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Abstract

Azobenzene&ontaining materials are one of the most investigated plesfmonsive
materialclassesover the last decades. The main reason of such imbgestis their
ability to develop superficial reliefsin response to the irradiation with spatially
structured optical fieldsn the UV/visible optical rangeThis phenomenon has been
understod as generatethy a lightdriven macroscopic mass transport of the host
material (typically an amorphous polymer) drivemontrivial way by the microscopic
photaisomerization dynamics of th@zobenzene moleculesnbedded intat. Even if

the exact physal link between the lighinduced molecular dynamics and the
macroscopic mass displacement is still debated, some of the fingerprints of the
phenomenon are fully establishedlhe mass migratignindeed, happens only in
illuminated areas of the materiahait is highly directional, with a very peculiar
sensitivity to the intensity and polarization distribusasf the irradiating lightfield.
Since its discovery in 1995, the possibikti@ffered by this effect fosuperficial
pattering have been largedxploited and ecent advances in this field arew oriented
toward the realization of complex superficial texsutn the present thesiare proposed
two main ideasto accomplishthis complex light-driven structurationonto the
azopolymersurfacesThefirst idea is based on the usécomplexstructured intensity
patternsto irradiate a plane azopolymétm. Such approachan have a twidold
relevancen the azobenzene related research fields. If, on one hand, the use of complex
illumination patterns &s alreadypeen demonstrated to be a fundamental tool in order to
highlight new aspects of themass migrationphenomenon, on the other hand the
possibility to achieve precisecontrol onthe complex illumination patterns allows the
actual employment of & azomaterials as versatile platform ihofolithographic
applications.In particular, he holographicillumination techniquedescribedin this
thesis opers unprecedented possibilitiea both the mentioned researehneas The
second idea is instead basmdthe lightdriven reconfiguration of azopolymer surfaces
presenting a prpatterned micro texture. In this situation the illumination pattern can be
maintainedas simple as conceivable, being constituted erdnby a single polarized
light beam. Howesgr, a great variety of thresimensional micrearchitectures can be
obtained using this approach. In particulazppolymersurfaces having a directional
and reversible geometrical asymmetry aaehieved by tuning few illumination
parametersTheseasymmaetic microstructuresfurthermore,have the ability to tailor



several physical macroscopic features of the surfaces, as for example the wettability
properties of the azomaterial fisnin this thesis is reported a detailed study of such
light-controlled wetiability tuning, highlighting once more the possibilities offered by
this unique photeesponsive materiaframework for applications in many fields of
science.
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List of Figures

Figure 1.1| The two isomerization states of the azobenzene molecules.
Conformational structures of the thermodynamically stable {isomer (a) and
of the metasable cissomer (b). The absorption of photons in the UV/visible
range can initiate both the oimerization reactions, giving rise to pheto
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Figure 1.2| Azobenzene photoinduced alignment. (a) Stochastic-aligiment
process of the azomolecules irradiated by litygaolarized light. (b) Enrichment
of azomolecules population aligned in the direction perpendicular to the light
polarization as the irradiation process proceeds............cccovvvvvvieemeeeeeeeeeeeeeeennnns o]

Figure 1.3| Surface religfratings induced onto the azopolymer film surface under
two-beam interference irradiation. (a) Schematic representation of the typical
experimental situation for SRG inscription. The illumination pattern is the
spatially modulated interference pattern g@&ted by two polarized (in this case)
laser beams. (b) AFM image (top) and topography profile measured along the
red line (bottom) of the superficial modulation resulting from the polymer
irradiation with pp polarized beams. (c) Same as in (b) but witdiation of ss
polarized interference pattern. The beam intensity during the exposure is

Figure 1.4| Dependence of the directional azomaterial displacement on the
polarizaton direction of the irradiating light. (a) Schematic representation of the
focused beam configuration used to inscribe the surface relief in the AFM image
(b). The linear polarization direction is specified by the red arrows. (c)
Topographic profile of ta relief measured along the dashed red line. (d)
Representation of the liginduced reconfiguration process able to turn the
cylindrical microvolume (e) of azopolymer in an asymmetric polarization
dependent StrUCTUIE (F).......evveiiiiiiiii e 12
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Figure 1.5| The optical gradient force model for the ligduced mass migration.
(a) Hypothesis of the average material polarization induced in the illuminated
azomaterial. (b) Schematic representation of the geometcmafiguration
describing the system. (c) Simulated superficial topography obtained from the
azopolymer illumination with a linearly polarized gaussian beam. (d) Simulated
sinusoidal intensity profile of two interfering beams (top) and simulated surface
relief grating predicted by the model. The red dashed line indicates the phase
relation between the maxim in the intensity pattern and the crests in the
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Figure 1.6| Inadequacy the optical force gradient model in describing the surface
reliefs obtained from the illumination of the azopolymer with a vortex beam. (a)
Schematic representation of the helical wavefront and the doughaped
intensity profile of a vortex beam. (WRepresentation of the illumination
condition for the surface relief inscription. Actual AFM topography of the
surface relief obtained from the irradiation with a beam having q=10 (c), and g=
10 (d), in the same polarization conditions of the simulated ésnathe inset in
the panels (c) and (d) shows the intensity pattern of the irradiating beam on the
azopolymer sample. Images reproduced from refer@jcéelhe scale bars in
panels (€f) corresponds to iim. (e) Simplified simulated intensity profile. (f)
Surface topography predicted by the optical force gradient model with linearly
polarized beam in the direction of the red arroW...............ccoovviiccciiiiieeeeeennnnnn. 20

Figure 2.1| Photoinduced anisotropic diffusion model. (a)ifiefn of the
geometrical parameters. (b) Schematic representation of the anisotropic diffusion
of the azomolecule as a result of the absorption of a light photon. The molecule
translates along of the direction of the molecular dipole moient.................. 24

Figure 2.2| Spiral surface reliefs simulated by the phenomenological model. (a)
Simulated terms appearing in equat{@m®1) for a LaguerreGauss beam having
a topological chargej u. (b) Total surface reliefs resulting from the
coefficient choiced p, ®"Y Y ax_ 8(c) and (d) same simulation made for
n L. Only the terms including #hinterference between the longitudinal and
transverse optical field component are changed by the opposite sign of the
topological charge. The simulations are reproduced from refef8hce............. 31
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Figure 2.3] Comparison between the AFM experimental images and theoretical
predicted spiral surface reliefs induced by the irradiation of a higllysed
LaguerreGauss beam at increasing values of the topological cltarg# the
experimental reliefs arinscribed in our azopolymer by maintaining fixed the
beam power (AW) and exposure time (40 s).The scale bar in the AFM images
correspond to 500 nm. The simulated surface reliefs are reproduced from the
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Figure 2.4| The dielectric metasurface used for-gpiorbit angular momentum
conversion (SOC). (a) Schematic representation of SOC principle. (b) SEM
image of the dielectric metasurface fabricated by electron beangrkipioy and
atomic layer deposition of T (c) and (d) schematic representation of the
naneresonators, whose geometrical parameters and orientation angle are tuned
to achieve an overall -phase delay between the electric field transverse
components andgeometrical phage P NG | TLovoivniiinniceiseecees 36

