As it was discovered in 1995 by two research teams simultaneously [17, 18],

the projection of an interference pattern on an azo-containing thin film induces the

formation of Surface Relief Gratings (SRG) having the same spatial period of the optical

interference grating and an amplitude up to hundreds of nm. An example of SRG formed

using this method on a sol-gel film containing DR1 molecules is shown in Figure 1.5.
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Figure 1.5: Photoinduced SRG on an azo-containing thin film under p-polarized light.
(a) Scheme of the inscription experiment by projection of an interference pattern; (b)
shear-force image of the SRG growth (3D representation); (c) SEM image of the SRG.

The study of the SRG formation has been performed using indirect methods such as

diffraction efficiency measurements, and the actual surface relief pattern was measured

only by ex-situ topography imaging such as AFM. Various parameters have been found

to contribute to the photoresponse of the material, some can be related to properties of

the material, others are characteristic of the illumination.

Material The presence of the azobenzene group seems to be a necessary condition for

the SRG formation. Several studies [18, 32] have shown that the substitution with

other chromophores inhibits any photodeformation. Indeed, the concentration and

the type of incorporation (host/guest, grafting, etc.) of the dye in the material

affects the deformation efficiency [2]. Also the matrix structure seems to have

an important role. It has been demonstrated [33] that in polymeric matrices,

the increase of the polymer chain molecular weight slows down the deformation

dynamics. Finally, it has been observed [34] that the presence of a thin polymeric

layer (≃ 1 nm) on the sample surface diminishes the photodeformation amplitude,

which is completely inhibited for a layer thickness of 20 nm. This seems to indicate

that a free surface is a necessary condition.

Illumination The photodeformation can be induced using rather low field power densi-

ties, of the order of themW/mm2. It has been observed that the deformation grows
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with the exposure light dose, either under illumination with interfering beams

[10, 16–18] and single focused beams [35, 36]. On the other hand, in relation to

the light field polarization configuration various different deformation mechanisms

seem to be activated, which result in different SRG growth amplitudes, speed and

spatial distribution with respect to the optical intensity.

Since the light field polarization has been observed to be a critical parameter influencing

the photodeformation phenomena, we will briefly resume the principal observations so

far reported under various polarization configurations.

1.3.1.1 The dependence on the polarization

Several studies have shown that the SRG formation is very weak under s-polarized

light, while a higher efficiency is observed using p-polarized light [5, 10, 16, 37, 38].

In particular, under projection of an intensity gradient, by illumination either with a

focused gaussian beam or with an interference pattern, the resulting deformation is in

π − phase with the illumination: reliefs are formed in the dark areas, while grooves are

induced in the bright zones. Under illumination with a polarization interference pattern

(±45◦ or orthogonally circularly polarized interfering beams) the highest deformation

efficiency is observed [37–39]. This indicates that an intensity gradient is not a necessary

condition, while the effect of the polarization seems preponderant. On the other hand, a

quite weak deformation is observed under an s- and a p-polarized interfering beams with

the formation of a double period SRG. Very recently, it has been demonstrated, using the

superimposition of an interference pattern to an homogeneous, incoherent p-polarized

assisting beam, that the deformation efficiency obtained under s-polarized interference

is increased [10], with a relief growth in phase with the light field [40]. This supports

the critical influence of the light field polarization on the photodeformation phenomena.

1.3.1.2 Photodeformation mechanisms: interpretations

The understanding of the mechanisms at the origin of these phenomena is still debated.

The observation of a deformation in π − phase with the illumination has suggested

the existence of a mechanism of matter migration, due to the photoisomerization of

the azobenzene molecules induced in the enlightened zones [2]. The mechanical work

done during each interconversion would produce an overall transport of matter, which

is accumulated in the darker zones, where the molecules are not photoactivated. This

interpretation is the most shared, even if hardly compatible with the high efficiency ob-

served under irradiation with a polarization interference pattern, and several modeling
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approaches have been proposed. A class of models considers the statistical redistribution

of the molecules due to the elementary displacement of each azobenzene, following an iso-

merization cycle [25, 41]. In this sense, the mass migration is related to the distribution

of the absorption probability of each photoactive unit, hence to the spatial distribution

of the light intensity and to the light polarization. Another class of models considers

the photochromic material as a viscoelastic system whose photofluidification depends

on the photoisomerization of the azobenzene molecules [10, 11, 42]. The Navier-Stokes

formalism is used to describe the matter transport phenomena, which are supposed to

be produced by the electromagnetic forces due to the interactions between the light field

and the material. In the case of the statistical models, the matter transport is mainly

related to the anisotropic photoresponse of the molecules, while in the other type of

models the movement is mainly due to the interaction between the electromagnetic field

and the material, while the azobenzene photoisomerization has a ’softening’ effect.

Another photodeformation mechanism has been recently identified, the matrix photoex-

pansion, which has been observed, by different techniques [16, 43], in the illuminated

zones, independently from the polarization. It has been attributed to the augmentation

of the matrix volume in the enlightened zones, as a consequence of the molecular steric

re-arrangement in order to gain the free volume necessary to accomodate molecules af-

ter the photoisomerization. Although the obtained deformation has been observed to be

permanent in several experiments, the existence of an elastic regime has been reported

[43, 44].
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Figure 1.6: Far-field (a) and near-field (b) photoinduced deformation on a sol-gel
DR1 film [7].

1.3.1.3 Far-field and near-field experiments

The observation of the photoinduced deformation obtained by illumination in the far and

in the near field reveals a contradictory behavior (Figure 1.6). Irradiating the sample

using a metal-coated tip in the far field (tip-to-sample distance > λ/2π) a groove is

observed in correspondence of the enlightened zone, while two lobes appear on the sides,

whose orientation is parallel to the light field polarization (a). On the other hand,

when the experiment is performed illuminating in the near field, a relief is observed in

the illuminated zone, underneath the tip (b), with a diameter corresponding to the tip

aperture.

The behavior observed in the far-field experiment has the same characteristic as the

matter transport observed under p-polarized interference, where matter migrates from

the bright fringes towards the dark fringes along the light electric field direction. On

the other hand, the phenomenon observed in the near-field experiments [7, 29, 45, 46]

is similar to the results obtained using the superposition of an s-polarized intensity

gradient and a p-polarized assisting beam [40], where matter migration towards the

irradiated zones is obtained.
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1.4 Conclusions

The photomechanical response in azo-containing thin films depends on the character-

istics of the material and of the illumination. In particular, an important influence of

the light polarization on the amplitude, the dynamics and the orientation of the pho-

toinduced deformation has been observed. Two mechanisms seem to be at the origin

of the deformation. On one hand, the matrix photoexpansion, which produces small

reliefs in the enlightened zones and is related to the matrix re-organization subsequent

to the photoisomerization cycles of the azobenzene molecules. On the other hand, the

matter migration, a more complex mechanism, whose interpretation is still debated. It

has generally been observed a matter motion from the enlightened zones towards the

darker areas, its efficiency being strongly dependent on the light polarization. How-

ever, under combined exposure to an incoherent homogenous assisting beam and to a

perpendicularly polarized interference pattern, a relief growth in correspondence to the

illuminated zones is observed. A similar discrepancy is observed between the far-field

and the near-field experiments, where, in the first case, matter migrates away from the

illuminated zones, while in the second case it is accumulated in the vicinity of the illumi-

nating tip. Several different approaches have been proposed to model these phenomena,

however the lack of direct correlated data on the light field spatial distribution and the

photoinduced deformation makes it very arduous to obtain a complete description.
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Chapter 2

Experimental setup and sample

preparation

2.1 Experimental setup

This work aims to study the photomechanical processes induced at nanoscale in thin

films containing azo-polymers. In particular, we want to establish a correlation between

the light pattern and the resulting deformation. For this purpose we have developed

a combined shear-force/SNOM microscope which allows to detect simultaneously, in
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Figure 2.1: Principle of the coupled measurement system.
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Figure 2.2: Probe fabrication: heat-pulling.

real-time, in-situ and at nanoscale, both the optical image and the surface topography

(Figure 2.1). In this experiment, the sample is a thin photochromic film deposited on

a glass substrate. During illumination, a tapered optical fiber tip provides simultaneous

detection of the transmitted light intensity and of the shear-force topography.

2.1.1 Probe fabrication

The nano-probe is obtained by heat-pulling of an optical fiber1. The principle of the

process is depicted in Figure 2.2. The optical fiber is clamped on two rails and put

in tension by a constant load. Fiber heating is provided by a CO2 laser. A computer

controls a series of CO2 laser pulses (ms) in order to produce a step-by-step pulling

of the fiber. Each pulling step is detected on a quadrant photodiode, by the reflection

of a laser beam on a mirror soldered on one rail. A microscope equipped with a video

camera allows to observe the process and to measure the fiber diameter. When a critical

diameter has been reached (15 µm in our experimental conditions), a last laser pulse is

applied to obtain the rupture, producing two symmetrical tips.

1Multimode, 125 µm core
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Figure 2.4: Tip anistropy. Optical microscope 5x (left) and 10x (right) images of an
optical fiber tip fabricated by heat-pulling: (a-b) side view; (c-d) top view.

The apex geometry is approximately that of a truncated cone. We can obtain an apex

diameter of typically 400 nm (Figure 2.3), with a repeatability that mainly depends on

the detection of the critical diameter. As we can see in Figure 2.2 and Figure 2.4(a-

b), due to the laser assisted fabrication process, the tip has an asymmetric shape, which

can lead to several problems (poor intensity contrast, polarization anisotropy, etc.) in

the imaging of the light field spatial distribution. This is taken into account in a cali-

bration procedure that we employ systematically (see 2.1.4.2), in order to maximize the

homogeneous collection of the light field.

We further decrease the tip apex diameter by chemical etching in HF. The concentration

of the HF solution, the temperature and the etching time allow to control the final
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diameter with a sufficient precision of a few tens of nm [1].

2.1.2 The microscope

The core of the coupled measurement system is the microscope head, which is depicted

in Figure 2.5(a-b). A syringe apex is fixed by means of araldite glue on the small

dither piezo tube (8 x 1.3 mm). This one is joined to the (x, y, z) scan piezo tube (30

x 10 mm), which is fixed on the head body. The optical fiber slides inside the syringe

apex and the two piezo tubes, and comes out on the back of the head. The tapered

extremity is fixed on the syringe apex by means of a wax droplet, while on the other
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end, the optical fiber is connected to a photomultiplier.

The (x, y, z) scan piezo tube has four external electrodes and one internal electrode,

driven by a voltage between 0 and 400 V , which allow a maximum excursion of 30 µm

along the x, y axis and 2 µm along the z-axis. The head is mounted on a translation

stage driven by a step motor, every step corresponding to a 200 nm displacement along

the z-axis, which allows a precise setting of the tip-to-sample distance within the range

of the (x, y, z) piezotube extension. This is achieved first, by a visually controlled coarse

approach and, subsequently, by an automatic approach based on the shear-force feed-

back, that we will detail later.

The sample is mounted in front of the head, on a sample holder equipped with manual

translational stages along the x and z directions of the sample surface plane, having a

precision of 10 µm.

2.1.3 Shear-force microscopy

The shear-force topography measurement is based on the detection of the vibration

amplitude of a tip oscillating along the x-axis. In our system (Figure 2.6), this os-

cillation is obtained by means of an alternating voltage V0 applied to the dither piezo

tube. The electrical behavior of the dither piezo tube is essentially capacitive. Using

a Wheatstone bridge we detect the variation of this capacitance due to the mechanical

constraints imposed on the dither piezo tube by the tip. Driving the tip at a resonant
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frequency causes a significant capacitance variation. This gives a high sensitivity to

further variations of the tip vibration amplitude. In particular, when the tip interacts

with the sample surface, the consequent vibration amplitude variations reflect to a vari-

ation of the piezo capacitance, which constitute the shear-force signal proportional to

the tip-surface interaction shear-forces.

In order to accurately place the vibration resonance frequency, we use a tip-ending

length of a few mm. This allows to precisely set the resonance. We drive the tip-ending

free length of the optical fiber at its second harmonic, since the fundamental vibration

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

choice of the drive frequency is a compromise between the low s/n ratio obtained with

low frequencies (low time constant) and the limitation due to the standard electronics.

The frequency is adjusted by choosing the tip-ending free length L with respect to the

syringe apex. The i− th harmonic frequency fi varies as
2:

fi =
k2i
2π

√

EI

ρS

1

L2
(2.1)

where ki = αiL and αi is solution of:

cosh(αiL) · cos(αiL) + 1 = 0 (2.2)

E is the Young modulus of the fiber, I is its inertia moment, ρ is the material density, S

is the fiber section and L is the tip-ending free length (neglecting the tip shape, whose

contribution is not significant). We usually work at the second harmonic frequency f2,

with typical values3 of about 50÷ 60 kHz for L = 3.5÷ 3 mm.

2.1.3.1 Dimensioning

The impedance of the dither piezo tube is essentially capacitive4, far from the tube

resonance. To avoid thermal effects a fixed resistor Rp is put in parallel with Cp and

shortcuts the resistive part of the piezotube impedance. The total impedance of this

part is Zp. On the detection branch the Rc and rc tunable resistors allow to balance

the resistive parts (Rp and rp) of the piezo branch. Together with the C capacitor, they

form the detection impedance Z. The opposite branches (R and r) of the bridge are

purely resistive. The tunable resistors R and r are set to balance the Cp/Cr ratio at

high frequency.

2See for example [2].
3See also Figure 2.8
4A very small resistance rp models the dissipations
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Rp is chosen to short-cut Cp at low frequencies. In fact, the piezotube’s equivalent

impedance includes also a parallel resistance, but it is very large and suffers thermal

drifts. So Rp has a value low enough to shortcut that resistance; moreover, the condition

Rp > 1/Cpω must be respected in the frequency range of interest (typically above

10 kHz), to have the system be sensitive to the variations of Cp. This implies also that

Rc, which is used to compensate Rp, must fulfill the same condition. Hence Rp has been

fixed at 332 kΩ and Rc is a potentiometer of 500 kΩ, while C is a 220 pF capacitor

whose value is of the order of Cp, in order to optimize the ∆V/V0 ratio, as will be shown

later. The rc resistor is a potentiometer of 5 kΩ and it helps in the tuning of the bridge,

compensating the weak serial resistance of the piezo branch.

Finally, R and r are the complementary branches of a 1 kΩ potentiometer. The total

value of the resistance branch R+ r is chosen large enough to limit the current flowing

in that branch. On the other hand, the resistance value should be low enough to keep

its noise much smaller than the full scale resonance signal.

The excitation voltage V0 is chosen to obtain a tip vibration amplitude of typically 10

nm. This is achieved for a value of the voltage Vexc exciting the piezotube of typically

10 mV . The corresponding shear-force signal at resonance ∆V ≃ 100µV . Thus, the

value of the resistive branch R + r is chosen equal to 1kΩ. Indeed, at T = 300◦K

a resistance of ≃ 1 kΩ, within a band ∆f = 100 KHz induces a voltage fluctuation

δV = [4kT (R+ r)∆f ]1/2 that is δV ≃ 1µV , much smaller than the 100µV shear-force

signal. As already mentioned, typical driving frequencies are between 25 and 60 KHz

(avoiding frequencies close to other parasitic mechanical resonances).

We will now show that this configuration allows to measure a shear-force signal ∆V

proportional to the piezoelectric capacitance variation δCp.

2.1.3.2 Shear-force detection

Far from the resonance the tip and the dither piezotube vibrate almost as a unique body

and the bridge is balanced:

R/r = Z0
p/Z = Y/Y 0

p (2.3)

where Yp = 1/Zp is the admittance of the branch containing the piezotube, while Y =

1/Z is the admittance of the detection branch.

At the input of the differential amplifier the signals are:
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V =
r

r +R
V0 =

Y 0
p

Y + Y 0
p

V0 (2.4)

V ′ =
Z

Z + Zp
V0 =

Yp
Y + Yp

V0 (2.5)

and the differential output signal ∆V = V − V ′ is zero.

When the system is excited at a resonance frequency the piezotube branch’s admittance

Y 0
p changes:

Yp = Y 0
p + δYp (2.6)

and the bridge is unbalanced:

∆V = −δV ′ (2.7)

dV ′

dYp
=

(Y + Yp)− Yp
(Y + Yp)

V0 =
Y

(Y + Yp)
V0 (2.8)

it results that the signal varies like −δV ′:

∆V = −δV ′ =
Y Yp

(Y + Yp)2
· δYp
Yp

· V0 (2.9)

From this equation it easily seen that he quantity ∆V/V0 is maximum for Y = Yp. Thus

we choose C ≃ Cp and in the frequency range of interest we have:

∆V ≃ −δCp
Cp

· Vexc ≃
1

2

δCp
Cp

V0 (2.10)

The signal ∆V depends on the tip-to-surface separation. At the resonance, if the tip is

far from the surface, its vibration amplitude is maximum, since no damping forces from

the surface are present. We define ∆VR the voltage corresponding to this situation. On

the other hand, if the tip is close to the surface the vibration amplitude is damped by
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the tip-surface interaction forces. So, the ∆V signal decreases. It has been measured [3]

that this phenomenon can be described by:

∆V = ∆VR

[

1− exp

(

− d

d0

)]

(2.11)

where d = zsurf − z is the tip-to-surface distance (zsurf and z being the coordinates of

the tip and of the surface, respectively), d0 is the characteristic distance (≃ 1 nm), ∆VR

is the maximum amplitude of ∆V at the resonance frequency.

Considering the linear relationship between the Vz applied on the scan piezo and its z

displacement (which determines the tip-to-sample separation):

z = γ|Vz| (2.12)

we obtain:

∆V = ∆VR

[

1− exp

(

−Vz − Vsurf
v0

)]

(2.13)

where Vz, Vsurf , v0 are the voltages corresponding to the respective z positions.

∆V is amplified through a gain G = 100 and is filtered via a lock-in amplifier (gain GLI)

locked on the tip excitation frequency. This constitutes the shear-force signal:

VSF = G ·GLI ·∆VRMS (2.14)

When the tip is far from the sample surface, VSF takes the value V∞
SF corresponding

to the free vibration amplitude of the tip. When the tip approaches the surface, the

shear-force interaction induces a decrease of the tip vibration and VSF decreases. Thus,

we process the signal by adding a constant voltage ∆V∞ to −VSF and we obtain the

signal Vin = V∞
SF − VSF (Figure 2.7(a)). This signal is used in the feedback loop.

2.1.3.3 Feedback

The processed DC voltage Vin is used to define the process set-point (Figure 2.7). An

adjustable attenuator GC varies the amplitude of Vin. This voltage is compared to a
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Figure 2.7: Shear-force microscopy: feedback loop.

fixed voltage VC , generating the error signal Ve which is used for the control action. The

comparison is operated by a logarithmic amplifier, which allows to extract Vz from Vin

and so to generate a proportional feedback control action on the current Vz voltage via

the gain GCR:

Vz = GCR

{

VLN ln

(

VC
Vin/GC

)}

(2.15)

= GCR

{

VLN ln

(

VCGC
GGLI∆VR

[

exp

(

−Vz − Vsurf
v0

)])}

= GCR

{

VLN ln

(

VCGC
GGLI∆VR

)

+
VLNVsurf

v0
− VLN

v0
Vz

}

= GCR · Ve
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The feedback gain GCR is obtained through the combination of two low-pass filters

having different cut-off frequencies:

GCR =

[

Gfast
1 + iωτLI

]

ω≪ 1

τLI

+

[

Gslow
1 + iωτslow

]

ω≪ 1

τslow

(2.16)

The Gslow gain acts at lower frequencies (τslow ≃ s), while the Gfast gain acts also at

higher frequencies (τLI ≃ µs). The slow filter gain is fixed at Gslow = 10, while Gfast is

manually adjustable by the user, in order to optimize imaging.

The effect of the feedback control is put in evidence in Figure 2.7(b), where the feedback

loop is re-drawn taking into account only the three main functional blocks, namely: the

process P (which includes the HT gain, the scan piezo, the dither piezo and the tip), the

measurement system H (signal gain G, lock-in, compensation) and the control action

GCR. The equivalent set-point Vset is fixed through the adjustable attenuator GC :

Vset = VLN

[

Vsurf
v0

+ ln

(

VC
GGLI∆VR

GC

)]

(2.17)

The disturbing actions are modeled with the noise n that affects the output voltage of

the process Vout. We can write the expression of Vout:

Vout =
HPGCR

1 +HPGCR
Vset +

1

1 +HPGCR
n (2.18)

Hence, for HPGCR ≫ 1 ⇒ Vout → Vset, which means that the feedback gain GCR drives

Vin towards the set-point fixed through GC .

The physical role of the feedback is to avoid the collision of the tip on the sample’s

surface. The piezotube elongates for higher Vz values and retracts for lower values.

Since:

Vz = GCR ·
(

Vset − V̄in
)

(2.19)

and

Vset = VLN

[

Vsurf
v0

+ ln

(

VC
GGLI∆VR

GC

)]

(2.20)

a decrease of GC produces the piezotube stretch and the retraction of the tip away from

the surface, while increasing GC the tip is approached to the surface. Also, an increase

of the shear-force signal V̄in produces the tip retraction, which avoids the tip collision

on the surface, while a decrease of V̄in induces an elongation of the piezotube, so the
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tip approaches the surface. For this reason, we record the Vz signal as the image of the

surface topography.

The overall feedback loop is implemented via a modified commercial STM electronic

fabricated by Park Scientific Instruments (STM-SU2-210 et SPC-400, 1992).

Data are recorded using a Labview 6.1TM routine, which is used also to generate the

(x,y) control voltages. Topography images are stored into a 256 × 256 matrix, in a

binary file.

2.1.3.4 Performances and calibration

Typically, we place the tip second harmonic (tip f2) in the region between 48 and 61 KHz.

The resonance frequency of the tip can be tuned by varying its length L, as the frequency

varies like
1

L2
(eq. 2.2). For our microscope, the fit with the experimental data gives a

value of α ≃ 610, as shown in Figure 2.8(f). The tip resonance frequency is chosen far

enough from the (x, y, z) piezo resonances situated at ≃ 7 KHz and ≃ 45 Khz, and also

from the resonances due to other mechanical couplings (like the tip-syringe coupling at

11 KHz). This is shown in a typical excitation spectrum in Figure 2.8(a)), where the

measured voltages (at the lock-in output) are normalized with respect to the differential

amplifier gain G = 100 (Figure 2.6). In (b) we report the detail of the tip second

harmonic, analog to a damped resonator having a quality factor Q ≃ 160, which, at a

working frequency of 56kHz, gives a response time of the order of the ms. We must

point out that the characteristics of the response depend much on the wax droplet that

fixes the tip to the dither piezo tube. When its form is particularly inhomogeneous and

the fixation not uniform it can cause the excitation of other vibration modes of the tip,

which lead to the apparition of multiple resonance peaks.

The working frequency is chosen also in relation to the noise spectra characterizing

the microscope head. In Figure 2.8(c-e) we show the spectra measured unplugging the

excitation signal and recording the output lock-in signal, scanning its reference frequency.

We perform the measurement in three configurations:

(c) Feedback electronics off The voltage that powers the (x, y, x) piezo tube is turned

off. In this case we notice the 1/f noise decrease, with a peak to peak noise am-

plitude of 10 µV around our working frequency (56 kHz).

(d) Feedback electronics on - open loop The (x, y, x) piezo tube is powered, but

is all retracted. The excitation signal is unplugged, then the shear-force signal is

zero and the system is operated in open loop. Also in this configuration the noise

decreases with increasing frequency, with a peak to peak noise at the working
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frequency of 10 µV . The two structures at the resonant frequencies of the piezo

tube and of the fiber tip are present, with a wider amplitude for the first structure.

(e) Feedback electronics on - closed loop The (x, y, x) piezo tube is powered and

the feedback electronics is input a DC signal that simulates the shear-force signal.

In this condition the average noise amplitude is moderately wider, the peak corre-

sponding to the piezo tube second harmonic is more evident. However, the noise

amplitude remains approximately of 10 µV at the working frequency.