Figure 2.5| Spiral mass transport generated by a beam emerging from the meta
SOC. (a) Schematic representation of the setup. The twoewhsaHplates
contaned in the dashed rectangles are inserted along the optical path to change
the sign of the topological charge and the polarization of the beam illuminating
the azopolymer. (b) Cross section of the beam intensity profile before the
microscope for both theharges) ¢. (c) and (d) AFM images of the spiral
surface reliefs obtained with vertical polarization and opposed vortex charges,
respectively. (e) AFM image of the spiral relief obtained by rotating the light
polarization direction by 90°. The laser irradiatmonditions are: power 63W,
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Figure 2.6] Working principle of the liquid crystad-cell. (a) Schematic
representation of the alignment layers for the LC at the two fafcibe cell. (b)
Representation of the spatial dependent LC twist angle, producind-abk
defect line. Configuration producing Azimuthal (c) and Radial (b) polarized
beams from a linearly polarized beam. Images reproduced from ref¢é&hce.. 39



Figure 2.7| Effects of thé-phase shift induced by the two half of cecell.
schematic vectorial representation of the transverse electric field of a radial
polarized beam (a) and the beam emergfimgm the cell (b) which is
characterized by a-shift between the two sides of the cell. The red dashed line
in (b) indicates the cell defect line. (c) Simulated intensity distribution in focal
plane of an objective lens with NA=1.4 in the case of acagihl and azimuthal
polarization, and (d) for the twiealves radial and twbalves azimuthal beams.. 40

Figure 2.8| Surface reliefs inscribed by the fvadves radial and azimuthal focused
beams (a) Schematic representation of the illumination setup el
configuration for the surface relief inscription experiment. AFM images of the
surface relief resulting from the radial polarized beam (b) and from the azimuthal
polarized beam (c). Simulated surface reliefs from the relg@dtl) of the
phenomenological model for the case of #maves radial (d) and twealves
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Figure 3.1|Optical configuration for computer generated holograms. (a) Scheme of
the 2f geometnand specification of the planes whose optical fields are related by
the Fourier transform relation. (b) Scheme of the optical configuration for the
effective implementan of CGH by the use of a SLM placed in the hologram
plane. (c) Flow chart of the Gerchenb&axton algorithm.....................ocoeeeee. 48

Figure 3.2| Optical scheme of the CGH setup and its ability in reconstrtictieg
averaged complex intensity patterns. (a) Schematic sketch of the optical setup
built on the basis of the 2f geometry for CGH. Segméntienote the focal
lengths of the corresponding lensegfbcal lengths: §= 400 mm, §= 400 mm,
fs = 200 mm).(b) Comparison between a digital target intensity pattern and the
time-averaged intensity pattern reflected by a silver mirror placed in the sample
plane. Scalebar of the reconstructed intensity imag®2.............cccoovvvvvnnieeen. 49

Figure 3.3|Speckle noise characterization and its reduction. (a) Summed images of
the CCD acquired stacks (200 frames each) reconstructed for different number N
of independent kinoforms cyclically displayed onto the SLM. The scalebag in th
images (specified in the panel N=50) isn2 (b) Speckle severity measured in
the images for different N. (c) Comparison of a zoomed feature of the
holographic reconstructed images and (d) their relative intensity profiles
(scalebar in (c) 500nm). Norniz¢d discrepancy parameter D evaluated on the
profiles of type (d) for different number of independent kinoforms................. 52



Figure 3.4|Surface relief induced onto the azopolymer film with radial modar
intensity patterns. (a) Target intensity image constituted by and array of radial
bright lines. (b) Bidimensional and (c) tridimensional AFM images obtained
from the film illumination with the pattern (a) by a linearly polarized beam,
whose directin is specified by the red arrow. {@)-(f) same image sequence
for the intensity pattern constituted by concentric bright circles...................... 56

Figure 3.5| Comparison of the surface reliefs resultiog the illumination of the
azopolymer film with the radial array of lines for (a) vertical and (b) horizontal
linear polarization dIr€CHON...........uuiiiiiiiiiiee e 57

Figure 3.6| Schematic definition of the targetensity pattern and the intensity
gradient direction in the experiment with a single bright light as illumination
pattern. (a) target intensity, (b) simulated unidimensional Gaussian profile
approximating the diffraction limited intensity pattern in abiee focal plane.

(c) direction of the intensity gradient............cccceeeiiiiiicceciccc e, 57

Figure 3.7|Comparison of AFM images and topographic profile of the surface
reliefs obtained for (a) linear polarization directiparallel to the intensity
gradient direction; (b) for linear polarization orthogonal to the intensity gradient
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Figure 3.8] Comparison of surface relief growth dynamics for diffeegposure
times at fixed laser intensity for the two investigated polarization states. Each
panel shows the AFM images of the array of single lines inscribed with the
exposure specified below each structure. The graphs present the plot of the
amplitude ad the width of the surface reliefs measured from AFM profiles....60

Figure 3.9] Comparison of the growing rates of the surface reliefs for the different
polarization states. The dashed linestheelinear best fit for the data................ 61

Figure 3.10| Characterization of the holographic unidimensional surface reliefs
under circular light polarization. (a) and (b) AFM images and topograpbiitep
of the typical SR obtained in this configuration. (c) AFM images and (d)
measured SR amplitude and width of the sequence of SR inscribed onto the
azopolymer at different exposure time (exposure intensity 1.0 kf/cm.......... 62

Figure 3.11| Complex surface relief arising under linear light polarization. (a)
Target intensity pattern constituted by the logo of University Federico Il. (b)
AFM image of the inscribed surface relief. The red arrowicetgs the
polarization direction of the beam during the experiment......................ceeee... 65
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Figure 3.12| AFM images (and 3D zoomed view of sample regions) of circular and
radial symmetric surface reliefs obtainiedm holographic intensity patterns and
circular light polarization. (a) Array of radial lines. (b) Array of concentric
circles. (d) Surface modulations reproducing the transmittance of a Fresnel &éns.

Figure 3.13| AFM image of the surface relief figuring the University logo. The
surface modulation is obtained in the same intensity and exposure conditions of
Figure 3.11, but with circular polarized light............cccooviiiiiii i, 67

Figure 3.14| Scalability of the holographic surface reliefs.(a) Optical image of the
Fresnel lens surface reliefs inscribed with a 40x objective (scalebar 5um). (b)
Grayscale profile traced along the blue line in panel ()Ofttical image of the
Fresnel pattern inscribed onto the azopolymer with a 10X objective (scalebar
122100 0 ORI 68

Figure 3.15| Sequential inscription of parallel lines oriented in perpendicular
directions for a linear polarization state. (a) and (b) AFM images of the surface
relief obtained after one step of illumination. (c) AFM of the composite surface
relief resulting from the sequential illumination with the two arrays of orthogonal

Figure 3.16] Sequential inscription of parallel lines oriented in perpendicular
directions for a circular polarization. (a) and (b) AFM images of the surface
relief obtained after one step oluinination. (c) AFM of the composite surface
relief resulting from the sequential illumination with the two arrays of orthogonal
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Figure 4.1] Spontaneous surface relief grating indugethe illumination with a
single beam. (a) Schematic representation of the experimental configuration for
the illumination and the elliptic spot generated by the cylindrical lens onto the
sample. (b)Xc) AFM image and its Fourier transform for the stanes obtained
for horizontal polarization. (gf) Same images for vertical polarization. (d) and
(g) zoomed views of regions of the images (b) and (e) respectively...............74
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Figure 4.2| Thre®eamsinterference illumination for surface relief inscription. (a)
Schematic representation of the optical setup used for generation of the
interference intensity pattern. (b) AFM image and topographic profile (traced
along the red line) of the obtained sudaceliefs. (c) Simulated intensity
interference pattern (top) calculated for the actual experimental beam
configuration ,;(middle) surface reliefs predicted by the optical gradient force
model with the simulate intensity pattern; (bottom) height profilethe
simulated surface reliefS...... ..o 78

Figure 4.3| Surface reliefs from sequential interference pattern irradiation. The
surface reliefs are obtained in a three illumination steps, where onlgftihe
three beams described in Figure 4.2(a) interfere in the azopolymer plane. (b)
Surface reliefs obtained for the interference sequence: beams 1+2 (step 1), beams
2+3(step 2) and beams 1+3 (step 3). (b) Surface reliefs obtained for the
interference sagence: beams 1+3 (first step), beams 2+3 (second step) and
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Figure 4.4Principle of the masmiigration and surface pigatterning coupling. (a)
Schematic representatiori the lightdriven reconfiguration of an azopolymer
micro-volume pre patterned in one dimension. (b) Schematic representation of
the dependence of the reconfiguration process in 2Epgiterned volumes on
the polarization state of the illuminating light..............cccooiiiiiiiccee, 81

Figure 4.5| Schematic representation of the fabrication steps for the replica molding
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Figure 4.7| (a) Schematization of the oatisetup used for the azopolymer micro
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Figure 4.8| Dependence of the pillar reconfigured geometry on the illuminating light
polarization. (a) and (b) SEM images of the azopolymer nposis
reconfigured by a laser beam linearly paed in two orthogonal directions
(specified by the direction of the red arrows). (c) and (d) SEM images of the
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polarization, respectively. Scale bars 5 Lm.............ooovviiiiiiceiiieeeee 85
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Figure 4.9| Lightinduced azopolymer micfpost asymmetry. (a) Top and side
views of a typical reconfigured micigructure, together with the definition of
the post asymmetry parametdy after the lightdriven reconfiguration process.
(b) Measured asymmetry as function of the exposure time at fixed illumination
intensity of 75 mW/crh (c) SEM images of a reconfigured pillar belonging to
the array of reconfigured structures at different exposure time. Smalgu....... 86

Figure 4.10] Phenomenological model for mipilbars lightinduced
reconfiguration. (a) Definition of the geometry of the initial experimental
situation described in the model. (Dgfinition of the coordinate system. The
blue curve represents the initial contour curve of the cylinder top surface....88

Figure 4.11| Comparison between the predictions of the model and regpti
structures. (a) Simulated contour curves of the top pillar surface at increasing
exposure times as predicted from the model. Reproduced from refée¢n(®
SEM images of the experimental reconfigured azopolymer npitiars for
different exposte times as described in the previous section. Scale bar in SEM
= o TS 1 Ly o OSSR 92

Figure 4.12| (a) Schematic presentation of the illumination configuration for slanted
pillars reshaping. (b) SENbp-view image (scale bar 5um) and (c) suiew
image of the tilted PIllars.............uvueeiiii e e 94

Figure 4.13| Reversibility of the micqallar light-induced reconfiguration process.
(a) Schematic representai of the twestep illumination configuration of the
experiment. The two steps are identical in all the irradiation parameters (beam
intensity and incidence angle) but have a polarization direction rotated by 90°
(indicated by the red arrows). (b) and M images of the top and side views,
respectively, of the pillar structures resulting by the two step illumination
process. In the experiments the illumination intensity is fixed at 20%y/and
the exposure time in each step is 1 hour. Scale barspgone$o Sem................. 95

Figure 4.14| Scheme of circular symmetry recovery of azopolymer pillar
reconfigured in two steps illumination. (a) First illumination step with linearly
polarized in the direction of éred arrow, which results in structural elongation.

(b) Second illumination step with light polarization direction respect to the first
step. The process leading to the circular shape restoring is supposed to involve
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Figure 5.1] Schematic representation of the different wettingiesy (a) Definition
of the contact angler of a liquid drop lying onto an ideally flat and
homogenous solid surface as described by the Young model. (b) Scheme of the
TCL placed in a rough surface. (c) Configuration assumed by the liquid drop
onto the rough surface in the wetted Wenzel regime. (d) Schematic
representation of the composite wetted regime described by the -Bagtse

Figure 5.2| Wetting effects produced by shagnteant geometry in the superficial
micro-textures. (a) Schematic representation of the capillary force favoring (left)
or contrasting (right) liquid imbibition depending on the angtd the reentrant

edge. (b) Sketch of the pimg effect of the sharp reentrant edges on a liquid

Figure 5.3| Wetting anisotropy model. (a) Schematic representation of the wetting
situation defining the geometrical parameters Usedhe anisotropic wettability
model. (b) Adaptation of the plot in rgf27] of the calculated free energy
variation as function of the instantaneous contact angle. The parameters used for
calculationwer¢ 0 O x @mI/m—a Y¢ DT ¢' Gand¥y o wlpi.....106