2.1.4 Scanning Near-field Optical Microscope (SNOM)

The photo-activation of our samples is achieved by means of two coherent blue5 laser

beams, that we will call the interfering beams, whose wavelength is close to the sample

absorption peak6, and of a third incoherent homogeneous green7 laser beam, that we

will call the assisting beam, whose wavelength corresponds to an absorption 30% weaker.

These are combined in several different ways, obtaining a variety of local intensity and

polarization geometries and dynamics.

At the sample surface, we measure the transmitted optical field by a scanning near-field

optical microscope. We use a tapered optical fiber tip that has the double function of

diffracting the local electromagnetic field (aperture-less SNOM) and also of collecting

the light through its small aperture of ≃ 50 nm (aperture SNOM). The near-field image

is measured by means of a photomultiplier and recorded using a LabviewTM routine,

then stored into a 256 × 256 matrix in a binary file, as previously described for the

shear-force microscopy.

2.1.4.1 Optical setup

The optical experimental setup is depicted in Figure 2.9(a). It is constituted by two

optical paths. The first one leads the green assisting laser beam, through a linear

polarizer, in normal incidence on the surface, by means of two mirrors. The laser output

polarization is ≃ 40◦ with respect to the y-axis, so a linear polarizer is sufficient to obtain

s or p linear polarizations. The second path leads the blue laser out-front beam through

a half-wave plate and a beam-splitter, which separates the beam into two beams, of

same intensity. These two beams recombine on the sample surface, with an incidence

angle θ = 16.5◦. A polarizer on each of these beam paths define the orientation of the

light polarization. The blue laser out-front beam is initially linearly polarized along the

5λ = 473 nm.
6See Figure 2.18.
7λa = 532 nm.
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Figure 2.9: Optical setup. (a) optical path; (b) geometry at the sample surface;
(c) green assisting beam: geometry within the substrate; (d) blue interfering beams:
geometry within the substrate.
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y-axis (s). Rotating the half-wave plate by an angle α rotates the polarization of the

two split beams by the angles ϕ1 = ϕ2 = 2α with respect to the y-axis. The spot size of

the three beams is typically 1 mm2. The maximum output light power is 15 mW for the

blue laser and is 20 mW for the green laser. This corresponds to a maximum intensity

of 2.5 mW per blue beam et 2.1 mW for the green assisting beam at the sample surface.

Three shutters allow to temporally control the activation of the different beams, enabling

a great variety of different combinations. In particular it is possible to superimpose a

uniform illumination at 532 nm to an optical interference pattern at 473 nm.

In (b-d) we see the detail of the geometry at the substrate/film interface. The assisting

beam and interfering beam wavevectors inside the glass substrate are indicated respec-

tively with kga, kg1, kg2, the refractive index inside the substrate ng ≃ 1.51. The green

assisting beam Figure 2.9(c) illuminate the sample at normal incidence, that is:

~kga = ka









0

0

ng









(2.21)

where ka = 2π/λa (λa = 532 nm). On the other hand, the left (1) and right (2) blue

beams form each one an angle θg with the z-axis Figure 2.9(b and d) so that:

~kg1 = k









ngsinθg

0

ngcosθg









=









kx

0

kz









(2.22)

~kg2 = k









−ngsinθg
0

ngcosθg









=









−kx
0

kz









(2.23)

where k = 2π/λ (λ = 473 nm).

Changing the polarization axis ϕa, ϕ1, ϕ2 for the various beams leads to vary the

respective components’ amplitude along the different axis8. For the green assisting

beam, in normal incidence, the field can be only along the x and the y-axis. As an

example, for the field represented in (b) we have:

8In the case of s- and p- interference pattern we have respectively ϕ1 = ϕ2 = 0◦ and ϕ1 = ϕ2 = 90◦
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~Ega = E0
ga









−sinϕa
−cosϕa

0









cos
(

ωt+ ~kga · ~r
)

(2.24)

where Es,0a is the field amplitude inside the substrate.

On the other hand, for the blue beams, a component along the z-axis can be present,

for ϕ1, ϕ2 6= 0:

~Eg1(t, ~r) = ~E0
g1cos

(

ωt+ ~kg1 · ~r
)

= E0
g1









−sinϕ1 cosθg

−cosϕ1

sinϕ1sinθg









cos
(

ωt+ ~kg1 · ~r
)

(2.25)

~Eg2(t, ~r) = ~E0
g2cos

(

ωt+ ~k2 · ~r
)

= E0
g2









−sinϕ2 cosθg

−cosϕ2

−sinϕ2 sinθg









cos
(

ωt+ ~kg2 · ~r
)

(2.26)

where E0
g1, E

0
g2 are the respective field amplitudes inside the substrate. So, for two

beams of equal amplitude E0
g1 = E0

g2 = E0
g the expression for the total interfering light

field is obtained by superimposing the two fields ~Eg1(t, ~r) and ~Eg2(t, ~r):

~Eg,tot(t, ~r) = ~Eg1(t, ~r) + ~Eg2(t, ~r) (2.27)

whose x-, y- and z- components are:

~Exg,tot = − (sinϕ1 + sinϕ2)
[

E0
gcos (ωt+ kzz) cosθg

]

cos(kxx)x̂ (2.28)

+ (sinϕ1 − sinϕ2)
[

E0
gsin (ωt+ kzz) cosθg

]

sin(kxx)x̂

~Eyg,tot = − (cosϕ1 + cosϕ2)
[

E0
gcos (ωt+ kzz)

]

cos(kxx)ŷ (2.29)

+ (cosϕ1 − cosϕ2)
[

E0
gsin (ωt+ kzz)

]

sin(kxx)ŷ

~Ezg,tot = (sinϕ1 − sinϕ2)
[

E0
gcos (ωt+ kzz) sinθg

]

cos(kxx)ẑ (2.30)

− (sinϕ1 + sinϕ2)
[

E0
gsin (ωt+ kzz) sinθg

]

sin(kxx)ẑ
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We note that for ϕ1 = −ϕ2 = ϕ and for every fixed z, the x-component is proportional

to sin(kxx) while the y- and the z- components are proportional to cos(kxx), where

kx = 2πnssinθg/λ. This means that the x-component intensity is Λ/2 spatially shifted

with respect to the other two components9, where the spatial period Λ is determined

by:

Λ =
λ

2sinθ
≃ 830 nm (2.31)

Moreover, changing the value of ϕ allows to shift from a configuration of complete

amplitude spatial modulation (ϕ = 0◦) to a configuration of complete polarization spatial

modulation (ϕ = 45◦), which allows to distinguish the effects due to the intensity from

the effects caused by the polarization. These important characteristics will be used

extensively in Chapter 3.

The local light field is collected by means of the optical fiber nano-tip, which performs

a scan on the (x, y) plane driven by the (x, y, z) piezo tube (see 2.1), and is measured

by a photomultiplier.

2.1.4.2 SNOM calibration

As we have seen in 2.1.1 the tip fabrication process leads systematically to an asymmetry

of the tip geometry, which can produce an unbalanced collection of the light field inci-

dent from the various beams and also a dependence on the polarization of the measured

intensity. In particular, when creating an interference pattern, this can result in a very

poor intensity contrast.

In order to minimize the effects of the asymmetry, we have developed the following pro-

cedure, in which we measure how the field collection in the tip depends on its orientation,

with respect to the two blue beams.

1. We check the coincidence of the two spots at the surface of a clean glass plate and

on the two mirrors M1 and M2 (Figure 2.9) in order to be sure that the beams

are symmetrically incident.

2. We approach the tip at a few µm from the surface of the glass plate. During this

procedure the tip is not fixed by the wax droplet, it is clamped by a latch chuck

on the back of the head which can be rotated around the tip axis.

9For the details of the calculation see Appendix A
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Figure 2.10: Polar diagram: (a) measurement principle; (b) efficiency angular dis-
tribution: the two lobes maxima correspond to the tip asymmetry maximally exposed
to the beam 1 or to the beam 2, respectively; (c) zoom showing the tip orientation
corresponding to symmetric light collection.
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3. We measure the light collected for various orientation of the tip around the z-

axis, varying the angle ψ under irradiation with each beam separately (see Fig-

ure 2.10(a)) .

In Figure 2.10(a-c) we show the principle of this procedure and a typical efficiency

polar diagram. For the beam 1 (black) and the beam 2 (grey) the collection efficiency

is asymmetrically distributed, producing two lobes which characterize the magnitude of

the tip asymmetry. Each lobe shows the maximum collection efficiency corresponding

to the tip oriented so that the asymmetry is maximally exposed to the beam 1 or to the

beam 2, respectively, as depicted in Figure 2.10(b).

Once identified the angle of maximum asymmetry, we orient the tip at 90◦ with respect

to that value, in order to obtain the most balanced light collection efficiency. In Fig-

ure 2.10(c) the zoom on the centre of the efficiency polar diagram shows that for this

angle the collection efficiency is the same for the two beams.
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Figure 2.11: Disperse Red 1 molecule.

2.2 Sample preparation

2.2.1 The photochrome and the matrices

The photodeformation effects studied in this work are based on the photochromic prop-

erties of a derivative of the azobenzene molecule, the Disperse Red 1 (DR1), which is

represented in Figure 2.11. As we have mentioned in Chapter 1, this molecule belongs

to the pseudo-stilbene family. The presence of the electro-donor (N(C2H5)(C2H4OH))

and electro-acceptor (NO2) groups para-substituted in the phenyl rings causes the par-

tial superposition of the trans and cis isomers absorption spectra [4], which allows to

excite both the trans → cis and cis → trans transitions employing a single wavelength,

where the wavelength corresponding to the trans isomer absorption peak is10 ≃ 480 nm.

Moreover, the cis → trans isomerization can be thermally activated and the average

lifetime of the cis isomer is rather short [5], which contributes to the trans → cis →
trans cycling of the molecules.

We have chosen to study the photodeformation effects produced by the DR1 photoi-

somerization in a mineral and in an organic matrices. The mineral matrix is a silica

backbone obtained using a sol-gel proceeding that allows to preserve a certain degree

of mobility of the molecules and can be performed at low temperature, which allows to

incorporate organic molecules without thermal degradation. Moreover, this technique

allows a great variety of deposition methods and is particularly suitable for the deposi-

tion of thin films via spin-coating, giving a good control of the film thickness and of the

surface quality.

The organic matrix we have selected is the Poly[(methyl methacrylate)-co-(Disperse Red

1 methacrylate)] (PMMA-DR1), which is a polymer grafted with the DR1 units, com-

mercially available11. The PMMA-DR1 is the mostly used azo-polymer for the study of

photo-induced deformation phenomena.

10See Figure 2.18 and Figure 2.19.
11Sigma-Aldrich R© reference: 570435. Price: 1000 e/g.
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2.2.2 Synthesis of the sol-gel Si-DR1 samples

2.2.2.1 The sol-gel process

The sol-gel process is based on two simple chemical reactions, which are initiated in

presence of water and of a polymerizing agent, in our case the tetraethoxysilane (TEOS)

Si(OC2H5)4.

• Hydrolysis. The ethoxy groups on the TEOS molecules are hydrolyzed by water,

producing ethanol. This reaction is catalyzed in both acid and basic environments,

its minimum speed is at pH 7.

Figure 2.12: hydrolysis.

• Condensation. In this step either an ethanol molecule is expelled due to an

alcoxolation reaction between an ethoxy group and a silanol group (Figure 2.13),

or a water molecule is expelled due to an oxolation reaction between two silanol

groups (Figure 2.14).

Figure 2.13: alcoxolation.

importante.

F . 2.24: Schéma réactionnel de la condensation entre deux groupements silanol (oxolation
Figure 2.14: oxolation.
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Figure 2.15: Sol-gel Si-DR1 matrix formation.

In both cases, the consequence is the formation of a Si-O-Si bridge, which is the

building block of the inorganic backbone. For the TEOS, the condensation speed is

minimum at pH 2-3 and maximum at pH 7. Instead, for higher pH the reversibility

of the reaction may be non negligible.

The condensation reaction is faster than the hydrolisis at pH ≥ 7, while the hydrolysis

dominates in acid environments. Hence, to avoid the formation of particles due to

the preponderant formation of monomeres it is important to work at low pH (2-3).

In this condition most of the monomers having a sylanol group are free to form the

tridimensional matrix. First, very small particles are formed (0.5 ÷ 2 nm) because of

chain cyclization. Then, these particles starts aggregating, forming a polymeric network

that doesn’t precipitate and extends slowly occupying a growing volume fraction, which

will constitute the sol. As the viscosity grows and the liquid is trapped into the sol, the

sol-gel transition is reached. The material obtained is solid and transparent in most of

the cases.

2.2.2.2 DR1 grafting into the sol-gel matrix

The incorporation of organic molecules into a mineral matrix can be done either by direct

inclusion into the matrix (host/guest, doping) or by chemical grafting on the matrix

backbone. The second method has been preferred, since it allows a higher concentration

of the chromophore.

The principle is shown in Figure 2.15. The DR1 molecule is functionalized with an

alkoxysilane group, which participates to the formation of the mineral matrix during

the sol-gel process. A carbazole spacer is used to avoid the aggregation of the organic

molecules.
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The DR1 functionalization is achieved via a nucleophile addiction reaction of the DR1

molecule on a (3-isocyanatopropyl)triethoxysilane (ICPTEOS) which leads to the for-

mation of the molecule shown in Figure 2.16 that we will name Si-DR1.

Figure 2.16: Si-DR1 preparation.

The spacer has been chosen following the results reported in [6], where the role of

a carbazole molecule bearing an alkoxysilane group, that we will call Si-K, has been

studied in the synthesis of photoactive materials constituted by linear and non linear

molecules. In this case, the absence of Si-K lead to the aggregation of DR1 molecules.

The Si-K molecule is obtained with the reaction shown in Figure 2.17.

Figure 2.17: Si-K preparation.

The synthesis of the sol-gel matrix bearing the DR1 molecules proceeds as explained

above, starting from the three precursors: TEOS, Si-DR1 and Si-K. These are mixed in

the following molar ratio: Si-K/Si-DR1/TEOS = 4/2/1 in THF. This solvent has been

chosen for its miscibility with water and for its good solvent power towards the three

precursors.

A pH = 1 HCl solution is used to favor hydrolysis, with a ratio of 4 H2O molecules for

every Si, in order to convert the most of the ethoxy groups in sylanol groups.
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hydrolysis 
(2 hours) 

condensation 

Table 2.1: Sol-gel Si-DR1 preparation: experimental procedure.

The solution is left 2 hours with a beater, at room temperature and in the darkness, in

order to protect the DR1 dyes [7]. Once the hydrolysis completed a small quantity of

THF is added to adjust the viscosity of the sol. Then, the compound is filtered (0.2µm).

The whole experimental procedure is reported in Table 2.1.
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B 0.3 cm3 A 
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C
0
/2 450 nm 

C 0.3 cm3 B 

0.3 cm3 THF 

C
0
/4 230 nm 

D 0.3 cm3 C 

0.3 cm3 THF 

C
0
/8 130 nm 

E 0.3 cm3 D 

0.3 cm3 THF 

C
0
/16 75 nm 

Table 2.2: Sol-gel Si-DR1 preparation: film thickness versus solution concentration
[3]. Data are plotted in logarithmic scales.

2.2.2.3 Film deposition

In order to obtain the photochromic thin films we spin-coat the filtered compound on a

glass plate previously cleaned to eliminate any organic residuals12. We use a micro-pipe

to deposit 300 µL of the solution on the glasse plate and we evaporate the solvent for

40 s spinning at 6000 rpm, under a laminar flow hood. Using different concentration of

the initial solution we can obtain a film thickness ranging between 75 nm and 1 µm.

The film thickness is measured by SEM. A correlation has been established between the

solution concentration and the film thickness, which is reported in Table 2.2 [3]. The

corresponding absorption spectra are reported in Figure 2.18.

12HF , H2SO4 and ultra-sonic cleaning.
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Figure 2.18: Sol-gel Si-DR1: absorption spectra.

The average DR1 density in the film can be estimated considering that 3.68× 10−4mol

of the azo-dye, which correspond to 2, 2 × 1020 DR1 molecules, are added to a volume

of approximately 1.4 mm3 = 1.4× 1020nm3. So, we obtain an average density of 1 DR1

molcule per nm3.
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Figure 2.19: PMMA-DR1.

2.2.3 PMMA-DR1 film preparation

As for the organic matrix, the procedure is easier, since the compound is available

commercially. The co-polymer is represented in Figure 2.19(a) where we see the DR1

unit bonded to the polymer backbone, in a molar concentration of 15 %. In order to

have the same density of 1 chromophore per nm3 that we have in a sol-gel Si-DR1 film,

we dissolve 25 mg of PMMA-DR1 in 1 mL of dichloromethane. Referring to Table 2.2

we use a C0/4 concentration and after spin-coating we obtain a sample thickness of

typically 180÷ 200 nm. As we can see in Figure 2.19(b), the absorption of a 180 nm

thick PMMA-DR1 sample is comparable to the absorption obtained on a sol-gel Si-DR1

sample of similar thickness.

2.2.4 Sample caracterization

We characterize the morphology of the films by shear-force microscopy. In Figure 2.20

we show the topography measured for a sol-gel Si-DR1 (a) and a PMMA-DR1 (b) C0/4

samples (thickness ≃ 200 nm). They present a similar surface roughness of approxi-

mately 0.5 nm and similar sparsely distributed small defects (4 nm deep and 100 nm

wide holes), probably due to the deposition proceeding. In some cases we have obtained

a higher density of deeper defects, as shown in (c) in the case of a C0/4 sol-gel sample

(12 nm deep and 300 nm wide holes).
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Figure 2.20: Sample characterization: (a) and (c) sol-gel Si-DR1 samples, concentra-
tion = C0/4, thickness ≃ 200 nm; (b) PMMA-DR1 sample, same thickness. Shear-force
images, 256 × 256 pixel, 5 × 5 µm.
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2.3 Conclusions

We have described our coupled shear-force/SNOM measurement system, detailing the

principles of each microscopy technique and their implementation in our experimental

setup. We have shown the steps of fabrication of the nano-probe and its calibration

for both the shear-force and the SNOM measurements. Also, we have described the

types of samples studied in this work, the experimental procedure for their synthesis

and deposition as well as for their characterization.
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Chapter 3

Microscopic mechanisms at the

origin of the photo-induced

deformation in

azobenzene-containing thin films

3.1 Introduction

It is widely established [1–7] that the surface relief grating (SRG) growth efficiency in-

duced under polarized interference in azo-containing thin films strongly depends on the

light polarization. In particular, higher efficiencies have been observed in presence of

a polarization grating. Also, as recently shown, the SRG growth efficiency can be en-

hanced by combining an assisting beam with the interfering beams [3, 8]. The influence

of the polarization configuration on the SRG growth efficiency has been deduced by

indirect techniques, such as diffraction efficiency measurements. However, the nature of

the deformation and its dependence on the spatial distribution of the light field has not

been completely established.

In this chapter, we will study the SRG inscription in thin films containing azobenzene

derivatives. We use the direct techniques described in Chapter 2, which allow us

to correlate the topography and the optical measurements in situ, in real-time and at

nanoscale. These techniques have already allowed to identify two types of photodeforma-

tion processes: a local matrix photoexpansion due to the free volume increase necessary

for the azobenzene photoisomerization, and a photo-induced mass transport whose re-

lation to the azobenzene photoisomerization is still debated.

Our aim is the comprehension of the mechanisms at the origin of these photodeformation

54
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phenomena. First, we study the photodeformation produced by matrix photoexpansion

and we evidence a plastic and an elastic contributions. Second, we study the polarization

and intensity effects on the matter migration phenomena, in both sol-gel Si-DR1 and

PMMA-DR1 samples. We identify the coexistence of two distinct microscopic mecha-

nisms, one driven by the light polarization distribution and the other one by the light

intensity pattern. We then demonstrate that the relative efficiency of these mechanisms

depends on the nature of the matrix bearing the chromophore. This leads to coherently

explain several observations in the far and in the near field, not completely understood

up to now.

3.2 Elastic and plastic matrix deformation induced by the

azobenzene photoisomerization

It has been shown in a previous work [9] that the first stages of the SRG formation

under illumination are characterized by a very fast deformation of moderate amplitude.

This deformation process is attributed to a matrix photoexpansion, resulting from the

increase of the molecular free volume due to the photoinduced interconversion between

the trans and the cis isomers. Photoexpansion has been found to depend on the light

intensity and to arise for any polarization state of the exciting light.

Figure 3.1 shows the first stages of the SRG formation kinetics measured with near-field

techniques upon illumination with an s- and a p-polarized interference patterns. The

sample is a sol-gel Si-DR1 film having a thickness of 200 nm. It is illuminated through

the substrate by two interfering beams (Figure 3.1(a,e)) having a 1 mW/mm2 power

density and a wavelength λ = 473 nm, with an angle of incidence at the sample surface

θ = 16.5◦, in air. The interference pattern obtained in this configuration has a spatial

period of 830 nm. It is described in detail in Appendix A for the different configura-

tions of the light polarization, in particular, for the s-polarization, which corresponds

to the electric field along the y-axis, and for the p-polarization, which corresponds to

the electric field parallel to the incident plane. In (b-c) we show the optical and to-

pographical images simultaneously obtained by Scanning Near-field Optical Microscopy

and Shear-force microscopy, respectively, under illumination with an s-polarized inter-

ference pattern. The horizontal axis corresponds to the x-axis, while on the vertical

axis we represent the time t. The corresponding time-evolution of the SRG amplitude

is reported in (d). The same is shown in (f-h) for the experiment performed under

p-polarized light. The time-evolution of the SRG amplitude is directly measured by

the topography profile along a scanning line across the interference pattern. Over the

scanning width, N interference periods are measured, each one producing a dark and
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Figure 3.1: SRG inscription in a sol-gel Si-DR1 film under an s- and a p-polarized
interference patterns. (a) Experimental setup scheme of the projection of an s-polarized
interference pattern; (b-c) optical and topographical images, scanning over the same
line, simultaneously obtained by Scanning Near-field Optical Microscopy and Shear-
force microscopy, respectively, during the first 200 s of illumination. The scan-range is
4 µm. (d) Time-evolution of the SRG amplitude A(t), expressed in nm. Note that the
sign of the SRG growth amplitude and slope is positive when the SRG are spatially in
phase with the interference pattern while it is negative when the SRG are half-a-period
(Λ/2) spatially shifted (so-called π-phase) with respect to the interference pattern. (e-h)
The same is shown for p-polarized light.

a bright fringes. The deformation amplitude is defined as the difference between the

surface height of two adjacent dark and bright fringes hbright, hdark. Then, at each time

t, we calculate the average deformation amplitude A(t) over the N interference periods

within the scanning line.

A(t) =
1

N

N
∑

i

(

hbrighti (t)− hdarki (t)
)

(3.1)

Note that according to this procedure the SRG growing spatially in phase with the light

intensity profile I corresponds to a positive sign of the deformation amplitude A and of

its slope, while the SRG half-a-period (Λ/2) spatially shifted with respect to the light
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intensity distribution is represented1 with a negative sign.

Matrix photoexpansion is observed under both s-polarized (Figure 3.1(a-d)) and p-

polarized (e-h) interference patterns. As the illumination is turned on (at t = 0), it

produces the rapid growth of a SRG of weak amplitude, spatially in-phase with the

illumination. This SRG growth kinetics corresponds to the initial positive rise of the

deformation amplitude A(t). In the case of p-polarized light, subsequently to the pho-

toexpansion, we observe the rapid decrease of A(t) which becomes negative and reaches

large absolute values. This corresponds to the growth of a new SRG half-a-period spa-

tially shifted with respect to the interference pattern. This phenomenon corresponds to

a photo-induced lateral matter motion which takes place between the bright and dark

fringes. Note that, instead, matter migration is not observed under s-polarized light, in

a sol-gel Si-DR1 sample.

Shutting down the illumination, the deformation induced by the matrix photoexpansion

has been observed to be irreversible while a part relaxes [10, 11]. In order to discrimi-

nate between the plastic and the elastic contributions of the photodeformation we have

measured the amplitude of the SRG that forms subsequently to a pre-irradiation of the

material with a uniform laser beam. In this way, the matrix photoexpansion is first gen-

erated over the whole enlightened area. Then, while projecting an interference pattern

having the same polarization, the photoexpansion is further induced only in the bright

fringes, giving rise to the formation of a SRG. For different pre-irradiation doses, the

amplitude of the reliefs should vary as a function of the residual deformability of the

material. In this sense, the projection of an interference pattern is used to quantify the

contribution of the plastic deformation to the SRG formation.