Figure 5.4| Water contact angle variation induced by the azopolymer pristine pillar
texture. (a) | mage of qto telflat azapolgmer dr op |l et
surface, resulting in the observed contact argie Y x Jo J(b) Image of the
same volume of the water droplet cast onto the pristine azopolymer pillar array
reported in Figure 4.6, showingthe CAvalde p p L I Jucooeiiiiiiiiiiiiiiennnnnn. 109

Figure 5.5| Definition of the pinning model parameters. (a) Sketch defining the
pinning angle by the equilibrium of the interfacial tensions at the sharp edge of
the structure. (b) Description of the of tiweitary cell geometrical parameters of
the square pillar array used for the derivation of the equaal®). (c)
Schematic representation of the liquid e at pillar edges together with the
direction of the interfacial forces acting onto the TCL in the unitary.cell......111

Figure 5.6| Estimation of the pinning angle for our azopolymer. (a) gncéges
of 1 €L droplet profiles defining the CA,
azopolymer surface. (c) Optical micrograph of parallel grooves patterned onto
the azopolymer surface (scalebar £0Q). (d) Orthogonal water contact angle of
1 ¢l water droplet deposited onto the parallel groove of panel.(c)................ 113
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Figure 5.7| (a) Brightield optical micrograph of a section of the TCL pinned at
pillar edges, The image is collected by amerted microscope equipped with
40X objective. Scale bar 1€m. (b) Geometrical description and (c) application
of the model to the cylindrical pillar array assuming the TCL pinned along the
line connecting two closest neighbor pillars.........cccoooooeiieiiiieeeeiii e, 114

Figure 5.8|Wetting anisotropy on the lighteconfigured azopolymer micropillars.
(a) Anisotropic water droplet deposited onto the asymmetric pillars presented in
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Introduction

Azobenzen&ontaining materials (or briefly azomaterials) are material systems in
which the azobenzene moleculese bonded, via covalent or samolecular
interactions, to another material, typically a polymiiany of the pecuér physical
properties of thislass & materials are to be attributed to the particular kinetics that the
azobenzene moleculesdergo when illuminated with UV andsible light. Indeed, the
absorption of a photon with suitable energz (2007 550 nm), produces cyclic
structural transitionsf the azomolecules between tinensandcis isomerization states.
These two isomerizatiomolecularstates differin terms ofconformationalgeometry
occupied volume andiolecular dipole momerjli 4]. More specifically in the trans
form the molecule assumes a planar-like configuration, wih an almost zero dipole
moment. Inthe cis form insteada 3D molecularconfiguration is realizedvith a non

zero dipole moment. Re interaction of the azochromophores with ithadiating light

field can be dscribed as a dipole interactionhd probability of the absorption of the
photon having the proper energy depends on the reciprocal orientation of the molecular

dipole moment ad the actual direction of the radiation electric fi@dd ‘@2p ). This

type of interaction causes a reorientation of the of free azomolecules illuminated with
linearly polarized ligpt, obtaining a final configuration in whicdll the moleculesre
aligned in the direction perpendicular to the light polarization dire¢tiprDepending

on the material environment, a wide variety of physical phenant&ve been
recognized as driven by the photoisomerizationrazobenzeneontaining materials.
These include material anisotropy, RAamear optical response, pheatignment of
liquid crystal networks and even niemical photeactuation effectd1,4].

The mostattractie phenomenon related to thezobenzengohotaisomerization
dynamics occurs with good efficiencyin solid films of amorphousazanaterials
(polymers and molecular glass@sadiated byUV/visible light. When exposed to nen
uniform light patterns, the freaudace of the azomaterial films is subject to a Hlght
driven structuration which depends strongly on the intensity and the polarization
distribution of the optical field over the surfadée first studies, in 1995, relatedttos
phenomenon reporteabou the appearance of sinusoidal surface modulations when the
azopolymer is irradiatedwith the sinusoidal intensity pattern produced in the
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interference of two coherent light beariifie peculiar dependence of the growing rate

of the inscribedSurface ReliefGratings (SRG) on the polarization state of the
interfering beams, together with the possibility to erase the surface reliefs by shining
polarized (or unpolarized) liglb] and eventually rewrite them with a new interference
pattern, have allowed to reject any hypothesis whialould ascribe the surface
modulation to some destructive phenarade.g. material ablatior{b,7]. Indeed, the
phenomenon occurs at light intensity much smaller than that necessary for ablation and
for temperéures well below the glass transition temperatyeflthe polymersOn the
contrary, the surface struchtion has been found to aris®em a macroscopic light
driven material transpartinitiated by the intricate dynamics of the azomolecules
embedded irthe material matrix. Once the main aspgeuf the surface structuration
have been phenomenologicallyunderstood, a huge variety of different illumination
schemes and engineered azomaterials have been proposed over the gehrsvid
efficient surface réef inscription[8i 11]. At the presentthis phenomenon represents a
valid technique for complesurface structuring anid has found applications in many
technologicalareasas surface engineerin@,12], photonicg4,13] and biology{14],
among the othersHowever, despite the huge diffusion of the azomaterials in
applicationoriented experiments, a complete fundamental understanding of the
microscopicphysical mechaem driving the peculiar macroscopic matemadbtion is

still lacking. While the mass migration is recognizedbe initiatedcertainly by the
photoisomerization dynamics of the azochromophores, none of the microscopic
models[15i 20] proposed over the years is able to unambiguously and quantitatively
relate the dynamics at the micro and nanoscale to the directional motion at the
macrosale of the azopolymerdhe use of spatially structured complex illumination
patterns has revealed to be a tool of crucrgdortance to elucidate some fundanta
aspects of the phenomenon. The most clear example is represented by the spiral surface
reliefs inscribed into the azopolymer films under irradiation of focused optical vortex
beam[8]. Very recently, he study of these peculiar surface reliefs allowed the
development of a phenomenological model for the mass transport which is gaining
increasingly importance for the description of mayface topographies obtained in
nonstandard illumination conditions.

The ability in precisely control the intensity pattern of the irradiating light can give
new chances roonly for the studies at fundsental level, but also in practical
applications.At this aim, the use of Comput&enerated Hologram@GH)[21] is
certainly a very promising approach to generate almost arbitrary illumination patterns,
opening to a more inclusive use of the complex surface reliefs inscribed onto the
azopolymer films inthe field of the photdithography. The access to complex
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superficial topographies onto the azomaterial filmestwt necessitate always the use

of complexillumination schemesEventhe quashomogeneous fieldf an expanded
Gaussian beam can induce quex topographies onto the surfadedeed, while the
irradiation of an homogenous light field is able to inscribe periodic surface modulations
(the Spontaneous Surface Relief GratingSRG) onto the surface of flat azopolymer
films [22], the samallumination condition produces complex superficial textures if the
azopolymer surface is pstructured in form of an array of micpwsts[3,10,23] In this
situation, he directional dependencef the azonaterial displacement can be used to
control the degree of asymmetityat the lightreconfigured microstructures confer to
the surface. In this way, macroscopic physical properties as the adhesion and the
wetting propeiies can be finely tuned by controlling the irradiation conditidi23.

The present thesis moves in this applicaboiented field of research, where the
complex lightinduced surfaces of azomaterials are gaining more and more relevance.
Also the potential perspectives offered the interaction of the complex illumination
fields with the azomaterial stacestoward the understandingf the mass migration
phenomenon at the fundamental level are not leffromt the discussion conductéd
the thesisThe work presented herein tise result of the efforts thatand mygroup
madein the last yeartoward the investigation of the mass migration phenomeamaoin
its possible applicationsn both wellestablished and neexperimental situations. For
this reason, the thesis containpermental data about new illumination approaches (as
the use of computegenerated holographic intensity patterns), peculiar surface reliefs
obtained in norstandard illumination conditionsand specific applications (the
wettability tailoring of the azopgmer surfaces) Furthermore,whenever it was
possible, our own experimental data concerninglso the standard illumination
configurations(as the SRG, the SSRG and the surface reliefs arising from focused
Gaussian beamsvereincluded and discussed.

The compendium of this thesis is organized as follows: Chaptayivés a
descriptionof the photochemistry amaf the photeinitiated dynamics of the azobenzene
molecules. The min aspects of theight-induced mass migration occurring in
azobenzeneontainirg materials under standard illumination conditions are also
discussed here, together with an overview on the existing theoretical models describing
light-driven macroscopiphenomenonThe peculiar spirathaped surface reliefs and
the reason why they caoinbe explained by the standard mass migration models are
presented in the last paragraph of this chapter. In Chapter 2, the description of the
phenomenological mass migration model able to correctly predict the spirals is given.
The agreement between tpeedictions of this model and the experimental peculiar
surface reliefs obtained onto the azopolymer surface are used here to characterize two
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light-modulating devices, namely a sggrorbit angular momentum converter and the
commerciald-cell used to produce radially and azimuthally polarized beams. In Chapter
3, the principles of the computgenerated holography and the complex surface reliefs
achievablen this illumination technique are extensively discussgldlapter 4 gives an
oveniew on thesuperficial texturesachieved by the irradiation @zgolymer films

with a single uniform light beam. In particular, the structures obtained by the light
driven reconfiguration of superficial ppatterned micrarchitectures are
experimentallycharacterized and, accordingly to the recent literature, interpreted in the
same theoretical framework of the phenomenological model presented in chapter 2. In
Chapter 5 the wettability properties of such lightonfigured surfaces are presented.
An ovewiew on thegeometrydriven wettability is given for both the situations well
described by standard thermodynamic modelsfanfiéw situationswvhich requiresiew
extended models. This is the case of the array of our azopolymer microstrushiobs
necesitates theinclusion of other parameterdescribing the actual geometry of the
superficial roughnesstead of just quantifying the extent of the wetted surface area as
needed by the thermodynamic moddts correcly interpret the valuesf the water
contact angleobservedexperimentally The wide range of possibilities offered by the
mass migration phenomenon in wettability #amial applications is alsgresented.

The Conclusions and the future outlooks are finally presented. Appendix A contains the
description of the properties of the azopolymer used in all the experiments presented in
the thesis.



1 The light-induced mass
migration in azobenzenecontaining
materials

The azobenzenemolecule is a twostate system characterized Isans and cis
isomerization forms differing significantly in terms of conformational structure,
occyied volume and molecular dipole moment. The illumination of an azomolecule
with UV/Visible light is able to trigger both the trans and cidrans transitions and
producescyclic transcistrans photasomerizations which make the amoieties a
peculiar photoresponsive systemFollowing the division originally proposed by
Natanshon and Rochoffil], this microscopic photmmduced motion constitutes the
baselevel of a series ofmovements occurring at different lengtbalesn the material
systems incorporating the aahromophores These movements involve the
amplification of theprocesses anolecular level by the cooperative interaciaf the
azomolecules between themselves and withetingronment of théhost magrial, and

also a very intriguing phenomenon: the liginduced macroscopic magssgration.
Under proper illumination conditionshe free surface athe azomaterialin form of

thin films develog topographic modulationas consequence of this ligthtiven mass
transport. The inscribed surface reliefs depend on the intensity distribution and the
polarization state of the irradiating lighthe present chaptdocusesmainly on the
description of thecharacteristics of this lighihduced phenomenon armd the peculiar
surface reliefs resulting from it. Even if a complete theoretical framework able to relate
the many experiment facets of the ligihiduced material transpotd the azobenzene
dynamics at molecular scale is still lacking, an overview of theraéwmassnigration
models valid in some simple illumination conditionss also given. Finally, the
inadequacy ofthese modal in describing complex illumination conditionss
highlighted through the phenomenology related to recently observed-spamb
surface reliefs, which are described in the last paragraph of the chapter.
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1.1 Azobenzenegphotochemistry andmolecular dynamics

1.1.1 The photo-isomerization reactions

The term azomolecukeis commonly used to identify the classmblecules comprising
the parat azobenzene molecule and the entire set of substitat®gounds obtained
from it. Thechemical architecture of trezomoleculegFigurel.1) is chalacterized by
two phenyl rings linkedtogetherthroughthe azobond ( . . )[1,2,24] When
excited by a photon of suitable energy (¢ 1 ML L TIM), an azomoleculean be
switched between two distinct molecuiaomerizationstateshaving different optical,
electronic and electrochemical properties. The two states artheéhmodynamically
stabletransisomer Figurel.1 (a)) and the metatablecisisomer Figurel.1 (b)).
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Figure 1.1|] The two isomerization states of the azobenzene molecules. Conformational
structures bthe thermodynamically stable trars®mer (a) and of thenetasablecis-isomer (b).

The absorption of photons in the UV/visible range can initiate both the isomerization reactions,
giving rise to photasomerization cycles.