So, we have performed the same experiment as presented in Figure 3.1 but for different

pre-irradiation doses. In Figure 3.2 we show the photodeformation results obtained on

the same sol-gel Si-DR1 sample for different uniform pre-irradiation doses using a single

beam. The experience is performed in two steps, as schematized in Figure 3.2(a-b).

First, we pre-irradiate the sample, during a time t, using only the right beam. This

induces a uniform matrix photoexpansion. Then, we wait 20 s, allowing eventually a

relaxation of the deformation. Subsequently, we turn on both beams to project the

interference pattern. The amplitude of the SRG obtained during the interference pat-

tern projection is shown in Figure 3.2(c) for both s (top graph) and p (bottom graph)

polarizations. For different pre-irradiation doses, the subsequent projection of an inter-

ference pattern always induces matrix photoexpansion in the bright fringes. However,

the amplitude of this deformation decreases for increasing values of the pre-irradiation

dose. The same behavior is observed for both polarizations.

Note that, with p-polarized light, subsequently to the photoexpansion, matter migration

1We consider only these two cases as we do not need to describe other spatial relationships.
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Figure 3.2: Photoexpansion and matter migration deformation amplitudes under
successive irradiations. (a-b) Experimental setup for the pre-irradiation and the inter-
ference pattern projection, θ = 16.5◦. (c) Photoinduced deformation under s-polarized
(top) and p-polarized (bottom) interfering beams; (d) photoexpansion dependence on
the pre-exposure dose, for the s (❍) and the p (❏) polarizations; the dotted curve indi-
cates the interpolating curve; (✕) indicates mass migration induced under p-polarized
light. Laser power density: 1 mW/mm2 per beam; sample = sol-gel Si-DR1, ≃ 200 nm
thick.

arises which is not significantly affected by the pre-irradiation.

In Figure 3.2(d) we plot the saturation amplitude of the photoexpansion observed for

both polarizations. We also plot on the same figure the deformation amplitude due

to mass transport in the p-polarized configuration. While the matter migration (✕) is

essentially not affected by the pre-irradiation, we see that the amplitudes of the SRG

induced by the matrix photoexpansion (s ❍ and p ❏) start to decrease for a dose of 10

mJ/mm2, from a maximum of 5 nm, obtained without pre-irradiation, to a minimum of

1 nm. This accounts for the plastic deformation induced by the matrix photoexpansion.

The more free space is acquired by each molecule during pre-irradiation, the smaller
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further matrix photoexpansion is needed during the following irradiation in the bright

areas of the interference pattern. The plastic deformation due to the the photoexpansion

mechanism is almost completed after a rather small light dose. We observe that this

behavior is approximately the same under s- and p-polarized light.

We used higher pre-exposure doses up to 2000 mJ/mm2 (data up to 60 mJ/mm2 are

shown in Figure 3.2(d)) but the deformation subsequently produced by the interference

pattern is the same as for 10 mJ/mm2 (1 nm). The remaining deformation of 1 nm am-

plitude corresponds to the elastic deformation associated to the photoexpansion. Part

of the photoexpansion is elastic and is relaxed after the pre-irradiation. The elastic

photodeformation represents about 20 % (1 nm over 5 nm) of total photoexpansion,

which is in agreement with what has been observed so far [10, 11].

3.2.1 Discussion

The matrix photoexpansion exists for both p and s polarizations. An s-polarized inter-

ference pattern produces a maximum deformation amplitude of ≃ 5 nm, which is about

≃ 2% of the film thickness. We observe a decrease in the photoexpansion SRG amplitude

when the sample is uniformly irradiated prior to the projection of the interference pat-

tern. This suggests that raising the probability of the photo-isomerization events during

the pre-exposure allows to gain more free molecular volume needed by the molecule

photoisomerization cycles. However, a residual deformability of ≃ 1 nm is observed,

even for extremely long pre-irradiation time (i.e. 2000 s). Thus, a weak mechanical

relaxation takes place after the steric re-arrangement subsequent to the pre-irradiation,

which corresponds to the elastic part of the deformation. Any further illumination pro-

duces an extra matrix photoexpansion to recover the molecular free volume lost during

the relaxation. This extra-expansion of the matrix is observed as a surface deformation

under projection of an interference patter subsequent to the pre-irradiation.

The decrease in the SRG amplitude due to the pre-irradiation accounts for the plastic

behavior of the photoresponse, while the residual photodeformation is related to its

elastic behavior. Here we will analyze only the case of s-polarized light, which allows to

single out the photoexpansion from the photoinduced matter migration in sol-gel Si-DR1

thin films.

The total photodeformation a(ǫ) can be expressed by:

a(ǫ) = ael(ǫ) + apl(ǫ) (3.2)

where ǫ is the dose and ael(ǫ), apl(ǫ) are the amplitudes of the elastic and the plastic

parts, respectively.
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Defining ǫpi the pre-irradiation light dose and ǫint the interfering beam light dose we

can describe the photodeformation obtained in the pre-irradiation experiments of Fig-

ure 3.2(c) as:

a(ǫint, ǫpi) = a(ǫint, 0)− apl(ǫpi) (3.3)

where apl(ǫpi) is the plastic deformation induced by the pre-irradiation. The deformation

amplitude a(ǫint, ǫpi) obtained under exposure to the interfering beam dose ǫint after

a pre-irradiation dose ǫpi is equal to the photodeformation amplitude a(ǫint, ǫpi = 0)

obtained under exposure to the interference pattern without pre-irradiation diminished

of the plastic photoexpansion apl(ǫpi) due to the pre-irradiation dose ǫpi. By taking

into account only the saturation deformation amplitudes observed in Figure 3.2(c)

we obtain the curve in Figure 3.2(d) relative to the matrix photoexpansion, which

represents:

a(ǫint = ∞, ǫpi) = a(∞, 0)− apl(ǫpi) (3.4)

This allows to deduce the saturation plastic deformation amplitude:

apl(ǫpi) = a(∞, 0)− a(∞, ǫpi) (3.5)

which can be simply rewritten:

apl(ǫ) = a(∞, 0)− a(ǫ) (3.6)

The experimental variation of apl(ǫ) is plotted in Figure 3.3(a). By using eq. 3.2, we

can easily obtain the amplitude of the elastic part of the photodeformation:

ael(ǫ) = a(ǫ)− apl(ǫ) (3.7)

In Figure 3.3(b-c) we show the variation of ael(ǫ) deduced from the experimental data

obtained with two different interference power densities, 4 mW/mm2 and 1.5 mW/mm2

respectively.

The behavior of apl(ǫ) and ael(ǫ) indicates that the plasticity of the photodeformation

grows with the irradiation dose, reaching a maximum amplitude of about 4 nm at

ǫpi ≃ 10 mJ . On the other hand, the elastic deformation amplitude exhibits a transient

feature for low doses and beyond reaches a plateau.

We note that the amplitude of ael(ǫ) at saturation is slightly larger for 4 mW/mm2

irradiation power density (b) than for 1.5 mW/mm2 irradiation power density (c). This

is coherent with the stress-strain model for an elastic deformation. However, we are
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Figure 3.3: Photoexpansion: plastic and elastic deformation. (a) Plastic deformation
amplitude apl(ǫ) (b) Elastic deformation ael(ǫ)amplitude at 4 mW/mm2; c) Elastic
deformation ael(ǫ) amplitude at 1.5 mW/mm2.

not able to perform a detailed analysis of ael(ǫ) at small doses and further investigations

would be needed to fully determine the variation of ael as a function of the power density.

Concerning the plastic deformation, Figure 3.3(a) clearly shows that apl builds up with

an increasing dose and reaches a maximum amaxpl when the free volume required for the

free isomerization of the molecule is reached. We can perform a phenomenological anal-

ysis relative to the dependence of the plastic part apl(ǫ) on the dose ǫ. We may assume

that the more apl(ǫ) is close to the maximum deformation amaxpl needed to accommodate

the constraint produced in the matrix by the molecular photoisomerization, the smaller

will be the further deformation required in order to relax this constraint. The plastic

deformation dynamics takes place within the characteristic dose η and we can write the

evolution of apl(ǫ) as:

d

dǫ
(apl(ǫ)) = −

amaxpl − apl(ǫ)

η
(3.8)

which leads to:

apl(ǫ) = amaxpl

(

1− e−ǫ/η
)

(3.9)

In Figure 3.4(a) we show the fitting of the experimental variation of apl(ǫ) obtained

with amaxpl = 4 nm and η ≃ 5 mm2/mJ . Then, from eq. 3.2, considering that ael(ǫ)

is constant (neglecting the transient feature of ael(ǫ) at low ǫ), we obtain for the to-

tal photoexpansion amplitude a(ǫ) the variation plotted in Figure 3.4(b), which fits
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remarkably well the experimental data. Note that taking ael(ǫ) as constant is fully jus-

tified, if the characteristic time of the elastic deformation is shorter than the one of the

plastic deformation, which is a very reasonable assumption.

In this simple description all the microscopic aspects of the observed phenomena hide be-

hind the characteristic quantity η which depends on the experimental conditions, on the

mechanical properties of the material, on the film thickness, etc. Moreover, the interplay

between the elastic and the plastic deformation mechanisms is not taken into account

while these mechanisms are obviously coupled at the microscopic level. However, the

above phenomenological model allows to suitably describe the observed growth of the

plastic photodeformation amplitude due to the matrix photoexpansion and its satura-

tion at high doses.

In conclusion, this study confirms that the photoexpansion is dependent mainly on

the distribution of the light intensity and not on the distribution of the light polar-

ization. The resulting deformation shows a combination of an elastic and a plastic

contributions, which depend on the irradiation dose. We have been able to single out

the dynamics of both contributions.
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Figure 3.5: a) Spatially shifted interference patterns using two linearly polarized
beams with opposite polarization axis angles ϕ, with respect to the s-polarization axis
(y-axis). ϕ = 0◦ corresponds to both beams s-polarized; ϕ = 90◦ corresponds to both
beams p-polarized; any value of ϕ in-between corresponds to different ratios of the s
and p interference pattern intensities; at ϕ = 45◦ the s and the p interference patterns
have the same amplitude; b) s and p axis definition with respect to the xyz frame; (c)
intensity and polarization gratings.

3.3 Influence of the spatial distribution of the light inten-

sity and polarization on the mass migration

As shown in Figure 3.1, subsequently to the photoexpansion, the projection of an in-

terference pattern produces the growth of a SRG of large amplitude which results from

a photo-induced lateral mass transport. This process is found to strongly depend on the

light polarization. However, the respective role of the light polarization and light inten-

sity patterns are not well understood. Our objective is, thus, to establish the relation

between the optical pattern and the photo-induced mass transport process. For this pur-

pose, we adopt the configuration depicted in Figure 3.5(a) where the polarization axes

of both interfering beams form symmetric angles ϕ with respect to the y-axis2. This

creates the superimposition of an s- and a p-polarized interference patterns spatially

shifted of half a period3 (Λ/2) along the x-axis. The s and the p polarizations are de-

fined in Figure 3.5(b). As shown in (c), this configuration generates a light background

having a spatially modulated polarization and giving rise to the polarization grating.

2In the formalism reported in Chapter 2 this means ϕ1 = −ϕ2 = ϕ.
3Λ ≃ 830 nm.
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Figure 3.6: Deformation amplitude measurement convention.

It is superimposed to a spatially modulated intensity pattern of constant polarization,

which constitutes an intensity grating. Changing the value of the polarization angle ϕ

allows to tune the amplitude of the polarization versus the intensity gratings. ϕ = 0◦

corresponds to a pure intensity grating while ϕ ≃ 45◦ corresponds to a pure polarization

grating4.

3.3.1 Experimental results

In order to define an absolute spatial reference, we compute the deformation amplitude

A as:

A = h(xsbright)− h(xsdark) (3.10)

where xsbright and x
s
dark are defined in Figure 3.6. So, we choose the s-polarized inter-

ference pattern as the spatial reference. We consider an average value of A, obtained by

performing the measure over several periods of the SRG (typically 5 periods).

In Figure 3.7 we report the deformation amplitude kinetics for different values of ϕ.

As expected, s-polarized interfering beams (ϕ = 0◦) do not induce matter migration

(Figure 3.7(a)): we observe only the weak deformation caused by the matrix photoex-

pansion in the bright fringes. What is extremely remarkable is that at ϕ = 5◦ we observe

matter migration which produces a deformation of ≃ 20 nm in 400 s (Figure 3.7(b)).

The positive sign of the profile indicates an in phase growth of the relief with respect to

the light field interference pattern, which denotes matter accumulation in the enlight-

ened zones. We remark that in this configuration a small amount of p-polarized intensity

(0.019 mW/mm2) is half-a-period spatially shifted with respect to the more intense (2.5

4In our experimental conditions the exact value would be ϕ = 47.5◦, as explained in Appendix A.
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Figure 3.7: Dependence on the polarization axis angle ϕ. (a-i): for every ϕ we report
the full deformation kinetics over 400 s, (left) and the detail of the first 30 s (right);
(j): full kinetics comparison for ϕ < 45◦ (top) and for ϕ > 45◦ (bottom). The sign of
the SRG amplitude indicates the SRG phase with respect to the s interference pattern:
> 0 ⇒ in-phase, < 0 ⇒ π-phase. Laser power density: 1 mW/mm2 per beam (blue);
sample = sol-gel Si-DR1 ≃ 200 nm thick.
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Figure 3.8: Mass-migration-induced SRG growth efficiency: symmetries and asym-
metries. (a-c) For various values of ϕ we report the full deformation kinetics over 400
s, (left) and the detail of the first 60 s (right).

mW/mm2) s-polarized interference pattern.

Raising the value of ϕ increases the p-polarized component and diminishes the s-

polarized component. We observe an in-phase matter migration more and more efficient,

as the two polarization components tend to have the same intensity (Figure 3.7(b-e)).

On the other hand, starting from the p-polarized interfering beams configuration (ϕ =

90◦) and diminishing the polarization angle ϕ we also observe a growth of matter migra-

tion efficiency. In these configurations a low amplitude s-polarized intensity pattern is

half-a-period spatially shifted with respect to the more intense p-polarized interference

pattern. As the polarization angle ϕ decreases, the s-component increases while the p-

component diminishes. We observe a more and more efficient matter migration, as the

contribution of each intensity component reaches similar values (Figure 3.7(i)-(g)). In

agreement with this trend, we measure a maximum for the matter migration efficiency in

for ϕ = 45◦ (Figure 3.7(f)), where the s and p components have the same amplitude.

Plotting the deformation kinetics obtained for complementary values of the polarization

angle ϕ reveals a remarkable symmetry (Figure 3.8(b-c)), as the curves of the time

evolution deformation amplitude are completely superposed.

We can evaluate the matter migration efficiency by normalizing the time evolution of

the SRG amplitude with respect to the kinetics observed at ϕ = 45◦, since it is the most
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(b) (a) 

Ix 

Ip 

Is ! Iy 

Iz 

Is ! Iy 

Iz 

Ix 

Ip 

" IP IS Ix Iy Iz photoexp. matter migr. rate 

(nm) (nm/s) 

0 0.0 2.5 0.0 2.5 0.0 3.0 not observed 

5 0.019 2.5 0.018 2.5 0.0007 1.7 0.080 

10 0.076 2.4 0.073 2.4 0.0027 1.3 0.13 

15 0.17 2.3 0.16 2.3 0.0060 1.7 0.18 

20 0.29 2.2 0.28 2.2 0.010 

25 0.45 2.0 0.43 2.0 0.016 

30 0.63 1.9 0.61 1.9 0.023 0.50 0.39 

35 0.83 1.7 0.80 1.7 0.030 

40 1.0 1.5 1.0 1.5 0.037 

45 1.3 1.2 1.2 1.2 0.045 
not 

observed 0.50 

50 1.5 1.0 1.4 1.0 0.053 

55 1.7 0.82 1.6 0.82 0.060 

60 1.9 0.62 1.8 0.62 0.068 1.5 0.35 

65 2.1 0.44 2.0 0.44 0.074 

70 2.2 0.29 2.1 0.29 0.079 

75 2.3 0.17 2.3 0.17 0.084 1.0 0.19 

80 2.4 0.075 2.3 0.075 0.087 

85 2.5 0.019 2.4 0.019 0.089 

90 2.5 0.0 2.4 0.0 0.090 2.0 0.12 

" " 

Table 3.1: Variation of the photodeformation versus the polarization angle ϕ and the
field components’ intensities. Matter migration rate is evaluated over the first 100 s
of irradiation, since in this range the evolution is quasi-linear. The SRG growth rate
induced by the photoexpansion is always ≃ 1 nm/s, when it is present. The field
intensities are calculated for two incident beams having an intensity of 1 mW each
and considering the losses due to the substrate-air interface (relative refractive index =
1.5). We supposed a similar index for the substrate and the sol-gel film. NB. values are
truncated to 2 significant digits. (a) Transmitted field component intensities in glass
(n = 1.5); (b) Field component intensities in air. Ip = Ix + Iz, Is = Iy.
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Figure 3.9: Mass migration SRG growth efficiency: (a) mass migration SRG growth
kinetics for various polarization axis angles ϕ; (b) kinetic curves in (a) normalized with
respect to the curve obtained at ϕ = 45◦; (c) SRG growth: saturation amplitude (✕),
computed as the maximum SRG amplitude normalized with respect to a fixed arbitrary
value (150 nm); SRG growth rate (�) measured as the slope of the SRG growth over
the first 100 s and normalized with respect to the growth rate observed at ϕ = 45◦;
deformation efficiency (�) computed as the time averaged values of the curves in (b)
over their respective overall growth time.

efficient case, and by averaging over their respective overall growth time, in order to

take into full account the growth rate and the saturation amplitude of the deformation

kinetics. This is represented in Figure 3.9 where we show (a) the kinetics (absolute

value) of the SRG formation associated with matter migration for the various angles,

(b) the mass migration efficiency (�) compared to the maximum deformation values

(✕) normalized with respect to an arbitrary value of 150 nm and the SRG growth rate

(�) averaged on the first 100 s (since in this range the evolution is quasi-linear) and

normalized with respect to the growth rate at ϕ = 45◦, for the different polarization

axis angles.

We observe that the parameters describing the SRG growth are distributed quite sym-

metrically around the configuration at 45◦, except for the case of the s and p polariza-

tions. A more detailed analysis of the electromagnetic field distribution will show that

the two polarization configurations are indeed not symmetric.
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Figure 3.10: (a-c) left: calculated field amplitude spatial distribution (absolute val-

ues) of (a) ~Ex
g,tot, (b) ~Ey

g,tot, (c) ~Ez
g,tot on the xy-plane, for a polarization angle of

ϕ = 30◦; right: amplitude profile (absolute value) along the x-axis, corresponding to
each field component; incidence angle = 16.5◦, λ = 473 nm, period ≃ 830 nm, 1
mW/mm2 per beam.

3.3.2 Interpretation

We consider the time averaged5 spatial distribution of the electric field amplitudes

| ~Exg,tot|, | ~Eyg,tot|, | ~Ezg,tot| in the xy plane (z = 0). In Figure 3.10(left) we show the

calculation performed in the case of ϕ = 30◦ from top to bottom (x-, y-, z- components

of the light field, respectively), while on the right we report the corresponding ampli-

tude profiles along the x-axis. The relative spatial shift of the x-, y- and z- component

projections on the x-axis is the same for every xy-plane6, if we neglect the contribution

of the absorption in the film along the z-axis. In this sense, we remark that the light

5Over a period T ≃ 10−15 s.
6See Appendix A.
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Figure 3.11: New coordinates.

field projection on the x-axis ~Exg,tot is always Λ/2 spatially shifted7 with respect to both

the y- and z- components ~Eyg,tot,
~Ezg,tot, which instead have the same spatial phase8.

The spatial distribution of the polarization leads us to choose a suitable description for

the interference light field. Considering the polarization angles ϕ1 = −ϕ2 = ϕ and equal

interfering beam amplitudes E0
g1 = E0

g2 = E0
g the total light field is9:

~Eg,tot(~r, t) = ~E0
g1cos(ωt+ kng(xsinθg + zcosθg)) (3.11)

+ ~E0
g2cos(ωt+ kng(−xsinθg + zcosθg))

= E0
g









−sinϕ cosθg

−cosϕ
sinϕsinθg









cos(ωt′)

+ E0
g









sinϕ cosθg

−cosϕ
sinϕ sinθg









cos(ωt′ − 2φx)

where we have used:

ωt+ ngkzcosθg = ωt′ (3.12)

φx = ngkxsinθg =
πx

Λ
(3.13)

7Where Λ ≃ 830 nm is the interference pattern spatial period.
8As shown in eq. 2.28-2.30, see also Appendix A.
9See Appendix A.



Chapter 3. Microscopic mechanisms at the origin of the photo-induced deformation in
azobenzene-containing thin films 71

As shown in Figure 3.11, we define a new coordinate frame: the axis along the x direc-

tion, represented by the versor û‖ = x̂ and the orthogonal axis û⊥ =
Eyŷ + Ez ẑ

√

(Ey)2 + (Ez)2

where Ey, Ez are the amplitude of the respective field projections on the y- and z-axis

at an arbitrary point (x, y, z).

In this sense, for each z, we decompose the total field in two components along the new

û‖ and û⊥ axes, respectively, and as a function of x and t only:

~Eg,tot(x, t) = ~E‖(x, t) + ~E⊥(x, t) (3.14)

~E‖(x, t) = −E0
gsinϕcosθg

[

cosωt′ − cos(ωt′ − 2φx)
]

û‖ (3.15)

= 2E0
gsinϕcosθgsin(ωt

′ − φx)sin(φx)û‖

~E‖(x, t) = E0
‖(ϕ)sin(ωt

′ − φx)sin(φx)û‖ (3.16)

~E⊥(x, t) = E0
g

√

cos2(ϕ) + sin2(ϕ)sin2(θg)
[

cosωt′ + cos(ωt′ − 2φx)
]

û⊥ (3.17)

= 2E0
g

√

cos2(ϕ) + sin2(ϕ)sin2(θg)cos(ωt
′ − φx)cos(φx)û⊥

~E⊥(x, t) = E0
⊥(ϕ)cos(ωt

′ − φx)cos(φx)û⊥ (3.18)

where:

E0
‖(ϕ) = 2E0

gsinϕcosθg (3.19)

E0
⊥(ϕ) = 2E0

g

√

cos2(ϕ) + sin2(ϕ)sin2(θg) (3.20)

Equations 3.16 and 3.18 describe the temporal evolution and the spatial distribution

(along the x-axis) of the ~E‖(x, t) and ~E⊥(x, t) field components. Since the two compo-

nents are temporally in quadrature, for each x they give rise to an elliptical polarization

described by:

(

E‖

E0
‖(ϕ)sin(φx)

)2

+

(

E⊥

E0
⊥(ϕ)cos(φx)

)2

= 1 (3.21)
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where the two semi-axes of the ellipse E0
‖(ϕ)sin(φx) and E

0
⊥(ϕ)cos(φx) depend on the x

coordinate, on the polarization angle ϕ and on the incidence angle θg (see eq. 3.19 and

3.20). Along the x-axis the elliptic polarization can degenerate to linear polarization

along the u‖ direction when φx = π/2 (i.e. x = Λ/2, (3/2)Λ, ...) or the u⊥ direction

when φx = 0 (i.e. x = 0, 2Λ, ...). Also, it gives rise to circular polarization when

|E0
‖sin(φx)| = |E0

⊥cos(φx)| (i.e. x =
Λ

π
artg

(

±E
0
⊥(ϕ)

E0
‖(ϕ)

+ 2nπ

)

, n = 0, 1, 2...). This is

represented in Figure 3.12(a), for a single spatial period Λ ≃ 830 nm and for a polar-

ization angle ϕ = 30◦. The x-coordinate corresponding to the circular polarization is

indicated by white arrows (only in the first half-period, at x = 0.35Λ).