The absorption of a photon Witenegy matchingthe transisomer absorption band
switches the molecule in thas state This can return to the trans staggther by a
thermal relaation or by a new photoinduced isomerizatiomprocessthrough the
absorption of a photon in itabsorptim band. Theoverlap in terms ofwavelength
between the absorption bands of the two isomers can be controlled by pobyoeding
the substituent groups in the azomolec{®s In this way the molecule can be
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designed to behawstherasphotoswitchabletwo-statesystem (if the absorption bands
of the two isomers are sufficiently separated), or to give risghtiaisomerization
cycles betwen the tans and cis formdn this last case, a significant overlap between
the absorption bands is desirable so that the irradiation of a photon with a given energy
is able totrigger simultaneouslythe photeisomerization reactiond,2,24] in both
directions The photeinduced isomerization cyclesbtained in the last type of
azomoleculedas beerfound toinitiate somepeculiar phenomena in materiglsgems
containingthe azomolecules, as theolecular photealignment the optically driven
mechanical actuatioandthe lightinduced material transport

The photeisomerization reactigroccurs on a timscale of few picosecond,25],
and involvesthe bending of the phenyl rings around the amod. This movement
impliesa significant change in the size andhe spatiatonformation of the molecel
The isomerization conversion reduces the distance between the phenyl rings from
approximately 18 to 6A (Figure 1.2(a)) and results also in a change of the molecular
dipole fromn 1t Debyeto ) o Debye [26,27] The two isomers differ also
in terms of occupied volume, requiriagfreevolumeof about30 nn? [2] in orderthat
the photeisomerizationreaction takes place. This volume variation generates a
significant force at the nanoscg®8] which can be even transferred in a macroscopic
actuation when the molecules are embedded in a host material [28jrix

1.1.2 The light-induced photo-alignment

The molecular motion of the cyclically isomerizing azomolecules can give rise to the
photoalignment of the molecules whehey are illuminated with linearly polarized
light. This situation is presented schematicallyFigure 1.2 andis due to the enhanced
absorption probability, and hence a more efficient pledmerizationdynamics for

the moleculeslluminated with light polarizedn the direction parallel to thenolecular
transition dipole (whicls orientedalong themoleculamainaxisfor the trandgsomej.

More specifically, regarding the light absorption as a dipole interaction, the
excitationprobability varies ag) ¢ ¢ , wheres is the angle between the electric field of
the polarized light and the moldau dipole direction. This impliesmaximum
absorption efficiency for the molecules aligned in the light polarization direction,
whereas the molecules oriedtat 90° respect to the polarization direction will not
absorb light efficiently. A trans azomolecule which has successfully absorbed a photon
starts aphotoisomerization reaction whichafter an isomerizationcycle, brings back
the moleculeagain in thetrans statgFigure 1.2(a)). The orientationof its molecular
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axis howeverchanges randomly and there is@zero probability that after a certain
number of isomerization cycles, ligsults oriented in the direction orthogonalthe

light polarization direction.As in this case theprobability to undergo a new
isomerization cycle by the absorption of a new phatitow, this moleculeremain
oriented in the direction orthogonal to the polarizatewen if the light irradiation
continues(Figure 1.2(a)). Considering the ensemble of azomolecules in a material
system, lhe result of thiorientational alignmens that after many isomerization cycles
there is the depletion of the population of tramslecues oriented parallel to the
polarization and the concomitant enrichment of the population of molecules in the
perpendicular directiorHgure1.2(b)).
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Figure1.2| Azobenzene phoinducedalignment (a) Stochastic photalignment process of the
azomolecules irradiatdoly linearly polarized light. (bEnrichment of azomolecules population
aligned in the direction perpendicular to the light polarization as the irradiation process
proceeds.
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The photoorientation effect of the azomolecules under linearly polarizight
irradiationis commonly referred agrientationalhole-burning, and give rise to strong
birefringence and dichroism in material systems containing themazeties[1,2].
Furthermore, this moleculgshotcalignment & reversible and reconfigurabla: new
orientatioral alignment can beinducedin a newdesireddirectionof the material plane
simply by arotation of tharradiatinglinear polarization directiarEventually,even the
initial isotropic moleculardistribution can beeasily restored by the irradiation of
circularly polarizedor nonpolarized light.

1.1.3 Cooperative motion in azomaterials

The dynamics at the molecular scale can be greatly amplified through the collaborative
motions of many azomolecules interacting in a material masisimple example is
consttuted by the liquiecrystalline azopolymers, where the phaiggnment of the
azomolecules can be used to orient (even in a reversible wasgfitihe polymer matrix,
giving rise to liquidcrystalline to isotropic phase transitidd$,31] The reorientatn

of the azomolecules is also the key factor in the applications related to the-tuptical
mechanical energy conversion induced in liquid crystals elastomers (LCE) by the photo
induced molecular dynamic$32i 34]. In particular, this class of phetesponsive
azomaterialsis currentlyfinding many applications in themerging field of thdight-
drivenbioinspired researcii35,36]

However, the most fascinating phenomenon related to the -pbgponse of the
azobenzeneontainnhg materials isthe photeinduced material mass transport
occurring with good efficiencyespeciallyin amorphous material systems. tinese
materials, where the azochromophoaes bonded through covalent or supramolecular
interactions to the host matdrimatrix (azopolymers, supramolecular aziypters,
molecular glasses, et¢3,4]), the microscopic molecular dynamiastuated by théght
irradiation discussed so far, leads to an ensemble of complex interactions of the
azomolecules with thenaterialenvironmentthat resultan the rising of surface relief
patterns onto the free sucka of the azomateriah the form of thinfilms. The main
features of thelight-induced mass migration phenomenon and the superficial
modulations it generates onto the free surface of the azomaterial films are discussed in
the next paragraph.
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1.2 The directional mass migrationin azomaterials

1.2.1 The Surface Relief Gratings

In 1995, Natanshon and Rochi@, and independently Kim et f], reported about
thelargescale periodienodulatiorsinduced onto the free suda of an azopolyer thin
film under irradiation with dight interference pattern. They found that in response to
the sinusoidal spatially modulated intensity pattern, the polymer surface develops a
texture which replicates theattern of theincident irraiation in form of sinusoidal
surface reliefs that now asmmmonlyidentified asSurface Relief Grating€SRG).The
surface modwtionwas found to happeat very low irradiationintensities allowing to
discard any explanation of thpolymer structuratio in terms of the ablative or
destructive process¢37]. On the contrarythe phenomenon wamderstood as a real
material movement, induced biye irradiatinglight at temperatures significantly lower
than the glass transition temperaturg &f the amorphous azomaterialhe non
destructive nature of the phenomeneasalso confimed by the possibility of erasing
the superficial modulatianeithe by rising the temperature abovg dr by irradiating
the SRG withcircularly pdarizedandnon-polarized light [5,38].

The typical experimental configuratiarsedfor the inscription of the surface relief
gratingsin azomaterialss schematized ifrigure 1.3(a). In particulartaking advantage
from the desdption of theSRGinscribed ontdhe azopolymemwe have usetbr all the
experimentsreported in this thesigsee Appendix A for details about its chemical
structure and absorption spectr), the images presented iRigure 1.3 allow to
highlight another very peculiar feature of the phenomenon:dégendence on the
irradiating lightpolarizationof the lightinduced mass migration.

In the SRG inscriptionexperimet, two coherentcoplanarlaser beamshaving a
wavelength_ 1 @& & in the overlapping absorption bands of the trans and cis
azomolecules ofthe azopolymer interfere in the azopolymer film plane. The
polarization state of the two beamsschosen alternativelgs pp or ssin order to have
a sinusoidalspatialy modulatd intensity over the samplewhile intensity of the two
beams during the experiment is abquith ®j @ &. The AFM images of the surface
reliefs obtainedonto the polymerfor 1h irradiation timein these two illumination
conditions are shon in Figure 1.3(b) and Figure 1.3(c), respectively. From the
comparisonof these imagesit emerges that kile the pp polarization configuration
gives rise to a topographical modulationthe rangeof several hundred of nanometers
(Figure 1.3(b)), the illumination ofthe film with ss polarized beamproduces only
small modulationsf the azopolymer surfag&igure1.3(c)).
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Figure 1.3| Surface relief gratings induced onto the azopolymer film surface undereavo
interference irradiation. (a) Schematic representation of the typical experimental situation for
SRG inscription. The illumination pattern ihe spatially modulated interference pattern
generated by two polarized (in thease)laser beams. (b) AFM image (top) and topography
profile measured along the red line (bottom) of the superficial modulation resulting from the
polymer irradiation with gp polarized beams. (c) Same as in (b) but with irradiation-f s
polarized interference pattern. The beam intensity during the exposurerig oj ® .

The polarization dependence of the SRG inscription efficiency sih@neresulted
clear sincahefirst experimentsabout the lighdriven mass migration phenomenidij.
In particular, ithassuggestd that the presence of both a spatially varying intensity
pattern and the simultaneous a@mishing component of the optical electric field in
the drection of the intensitygradient arenecessaryto have an efficient material
movement.This condition is indeederified in the case of the interferingpppolarized
beams, while it does not occur for the case-®fp®larized, where the intensity gradien
and the electric field are oriented in perpendicular directidhg differences in the
SRG inscription efficiencies implg directionality of the material displacement, which
took placewith good efficiencyonly in the direction parallel to the light [asization,
while it is mostlyinhibited in the direction perpendicular it.
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This type of considerations about the SRG inscription processes and its efficiency
are also typicallyderived by the analysis of the measurements of diffraction
experiments, Wwere a lignt beam having a wavelength outsidee azomolecule
absorption band is used to monitor in fale the diffraction that the periodic SRG
growth produces. However, both the topographic characterization of the surface
modulations by gosterioriAFM measurements (as performed in the cas€igdre
1.3(b)) and the monitoring of the SRG growth with diffraction experiments do not allow
the understanding of the phase relation existing between the positions of the maxima in
the intensity pattern and the position of the resulting crests in the surface topography.

1.2.2 Surface reliefs from focused light beams

Before the development of recent AFM setups able to monitesitu and
simultaneously both the intensity pattern and theedigial topography39i42],
crucial experiments toward the understanding of the directjonagertiesof the light

fueled material movement made use of spatially confined intensity patterns. An example
of such patternss represented by a polarized gaussian lasaml focused onto the
azopolymer film[17,43] through an high numerical aperture objective, as schematized
in Figurel.4(a).

d i
Polarized light Pristine .

Figurel.4| Dependence of the directional azomaterial displacement omwldmizption direction

of the irradiating light. (a) Schematic representation of the focused beam configuration used to
inscribe the surface relief in the AFM image (b). The linear polarization direction is specified by
the red arrows. (c) Topographic ptefiof the relief measured along the dashed red line. (d)
Representation of the ligihduced reconfiguration process able to turn the cylindrical micro
volume (e) of azopolymer in an asymmetric polarization dependent structure (f).
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Differently from the eriodic intensitydistribution obtaned from the interfering
beams, th@olymer irradiation through the focused gaussian beasithe advantage to
precisely reconstruct thebsoluteposition of the maximum intensity in the illumination
spot in thesuccessie AFM characterization. Thigermisthe investigation of thactual
direction inwhichthe material movement durirsgirface relief inscription.

The typical surface relief obtained onto the azopolymer film with a linearly
polarized gaussian beam is pmasel inFigure 1.4(b). The relief is characterized lay
hollow appearing in correspondence of the maximuatansity in the spot, and two
lobes, raising above the nexposed film quote, and oriented in the direction of the
light polarization (indicated by the red arrow kgure 1.4(b)). Similar observations
permitted to conclude that the material moventakes placan the direction of the
light polarization and proceeds from the regions at higher iityefiee center of the
gaussian spot) toward darker sample regions. A similar phenomenology involves also a
“-phase shift between the intensity maxima and the topographic crests of the SRG
reported inFigure1.3(b), as effectivel observed by many-situ analysig39i 42].

The dependence of the material displacement direaiorihe light polarization
becomes even more evident in the experimental situations schematizgdrizl.4(d),
where a singléight beam assmilable to a planevave withuniform intensity is used to
illuminate isolated micrevolumes of pre-patterned azopolymesurface As will be
discussed in detail ichapter4, this simple illumination condition gigerise to a
macroscopic material displacemt in the direction of the light polarizatiowhich
transforns the initial symmetric miar-volume into asymmetric thregimensional
micro-structureselongated in thight polarization direction

1.2.3 The theoretical modelsfor the mass migrationdescription

While the principlesof the surface relief formatiodescribed so far hold for the great
majority of the azomaterials, including the amorphous azopolymers, several situations
where the phenomenobehaves differentlydepending on the particular material
architecture have been reported. For exampieas found that the interfering beams in

s-s polarization configuration are able to induce appreciable surface modulations
some materialdn this casemoreovey the material accumulates in the aratkighest
intensity of the illumination patternshowing an inverted direction of the material
movement respect to theppconfiguration. This inversion is observed also in the
surface relief grating inscribed in certain liqudd/stalline azopolymerg4,44]. Also
purepolarization interference patterns (where ititensity is constant over the sample,
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but light polarization is spatially modulated), as those generated in the interference of
right- circularly (RC)and left circularly (LF) polarized beams, havaeen proved to
induce efficient surface relief gratinf¥]. Moreover the recent spirashaped surface
reliefs obtained in peculiar illumination conditioff3] further complicatethe overall
experimentakcenario describing also a netnivial dependence of the phenomenon on
the wavefront actual profile, as well as the intensity and polarization effects