Note that the values E0
‖(ϕ) and E0

⊥(ϕ) are generally different, except when tgϕ =

1/
√

cos2θg, where their values are equal. In this particular case, writing the field inten-

sity, for E0
‖(ϕ) = E0

⊥(ϕ) = E0(ϕ):

Itot(x) = 2 < E∗
totEtot > =

2

T

∫ t0+T

t0

[

E0
‖(ϕ)sin(ωt

′ − φx)sin(φx)
]2
dt

+
2

T

∫ t0+T

t0

[

E0
⊥(ϕ)cos(ωt

′ − φx)cos(φx)
]2
dt

= (E0
‖(ϕ))

2sin2(φx) + (E0
⊥(ϕ))

2cos2(φx)

= (E0(ϕ))2 (3.22)

we obtain that the field intensity is constant along the x-axis, but the polarization

remains spatially modulated (eq. 3.21). In the general case, the difference between E0
‖

and E0
⊥ leads to the spatial modulation of the intensity (Itot(x) = (E0

‖(ϕ))
2sin2(φx) +

(E0
⊥(ϕ))

2cos2(φx)).

This suggests to decompose the total light field in a component having a constant polar-

ization and a spatially modulated intensity ( ~Eint) and a component having a constant

intensity and a spatially modulated polarization ( ~Epol):

~Etot(x, t) = ~Eint(x, t) + ~Epol(x, t) (3.23)

~Eint(x, t) = Eintsin(ωt
′ − φx + ψ)sin(φx + ψ)v̂ (3.24)

~Epol(x, t) = Epol
[

sin(ωt′ − φx)sin(φx)û‖ + cos(ωt′ − φx)cos(φx)û⊥
]

(3.25)

= E
‖
pol(t, x)û‖ + E⊥

pol(t, x)û⊥
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Figure 3.12: Decomposition of the interference field spatial distribution: calculation
of the polarization and intensity spatial modulations along the x-axis performed for
a polarization axis angle ϕ = 30◦; incidence angle θ = 16.5◦, λ = 473 nm, spatial
period: Λ ≃ 830 nm, 1 mW/mm2 per beam, T = 10−15 s. (a-c): E0

‖ |sin(φx)| (black),
E0

⊥|cos(φx)| (red) and resultant field (blue) during a temporal interaval multiple of T .
(a) Total field, the white triangles indicate the state of circular polarization (shown

only in the first spatial half-period Λ/2); (b) amplitude modulated component ~Eint; (c)

polarization modulated component ~Epol.
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where:







if E0
‖ ≤ E0

⊥(ϕ) ⇐⇒ tgϕ ≤ 1/
√

cos2θg then ψ = π/2, v̂ = û⊥

if E0
‖ > E0

⊥(ϕ) ⇐⇒ tgϕ > 1/
√

cos2θg then ψ = 0, v̂ = û‖

(3.26)

and the field amplitudes are:

Eint = |E0
‖(ϕ)− E0

⊥(ϕ)| (3.27)

Epol = min{E0
‖(ϕ), E

0
⊥(ϕ)} (3.28)

=
E0

‖(ϕ) + E0
⊥(ϕ)− |E0

‖(ϕ)− E0
⊥(ϕ)|

2

=
1

2

(

E0
‖(ϕ) + E0

⊥(ϕ)
)



1−
|E0

‖(ϕ)− E0
⊥(ϕ)|

(

E0
‖(ϕ) + E0

⊥(ϕ)
)





We note that in our geometry the condition stated in 3.26 reads: 0◦ ≤ ϕ ≤ 47.5◦ and

47.5 < ϕ ≤ 90◦ respectively.

This decomposition is shown in Figure 3.12(b-c) where, respectively, ~Eint and ~Epol are

depicted. The first component is linearly polarized along the v̂ direction and its intensity

is spatially modulated. The second component has a spatially modulated polarization,

while its intensity is constant. In this case, the polarization ellipse is:





E
‖
pol

Epolsin(φx)





2

+

(

E⊥
pol

Epolcos(φx)

)2

= 1 (3.29)

where E
‖
pol and E

⊥
pol are defined in eq. 3.25.

In Figure 3.13 we report the calculated10 values of Eint and Epol (eq. 3.27, 3.28) as a

function of ϕ, together with the normalized saturation amplitude (✕), the normalized

growth rate (�) and the average normalized efficiency (�), previously estimated (see

Figure 3.9). The good agreement between experimental values and Epol shows a direct

correlation between the polarization spatial modulation and the matter migration pro-

cesses. When the light field is s-polarized, Epol = 0 and the interference field is a pure

intensity grating, which does not give rise to matter migration. Increasing the spatial

modulation of the polarization leads to a more efficient matter migration, which reaches

10Unitary interfering beams: E0 = 1.
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Figure 3.13: Correlation between matter migration SRG growth and the calculated
intensity and polarization spatial modulations Eint and Epol (eq. 3.27, 3.28), as a func-
tion of the polarization axis ϕ. Calculated values are not scaled and expressed in arbi-
trary units. SRG growth is described by several parameters calculated in Figure 3.9:
saturation amplitude (✕), computed as the maximum SRG amplitude normalized with
respect to a fixed arbitrary value (150 nm); SRG growth rate (�) measured as the slope
of the SRG growth over the first 100 s and normalized with respect to the growth rate
observed at ϕ = 45◦; average normalized deformation efficiency (�).

its maximum at ϕ = 45◦, extremely close to the maximum of Epol at ϕ = 47.5◦, where

the interference field is a pure polarization grating.

This observation explains the asymmetry between the matter migration observed under

s-polarized and p-polarized interference patterns, with respect to the symmetric behav-

ior observed for 30◦-60◦and 15◦-75◦configurations. Even if complementary, s and p are

not symmetric from the point of view of Epol, since Epol = 0 in the first case while

Epol = 0.37 in the second one. In this sense, a polarization configuration symmetric to

s should have a Epol = 0 as well. This could be obtained, for example, with a light field

having only an ~E‖ component and no ~E⊥ component. Unfortunately this configuration

would require p-polarized interfering beams in normal incidence (θ = 0◦), hence inducing

an infinite spatial period interference pattern.

3.3.3 Discussion

The experiments performed with the superimposition of a polarization and an intensity

gratings of variable amplitude show that the SRG formation is mainly governed by the

spatial modulation of the polarization. This is clearly seen when comparing the variation

of the polarization spatial modulation with the SRG formation efficiency as a function

of ϕ (Figure 3.13).
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Our results address a fundamental problem in the comprehension of the mechanism at

the origin of the photodeformation phenomena observed in azo-containing materials. It

is well established [1] that these phenomena depend on the photoisomerization of the

azobenzene units. The rate of the isomerization events is dependent on the intensity

of the light field, which has been so far considered as prevalently governing the pho-

todeformation. Indeed, we observe the maximum of the SRG growth efficiency when

the light field intensity is constant and the spatial modulation of the polarization is

maximum. On the other hand, when the light polarization is not spatially modulated

the SRG growth efficiency drops to its minimum, even if the light intensity is spatially

modulated. This indicates a preponderant effect of the light field rather than of the light

intensity. Our findings explain the highest SRG inscription efficiency observed so far in

the experiments performed using a polarization interference pattern (±45◦ or circularly

left and right) [3, 12–14]. Note that a polarization interference pattern is obtained by

orthogonally polarized interfering beams. When using s- and a p-polarized interfering

beams, a polarization pattern of constant intensity is also obtained, but the deformation

efficiency vanishes [15]. This is due to the fact combining s- and a p-polarized beams

leads to a spatial modulation of the polarization between ~E⊥ and the ~E‖ components

equal to zero: Epol = 0, according to eq. 3.28.

Let us remark that, since mass transport is governed by the polarization spatial distri-

bution, it is not straightforward to relate the rate of photoisomerization events with the

matter migration efficiency. Another interesting remark is that the deformation ampli-

tude sign is always positive (see Figure 3.7). By definition (see Figure 3.6) this means

that the SRG growth is always in phase with the s-polarized interference pattern. In our

experiments the light field is constituted by the superposition of an s-polarized and a p-

polarized interference patterns. In particular, as shown in Figure 3.10, the s-polarized

field component (i.e. polarized along the y-axis) is superimposed to the z-polarized field

component, while the x-polarized field component is Λ/2 spatially shifted11. So, matter

is driven towards the superimposed y and z components (the E⊥ field component), while

it is driven away from the x-polarized component (the E‖ field component).

In order to verify the influence of the light polarization on the directionality of the mat-

ter migration we should project a fixed intensity profile and change the polarization of

the light. This can be obtained by supporting to the two interfering beams with an

assisting beam, which is the object of the next section.

11Where Λ ≃ 830 nm is the interference pattern spatial period.
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Figure 3.14: Deformation amplitude convention.

3.4 Photoinduced SRG formation with an assisting beam

We investigate different polarization configurations, where an incoherent beam is super-

imposed to two interfering beams. In this way, we keep fixed the light intensity pattern

and we vary only the spatial distribution of the light polarization. In order to study

the directionality of the matter transport we use the intensity pattern spatial distribu-

tion as absolute spatial reference, by using the following convention for the deformation

amplitude A:

A = h(xbright)− h(xdark) (3.30)

where xbright and xdark are defined in Figure 3.14. So, A > 0 indicates matter migration

towards the brighter fringes, while A < 0 indicates matter transport towards the darker

fringes.

3.4.1 p-assisted s-interfering beams
SS+P

We use a green12 (λ = 532 nm) laser beam in normal incidence on the sample to assist

two blue (λ = 473 nm) interfering beams. Figure 3.15(a) shows the setup in the case

of a p-assisted s-polarized interfering beams. In (b) are reported the time evolution of

the optical input transmitted intensity I (top) and the corresponding grating formation

dynamics (bottom - solid curve); the dotted curve indicates the deformation obtained

without the assisting beam, on the same sample in the same conditions. The complete

optical and the topography images are shown in (c) and (d).

At t = 0 the s-interfering beams are turned on, keeping the assisting beam off. This

produces the rapid (0.4 nm/s), modest deformation amplitude (≃ 3 nm) characteristic

of the matrix photoexpansion in the zones corresponding to the bright fringes, i. e. the

deformation is in phase with the interference pattern. Turning on the single green beam

12Laser 2000 TM, maximum nominal power density = 21 mW/mm2
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Figure 3.15: Photoinduced matter migration using p-assisted s-polarized interfering
beams. (a) Experimental setup; (b) transmitted light intensity T in arbitrary units
(top) and the corresponding photoinduced deformation amplitude A expressed in nm
(solid curve), the dotted curve indicates the deformation obtained in the same conditions
without the assisting beam; (c-d) optical and topography images, scanning over the
same line, scan-range = 5 µm (we show only 4.5 µm). Laser power density: 1mW/mm2

per beam (blue), 2.1 mW/mm2 per beam (green); sample = sol-gel Si-DR1, ≃ 200 nm
thick.
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leads to a rapid small decrease in the grating amplitude. As exemplified in Figure 3.16,

this is probably due to the matrix photoexpansion in the zones that were not previously

irradiated (i.e. the zones corresponding to the dark fringes) which now are exposed to

the assisting beam. Instead, the zones exposed to the bright fringes experiment a weaker

photoexpansion, as they have already been exposed to light and, for what we have shown

in the previous section, the pre-irradiation dose is sufficient to considerably reduce the

photoresponse. Then, the net gratings amplitude due to the photoexpansion is smaller,

as experimentally observed.
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Figure 3.16: Photoexpansion using an assisting beam.(a) Light present in the bright
fringes of the interference pattern induces the photoexpansion of the matrix, hence the
formation of the gratings. (b) When an assisting beam is superposed the previously non
irradiated zones undergo photexpansion as well, leading to a diminution in the grating
amplitude.

Subsequently to the grating amplitude decrease, a relief growth is observed in phase

with the grating pattern previously induced by the photoexpansion, which means that

the growth is also in phase with the bright fringes of the interference pattern. The

large amplitude and slow rate (0.2 nm/s) of this deformation process with respect to

photoexpansion are characteristic of the matter migration phenomena [9]. It is extremely

remarkable that in this case matter migrates towards the enlightened zones. A similar

effect has been reported, to our knowledge, only once [8], but with no direct correlated

measurements of the optical pattern and of the surface relief.

This photo-induced mass transport regime arises in the opposite direction with respect

to the matter migration commonly observed using p-polarized light, where matter is

transported away from the brightest areas towards the dark ones. It indicates that

the difference between the molecular activity (i. e. photoisomerzation) induced in the

brighter and the darker zones cannot be the only one cause at the origin of the matter
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migration processes. However, it is fully compatible with our previous observations

described in Section 3.3 and indicates that photo-induced mass transport arises from

the areas which coincide with ~E‖ components of the electric field towards the areas

which coincide to the ~E⊥ components of the light electric field. We will discuss this

point in more detail in 3.4.5.

3.4.2 s-assisted p-interfering beams
PP+S

In Figure 3.17 we report the photodeformation results obtained with the same setup

presented in the previous section, but using an s-polarized beam to assist p-polarized

interfering beams. At t = 0 we expose the sample to p-polarized interfering beams, keep-

ing the s-polarized assisting beam off. We first observe the rapid matrix photoexpansion

in phase with the interference pattern, producing a deformation of approximately 4 nm.

This is followed by the rapid depletion of the enlightened areas caused by the matter

migration towards the darker fringes. We represent this π−phase change in the topogra-

phy by a negative growth of the deformation amplitude time evolution, Figure 3.17(b)

(bottom).

After ≃ 80 s, when the SRG profile is clearly in π−phase with respect to the light inten-

sity profile, we turn on the s-polarized assisting beam: almost instantly, a deformation

enhancement is observed in phase with the previous deformation. So, matter continues

to migrate in the same direction, but more efficiently, the growth rate varying from 0.13

nm/s to 0.15 nm/s. It must be noted that a certain contribution to the deformation

enhancement observed as the assisting beam is switched on has to be imputed to matrix

photoexpansion (Figure 3.18). Indeed, the matrix photoexpansion takes place only in

the enlightened zones, prior to matter migration towards the darker zones. When the

assisting beam is on, the photoexpansion mechanism is activated predominantly in the

darker zones where matter accumulates, contributing to the grating amplitude enhance-

ment. This is the inverse phenomenon with respect to the one described in 3.4.1 where

the SRG amplitude decreases subsequently to the assisting beam activation.

Qualitatively, it seems that in the case of s-assisted p-polarized interference, a weaker

deformation enhancement is obtained with respect to the case of p-assisted s-polarized

interference (Figure 3.27). We must point out however, that the latter experiments

have been performed turning on the three beams simultaneously, while in the former

the assisting beam has been turned on after ≃ 80 s.

Delaying the assisting beam with respect to the interfering beams could have an effect

on the deformation enhancement. So we have repeated both experiments turning on

the assisting and the interfering beams simultaneously. It would provide us, also, a full
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Figure 3.17: Photoinduced matter migration using s-assisted p-polarized interfering
beams. (a) Experimental setup; (b) transmitted light intensity T in arbitrary units
(top) and the corresponding photoinduced deformation amplitude A expressed in nm
(solid curve), the dotted curve indicates the deformation obtained in the same conditions
without the assisting beam; (c-d) optical and topography images, scanning over the
same line, scan-range = 5 µm (we show only 4.5 µm). Laser power density: 1mW/mm2

per beam (blue), 2.1 mW/mm2 per beam (green); sample = sol-gel Si-DR1, ≃ 200 nm
thick.
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Figure 3.18: Photoexpansion using an assisting beam: s-assisted p interference. (a)
Light located in the bright fringes of the interference pattern induces the photoexpan-
sion of the matrix, hence the formation of SRG. (b) Matter migrates towards the dark
zones. (c) When an assisting beam is superimposed to the interfering beams the pre-
viously non irradiated zones undergo photexpansion as well, leading to an increase in
the SRG amplitude.

comparison of the two polarization configurations in the same conditions. We report the

deformation kinetics in Figure 3.1913.

In the case of p-assisted s-polarized interference (Figure 3.19(a-c)), at t = 0 when PP+S,

SS+P

no delay
the 3 beams are turned on we observe a weak matrix photoexpansion (≃ 1nm), due

to the weak light intensity contrast, followed by the same matter migration behavior as

previously described: an efficient relief growth , with a SRG growth rate of ≃ 0.2nm/s.

For the s-assisted p interference configuration (Figure 3.19(d-f)), once the light excita-

tion on, a similar weak matrix photoexpansion (≃ 1 nm) is observed in the enlightened

zones. Then, matter starts migrating away from the bright areas, towards the dark

zones. In this case, the migration rate is ≃ 0.23nm/s which is almost the double with

respect to the non assisted case (dotted curve).

Figure 3.20 compares the growth kinetics obtained over a long exposure time for both

polarization configurations. It is remarkable that, in the case of s-assisted p-interfering

beams, the acceleration of the grating formation observed is effective mainly in the first

300 s. At long time, the growth reaches approximately the same efficiency as in the non

assisted case.

13The contrast of the optical image for the p-assisted s-polarized interference configuration is rather
poor, which is probably due to an anisotropy of the tip.
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Figure 3.19: Enhanced matter migration using simultaneous orthogonally polarized
assisted and interfering beams. (a-c) s-assisted p-interfering beams. (a) solid curve:
time evolution of the deformation amplitude, dotted curve: deformation amplitude
without the assisting beam; (b-c) optical and topography images, scanning over the
same line, scan-range = 5 µm; (d-f) p-assisted s-interfering beams. (d) solid curve:
time evolution of the deformation amplitude, dotted curve: deformation amplitude
without the assisting beam; (e-f) optical and topography images, scanning over the
same line, scan-range = 5 µm; Laser power density: 1 mW/mm2 per beam (blue), 2.1
mW/mm2 per beam (green); sample = sol-gel Si-DR1, ≃ 200 nm thick.

In conclusion, the association of an assisting beam with two interfering beams of

orthogonal polarization bolsters up the SRG formation. It evidences two matter

migration directions, which are governed by the polarization configuration. Delaying

the assisting beam with respect to the interfering beams reduces the bolster effect in

the case of s-assisted p interference, while it has no influence in the case of p-assisted

s interference.
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Figure 3.20: Enhanced matter migration using simultaneous orthogonally polarized
assisted and interfering beams. (a) s-assisted p-interfering beams; b) p-assisted s-
interfering beams: time evolution of the deformation amplitude (solid curve), the dotted
curve represents the deformation amplitude without the assisting beam. Laser power
density: 1 mW/mm2 per beam (blue), 2.1 mW/mm2 per beam (green); sample =
sol-gel Si-DR1 ≃ 200 nm thick.

3.4.3 Identically polarized beams

The increased efficiency of the SRG formation process is obtained when the assisting

beam polarization is perpendicular to the interference pattern polarization. This is a

necessary condition, since using the same polarization for the assisting beam and the

interference pattern has a detrimental effect. In Figure 3.21 we report the case of PP+P

p-assisted p-polarized interference. In (a-c) we activate the interfering beams at t = 0

keeping the assiting beam off. As expected, we observe the matrix photoexpansion in

the bright fringes. Then matter begins to migrate towards the darker zones. As matter

migration starts, the assisting beam is switched on (t = 20 s)14. We observe a sudden

jump in the deformation amplitude produced by the photoexpansion in the dark fringes

of the interference pattern, as we did in the case of s-assisted p-polarized interference

(Figure 3.18). Subsequently to the effect of the photoexpansion, the deformation ki-

netics retrieves a rate characteristic of the photoinduced matter migration. But it is

slightly lower than the non assisted case, since the contrast between the dark and the

bright fringes is lowered by the assisting beam.

We repeat this experiment by activating the assisting and the interfering beams simulta-

neously (d-f). As the beams are turned on we observe a weaker matrix photoexpansion,

which is expected since the contrast is weaker when the assisting beam is kept off at

14In this case we decided to turn the assisting beam on earlier with respect to the previos experiments,
since we have seen that the greatest effects of the assisting beam are measured during the first 300 s of
matter migration.
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Figure 3.21: Photoinduced SRG formation with a p interference pattern assisted
with a p-polarized incoherent beam. Laser power density = 1 mW/mm2 per beam
(blue), 2.1 mW/mm2 per beam (green); sample = sol-gel Si-DR1 ≃ 200 nm thick.
(a-c) delayed assisting beam: (a) light profile (top) and the corresponding deformation
amplitude (bottom, solid curve), the dotted curve indicates the deformation without
the assisting beam; (b) and (c) optical and topographical images recorded in the time
range of curve (a), scanning over one line, scan range = 5 µm; (d-f) same as (a-c) but
with simultaneous interfering and assisting beams: the inset in (d) represents the time
evolution over 800 s.

t = 0. Subsequently, we clearly see that matter migration is less efficient then in the

non assisted case.

Finally, in Figure 3.22 we report the photodeformation effects obtained under s-

polarized assisting and interfering beams, which are simultaneously activated at t = 0. SS+S

As in the other cases, matrix photoexpansion is measured right after the exposure, with

the formation of weak amplitude gratings. Then the deformation amplitude drops to

zero, producing almost a surface flattening after about 30 s, in agreement with previous

results [16]. Therefore, no matter migration is observed.

The results so far obtained are summarized in Table 3.2. In particular, we notice that
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Figure 3.22: s-assisted s interference. (a-c) simultaneous interfering and assisting
beams: (a) light profile (top) and the correspondent deformation amplitude (bottom,
solid curve), dotted curve indicates the deformation without the assisting beam; (b)
and (c) optical abnd topography images relative to (a) scanning over one line, scan
range = 5 µm; laser = 1 mW/mm2 per beam (blue), 2.1 mW/mm2 per beam (green);
sample = sol-gel Si-DR1 ≃ 200 nm thick.
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Assist. Interf. Photoexpansion Matter migration Matter migr.
pol. pol. in phase π − phase in phase π − phase enhancement

S S ✔ ✕ ✕ ✕ ✕

P P ✔ ✕ ✕ ✔ ✕

P S ✔ ✕ ✔ ✕ ✔

S P ✔ ✕ ✕ ✔ ✔

Table 3.2: Polarization dependence of the assisted photoinduced deformation phe-
nomena.

the photoresponses for the two orthogonal configurations p-assisted s interference and

s-assisted p interference have opposite spatial phases. This can be clearly seen in Fig-

ure 3.23 where we show that, for an identical intensity profile, matter is driven (a)

towards or (b) away from the bright fringes. It is remarkable that in both cases matter

accumulates in the zones illuminated with a E⊥ field component, while it is driven away

from the zones illuminated with a E‖ field component15.

By spatially modulating in real-time the interference pattern polarization and keeping

constant its intensity profile, we expect to obtain an oscillating surface deformation,

that is, a reversible, alternating, directional mass migration.

3.4.4 Directional reversible matter transport driven by the polariza-

tion of the light

We use the experimental setup described in Figure 3.24. A half-wave plate calibrated

at our working wavelength (blue, λ = 473 nm) is mounted on a motorized rotation,

which is used to switch the polarization of the interfering beams between the s and the

p states. Another halfwave plate is used to correct the phase, after the beam-splitter, of

the reflected beam with respect to the transmitted beam. In fact, we measure an optical

phase shift switching from p- to s-polarized interfering beams, which is probably due to

a different path length of the reflected and the transmitted beams at the interface of the

beam-splitter. In this way, when changing the polarization, the spatial distribution of

the dark and bright zones will remain constant, for s and p polarization configurations.

A p-polarized beam in normal incidence is used to assist the interfering beams16.

In Figure 3.25 we report the photodeformation obtained on a sol-gel sample, 200 nm

thick. At t = 0 the exposure to s-polarized interfering beams induces the photoexpansion

15For the definition of E⊥ and E‖ see section 3.3.2.
16The most efficient configuration for this experiment would be to switch between p-assisted s in-

terference and s-assisted p interference. Due to the lack of a second motorized rotation to change the
polarization of the assisting beam, we used a fixed p-polarized assisting beam, which only slightly reduces
the matter migration efficiency in the short time range (see Figure 3.21).
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Figure 3.24: Reversible directional matter transport: ss-p and pp-p configurations.
In order to switch the interfering beams’ polarization between the s and the p states,
a rotation of 90◦is imposed to the motorized rotating halfwave plate, which has the
two axis oriented long the s and the p directions. Another halfwave plate is used
to compensate the phase of the reflected beam from the beam splitter. Blue laser:
(λ = 473nm). Green laser: (λ = 532nm).

of the matrix in the bright fringes (deformation amplitude ≃ 4 nm), followed by a slight

elastic relaxation. As we turn on the p-polarized assisting beam (t = 40 s), we observe

a quick increase of the deformation in phase with the bright fringes. By changing the

interfering beam polarization to p ( t = 100 s), the brighter zones are quickly depleted,

as matter migrates in the opposite direction, i. e. towards the darker zones. Switching

back to s reverses the matter migration orientation, which again conveys matter towards

the bright areas. It is important to underline that no spatial shift of the intensity profile

along the x-axis appears during all the experiment17, so we observe a true effect of

the light polarization. Switching back and forth between both polarizations allows to

obtain six oscillations in ≃ 10 min, before the sample photoresponse starts weakening

(probably because of a photo-bleaching effect). In figure Figure 3.26(a) we show a 3D

plot relative to the first 400 s of Figure 3.25. In (b), for the same time range, we plot

17In Figure 3.25 we see a little drift towards the right, due to small piezoelectric non-linearities.
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Figure 3.25: Reversible directional matter transport driven by polarization switching
alternatively between ss-p and pp-p polarization configurations. Optical and topog-
raphy images over a period of ≃ 10 min. Scan is performed on the same line over a
range of 5 µm. Assisting beam power density: 2.1 mW/mm2; interfering beam power
densities: 1 mW per beam. Sample = sol-gel DR1 200 nm thick.

the deformation amplitude, which is estimated, for every scan line, as the average height

difference between the peaks and the grooves.

It must be pointed out that we did not perform any optimization of the oscillation rate

in terms of amplitude and light intensity used, which could allow a greater number of

surface oscillations before that photobleaching occurs.
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Figure 3.26: Reversible directional matter transport driven by polarization. (a) 3D
plot of topography data recorded scanning on the same line over a range of 5 µm; (b)
deformation amplitude calculated, for each scan line, as the average height difference
between the peaks and the grooves.

In conclusion, these results clearly show the directionality of the mass migration

phenomena. We demonstrate that the matter transport direction, orientation and

efficiency are governed by the polarization spatial distribution. Matter can be alter-

natively driven towards the zones characterized by a prevalent E⊥ field component,

and pushed away from zones of prevalent E‖ field component.

3.4.5 Discussion

The use of an assisting beam superimposed to an interference pattern is known to rise

up the efficiency of the SRG formation in azobenzene containing thin films. This arises

when using assisting beams incoherent and perpendicularly polarized with respect to

the interfering beams.

However, we must distinguish between the SRGs resulting from the matrix photoex-

pansion and those produced by matter migration. The effect of an assisting beam on

the first phenomenon leads to the erasure of any deformation. In fact, the uniform illu-

mination with an assisting beam induces a uniform photoexpansion of the film. Thus,

photoexpansion-induced SRGs form only in a transitory regime at the beginning of the

simultaneous exposure of the film to both the interference pattern and the assisting

beam. Subsequently, photoexpansion reaches the saturation all over the film and the

SRGs vanish (Figure 3.22). This supports the interpretation of the photoexpansion as
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resulting from a matrix reorganization to allow the increase in the volume necessary for

the free isomerization of the azobenzene units. This phenomenon is essentially depen-

dent on the light intensity and is independent of the assisting beam polarization with

respect to the polarization of the interference pattern. Indeed, it is almost equivalent to

the effect of a pre-irradiation (see section 3.2).

The effect of an assisting beam on the SRG formation resulting from matter migration

is completely different. When the assisting beam and the interference pattern have the

same polarization, the formation of SRG by matter migration is slowed down, while

when they have a perpendicular polarization it is accelerated. Thus, the use of an as-

sisting beam shows an effect of the polarization modulation on the matter migration

phenomena.

Its most spectacular aspect occurs when a p-polarized beam assists an s-polarized inter-

ference pattern. Indeed, with no assisting beam, an s-polarized interference pattern does

not induce the formation of matter migration SRG18. But, in presence of a p-polarized

assisting beam an efficient mass transport is induced, which leads to the formation of

large amplitude SRG. Similarly, we observe the acceleration of the matter migration

SRG formation under s-assisted p-interference.

Moreover, the interplay between polarization spatial modulation and intensity spatial

modulation is critical. This is demonstrated by the reversible, directional mass mi-

gration obtained by changing the interference pattern polarization while not spatially

shifting the intensity profile. This configuration allows to invert the polarization spatial

distribution with respect to the intensity spatial distribution. The directionality of the

mass migration is determined by the intensity/polarization configuration. In particular,

matter transport is always observed towards the zones illuminated by a field compo-

nent having a polarization perpendicular to the intensity gradient ( ~E⊥) and away from

zones illuminated by a field component having a polarization parallel to the intensity

gradient ( ~E‖). Thus, depending on the spatial distribution of the light polarization with

respect to the intensity distribution, the matter migration may take place either towards

the brighter zones or towards the darker zones. In particular, as we have seen in 3.4.4

inverting in real-time the polarization spatial distribution and maintaining the same

intensity spatial distribution leads to a reversible directional mass migration. This is

coherent with our previous findings (see section 3.3) that the matter migration efficiency

is driven by the polarization spatial distribution rather than by the light intensity.

In the assisting beam experiment, the polarization modulation is introduced by the

assisting beam. Thus, varying the assisting beam amplitude allows to vary the polariza-

tion modulation. In order to quantitatively analyze the correlation between the spatial

modulation of the polarization and the mass migration efficiency, we have performed

18At least in sol-gel DR1 samples.
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experiments with different assisting beam intensities. In order to vary the polarization

modulation from zero we consider the case of p-assisted s-polarized interference for which

there is no modulation of the polarization when the assisting beam is off (see 3.4.1).

In Figure 3.27 we show the deformation kinetics obtained on a sol-gel sample19 (quan-

titative data are reported in Table 3.3) for different power densities of the p-polarized

assisting beam, while the s-polarized interfering beams have always the same power

density of 1 mW/mm2 per beam. In this experiment, the interfering and the assisting

beams are switched on simultaneously at t = 0, in order to measure the full evolution of

the assisted photoinduced deformation. The growth rate is the slope of the deformation

kinetics: for the matrix photoexpansion mechanism it is measured at t = 0, while for

the mass migration mechanism it is measured over the first 100 s of irradiation, during

which the deformation amplitude is quasi-linear.

With no assisting beam (Figure 3.27(a)), the photoinduced deformation is only due

to photoexpansion, which is characterized by a high rate and a low efficiency with a maxi-

mum deformation of≃ 7 nm. Using 0.4mW p-polarized assisting beam (Figure 3.27(b))

is sufficient to activate the matter migration with a low SRG growth rate of 0.04 nm/s.

In this case, as the light intensity contrast20 is ≃ 90%, we measure a smaller deformation

due to the photoexpansion (≃ 4 nm). When increasing the intensity of the assisting

beam (hence reducing the contrast), the photoexpansion contribution to the deformation

vanishes (it almost disappears in (d) where the optical contrast is ≃ 78%), while matter

migration is more and more efficient (d-f). At the maximum power density available

for the assisting beam, 2.1 mW/mm2, where the ratio between the assisting and the

incident beams power densities is ≃ 1, we obtain a higher SRG growth rate of 2.1 nm/s.

Let us define the spatial modulation of the polarization as Epol = min{E0
‖ , E

0
⊥} (by

analogy with section 3.3.2). The parallel component is provided only by the assisting

beam21(E0
‖ =

√
Iassist) while the perpendicular component is given by the interfering

beams (E0
⊥ =

√
Iinterf). For assisting beam intensities smaller than the intensity interfer-

ence pattern amplitude, we have: Epol = E0
‖ =

√
Iassist. So, we expect that the efficiency

of the SRG formation increases as
√
Iassist.

In Figure 3.28 we compare the SRG growth rate experimentally observed (�) and

the corresponding values of
√
Iassist. The close correlation between the experimental

19In this experiment we used a 450 nm thick sol-gel sample, as we wanted to better discriminate
between the photoexpansion and the matter migration mechanisms. As shown in [9], the photoexpansion
mechanism is dependent on the thickness, while [15] matter migration efficiency doesn’t significantly
change using a 200 nm or a 450 nm thick sample.

20Defined as
Imax − Imin

Imax

, where Imax and Imin are the maximum and the minimum intensity values

of the total light field.
21We recall that the p-polarized assisting beam is in normal incidence on the sample.
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Figure 3.27: p-assisted s-polarized interfering beams: dependence of the photode-
formation mechanisms on the assisting beam power density. Interfering beams’ power
density: 1 mW/mm2 per beam (λ = 473 nm; assisting beam (λ = 532 nm): (a) 0,
(b) 0.4, (c) 0.7, (d) 1.1, (e) 1.7, (f) 2.1 mW/mm2. From the top to the bottom: the
photoinduced deformation corresponding to various p-polarized beam power densities
(mW/mm2). From left to right : the kynetics of the grating formation, the optical near-
field image and the corresponding shear-force topography image (x -range = 5 µm). The
SRG growth rate is reported in the last column on the right: squares indicate the SRG
growth rate due to photoexpansion, while circles indicate the SRG growth rate due to
matter migration (in each plot are reported in grey the values of the previous cases, for
comparison).
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S+S (mW/mm2) P (mW/mm2) photoexp (nm/s) matter migr. (nm/s)

2 0 0.4 0

2 0.4 0.4 0.04

2 0.75 0.4 0.13

2 1.1 0 0.14

2 1.7 0 0.17

2 2.1 0 0.21

Table 3.3: Dependence of the matter-migration-induced SRG growth rate on the
irradiation power density under s-polarized interfering blue beams assisted by a p-
polarized green beam. The incident power density of the interfering (S+S) and the
assisting (P) beams are given in mW/mm2; the SRG growth rate is given in nm/s.
Sample: sol-gel Si-DR1, 450 nm thick.
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Figure 3.28: Correlation between the SRG growth rate and the spatial modulation of
the polarization under p-assisted s-polarized interference. Data relative to the experi-
ments reported in Figure 3.27. Best fit of Epol (in arbitrary units) for a scaling factor
of 0.1445. Assisted beam power density = 2.1 mW/mm2, interfering beams’ power
density = 1 mW/mm2, sample: sol-gel-DR1, thickness ≃ 200 nm.

data and the calculated values of the spatial modulation of the polarization indicates

that also in the experiments with an assisting beam this parameter governs the mass

migration efficiency. Moreover, it suggests that the deformation efficiency is dependent

mainly on the less intense field. This seems to be in agreement also with the saturating

behavior of the growth rate when the assisting field intensity Iassist increases. Therefore,

the maximum growth rate would be obtained for Iassist = Iinterf and further raising of

the assisting beam intensity (Iassist > Iinterf) should not lead to a growth rate increase.

Experiments in these two cases may confirm our hypothesis.

From a quantitative point of view, the matter migration rate observed in the assisted
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Figure 3.29: Assisted beam mass migration efficiency. (i) p-assisted s interference (ii)
s-assisted p interference (iii) ϕ = 45◦. Assisted beam power density = 2.1mW/mm2, in-
terfering beam power density = 1 mW/mm2, sample: sol-gel-DR1, thickness ≃ 200nm.

configurations is of the same order of magnitude of the transport rates observed with

the superposition of two spatially shifted s and p interference patterns (see 3.3). This

is shown in Figure 3.29, where we report the comparison between the deformation

kinetics obtained by matter migration using the assisted configurations (i-ii) and the su-

perposition of two s and p interference patterns having the same intensity (at ϕ = 45◦)

(iii). Under p-assisted s interference the matter migration rate22 is 0.1 nm/s (i), under

p-assisted s interference it is 0.2 nm/s (ii) while in the case of the superposed inter-

ference patterns it is 0.4 nm/s. The less efficient matter migration observed in the

assisted cases can be due to several reasons. In the assisted configurations is present a

superposition of the ~E‖ and ~E⊥ components in the brighter fringes, which may activate

matter migration processes in opposite directions. Moreover, the sample absorption at

the assisting beam wavelength23 is smaller than the absorption at the interfering beam

wavelength24. Finally, the incoherence of the assisting beam with the interfering beams

may reduce the effects of the spatial modulation of the polarization. In order to verify

these points and to study more completely the assisted configuration we should perform

experiments with assisting and interfering beams of the same wavelength.

The dependence of the matter migration efficiency and directionality on the spatial

distribution of the light polarization and intensity is also in agreement with several ob-

servations so far reported in the far and in the near field. Difficulties in the interpretation

22Evaluated over the first 100 s of SRG growth.
23λg = 532 nm
24See 2.2
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Figure 3.30: Far-field photodeformation under a p-polarized gaussian beam (a) we
report the experiment performed in [17] and a scheme of the intensity profile relative
to the Ex and Ez field components; (b-c) theoretical field distribution ([18], pag. 52)
for a gaussian beam (in the calculation λ = 800nm) (b): total field distribution; (c) Ez

field distribution.

of these experiments have been raised, since in the far field matter was observed to mi-

grate away from the enlightened zones, while in the near-field matter migrated towards

the bright areas. By considering the dependence of the matter migration efficiency,

direction and orientation on the spatial distribution of the polarization, we obtain a

coherent interpretation of these phenomena. As an example, we will report experiments

performed in the far field using a single focused gaussian beam or a Bessel beam, as well

as in the near field, such as local probe illumination and apertureless SNOM.

Gaussian beam

In the experiments reported in ref. [17], a gaussian laser beam is focused on the sample

using spherical and cylindrical lenses and a 10 × microscope objective. Photoinduced

matter migration has been observed using p-polarized light, while approximately no

mass transport has been reported for the s polarization. Matter migrates along the

~E‖ polarization direction, from the centre towards the periphery. In this configuration,

the amplitude of the ~E⊥ component decreases going from the periphery towards the

centre of the spot, where its amplitude is zero and, instead, the amplitude of the ~E‖ is

maximum [18] as depicted in Figure 3.30. So, matter accumulates in the zones where

the intensity of the ~E⊥ component is maximum, while the zones corresponding to the

maximum intensity of the ~E‖ component are depleted, which is in line with our results.

Similar observations have also been reported in [19], using highly focused HG00 and

HG10 beams.
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Figure 3.31: Matter migration under a Bessel beam. We report the experimental re-
sults obtained in ref. [20] in the case of radially (a-d), circularly (e-h) and azimuthally

(i-l) polarized light. (a), (e), (i): measured ~E‖ field intensity spatial distribution on the

xy plane; (b), (f), (j): calculated ~E⊥ field intensity spatial distribution on the xy plane;
(c),(g),(k): shear-force topography measurements photoinduced by the corresponding

light field; (d),(h),(l): (top) ~E‖ calculated (dashed) and measured (solid) intensity

profiles, (bottom) ~E⊥ calculated (dashed) intensity profile and measured (solid) topog-
raphy profile. Sample = PMMA-DR1, 100 nm thick, light dose = 20 J/cm2 (0.5 s
exposure at a 40 W/cm2 laser beam, λ = 514 nm).

Bessel beam

A Bessel beam is characterized by the superposition of two orthogonally polarized peri-

odic field components, one polarized in the x, y plane ( ~E‖) and the other one polarized

along the z-axis ( ~E⊥). According to the polarization (radial, circular or azimuthal) their

intensities are described by J2
0 and J2

1 square Bessel functions, which are half a period

spatially shifted. For example, a radially polarized Bessel beam Figure 3.31(a-b)25 has

a maximum ~E⊥ and a zero ~E‖ intensities in the origin, while for a circularly polarized

25Figure 3.31 has been reproduced from [20].
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Bessel beam (e-f) the distribution is inverted. In the particular case of an azimuthally

polarized Bessel beam (i-j), the ~E⊥ component is zero.

In Figure 3.31(c,g,k) we report the results that have been obtained on a PMMA-

DR1 thin film having a thickness of 100 nm, using a 200 mJ/mm2 light dose, in the

three polarization configurations, respectively. Under radial and circular polarizations,

a relief growth is observed always in correspondence of the ~E⊥ component, while matter

is driven away from the ~E‖ component. This is the same behavior that we have observed

in our experiments, confirming that the orientation of the matter migration is strictly

dependent on the spatial distribution of the field polarization.

Only in the case of an azimuthally polarized Bessel beam (i-l), the observed matter

accumulation is associated to the ~E‖ component. In this case an extremely weak de-

formation is produced (≃ 2 nm). We note that in this polarization configuration only

the ~E‖ component is present, since the ~E⊥ = 0, so the amplitude of the spatial mod-

ulation of the polarization Epol = 0. This is the symmetric configuration with respect

to the s-polarized interference that we have used in our experiments, where ~E‖ = 0 and

Epol = 0. In this case, we observe also a weak relief growth in phase with the light

intensity, which is due to the matrix photoexpansion. This suggests that the matter

accumulation observed in the bright zones using an azimuthally polarized Bessel beam

could be due to the matrix photoexpansion as well.

Local probe illumination and apertureless SNOM

In the experiments involving near-field illumination through the aperture of a metallized

optical fiber (≃ 40 nm aperture [21]), matter accumulation is observed in the enlight-

ened zones ([4, 22]). The irradiating light field is transversally polarized ( ~E‖) and far

from the tip apex (in the bulk and in the periphery) the light polarization is essentially

transversal. However, a longitudinal component along the z axis ( ~E⊥) is present in the

vicinity of the tip apex [18]. So, matter accumulates towards the area where the ~E⊥ is

maximum and away from the transversally polarized light, which is the same behavior

that we observe in our experiments.

Similar results have been obtained in the experiments using irradiation by apertureless

SNOM [23, 24]. When p-polarized light is concentrated, in near field, using a laser beam

incident on a metal coated tip brought close to the sample’s surface, the growth of a

relief is observed in the vicinity of the tip. When s-polarized light illuminates the tip,

the effect is qualitatively similar, but much weaker then using p-polarized light. This is

also coherent with our observations, since in this case the light field has almost only one
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component, along the s direction.

We conclude that the photodeformation phenomena in sol-gel Si-DR1 thin films are

dependent not only on the spatial distribution of the light intensity but also on the

distribution of the field polarization. In particular, the latter governs the efficiency

and the orientation of a directional reversible matter migration process. According

to the field spatial distribution, this can induce matter accumulation towards the

zones where the field polarization is perpendicular to the intensity gradient, or can

drive matter away from the field components parallel to the intensity gradient. These

results are in agreement with several observations reported in the far and in the near

field and allow to coherently interpret a certain number of unexplained phenomena.

3.5 Matter migration phenomena in PMMA-DR1

3.5.1 Matter migration under s- and p-polarized light

Generally, photoinduced deformation in azo-containing materials are performed in poly-

mer matrices like PMMA. The results reported so far show that under s-polarized in-

terference very weak photoinduced deformations occur. This is consistent with our

observations in sol-gel Si-DR1 thin films and we may interpret the weak photoinduced

deformation has being due to matrix photoexpansion. However, in a previous study [15]

photoinduced matter migration has been observed under the exposure to s-polarized

interference.

We have used the techniques presented in the previous sections to study the photome-

chanical phenomena in the PMMA-DR1 material described in section 2.2.3. In Fig-

ure 3.32 we show the photoinduced deformation obtained on a PMMA-DR1 sample

180 nm thick under irradiation with an interference pattern using a very weak power

density, 70 µW/mm2 per beam (blue laser, λ = 473 nm), for both s and p polariza-

tions26. In (a-b) we show the optical and topography images, obtained scanning over

the same line with a range of 5 µm, of the first ≃ 200 s of irradiation using s-polarized

light. In (e-top) is plotted the average transmitted light intensity corresponding to (a)

while in (e-bottom) is reported the average profile evolution corresponding to (b). The

same is shown for p-polarized light (c-d) and (f).

At t = 0, turning the laser on, we observe in both cases the growth of a weak relief

(≃ 1 nm) in phase with the bright fringes of the interference pattern, which can be

26The SNOM signal of the optical image for the p polarization is very weak, which might be due to
the anistropic sensibility of the tip for s and p polarizaitions, which is exalted at low light intensitites.
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Figure 3.32: PMMA-DR1: polarization effects on the photoinduced deformation. (a-
b) s-polarized light: optical and topography images obtained scanning over the same
line with a range of 5 µm. The first ≃ 200 s of irradiation are shown. (e-top) average
transmitted light intensity corresponding to (a), (e-bottom) average profile evolution
corresponding to (b). The same is shown for p-polarized light in (c-d) and (f). Laser
power density = 70 µW/mm2 per beam (blue laser, λ = 473 nm).
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attributed to the matrix photoexpansion in the brighter areas.

Subsequently, we observe, for both polarizations, a π − phase topography shift with re-

spect to the interference pattern. This is represented in (e-f) by the negative sign of the

deformation amplitude. Comparing the photodeformation effects over time ((e-f) insets)

in the two polarization configurations, we note that the deformation amplitude is higher

under p-polarized light (≃ 20 nm in 1000 s) than under s-polarized light (≃ 10 nm

in 750 s), while the growth rates (measured during the first 10 s, where the growth is

quasi-linear) are almost similar (≃ 0.05 nm/s).

The π-phase deformation obtained under s and p-polarized light demonstrates that in

PMMA-DR1 matter migration occurs in both configurations. This is very different from

the results that we have obtained previously in sol-gel Si-DR1. We indeed observed

matter migration only in the presence of a modulation of the spatial distribution of

the polarization, the matter motion taking place from the field components ~E‖ parallel

to the intensity gradient and towards the field components ~E⊥ perpendicular to the

intensity gradient. In the presence of a pure intensity modulation, corresponding to the

s-polarized interference configuration, no mass transport arises in sol-gel Si-DR1 films.

In PMMA-DR1, we instead observe matter migration under an s-polarized interference

pattern. This mass transport corresponds to a matter motion away from the ~E⊥ field

component, which is the opposite direction with respect to the polarization-driven matter

migration phenomenon. This suggests the existence of a second microscopic migration

mechanism, which depends on the light intensity pattern. Note that the polarization-

driven mechanism is however also active in PMMA-DR1 since the efficiency of the overall

photodeformation process is larger under p-polarized interference than under s-polarized

interference.

In order to evaluate the respective efficiency of the intensity-dependent and polarization-

dependent mechanisms we will perform the same experiments and analyses as those

presented in sections 3.3 and 3.4.1. First we study the effect of a p-polarized assisting

beam on the matter migration induced under an s-polarized interference pattern. Sec-

ond, we measure the efficiency as a function of the angle between the polarization of the

interfering beams.

3.5.2 Photoinduced matter migration in PMMA-DR1 under p-assisted

s-polarized interference

In Figure 3.33 we show the photodeformation obtained under p-assisted s-polarized

interfering beams on a PMMA-DR1 film 180 nm thick. The experimental setup (a) is

the same as in section 3.4.1. The blue interfering beams (λ = 473 nm) have each one a
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Figure 3.33: PMMA-DR1 photodeformation under simultaneous p-assisted s-
interfering beams. (a) Experimental setup; (b) transmitted light intensity T in ar-
bitrary units (top) and the corresponding photoinduced deformation amplitude A ex-
pressed in nm (solid curve), the dotted curve indicates the deformation obtained in the
same conditions without the assisting beam; (c)-(d) optical and topography images,
scanning over the same line, scan-range = 4.5 µm. Laser power density: 2 mW/mm2

per beam (blue - non assisted experiment), 1mW/mm2 per beam (blue), 2.1mW/mm2

per beam (green); sample = PMMA-DR1, ≃ 180 nm thick.
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power density of 1 mW/mm2 while the green (λ = 523 nm) assisting beam, in normal

incidence, has a power density of 2.1mW/mm2. In (b) we report the first 200 s of the av-

erage transmitted light profile T (top) in arbitrary units, and (bottom) the deformation

amplitude A of the assisted (solid curve) and non-assisted (dotted curve) photodefor-

mations. In (c) and (d) we show the optical and topography images relative to (a), with

the detail of the profiles at some instants of interest27. Turning on simultaneously the

three beams at t = 0, we observe instantly a very weak deformation (0.8 nm), in phase

with the s interference pattern, which can be attributed to the matrix photoexpansion,

which here yields a low magnitude photodeformation, since the intensity contrast across

the interference pattern is reduced by the uniform assisting beam (see 3.4.1).

The photoexpansion is followed by a π-phase deformation which reaches a maximum

amplitude of 5 nm after 25 s of exposure time. Subsequently, we observe an inversion

of the photodeformation process, which leads to the growth of a SRG in phase with the

s interference pattern, i. e. shifted by half an interference period with respect to the

preceding deformation. This SRG amplitude finally saturates at a value of 26 nm after

about 500 s.

The first stage of the mass transport, which gives a π-phase deformation, clearly corre-

sponds to the intensity-dependent mechanism, which is observed also under non-assisted

s-polarized light (dotted curve). On the other hand, the subsequent in-phase deforma-

tion is consistent with the polarization-dependent mass migration. These observations

show that the two deformation processes produce matter transport in opposite direc-

tions, with different kinetics. In the conditions of the current experiment, the intensity-

dependent matter transport appears to dominate at low time scales, while it is fully

overcome by the polarization-driven process at longer time.

3.5.3 Intensity versus polarization matter migration mechanisms in

PMMA-DR1

In order to fully describe the relative weight of the intensity-dependent mechanism versus

the polarization-dependent mechanism, we perform an analysis of the photoinduced

matter migration obtained by varying the polarization angle ϕ of the interfering beams.

This allows to control the relative amplitude of the intensity and polarization patterns.

Figure 3.34(a) shows the matter migration deformation amplitude for ϕ values of

0◦, 45◦, 90◦. Since these configurations present different mass migration directions, we

choose the same convention adopted in 3.3.1 (see Figure 3.6). So, the sign of the defor-

mation amplitude A and of its growth rate is given by the direction of the mass transport:

27On the optical image, we plot the transmitted light profile averaged over 200 s, since the measured
contrast is very weak.
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Figure 3.34: PMMA-DR1: deformation efficiency vs amplitude and polarization spa-
tial modulation. (a) Mass migration kinetics for SS, PP and ±45 polarizations; (b)
SRG growth rate estimated on the first 100 s in PMMA-DR1 (�) and in sol-gel Si-DR1
(�). The variation of ηpol is plotted on the same graph (dashed curve).
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a positive sign stands for matter transport towards the zones illuminated with the ~E⊥

field components while a negative sign indicates matter migration away from these zones.

According to this sign convention, in PMMA-DR1 s-polarized interference (ϕ = 0◦) pro-

duces negative deformations, while p-polarized interference (ϕ = 90◦) and polarization

interference (ϕ = 45◦) produce positive deformations.

We consider the SRG growth rate during the first 100 s of illumination28 as the rele-

vant experimental quantity that characterizes the matter migration efficiency. In Fig-

ure 3.34(b) we plot this average growth rate, for both PMMA-DR1 (�) and sol-gel

Si-DR1 (�). Clearly, the variation of the SRG growth rate is very different in the two

matrices. As reported in section 3.3.2 for a sol-gel matrix29, the matter migration effi-

ciency is very well described by the spatial modulation of the light field polarization Epol

(dashed curve). The mass migration efficiency in PMMA-DR1 results quite uncorrelated

with the spatial modulation of the polarization, which suggests that in the PMMA ma-

trix Epol is not the appropriate quantity to describe the two mechanisms at the origin

of the photodeformation. Thus, we define two quantities ηpol and ηint that characterize

the respective efficiencies of the polarization-driven mechanism and the intensity-driven

mechanism. In order to keep coherence with what we have done for sol-gel samples, we

take ηpol = Epol.

In order to describe the intensity-driven matter transport mechanism we use a statistical

directional displacement model, so-called ’inch-worm’ like motion, similar to the one

proposed in ref. [25]. Under illumination, each molecule has a certain probability of

undergoing isomerization, according to its orientation with respect to the electric field.

For each isomerization event, a displacement happens along the molecular axis. Its

contribution to the matter migration across the intensity modulation pattern (i.e. x-axis)

depends on the orientation of the molecular axis. For example, molecules excited along

the x-axis will fully contribute to the displacement, while molecules excited orthogonally

to the x-axis will not contribute. Considering an isotropic angular distribution of the

molecules, we can calculate < p‖ >Ω, < p⊥ >Ω, the displacement probabilities averaged

on Ω = 4π str, corresponding respectively to the illumination with the E‖ and the E⊥

components:

< p‖ >Ω = 4





1

4π

∫

π

2

0
cos2(θ)cosθsinθ dθ

∫ π

0
dφ



 =
1

4
(3.31)

< p⊥ >Ω = 4





1

4π

∫

π

2

0
cos2(θ)sin2(θ) dθ

∫ π

0
sinφdφ



 =
1

8
(3.32)

28Where the growth is quasi-linear.
29See Figure 3.13.
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Figure 3.35: PMMA-DR1: statistical model. (a) Simulations; (b) Experimental
results (shear-force images of the photodeformation obtained on a 135 nm thick PMMA-
DR1 sample, reproduced from ref. [15]). Sample thickness = 100 nm, laser wavelength
λ = 473 nm, laser power = 1 mW per beam.

where θ and φ describe the molecule orientation in the space.

So we obtain that:

< p‖ >Ω= 2 < p⊥ >Ω (3.33)

We recall that our experimental illumination configuration is characterized by the su-

perimposition of a E‖ and E⊥ interference patterns, spatially shifted one from the other

along the x-axis by half an interference period (see section 3.3.2). The relative intensity

of both the interference pattern depends on the value of ϕ. Since the statistical displace-

ment relies strictly on the spatial distribution of the light field intensity, we can define

a displacement efficiency ηI as:

ηI =< p‖ >Ω

(

E0
‖(ϕ)

)2
− < p⊥ >Ω

(

E0
⊥(ϕ)

)2
(3.34)

where the first term describes matter migration away from the ‖ field component and

the second one matter migration away from the ⊥ field component. Therefore a positive

efficiency indicates matter migration towards the ⊥ field component.
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Figure 3.36: PMMA-DR1: deformation efficiency vs amplitude and polarization spa-
tial modulation. SRG growth rate: PMMA (� - estimated on the first 100 s), sol-gel
(�); ηpol (black dashed curve); ηI (grey curve); ηI + ηpol (black solid curve).

Figure 3.35 shows the calculated images of the deformation kinetics for a PMMA-DR1

thin film having a thickness of ≃ 100 nm. Simulations are performed for both s and

p polarizations and are compared with the experimental results obtained on samples of

the same thickness. The model seems to describe very well the matter migration phe-

nomena observed with both polarizations. In particular, it describes the main features

of the deformation kinetics: matter transport away from the illuminated areas (for both

polarizations) and p-induced transport more efficient than s-induced transport. More-

over, in the case of s-polarized light the simulation reproduces the central groove within

the reliefs, experimentally observed, which supports the less efficient matter transport

produced by the E⊥ field component.

In Figure 3.36 we report the matter migration efficiency together with the variation

of ηI (grey curve) as a function of the polarization angle ϕ. We note a rather good

agreement between the variation of this parameter and the matter migration rate (�)

in PMMA. Very surprisingly, the sum ηI + ηpol (black solid curve) shows a remarkable

agreement with the measured SRG growth rate.

This indicates that in PMMA-DR1 the mass migration efficiency is governed by the su-

perimposition of two mechanisms: one which is well described by a statistical directional

matter migration model, depending mainly on the photoisomerization rate, i. e. on the

intensity pattern, and the other which depends on the spatial distribution of the light

polarization and is compatible with models based on microscopic transport mechanisms

originating from the electromagnetic forces [8].
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Note that the two mechanisms can be singled out by setting the polarization angle ϕ. At

ϕ = 0◦ the polarization mechanism is inhibited, since ηpol = 0; at ϕ = 35◦ the statistical

mechanism should vanish, since ηI = 0. These two angles provide SRG formation of op-

posite spatial phase. At ϕ = 26◦, the two mechanisms are expected to compensate each

other, since ηI = ηpol. No SRG growth should be observed in this condition. Further

experiments in these polarization configurations might confirm our interpretation.

The weighted contribution of the polarization-dependent and the intensity-dependent

mechanisms in sol-gel Si-DR1 and PMMA-DR1 stresses out the fundamental role of

the matrix in matter migration processes. Both materials allow the polarization-driven

mechanism with almost the same efficiency. However, the statistical mechanism is inhib-

ited in the tridimensional mineral matrix of sol-gel thin films, while it is very efficient in

the linear polymer matrix of PMMA. It is most likely that the relative influence of both

mechanisms on the migration efficiency is also influenced by the polymer chain length.

First indications in this sense have already been reported in ref. [26].

The photomechanical response of a PMMA-DR1 thin film is found to be very different

from the one of the sol-gel Si-DR1 thin films. Indeed, the results that we have obtained

in PMMA-DR1 demonstrate the existence of two distinct mechanisms at the origin of

matter migration phenomena. One is the mechanism observed in sol-gel Si-DR1 thin

films, which is governed by the light polarization pattern. The other one does not

exist in sol-gel Si-DR1 but prevails in our PMMA-DR1 material. Our results show

that it is related to the light intensity pattern and it is well described by a statistical

migration process, along the molecule dipole axis. Although it is governed by the

intensity pattern, the efficiency of this mechanism depends also on the polarization

through the absorption anisotropy of the molecules.
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3.6 Conclusions

In this chapter we have studied in detail the relationship between the spatial distribu-

tion of the light field and the photodeformation in azo-containing sol-gel and PMMA

matrices.

The early stage of the deformation corresponds to matrix photoexpansion which is known

to be related to the increase in the free volume necessary for the free isomerization of

the azobenzene molecules. We have studied independently the plastic and the elastic

contributions of the deformation due to photoexpansion and we have determined their

characteristic time constants and relative amplitudes.

The subsequent photomechanical response of the material corresponds to lateral mat-

ter migration. The microscopic origin of the mass transport is still debated. Several

models have been proposed to describe the experimental observations. Some are based

on the statistical direction displacement of molecular entities which is proportional to

the photoisomerization rates, others consider the response of the material to the elec-

tromagnetic force which depends on the light polarization pattern. Our experiments

demonstrate that both kinds of mechanisms coexist with relative efficiencies that de-

pend on the host matrix and on the illumination conditions.

In sol-gel Si-DR1 thin films the matter migration efficiency is fully governed by the

polarization pattern. The deformation efficiency is maximum for a pure polarization

pattern while no mass transport arises in a pure intensity pattern. The matter trans-

port always points from a field component parallel to the intensity gradient, towards a

field component perpendicular to the intensity gradient. It can be reversed by switching

the spatial polarization distribution.

In PMMA-DR1 thin films we have evidenced two mechanisms: the one that depends on

the polarization pattern as observed in sol-gel Si-DR1 films and another one which is

driven by the intensity pattern and is not present in silica matrix.

The study of the mass transport efficiency as a function of the relative weight of the

intensity and polarization patterns allows us to determine the contribution of both mech-

anisms to the photomechanical response of the materials. Our results demonstrate the

origins of the mass transport directionality. They provide a coherent explanation for

photoindued deformation phenomena previously reported in the far and in the near

field, which were often considered as contradictory.

Note that in all the analysis of our results we have only considered the initial defor-

mation rate as the relevant experimental characteristic of the mass transport process.

A complete analysis would require to take into account also the whole kinetics includ-

ing the maximum deformation value that can be reached. However, the interpretation

of the mass transport saturation is a very complex problem. Indeed, several factors
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contribute to limit the SRG growth. First, the sample thickness determines the avail-

able matter that can be transported. Moreover, after each photoisomerization cycle the

molecular re-orientation away from the electric field reduces the absorption probability

(phenomenon known as angular hole burning30). The exposure time is also an impor-

tant factor, since the probability of molecular photobleaching increases with the doses.

Finally, the interplay between the statistical and the polarization mechanisms may give

an important contribution to the deformation saturation. Further investigations are

required to address this issue, which remains an open question.

30See 1.2.4.
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Chapter 4

Photomechanical response of

hybrid metal/azo-polymer layered

structures

Viswanathan and co-workers have shown that the photoinduced deformation in azo-

containing thin films can be inhibited if a non-optically-active thin polymeric layer hav-

ing a thickness of only 20 nm is deposited on the photochromic film surface [1]. In

this chapter, we study the photomechanical response of layered structures where the

photochromic thin film is covered by a metallic thin layer. We will explore both far-field

and near-field effects and we will show that a photodeformation process occurs through

the whole hybrid structures, which exhibits specific characteristics when compared to

the uncoated photochromic material.

4.1 Far field photomechanical response of hybrid metal/azo-

polymer layered structures

In this section, we study the formation of SRG under excitation with an interference

pattern in two types of systems: a sol-gel Si-DR1 film having a thickness of 200 nm

coated with a 20 nm-thick gold layer and a PMMA film having a thickness of 180 nm

coated with a 20 nm-thick gold layer. The photochromic thin films have been prepared

as described in Chapter 2. The gold thin layers have been evaporated on top of the

photochromic films under vacuum at room temperature.

In Figure 4.1 we show the topography and optical characterization of the two hybrid

systems. We report for each system a 5 × 5 µm topography image (top) obtained by

115
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Figure 4.1: Hybrid systems: (a) sol-gel Si-DR1 (≃ 200 nm thick), coated with a 20
nm layer of gold; (b) PMMA-DR1 (≃ 180 nm thick), coated with a 20 nm layer of gold:
shear-force topography image 5 × 5 µm (top) and the corresponding profile (middle);
bottom: absorbance of the uncoated (hair curve) and coated (bold curve) materials.
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shear-force microscopy, the characteristic surface roughness (middle) and the absorption

spectra before (hair curve) and after (bold curve) the gold coating.

The metal layer deposited on the sol-gel sample has a roughness of about 2 nm RMS,

and a grain lateral size of about 20 nm. The metal layer deposited on the PMMA film

has a roughness slightly smaller of about 1 nm RMS, and a grain lateral size of about

80 nm. The absorption spectra of the coated samples exhibit the contribution of both

the photochromic film and the gold layer.

4.1.1 Gold coated sol-gel Si-DR1

In Figure 4.2 we show the photodeformation obtained under s- and p-polarized in-

terfering beams (λ = 473 nm, beam power density: 1 mW/mm2) on a sol-gel Si-DR1

sample coated with gold. In (a-b) we show the optical and topography images (256

× 256 pixel) recorded over an area of 5 × 5 µm under s-polarized light, while in (c)

we plot the average transmitted light T (top) and the observed deformation amplitude

A (bottom, solid curve) corresponding to (a-b), where the dotted curve indicates the

photodeformation obtained on an uncoated sol-gel Si-DR1 of similar thickness as the

sol-gel Si-DR1 film constituting the hybrid system. The same is shown in (d-f) in the

case of p-polarized light.

For the s-polarization (a-c), as shown in Chapter 3, we expect a weak deformation in

phase with the bright fringes consequent to the matrix photoexpansion in the enlightened

zones. Instead, we observe no surface deformation. Under p-polarized light (d-f) we do

not observe the usual short-time deformation regime in phase with the illumination.

This indicates that the gold coating inhibits the matrix photoexpansion.

However, under p-polarized light (d-f), we still observe a deformation in π − phase

with the interference pattern, which we identify with the mass migration from the ~E‖

field component towards the ~E⊥ field component. In Figure 4.2(f) the deformation

amplitude induced by mass migration for the gold coated film (solid curve) is compared

to the deformation observed on the uncoated film (dotted curve). We note that for the

first 400 s both samples have the same deformation kinetics, with an initial deformation

rate of 0.13 nm/s. Then, we observe a smaller saturation value (54 nm) at 800 s in

the case of the coated system, while the uncoated system has grown up to 80 nm in the

same time, reaching a saturation value of 105 nm in about 1200 s.

These observations indicate that the gold coating reduces by about a factor of two the

photodeformation but does not inhibit the mass transport.
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Figure 4.2: Photodeformation under interfering beams of a gold coated sol-gel Si-
DR1. (a-c): s-polarized light, (a-b) optical and topography images (256 × 256 pixel)
recorded over a 5× 5 µm area, (c) plot of the average transmitted light T in arbitrary
units (top) and of the deformation amplitude (bottom, solid curve) as a function of
time. The dotted curve indicates the deformation obtained without the gold coating.
(d-f): same, for p-polarized light. The laser wavelength is λ = 473 nm and each beam
has a power density of 1 mW/mm2. The sample is a sol-gel Si-DR1 film (≃ 200 nm
thick), coated with a 20 nm layer of gold.

4.1.2 Gold coated PMMA-DR1

In Figure 4.3 we show the photodeformation obtained in the case of a PMMA-DR1

sample coated with gold, in the same working conditions as in 4.1.1. Under s-polarized

light (a-c) and p-polarized light (d-f) we cannot measure any in-phase deformation when

the light is turned on1. Instead, we clearly observe a π−phase deformation corresponding

to matter migration which, under both polarizations, is very similar to the deformation

obtained in an uncoated sample (dotted curves in (c) and (f)). Similarly to what we

have observed with uncoated samples, matter migration is governed by the intensity

pattern for both polarizations.

1Perhaps a very weak deformation is observed at t = 0 under p-polarized light.
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Figure 4.3: Photodeformation under interfering beams of gold coated PMMA-DR1.
(a-c): s-polarized light, (a-b) optical and topography images (256 × 256 pixel) recorded
over a 5×5 µm area, (c) plot of the average transmitted light T in arbitrary units (top)
and of the deformation amplitude (bottom, solid curve) as a function of time. The
dotted curve indicates the deformation obtained without the gold coating. (d-f): same,
for p-polarized light. The laser wavelength is λ = 473 nm and each beam has a power
density of 1 mW/mm2. The sample is a PMMA-DR1 film (≃ 180 nm thick), coated
with a 20 nm layer of gold.

As obtained for the sol-gel Si-DR1 coated system, we find that under p-polarized light,

the maximum deformation amplitudes are less than in the uncoated system. We measure

a maximum value of 50 nm after about 300 s of exposure, while in the uncoated case we

have 60 nm after the same irradiation time. Instead, under s-polarized light the curves

almost coincide and reach a saturation amplitude of 16 (uncoated) and 18 (coated) nm

in 400 s.

In Figure 4.4 we show the comparison, in the same irradiation conditions, between

the coated and uncoated systems, for both photochromic films, exposed to s-, p- and

orthogonally 45◦polarized light. As seen above, we note that the matter migration rate

in the coated systems are similar for short time scales, while the deformation in the

uncoated system tends to reach larger amplitudes for long exposure time. We also
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Figure 4.4: Polarization effect on the photodeformation of hybrid systems: gold
coated sol-gel Si-DR1 and PMMA-DR1. Dark curves = coated systems; grey curves
= uncoated systems. (a-c) Photochromic film = sol-gel Si-DR1 (≃ 200 nm thick):
(a) s-polarized intererence (b) p-polarized intererence, (c) orthogonally 45◦polarized
interference; (d-f) Photochromic film = PMMA DR1 (≃ 180 nm thick): (d) s- polarized
interference, (e) p-polarized interference, (f) orthogonally 45◦polarized interference.
Laser (blue, λ = 473 nm) power density: 1 mW/mm2 per beam.

note that in the case of a PMMA-DR1 film the discrepancy between the deformation

amplitude for the coated and uncoated systems is less than in the case of the sol-gel

Si-DR1 film, which could indicate a higher deformability of the organic matrix.

It is interesting that the deformation amplitude induced in the sol-gel coated system

under orthogonally 45◦-polarized light is considerably less efficient than in the uncoated

case (70 nm versus 120 nm in 600 s), while instead in the PMMA system no difference

is observed (70 nm in 400 s).

4.1.3 Discussion

In hybrid metal/azo-polymer layered structures we first observe that photoexpansion is

inhibited in the sense that it does not give rise to the formation of a SRG, when pro-

jecting an intensity interference pattern. This is an important difference with respect to

the behavior observed in uncoated photochromic thin films.

In contrast, although slightly attenuated, the SRG formation due to photoinduced mat-

ter migration is not inhibited by the surface coating, with both sol-gel and PMMA
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underlying photoactive layers. This is in contradiction with the mass migration inhibi-

tion previously reported in layered structures using a polymer coating.

In conclusion, these results suggest that the photoexpansion may be a free-surface

initiated process, while the mass transport could be mainly a bulk phenomenon. It

seems, thus, that the inhibition of the photoinduced deformation by a coating layer

is specific of all-polymer structures. Therefore, the photomechanical patterning of

azobenzene-containing materials can be extended to more complex hybrid structures

and open new perspectives in the field of nanofabrication.
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Figure 4.5: Tip-sample interactions: experimental setup. Dither piezo: shear-force
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4.2 Near-field photomechanical response of hybrid

metal/azo-polymer layered structures

In section 3.4.5 we have seen that, in photochromic thin films, near-field irradiation,

either in the case of illumination through a small aperture tip [2, 3] or with an aperture-

less SNOM tip [4], induces matter accumulation under the light nano-source, where the

intensity of the ~E⊥ field component is preponderant. This is coherent with several other

observations, under far-field irradiation, of matter accumulation towards the ~E⊥ field

components and away from ~E‖. However, the interpretation of the near-field photome-

chanical response of photochromic thin films does not take into account the possible

mechanical interaction between the tip and the surface.

In this section we present photodeformation phenomena observed in hybrid metal/azo-

polymer layered structures in the presence of a near-field probe. We will show that

the photoinduced pattern is completely different from the deformation obtained on an

uncoated photochromic film and that the interactions between the local probe and the

metallic surface play a predominant role in the deformation process.
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Figure 4.6: Apertureless near-field photomechanical effects in a 200 nm thick sol-gel
Si-DR1 film: the tip-to-sample distance corresponds to a shear-force set-point of 4V .
Five different exposure times have been used: τexp = A: 200 s, B:100 s, C:50 s, D:20
s, E: 13 s. The sample is illuminated with a p-polarized single beam of wavelength
λ = 473 nm and of power density 1 mW/mm2 the incidence angle is θ = 16.5◦.

4.2.1 Apertureless near-field photomechanical response of an uncoated

azobenzene-containing thin film

Before studying the near-field photomechanical response of the hybrid metal/azo-polymer

layered structures we have measured the near-field photodeformation of the uncoated

photochromic films when using our optical fiber tip as apertureless light nano-source.

We expect to observe a less efficient effect with a glass tip with respect to what previ-

ously reported with metallized tips [5], which are known to exhibit enhanced near-field

effects.

4.2.1.1 Deformation induced in the tip near-field under uniform illumina-

tion

In Figure 4.6 we show 5 dots (A-E), separated one another by 1.2 µm. Each dot has

been obtained by keeping the tip in the same position during illumination with a single

p-polarized beam (1 mW/mm2). The tip-to-sample shear-force interaction amplitude

is measured at the lock-in output signal and is kept constant by choosing the set-point

through the gain GC (Figure 4.5)2. In the present experiment, the set-point was

2For more details see Chapter 2.
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Figure 4.7: Photomechanical effects of the tip-sample interactions in a sol-gel Si-DR1
film: strong 4 V interaction, scan on, single beam. (a) exposure time = 200 s under
single p-polarized light beam (1mW/mm2, λ = 473 nm). Sample = sol-gel Si-DR1,
200 nm thick. (b) Same as in (a), but the single line scan direction is rotated 90◦.

4 V , which corresponds to a tip-to-sample distance of ≃ 1 nm. The different dots are

obtained with different exposure times τexp. The deformation amplitude (dot height)

increases stiffly for short exposure time and then tends to saturate. This is coherent

with what was observed in previous near-field apertureless experiments. Note that in

the absence of illumination, no surface deformation is observed, indicating that the

tip-sample interaction is not strong enough to induce a mechanical patterning.

When scanning the tip along a line during illumination, in the same experimental con-

ditions (Figure 4.7(a)), we observe the growth of a linear relief whose width is equal to

the dot size previously obtained (400 nm) and whose length is equal to the scan width

of 5 µm. The height of the structure is ≃ 5nm for τexp = 250 s, which is comparable

to the height of a dot obtained after a τexp = 25 s. Considering that the lateral size of

the dot is 400 nm, which is about 10 times smaller than the line length, it is coherent

that a dot and a line of same height are obtained with exposure times that differs by a

factor ten.

In figure (b) we show the deformation obtained in the same conditions, but scanning the

tip in the perpendicular direction. We see that the photoinduced deformation has al-

most the same amplitude observed in the first case (≃ 3 nm) and it has the same width.

A 2 nm peak is present at the crossing point of this structure with the one previously
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Figure 4.8: Photomechanical effects of the tip-sample interactions (4 V ) in a sol-gel
Si-DR1 film: superstructure on top of the surface gratings. Tip-surface interaction =
4V . Scanning frequency = 1 Hz, laser: p-polarized interfering beams, 1 mW/mm2 per
beam, λ = 473 nm. (a-c) scan duration and τexp = 360 s. Sample = sol-gel Si-DR1,
200 nm thick.

inscribed. This indicates that the deformation is independent from the relative direction

of the tip scan and of the illumination polarization.

4.2.1.2 Direct comparison between near-field and far-field deformation ef-

fects

In order to compare directly the near-field and the far-field photodeformation effects we

expose the sample to a p-polarized interference pattern and at the same time we scan

the tip in shear-force interaction with the surface, along a direction perpendicular to the

interference intensity gradient.

We perform this experiment using the same experimental conditions as in 4.2.1.1 (scan

width of 5 µm, shear-force interaction amplitude of 4 V ), except that the p-polarized

illumination is no longer uniform, but exhibits both an intensity and a polarization

spatial modulation. In Figure 4.8(a-c) we show the photodeformation effects obtained

with τexp = 360s. We observe the formation of a linear super-structure perpendicularly

to the 20 nm high SRG induced by the interference pattern. Its profile shows that the
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linear structure length is 5 µm (indicated by the two arrows), which corresponds to the

tip scan width. A 20 nm high matter accumulation is present within the SRG grooves,

while on top of the reliefs 6 peaks (A-F) are formed. Their exceeding height is between

5 and 10 nm, while their width is ≃ 400nm.

We can distinguish the far-field induced deformation from the near-field tip induced

photodeformation effect. As shown in Figure 4.9(a), the surface profile afar in the

absence of the tip during illumination takes the form:

afar(x) = A0
farφ(x) (4.1)

where A0
far is the amplitude of the SRG formed with the far-field interference illumi-

nation and φ(x) is the periodic function corresponding to the spatial modulation (i.e.

cos2(kxx) or sin
2(kxx) in our case).

In Figure 4.9(b), we plot the surface profile aline obtained with the tip scanning near

the surface during illumination, which takes the form:

aline(x) = A0
lineφ(x) + āline (4.2)

where, A0
line is the amplitude of the SRG formed under the tip and āline is the average

contribution of the tip near field to the deformation. The deformation measured under

the scanning tip corresponds to the superimposition of a far-field effect and the tip effect:

aline(x) = afar(x) + atip(x) (4.3)

From eq. 4.1, 4.2 and 4.3 we can extract the deformation effects due to the presence of

the tip as:

atip(x) = aline(x)− afar(x) = āline +
(

A0
line −A0

far

)

φ(x) (4.4)

The tip induced deformation is plotted in Figure 4.9(c).

Note, first, that, in these experimental conditions, the photodeformation induced in the

near field has the same order of magnitude as the far-field photoinduced deformation.

Second, it is remarkable that the deformation induced under the tip is opposite to the

far-field effect: atip maxima coincide with afar(x) minima. The tip-induced matter

accumulation occurs in both the darker and the brighter fringes of the interference

pattern. It is larger in the brighter fringes, which correspond to ~E‖ maxima, while we
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Figure 4.9: Photomechanical effects of the tip-sample interactions (4 V ) in a sol-gel Si-
DR1 film: far-field and near-field photodeformation. āline = 15.6 nm, A0

line = 14.2 nm,
A0

far = 20 nm.

would have expected an enhancement of the matter accumulation only in the darker

fringes, in correspondence of the ~E⊥ = ~Ez field component maxima.

We also calculate the spatial average near-field deformation over a spatial period Λs as:

ātip =
1

Λs

∫ Λs

0
atip(x) dx (4.5)

and we obtain ātip = 12.7 nm. This value is coherent with the 5 nm deformation

obtained with the same shear-force set point of 4 V but under illumination with a single

beam and for a dose about three times smaller (see section 4.2.1.1).

A striking behavior is observed when diminishing the tip-sample shear-force set-point

to 2 V . In this case (Figure 4.10), we still observe the formation of a linear super-

structure perpendicular to the photoinduced SRG. The topography cross section between

the points P and Q confirms that the profile length coincides with the tip scan width of
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Figure 4.10: Photomechanical effects of the tip-sample interactions in a sol-gel Si-
DR1 film: superstructure on top of the surface gratings. Interaction amplitude =
2V , scanning frequency = 1 Hz, τexp = 600 s, laser = p-polarized interfering beams,
1 mW/mm2 per beam, λ = 473 nm. Sample = sol-gel Si-DR1, 200 nm thick.

5 µm (indicated by the two arrows). The structure width of 400 nm is similar to those

previously obtained. This structure corresponds to a matter accumulation superimposed

onto the 20 nm high SRG. Matter accumulation is clearly more important in the SRG

grooves than on top of the SRG reliefs. In Figure 4.11 we have plotted the tip-

induced deformation atip(x) extracted from the measured profiles aline(x) and afar(x)

(see eq. 4.4). The deformation amplitude
(

A0
line −A0

far

)

reaches 6 nm while the average

deformation ātip due to the near-field interaction is 3.7 nm for 600 s of exposure. These

are much smaller values than those obtained with a tip-to-sample shear-force set-point

of 4 V for even shorter exposure time. This is very surprising, since when changing the

set-point from 4 V to 2 V one only changes the tip-to-sample distance by about 1 nm.

This is not likely to induce a significant change in the optical near field, which hardly

explains the different photo-deformation amplitude observed. On the other hand, the

strong effect of the distance on the near-field photodeformation efficiency could rather

be related to the mechanical interaction between the tip and the sample surface.
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4.2.1.3 Discussion

We have observed a tip-related near-field photodeformation effect, which can be compa-

rable to the photodeformation induced under far-field illumination. In Figure 4.12 we

summarize the near-field deformation amplitudes observed under p-polarized uniform

illumination (a) and the average near-field deformation ātip observed under projection

of a p-polarized interference pattern (b), for different doses and tip-sample interaction

amplitudes. As expected, increasing the dose increases the deformation height, which

tends to saturate for high doses (a, ✕). However, the near-field effect seems to criti-

cally depend on the tip-surface interaction. In particular, the photodeformation strongly

varies when changing the tip-to-sample distance by only a few nanometers, which is a

too steep behavior to be attributed to a near-field optical effect only.

The irradiation using an interference pattern has shown that the near-field photodefor-

mation is present in both the bright and the dark fringes, while we would have expected
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Figure 4.12: Photomechanical effects of the tip-sample interactions in a sol-gel Si-DR1
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1 mW/mm2 (single beam). Sample = sol-gel Si-DR1, 200 nm thick. (a) Near-field
deformation amplitude under p-polarized uniform illumination (single beam); (b) near-
field average deformation under p-polarized interference pattern (2 beams).

only an enhancement of the π − phase deformation, in correspondence of the perpen-

dicular field maxima. We could relate this effect to the tip size and geometry, which

could change significantly the local distribution of the different light field components.

However, we have observed a significant decrease of the photo-deformation when increas-

ing by 1 nm the tip-surface distance, which, on the other hand, doesn’t change much

the spatial field distribution due to the tip. This indicates that the photo-deformation

effect is probably mainly dependent on the mechanical properties of the material under

illumination and on the tip-sample mechanical interaction, rather than simply on an

optical near-field effect. However, this remains an open question, which requires further

investigations.
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4.2.2 Apertureless near-field photomechanical response of hybrid

metal/azo-polymer layered structures

We study the near-field photoinduced deformation of a hybrid metallic/photochromic

layerd structure consisting in a gold layer 20 nm thick evaporated on an azobenzene-

containing sol-gel film 200 nm thick, which had been spin-coated over a glass plate

(Figure 4.13(a)). The study of the far-field photomechanical response of this system

has been presented in 4.1.

Performing the single-line scan experiment as described in 4.2.1.2 (scan width = 5 µm,

tip-sample shear-force interaction = 4V ), produces the deformation reported in Fig-

ure 4.13(b). The structure A is obtained after scanning along the same line during

200 s at a frequency of 1.15 Hz in the dark. The structure B is obtained in the same

scanning conditions but under exposure to a single p-polarized light beam of power den-

sity 1mW/mm2. We see the remarkable mass depletion of the zone scanned by the tip,

which is almost three times deeper when exposing the sample to illumination (B, 15nm)

than with no irradiation (A, 5nm), the width of the groove also being larger in B (280

nm) then in A (130 nm). Moreover, we observe a weak matter accumulation around

the grooves, which is more evident in B (4nm) while it is difficult to evaluate in A.

In (c) we report the same experiment, but using different scanning durations. With 80 s

we obtain the deformations C (light on) and D (light off) while with 200 s we observe the

deformations shown in E (light on) and F (light off). The deformation effect is indeed

more efficient under illumination in C ([depth, width] = [6, 78] nm) and E ([15, 130] nm)

than with no irradiation in D ([3, 60] nm) and F ([5, 118] nm). Moreover, we observe

also in this case the weak matter accumulation on the edges of the deformation in E

(4 nm) and F (2 nm), while it is difficult to estimate for C and D.

These results are visualized in Figure 4.14, where the values of the deformation depth

and width obtained under illumination (�) and without illumination (�) are plotted.

Our observations indicate that also in the case of a hybrid system constituted by a metal-

lic layer on a photochromic thin film, the tip-sample interaction induces a mechanical

deformation. Unlike the uncoated sol-gel Si-DR1 film, we observe a depletion of the zone

underneath the tip. The deformation amplitude depends on the scan duration and is

enhanced under illumination. It seems that matter is mechanically dragged by the tip,

while under irradiation the photomechanical effect in the photochromic thin film leads

the tip to dig deeper into the gold film.
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4.2.2.1 Discussion

The deformation obtained when scanning the tip over the metallic surface increases with

the light exposure time. Moreover, a deformation is also observed when scanning the tip

in the dark. This deformation is smaller than under illumination, but it also increases

when increasing the scanning time.

The dynamic groove deformation obtained in the dark is related to the interaction be-

tween the tip and the sample surface and is enhanced when the underlying photochromic

layer is optically activated. This suggests that the illumination changes the photome-

chanical properties of the underlying photochromic film [6], which strongly influences

the mechanical effect of the tip on the overlying metallic layer.
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4.3 Conclusions

In this chapter we have evidenced local mechanical and photomechanical effects induced

by the tip-surface interaction in azo-containing polymer-like thin films and in hybrid

metal/azo-polymer layered structures.

In an azo-containing sol-gel sample, we observe the growth of reliefs in the vicinity of

the tip, whose height increases with the tip-sample interaction amplitude and with the

exposure time. The amplitude of the ”near-field” induced deformation can be com-

parable to the deformation induced under far-field illumination. These phenomena are

found to strongly depend on the tip-to-sample distance over the nm range. Such a sharp

dependence can not be fully explained by a near-field optical effect and the tip-sample

mechanical interaction is found to play a predominant role.

Unexpectedly, when irradiating with a p-polarized interference pattern, the growth of

near-field induced reliefs is observed in both the brighter and the darker fringes, which

may be related to local polarization effects due to the tip size and geometry, or, more

likely, to the tip-sample mechanical interaction.

On a hybrid gold/photochromic layered structure we observe the formation of grooves in

the vicinity of the tip, whose dimensions depend mostly on the tip-sample interaction. In

this case, the deformation is present also without illumination, which suggests a prepon-

derant mechanical phenomenon. Under illumination the amplitude of the deformation

increases, which could be related to the photoinduced softening of the photopolymer

underlying the gold layer that allows a deeper indentation of the tip into the sample

surface.

The existence of such peculiar local photomechanical effects related to the tip-sample

interaction reveals an important issue concerning every local probe experimental tech-

nique employed in the study of optical properties of materials, since these techniques

can strongly perturb the system.
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Chapter 5

Nanostructured hybrid systems

The photodeformation phenomena observed in azo-containing materials have stimulated

a wide variety of possible applications. One of the most studied field is the high den-

sity holographic data storage [1–4], by using the photoinduced deformation to record

information. Also, light driven actuation has recently drawn great attention, and the

demonstration of bending free standing films [5–7] and oscillating micro-cantilevers [8]

governed by the polarization of the light has shown the feasibility of this kind of applica-

tions. Finally, the nanostructuration obtained using the the photodeformable materials

as tools and moulds has been demonstrated to have a great potential in the field of

nanofabrication [9, 10].

In this chapter we explore some possible applications of the deformation processes

studied in the previous chapters. These applications concern nanostructured hybrid

metal/azo-polymer systems. First, we show preliminary results on the displacement of

gold nanoparticles deposited on the surface of a photochromic film. Then, we present

a large scale parallel nano-patterning experiment based on the combination of optical

patterning and of subsequent deposition steps. Finally, we show an attempt to use

a nano-structured material obtained with this technique for an experiment of optical

pattern transfer.

5.1 Gold nanoparticles

In the previous chapter we have studied the photoresponse of a hybrid metallic/pho-

tochromic layered system, consisting in a 40 nm thick gold layer overlying an azoben-

zene containing photochromic thin film. We have observed that, while inhibiting the

photoexpansion deformation, the presence of the gold layer does not prejudice the mass

migration mechanisms. An important question is whether the gold layer is also involved

136
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in the transport process. In this case, it would be possible to use the photoinduced mass

migration for the displacement of objects present on the surface of the photochromic

film. In order to investigate on this point, we have studied the photo-response of a sol-

gel Si-DR1 photochromic thin film whose surface was coated with gold nanoparticles.

5.1.1 Gold nanoparticles on a non functionalized photochromic surface

In Figure 5.1(a) we show the structures obtained by spin coating, on a sol-gel Si-

DR1 free surface, 10 µL of a colloidal solution of gold nanoparticles having a diameter

φ = 20 nm synthesized using the Turkevitch method [11]. On the surface, most of the

nanoparticles coalesce into 2D aggregates, having sizes ranging from 100 nm to 1 µm,

and a thickness equal to a single nanoparticle diameter.

The exposure of the sample to p-polarized interfering beams (1 mW/mm2 per beam,

λ = 473 nm) leads to the photo-induced deformation of the hybrid system, which is

shown in figures Figure 5.1(b-e). On the left we report the topographic images show-

ing the time-evolution of the sample topography. In the middle we show the topography

profile corresponding to the white dotted line, the small white arrow representing the

direction of the cut. In Figure 5.1(c) we also report the optical image (right) and the

light intensity profile (middle-top). The comparison with the corresponding topography

image (left) and profile (middle-bottom) clearly shows that the deformation of the pho-

tochromic film in π− phase with the bright fringes of the interference pattern, which is

in line with our previous findings.

The gold structures follow the surface deformation. As an example, we clearly see the

collapsing of some structures into the evolving grooves, indicated by two white arrows

on each image (and the corresponding black arrows on the profiles). On the other hand,

all the structures that are located in a dark fringe raise up with the relief growth.

However, we do not clearly observe structures located in a bright fringe moving towards

a darker one, so we cannot affirm that lateral displacement is observed. This may be

due to insufficient resolution, supposing that only small particle displacement could be

appreciable, while the relative small movement of big structures is not visible or inhib-

ited. On the other hand, it could indicate that the mass migration is more a bulk than

a surface process.

Similar results are obtained using a higher concentration of nanoparticles. In this case

Figure 5.2(a) we see a more dense aggregation, resulting in a series of gold domains.

Exposed to p-polarized interference (b-c), they behave as in the previous case, following

the deformation of the surface, in π − phase with the bright fringes of the interfer-

ence pattern. Plotting the profile of the deformation amplitude’s time evolution (d,
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Figure 5.1: Gold nanoparticles on sol-gel Si-DR1 (≃ 200 nm thick). Particle diameter
= 20 − 30 nm. (a) 5 × 5 µm shear-force topography image; (b-e) left side: 2.5 ×
2.5 µm topography images during exposure to p-polarized interfering beams; middle:
topography profile corresponding to the vertical cut reported in each figure. The optical
image is shown for the first 200 s of illumination, in (c), right side. In the middle, we
report the optical (top) and topographical (bottom, gray dotted curve) profiles. Note
the spatial half-a-period shift between the SRG and the interference pattern. Laser
wavelength = 473 nm, power density = 1 mW/mm2 per beam, incidence angle =
16.5◦, spatial period ≃ 830 nm.
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dark curve) we confirm that the gold domains do not change the mass migration SRG

growth, compared to the uncoated case (gray curve).

5.1.2 Particle dispersion and surface functionalization

In order to avoid particle coalescence into bigger structures, it is possible to force them

to bind to specific sites on the surface. This can be achieved functionalizing the surface

using an amminic layer, which creates NH − NH sites, where gold nanoparticles are

trapped.

In Figure 5.3 we show the results obtained using a 23-(2- aminoethylamino)- propy-

ltrimethoxysilane (AEAPTMS) layer on a sol-gel Si-DR1 thin film (200 nm) deposited

on a glass plate (a). The deposition of the AEAPTMS layer is done by evaporation in

controlled atmosphere, after strong heating (150◦, 8 hrs) of the sol-gel Si-DR1 fillm, since

we observed the dissolution of the photochromic film without strong thermal treatment.

As shown in (b), after a 3 min dip-coating into a gold nanoparticle solution, we obtain

a good dispersion of the nanoparticles on the surface.

In the aim to detect whether, under illumination, a lateral movement of the nanoparti-

cles is associated to the SRG growth, we use a Kretshmann configuration to fabricate

the interference pattern, with an inter-fringe of ≃ 230 nm, which allows to induce a

deformation approximately one order of magnitude wider than the nanoparticle size.

Unfortunately, as shown in (c-d), we observe a very weak deformation (≃ 2 nm) under

exposure to p-polarized light interference, with an intensity of 1mW/mm2 per beam.

Probably, this is due to the strong thermal treatment of the sample prior to the func-

tionalization, which has radically diminished the matrix mobility1.

Using a good compromise between the AEAPTMS concentration and the thermal treat-

ment, it should be possible to obtain well dispersed nanoparticles and to preserve matter

mobility, hence to determine with more precision whether a lateral movement of small

gold structures can be induced by the matter migration processes.

In conclusion, in a sol-gel Si-DR1 sample coated with gold nanoparticles, we do not

observe any lateral movement of the gold structures present on the surface associated

to the photoinduced mass migration. Indeed, they follow the same deformation of

the underlying photochromic film, so that only their vertical displacement is induced.

This result seems to confirm that the mass migration phenomena are rather bulk than

surface processes.

1The small difference of the nanoparticle distribution observed between (c) and (d) could be due to
a combined effect of tip-dragging and imaging artefacts.
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Figure 5.2: Gold nanoparticles on sol-gel Si-DR1 (≃ 200 nm thick). Particle diameter
= 20−30 nm. (a-c) left side: 5×5 µm shear-force topography images during exposure to
p-polarized interfering beams; middle: topography profile corresponding to the vertical
cut reported in each figure. The optical image is shown for the first 200 s of illumination,
in (b), right side. In the middle, we report the optical (top) and topographical (bottom,
gray dotted curve) profiles. Note the spatial half-a-period shift between the SRG and
the interference pattern. (d) SRG growth time evolution under p-polarized light in the
free-surface sample (grey curve) and in the sample coated with gold nanoparticles (dark
curve). Laser wavelength = 473 nm, power density = 1 mW/mm2 per beam, incidence
angle = 16.5◦, spatial period ≃ 830 nm.
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Figure 5.4: Large scale patterning process of gold coated PMMA-DR1. From left
to right: (1) optical nanostructuration of a PMMA-DR1 sample under p-polarized
interfering beams, laser (blue, λ = 473 nm) power density: 1 mW/mm2 per beam,
incidence angle = 16.5◦, spatial period ≃ 830 nm; (2) evaporation of a 40 nm thick
gold layer in grazing incidence in order to obtain a deposition only on the sides of the
nanostructured periodic pattern, which constitutes (2’) a gold shadow-mask.

5.2 Hybrid optically nano-structured organized surfaces

In section 4.1 we have shown that the optical patterning of hybrid metal/azo-polymer

layered structures can be achieved, exploiting the photodeformation capabilities of the

underlying photochromic material. Here we will present some preliminary results demon-

strating the possibility to elaborate more complex large scale nano-structured systems.

5.2.1 Complex structures

5.2.1.1 Grid fabrication

In Figure 5.4 we show a simple two-step process that allows to obtain a metallic stripe

array on an azo-polymer film, which is shown in Figure 5.5. In step (1) we induce

a periodic photodeformation on a PMMA-DR1 thin film by means of two polarized

interfering beams (1 mW/mm2 per beam), using the same experimental setup as in

the previous section. For a film thickness of 200 nm the typical relief height is 80 nm.

Then (step 2) we grow a gold shadow mask, having a thickness of approximately 40 nm,

by evaporation in grazing incidence. In this way (2’) we obtain a gold deposition only

on one side of the periodic reliefs previously inscribed. SEM images of the obtained

gold stripe array are reported in Figure 5.5(a), while in Figure 5.5(b) we show the

topography measurement performed by shear-force microscopy. We observe that the
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Figure 5.5: Gold coated PMMA-DR1: nanopatterning. (a) SEM images correspond-
ing to step (2’) in Figure 5.4. (b) Shear force topography image of the structures in
(a), (256 × 256 pixel, 5 × 5 µm), recorded scanning long a direction making a 45◦angle
with the x -axis. The plot shows the profile corresponding to the white dashed line
shown in the topography image. The grey dashed lines in the plot indicates the edge of
the lateral gold layer deposited on one side of the underlying relief. A 3D representation
is also reported.

lateral gold stripes are indeed deposited on one side of each previously inscribed relief,

clearly visible on the shear-force topography profile (b-bottom). We indicate the edge

of the gold deposition with a grey dashed line.

Note that, after the gold deposition under vacuum, the photochromic film is still pho-

toactive and a new optical pattern can be superimposed onto the gold stripe array.

For instance, by projecting a two-beam interference pattern onto the sample, rotated
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optical  

over-patterning 

Figure 5.6: Large scale patterning process of gold coated PMMA-DR1. Optical over-
patterning exposing the sample to an interference pattern orthogonal with respect to
Figure 5.5(1).

by 90◦ with respect to the previous patterning experiment (Figure 5.6) we obtain an

over-modulation along the gold stripes, shown in Figure 5.7.

This more complex structure is constituted by a very regular grid having a step size

corresponding to the interference pattern’s spatial period, where each convex element

has an asymmetric form due to the presence of the golden layer on one side. Such a

peculiar pattern is likely to exhibit special optical properties [10].
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Figure 5.7: Hybrid metal/azo-polymer complex pattern obtained after sequential
processing. (a) Shear force images (256 × 256 pixels) corresponding to various scan
ranges (10 × 10, 7 × 7, 5 × 5 and 3 × 3 µm). (b) Topography profile corresponding
to the dark dashed line in (a) bottom-left: the grey dashed line on the plot indicates
the edge of the lateral gold layer deposited on one side of the underlying relief; 3D
representations of the topography (3× 3 and 7× 7 µm).
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Figure 5.8: Gold coated PMMA-DR1: lithography mask. (a) Experimental setup (b)
Detail of the sample holder and of the first order diffraction spots used to align the
mask and the laser beam. Laser beam power intensity = 5 mW/mm2, λ = 477 nm,
exposure time = 30 min.

5.2.2 Optical pattern tansfer

The optical nanostructuration processes presented in the previous sections are poten-

tially well adapted for the patterning of masks and moulds for nanolithography and

nanoimprinting. The fabrication processes adopted to realize these elements are gener-

ally extremely slow, since the desired pattern must be written, using a focused beam,

feature by feature, in order to guarantee accuracy, which leads to low yields and to big

costs [12, 13]. Moreover, surface treatment is needed for the masks to be used in a

contact pattern transfer application (such as soft lithography, nanoimprinting, etc.), in

order to eliminate contact defects and to preserve the mask lifetime.

The possibility to use photostructured azo-containing thin films as masks for nanolithog-

raphy processes has been shown in [14] using non contact lithography. In this case, the

patterned mask is projected 1:1 on a photochromic film.
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In our case, we used the hybrid systems described in section 5.2.1.1 (see Figure 5.5

and Figure 5.7) as lithographic masks in a contact lithography process as depicted in

Figure 5.8. In (a) we show the experimental setup, constisting in a Krypton laser beam

(λ = 477 nm, power density = 5 mW/mm2) polarized through a Babinet device. As

specified in (b) the beam is normally incident on the mask which is put in contact via

the sample holder with the photochromic thin film sample. In order to align the laser

beam with the mask, we optimize the first diffraction order of the mask, as depicted in

(b)2.

In Figure 5.8 we report the mask (a) and the photoinduced patterning (b) obtained

after 1h of irradiation at 5 mW/mm2. We recognize the same spatial period (≃ 830 nm)

and almost the same deformation amplitude (60 nm), which confirms that the pattern

has been successfully transferred from the mask to the sample. However, as we notice

in (c), where we report a wider scan (15 × 15 µm2) of the patterned sample, we observe

some inhomogeneities in the relief profile along the fringes, which can reach a height of

20 nm. This is probably due to light scattering during the lithographic process.

If we look at the SEM images of the mask before and after the lithographic process

(Figure 5.10(a-b)), we note that it has not undergone important modifications, since

the same defects appear in the two cases. Probably, in order to evaluate more precisely

the impact of the contact with the sample on the mask, we should repeat the experiment

with a more homogeneous mask, which could be obtained using more precise gold depo-

sition methods. It would be very interesting to deeply investigate this nano-fabrication

process, since it provides an optical pattern transfer method that is not affected by

problems relative to the stability of the optical path, which, instead, are fundamental

issues in every direct interferential patterning process.

5.3 Conclusions

The use of the photodeformation properties of azo-containing photochromic films for the

optical nano-structuration of other materials seems to be a promising technique. We

have demonstrated the feasibility of this process in hybrid metallic/photochromic lay-

ered systems. It is possible to obtain the patterning of complex gold structures by using

a combination of deposition and photodeformation steps. This allows the direct nano-

patterning of gold structures by means of the photochromic underlying layer, which can

be used as a tool for the nano-fabrication.

2During the alignment we use a non absorbing wavelength, typically red.
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Figure 5.9: Gold coated PMMA-DR1: lithography mask. (a) Photomask (b) Pat-
terned sample (5 × 5 µm scan); (c) patterned sample (15 × 15 µm scan), the dashed
line corresponds to the right-bottom profile.
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(a) 

(b) 

Figure 5.10: Gold coated PMMA-DR1: lithography mask. (a) SEM images before
lithography; (b) SEM images after lithography.
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Conclusions

In this work we have studied the photodeformation effects induced at nanoscale in pho-

tochromic thin films constituted of the Disperse Red 1 (DR1) molecule grafted to a

sol-gel or to a PMMA matrix. We have mainly investigated the mechanisms at the

origin of the SRG growth observed under exposure to an interference pattern. Using a

coupled technique of shear-force topography measurement and SNOM light detection,

we have been able to achieve a very direct, in-situ and real-time nanoscale correlation

of the light field pattern with the photoinduced deformation.

Our results demonstrate that the photomechanical response of polymer-like materials

containing azobenzene derivatives is a very complex problem involving several different

microscopic mechanisms. The microscopic origin of these mechanisms and their exact

relationship with the azobenzene photoisomerization are not fully determined, but we

have been able to identify each of these processes by their specific response to light

polarization and intensity patterns.

It turns out that the different theoretical models that have been proposed to describe

the photoinduced deformation phenomena in azo-containing materials constitute rele-

vant partial descriptions of the experimental observations. The apparent contradictions

between these models only reflect the existence of mechanisms of different nature, whose

relative efficiencies depend on the illumination conditions and on the material structure.

The coexisting microscopic processes can be independently addressed and controlled

by using appropriate experimental conditions and give rise to a great diversity of phe-

nomenological behaviors.

Moreover, these phenomena can be extended to more complex systems and we have

for instance demonstrated the possibility to exploit the photodeformation phenomena

for the patterning of hybrid metallic/azo-polymer structures. In the near field we have

put in evidence the contribution of the mechanical interaction between the local probe

and the sample’s surface, which plays a crucial role towards the efficiency and the di-

rectionality of the photoinduced deformation. Also, we have shown that, in layered

metal/azo-polymer structures, the deformation induced on the photochromic film is me-

chanically transferred on the overlying metallic layer, either under far-field irradiation or

152
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Figure 5.11: Reversible, oscillating actuation: a potential application.

using near-field probe-sample photomechanical interactions, which sets the basis for new

nanofabrication techniques. It also demonstrates that the photo-induced deformation of

the photoactive layer is capable of performing a mechanical work on an overlying layer.

The improved knowledge on the origin of the matter migration phenomena, the demon-

stration of the reversible, directional matter transport obtained by switching the polar-

ization of the light and the demonstrated capability of the photo-induced deformation

to perform mechanical work on other bodies open the way to an innovative potential

application of the photodeformation phenomena. For instance, it is possible to produce

a reversible oscillating surface deformation addressing simultaneously nanometric fea-

tures over the entire illuminated surface. Each oscillating structure produces a vertical

displacement and a vertical force, which can be transmitted to overlying objects, as it

is demonstrated with the vertical motion of gold nanoparticles in section 5.1.

In Figure 5.11 we illustrate the principle on a single working unit. On the surface, a

couple of nano-rods is linked to a nano-wheel, which is actuated by the surface defor-

mation through a transmission provided by the nano-rods. Latest results in the field of

the micro-nano machining demonstrate the possibility to fabricate components in the

sub-micron range, as reported, for example, in ref. [1] where supra-mulecular architec-

tures of platinum(II) complexes having the shape of rods and wheels of the order of

200÷ 800 nm have been obtained.

At t = 0 the surface is flat. Illuminating with an interference pattern induces the growth

of SRG, which can be reversed switching the polarization of the light, providing light-

driven, reversible actuation of the wheel. We can think of a parallel architecture, where

reversible movement is optically induced on a large surface of working units. Indeed, this

application constitutes an interesting new technique of light driven parallel actuation at

micro-nanoscale.
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Appendix A

Electromagnetic field calculations

A.1 Calculation of the electric field polarization spatial

distribution

We provide the expression of the electric field for the geometry used in this work

(Figure A.1). We write the equations that hold inside the glass substrate, which

has a refractive index ng ≃ 1.51.

(b) 

!1 

S 

P 

film 

x 
y 

z 

 

!
kg1

 

!
k
g2

!

!2 

optical fiber tip 

film 

substrate 

z 

x y 

(a) 

!   

! 
k 
1   

! 
k 
2

!g 

!g 

!g 

ng 

ng 

!g  

!
kg2

 

!
kg1

 

!
E
g1

 

!
E
g2

Figure A.1: Geometry at the sample surface. In the experiment presented in the
main text θ = 16.5◦, λ = 473 nm and Λ ≃ 830 nm.

Being θg the angle of incidence at the sample surface, we give the expressions of kg1, kg2,

the wave vectors for the left and right blue beams inside the substrate, respectively:
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~kg1 = k
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where k = 2π/λ (λ = 473 nm).

Changing the polarization angle ϕ1, ϕ2 for the two beams leads to vary the respective

components’ amplitude along the different axes1.

~Eg1(t, ~r) = ~E0
g1cos

(

ωt+ ~kg1 · ~r
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= E0
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~Eg2(t, ~r) = ~E0
g2cos

(

ωt+ ~k2 · ~r
)

= E0
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
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−sinϕ2 sinθg
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(A.4)

where E0
g1, E

0
g2 are the respective field amplitudes inside the substrate. We can now

write the expression for the total interfering light field.

~Eg,tot(t, ~r) = ~Eg1(t, ~r) + ~Eg2(t, ~r) (A.5)

On the plane of incidence we have:

~Eg,tot(t, ~r) = ~E0
g1cos(ωt+ kng(xsinθg + zcosθg)) (A.6)

+ ~E0
g2cos(ωt+ kng(−xsinθg + zcosθg))

Defining: α = ωt + kngzcosθg and β = −kngxsinθg we can write the three x, y, z field

components.

1In the case of SS and PP interferences ϕ1 = ϕ2 = 0◦ and ϕ1 = ϕ2 = 90◦, respectively.
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For i = x, y, z, being î the i-axis versor we obtain:

~Eg,tot(t, ~r) =
∑

i=x,y,z

î
[

cosαcosβ(E0,i
g1 + E0,i

g2 ) + sinαsinβ(E0,i
g1 − E0,i

g2 )
]

(A.7)

For two beams of same intensities we have E0
g1 = E0

g2 = E0
g which gives:

~Eg,tot = ~Exg,tot + ~Eyg,tot +
~Ezg,tot (A.8)

~Exg,tot = − (sinϕ1 + sinϕ2)
[

E0
gcos (ωt+ kzz) cosθg

]

cos(kxx)x̂ (A.9)

+ (sinϕ1 − sinϕ2)
[

E0
gsin (ωt+ kzz) cosθg

]

sin(kxx)x̂

~Eyg,tot = − (cosϕ1 + cosϕ2)
[

E0
gcos (ωt+ kzz)

]

cos(kxx)ŷ (A.10)

+ (cosϕ1 − cosϕ2)
[

E0
gsin (ωt+ kzz)

]

sin(kxx)ŷ

~Ezg,tot = (sinϕ1 − sinϕ2)
[

E0
gcos (ωt+ kzz) sinθg

]

cos(kxx)ẑ (A.11)

− (sinϕ1 + sinϕ2)
[

E0
gsin (ωt+ kzz) sinθg

]

sin(kxx)ẑ

In particular, in the case where ϕ1 = −ϕ2 = ϕ, which corresponds to the experiments

of section 3.3, these expressions become2:

~Exg,tot = 2E0
gcosθgsinϕsin(kxx) [sin (ωt+ kzz)] x̂ (A.12)

~Eyg,tot = −2E0
gcosϕcos(kxx) [cos (ωt+ kzz)] ŷ (A.13)

~Ezg,tot = 2E0
gsinθgsinϕcos(kxx) [cos (ωt+ kzz)] ẑ (A.14)

The total field intensity is defined as:

Itot = 2 < ~Eg,tot ~E
∗
g,tot >=

2

T

∫ t0+T

t0

~Eg,tot ~E
∗
g,tot dt = Itotx + Itoty + Itotz (A.15)

2ϕ 6= 90◦, see A.1.2
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hence for each component we have3:

Itotx = 4(E0
g )

2cos2θgsin
2ϕsin2kxx · 2

T

∫ t0+T

t0

sin2(ωt+ kzz) dt (A.16)

= 4I0,xsin
2kxx

Itoty = 4(E0
g )

2cos2ϕcos2kxx · 2
T

∫ t0+T

t0

cos2(ωt+ kzz) dt (A.17)

= 4I0,ycos
2kxx

Itotz = 4(E0
g )

2sin2θgsin
2ϕcos2kxx · 2

T

∫ t0+T

t0

cos2(ωt+ kzz) dt (A.18)

= 4I0,zcos
2kxx

where:

I0,x = (E0
g )

2cos2θgsin
2ϕ (A.19)

I0,y = (E0
g )

2cos2ϕ (A.20)

I0,z = (E0
g )

2sin2θgsin
2ϕ (A.21)

The interference pattern spatial period Λ along the x-axis is defined by:

Λ =
λ

2sinθ
≃ 830 nm (A.22)

So, we obtain that for ϕ1 = −ϕ2 = ϕ and for every fixed z, the x-component intensity

is Λ/2 spatially shifted with respect to the other two components.

We write the total field intensity Itot in three particular polarization configurations:

A.1.1 s-polarized interfering beams (ϕ1 = ϕ2 = 0
◦)

In this case only ~Eyg,tot 6= 0 so:

Itot = 4I0,ycos
2kxx = 4(E0

g )
2cos2kxx = 4(E0

g )
2

[

1 + cos(2kxx)

2

]

(A.23)

3With an appropriate choice of t0.
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A.1.2 p-polarized interfering beams (ϕ1 = ϕ2 = 90
◦)

In this case:

~Exg,tot = − (sinϕ1 + sinϕ2)
[

E0
gcos (ωt+ kzz) cosθg

]

cos(kxx)x̂ (A.24)

= −2
[

E0
gcos (ωt+ kzz) cosθg

]

cos(kxx)x̂

~Eyg,tot = 0 (A.25)

~Ezg,tot = − (sinϕ1 + sinϕ2) [A0sin (ωt+ kzz) sinθg] sin(kxx)ẑ (A.26)

= −2
[

E0
gsin (ωt+ kzz) sinθg

]

sin(kxx)ẑ

So:

Itot = Itotx + Itotz = 4((E0
g )

2cos2θg)cos
2kxx+ 4((E0

g )
2sin2θg)sin

2kxx

= 4(E0
g )
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2kxx+ sin2θgsin

2kxx
]

= 4(E0
g )

2

[

1 + cos(2θg)cos(2kxx)

2

]

(A.27)

A.1.3 ±45
◦ polarized interfering beams (ϕ1 = −ϕ2 = 45

◦)

Itot = 4I0,xsin
2kxx+ [4I0,y + 4I0,z] cos

2kxx

= 4(E0
g )

2

[

1

2
cos2θsin2kxx+

1

2

(

1 + sin2θg
)

cos2kxx

]

= 4(E0
g )

2

[

1 + sin2θgcos2kxx

2

]

(A.28)

where for θg = 10.8◦, sin2θg ≃ 0.03 and cos2θg ≃ 0.97.

Changing the value of ϕ allows to shift from a configuration of complete intensity spatial

modulation (ϕ = 0◦, s-polarized light) to a configuration of complete4 polarization

spatial modulation (ϕ = 45◦), which allows to distinguish the effects due to the intensity

from the effects caused by the polarization.

4Approximately complete, the exact value of ϕ would be such that I0,x = I0,y + I0,z, that is cos2θg =
(tgϕ)−2, in our case, for θg ≃ 10.8◦ we obtain ϕ ≃ 47.5◦.
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Photoisomerization dynamics

B.1 Photostationary equilibrium

Let us consider the populations of the TRANS and CIS azobenzene isomers (NTRANS

and NCIS). The variation of each population depends on the TRANS → CIS and

CIS → TRANS isomerization rate, that is:

dNTRANS

dt
= −NTRANS

τT → C

+
NCIS

τC → T

(B.1)

dNCIS

dt
= − NCIS

τC → T

+
NTRANS

τT → C

(B.2)

where τi → j is the characteristic time of the i→ j photoisomerization event.

The TRANS → CIS isomerization is induced essentially by light irradiation, while the

inverse transition can be obtained either by illumination or thermal relaxation of the

metastable CIS isomer to the most stable TRANS isomer. This is expressed by:

1

τT → C

=
P

hν

ρT (cosθ)
2

C
αT =

P

hν
γT (B.3)

1

τC → T

=
P

hν

ρC(cosθ)
2

C
αC +

1

τ
th

C → T

=
P

hν
γC +

1

τ
th

C → T

(B.4)

where:

160



Appendix B 161

• P is the light power density

• C is the molecule concentration in the considered volume

• hν is the photon energy

• ρT , ρC are the quantum yields for the isomerization of TRANS and CIS forms

• αT , αC are the absorption coefficients of the material when all the molecules are

respectively in the TRANS and CIS forms

• τ th

C → T
is the CIS→ TRANS time constant due to the CIS form thermal relaxation.

Considering:

• x1(t) = NTRANS(t), x2(t) = NCIS(t), x(t) =

(

x1(t)

x2(t)

)

• ψ = 1/τT → C , ξ = 1/τC → T

we can rewrite the model in the following form:

dx(t)

dt
=

(

ẋ1

ẋ2

)

=

(

−ψ ξ

ψ −ξ

)(

x1(t)

x2(t)

)

(B.5)

whose solution can be written as:

x(t) =
eλ1t

1 + ξ/ψ

(

ξ/ψ

1

)

(

x01 + x02
)

+ (B.6)

+
eλ2t

1 + ξ/ψ

(

1

−1

)

(

x01 −
ξ

ψ
x02

)

where

(

x01

x02

)

is the initial condition, λ1 = 0 and λ2 = −(ψ + ξ), which gives:

x(t) =
1

1 + ξ/ψ

[(

ξ/ψ

1

)

(

x01 + x02
)

+ e−(ψ+ξ)t

(

1

−1

)

(

x01 −
ξ

ψ
x02

)

]

(B.7)
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Since λ2 = −(ψ+ ξ) = −
(

1

τT → C

+
1

τC → T

)

< 0 the second addend of Equation B.7

vanishes for t ≫ 1. Moreover, we can reasonably suppose that no molecules are in the

CIS state at t = 0, so x02 = 0. This leads to:

x(t) =
1

1 + ξ/ψ

[(

ξ/ψ

1

)

x01

]

(B.8)

It is now straightforward to obtain the ratio x1/x2 for t≫ 1, which provides an expres-

sion of the photostationary equilibrium that can be observed:

x1
x2

∣

∣

∣

t→∞
=
ξ

ψ
⇒ NTRANS

NCIS

∣

∣

∣

t→∞
=
τT → C

τC → T

(B.9)

Considering eq. B.3 and B.4 we can express the photostationary equilibrium as:

NTRANS

NCIS

∣

∣

∣

t→∞
=

γC

γT

[

1 +
hν

P
· 1

γCτ
th

C → T

]

=

=
γC

γT

[

1 +
P th

P

]

(B.10)

where P th =
hν

γCτ
th

C → T

indicates the power such that the TRANS → CIS isomerization

has the same probability to be induced either optically or thermally.

In particular, for sufficiently low power densities, that is P ≪ P th, the photostationary

equilibrium is essentially dependent on P :

NTRANS

NCIS

∣

∣

∣

t→∞
≃ γC

γT

[

P th

P

]

(B.11)

On the other hand, for P ≫ P th the photostationary equilibrium can be considered as

independent from P :

NTRANS

NCIS

∣

∣

∣

t→∞
≃ γC

γT

(B.12)
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Photo-induced mechanical work

C.1 Deformation energy estimation

In section 4.1 we have demonstrated that in hybrid metallic/photochromic layered struc-

tures the photodeformation induced on the photochromic film is transferred to the over-

lying 20 nm thick golden layer. The deformation amplitude of both layers is of the

same order of magnitude, about 60 nm. This means that a mechanical work is exerted

by the film surface on the overlying metal layer. We can try to estimate this energy.

Supposing that we can treat the gold layer as a continuos material we can slice it in

stripes having the length of the film, as described in Figure C.1(a). Each slice has a

width δ equal to the semi-period
Λ

2
≃ 400 nm of the inscribed pattern. For each slice we

consider a unit beam, described in (b), having a unitary length u = 1 nm and thickness

e = 20 nm. We can calculate the load q (expressed in nN) that must be applied to

the unit beam to obtain a sinusoidal deformation ν (expressed in nm) having a total

amplitude 2A = 60 nm, observed experimentally in the case of ±45◦ polarized light

(Figure 4.4). This will lead to the deformation energy Wu per unit beam.

The classical Euler-Bernulli beam equation is:

∂2

∂x2

(

EI
∂2ν

∂x2

)

= q (C.1)

where I = u · e3/12 is the second moment of area of the unit beam and the deformation

ν can be described by:

ν = Asin

(

2π

δ
x

)

(C.2)

A being the half of the total deformation amplitude.
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Figure C.1: Deformation force calculation.

So the work done to bend a single unit is:

Wu =

∫ δ

0
q dx (C.3)

In our case, Wu = 1.5 nJ , which is the equivalent of a 0.15 nN · m torque for an

hypothetical 5◦ rotation of a nano wheel of a few µg, for a radius of rotation r = 400 nm.

Note that this energy is larger than the optical energy necessary to actually produce

the deformation in the gold layer that we have studied. This is probably due to the fact

that the calculation is made for a single gold crystal, while the thin gold layer that we

have deposited is poly-crystalline and its mechanical properties are defined by the grain

boundaries, rather than the crystalline lattice. The Wu value can be a rough evaluation

of the energy that can be transferred during a photodeformation process. However, as

we have seen in section 4.1.2 in the case of a PMMA matrix, the time evolution of

the photo-induced deformation, for the uncoated and the gold-coated films are almost

identical, which means that the photochromic film makes almost no effort to deform

the overlying golden layer. It would be interesting to have a more precise estimation of

the energy that can be transfered and of the force that could be exerted by the surface

photodeformation on a mechanical nanodevice.
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Photo-induced deformation in

PMMA-DR1

D.1 Polarization effects in PMMA-DR1 at different power

densities

In Chapter 3 we have shown that in PMMA-DR1 matter migration is observed under

both s- and p-polarized interferences. Here we report the results of our observations at

different illumination power densities, in both polarization configurations.

0 1 2 3

-3

0

xbright

A = h(xbright ) ! h(xdark )TOPO 

OPTICS 

x
dark

Figure D.1: Deformation amplitude convention.

We use the convention adopted in section 3.4, where we consider the intensity pattern

spatial distribution as the absolute spatial reference. The deformation amplitude A is

given by:

A = h(xbright)− h(xdark) (D.1)

where xbright and xdark are defined in Figure D.1. So, A > 0 indicates matter ac-

cumulation in the brighter fringes, while A < 0 indicates matter accumulation in the
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n. light power density av. migr. av. migr. max matrix max matter
(mW/mm2) rate t < 10 rate photoexp. migr.
and pol. (nm/s) (nm/s) (nm) (nm)

A 0.07 - (S) 0.07 0.012 0.9 10

B 0.4 - (S) 0.3 0.025 1.4 15

C 2.3 - (S) 0.71 0.16 1.9 17

A’ 0.07 - (P) 0.05 0.02 1.3 24

B’ 0.4 - (P) 0.4 0.05 1.2 38

C’ 2.3 - (P) 0.9 0.2 1.8 53

Table D.1: PMMA-DR1: photodeformation dependence on the light intensity and
on the polarization. The average migration rate has been estimated on each curve 1)
during the first 10 s and 2) considering the maximum deformation obtained and the
first instant corresponding to this value.

darker fringes. For every scan-line, we consider the average value of A obtained over five

interference periods.

In Figure D.2 we show the photodeformation obtained under s- and p-polarized in-

terfering beams at different light power densities (0.07, 0.41 and 2.3 mW/mm2). The

corresponding experimental values are reported in table D.1.

In both polarization configurations, two deformation regimes are observed. First, ma-

trix photoexpansion produces the fast growth of weak amplitude SRG (< 2 nm) in the

brighter fringes, i.e. in phase with the interference pattern. Subsequently, matter mi-

gration induces a slow matter displacement towards the darker fringes, producing SRG

growth of higher amplitude and half-a-period spatially shifted with respect to the in-

terference pattern (so-called π-phase). Under s-polarized interference (Figure D.2(a))

the maximum absolute value of the deformation does not exceed 17 nm, while under

p-polarized interference (Figure D.2 (b)) we observe higher deformation amplitudes,

with a maximum of 53 nm for the highest power density. On the other hand, the SRG

growth rate2 for both polarization configurations is quite similar, for each power density.

10.07 and 0.4 mW/mm2 have been obtained through NG4 filters 3 mm and 2 mm thick respectively.
2Considering the average growth rate during the first 10 s.
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Figure D.2: PMMA-DR1 photoinduced deformation. (a) From top to bottom: time
evolution of the photoinduced deformation under s-polarized light for different power
densities (A: 0.07 mW/mm2), (B: 0.4 mW/mm2), (C: 2.3 mW/mm2) and the corre-
sponding topography images; (b) same, under p-polarized light. Topography images
(256 × 256 points) are obtained scanning over the same line, on the x axis, at 1.15
Hz, scan-range = 5 µm. Laser wavelength: 473 nm; the sample is a PMMA-DR1 film
having a thickness of ≃ 180 nm.
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