A complete theoretical description of the lightluced mass migration phenomena
should take into account of all these experimentalkeniagions in a coherent and
comprehensive frameworklhis, however, has resulted to be a very intricate and
complextask and, despitmany theoretical effortever the yearshathave been made
in this direction at the moment a complete understandinghef ghenomenohas not
been accomplished

While the photoisomerization of the azomolecule ighought asabsolutely
necessaryto observe any superficial modulatiothe physical link between this
microscopic movement and the observed macroscopic azorhatesa displacement
has not beemnambiguously reamized yet.Several differentheoreticalmodels have
been proposed over the years with the aim of establishingelbison However, none
of them is able to effectively describe all the experimentabmasians, while their
validity is typically limited to the description of the phenomenon in speatfiaterials
systems orto specificillumination conditions.The proposed modelsiclude[3]: the
pressure gradient force mod¢l5,45] the meanfield model [16], the optical field
gradient force model artieanisotropic diffusion or randowalk models[18,19]

The pressure gradient model describes the azomaterial displacement in the SRG
inscription experimentsn particular,as arising from the variations of the azomolecules
mean occupied volume during the ph&tomerization process. The intensity gradient
in the illumination pattern leads to a pressure gradient inside the materialinduckes
a macroscopic aterial displacementhile the model predicts well the SRG in the
case of intensity modulated interferenceisinot able to describe the SRG generated
with the LGRC polarizations, as well as the ligimduced reconfiguration of the
isolated azopolymanicro-volumes|[3,12].

The mearfield model is instead based on the dipolar attractive foacesngthe
photoaligned azomolecules during the light exposure. This model predicts the
accumulation of the material in the bright illuminated regions, resulting valid for the
description of the SRG in some liguidystalline azopolymers. However, it is not
suitable to dscribe the effects of the mass migration obseinetthe whole clas®f
amorphous materiglsvhere the phenomenonfeund to bemore efficient.
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The lightinduced mass migration in azobenzeoataining materials

The model based on thaptical force gradientacting onto the average medium
polarization induced in the azdgmer during the light illuminationis able to
effectively describe the polarization dependence observddgimre 1.4 for focused
optical fields, and alsqgpartially the SRG formation under the interfering beams. This
model assunga twastep mechanism, in which the phasomerization is thought to
soften the material, enhancing its mobility in response toilthmination induced
electremagnetic force However, there are studieslemonstratingthat the forces
necessary for the aterial movement predicted liyis model are too high respect to the
actual strength of the electromagnetic interactiarthe materia[31].

In the models based on the anisotropic diffusion of the azomoleth#edirectional
material motions is described as resulting from an inchwidenor a randomwalk
translation of theazounitsalong the light polarization direction. These madate able
to predict many of the observed masgyration phenomena ilow exposure intensity
regimes, but theydo not take into account the hdderning effects due to the
reorientation of the azomolecules under irradiation with linearly polarizedaighalso
the saturation of thmass transport observéat long or intense irradiations

All the mentioned models share a common feature: they require the presence of an
optical gradient in the intensity and/or polarization of the illuminating light. These
illumination conditionsare met in typical experimentghere the illumination pattern is
kept relatively simple (as in the case of the interfering beams or the fogasssian
beams)lIn the next paragraph is given a description of the optical gradiesg foodel,
taken as exemplifying theoretical framework highlighting the proper description of the
surface reliefs arising is simple illumination conditions enabled by the models
mentioned above.

However all the citedmodels fail in the descripn of the light-driven spiral
shaped surface reliefsbservedunder the irradiatiorof the azopolymer film witha
focusedlight beamhaving an optical vorterlongits propagation axis (for example a
LaguerreGauss beam)These peculiar surface relidiaveled to he formulation of a
new phenomenologicaimicroscopic model[46], based on the anisotropic diffusion
hypothesisof the azomoleculesvhich assumesalsoan enhanced material mobility at
the film freesurface respectotthe bulk polymer Beside the spiradhaped surface
reliefs, which will be introducedin the end of thenext paragraph this model has
resulted suitable also to predict the phenomenology of the miolame
reconfiguratior{10] (see chapter 4and other peculiar surface reliefe have obtained
in other nontrivial illumination conditiongsee chapter 2)
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1.3 The optical gadient force model

The optical gradient forcenodel ascribegshe photedriven mass migtion of the
azopolymers to the microscopic forces that the optical field induces onto the polarizable
materialduring the exposure. This modglable to describe the polarization dependence
of the directional lighinduced mass migration observed in matgndard illumination
conditions, even if it does not take into account the actual pbotoerization kinetics

of the azomolecules. Indeed, the material is typically described as a dielectric medium,
responding to the optical electric fielg MD through a linear medium polarization
vector Figurel.5(a)

P(rt)=e &(r.t), (1.1)

where- is the permittivity of the vacuum and.is the medium susceptibilityThe
photaisomeization at the molecular levat this model ighought to be responsible of
photoinduced plasticizationof the material, whichbecomes fredo respond to the
acton of the optical induced forces.

In order to illustrate the main aspects of the optical gradient force models, here is
presented its original versigh7,47,48] oversimplified in both the description of the
optical forces acting on the material, and on the description of the material movement
resulting from these forces. However it successfully predicts, at least qualitatively, the
SRGs and the fosed SR under standard illumination conditions. The complete version
of the model, reported in referendd9], on the contrary takes into account the full
description of the different aspects of the phenomenon (for example the use of actual
solutions of Naier-Stokes equations for the material movement description), leading to
a very intricate and complex mathematical framew&dne of thepredictions of this
complete model are discussed in sect8.4 of this thesis for thenterpretation of
someour experimental resultgeported in that section.

In the simplified model, the timaveraged force acting onto theochromophores
is a small volume is given by

f(r)= {8 ®0.t) gr.1) (=gc E(R)E (gt), (12)

whered Ondicates the average across the irradiance time. Eqyat®)rstates that the
material experiences a force only in direciamhere both the electric field and its

! The total force should include also a magnetic @i [|j o[ ., [
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gradient are not vanishing, while the force is zero when the polarization is orthogonal to
the optical field gradiet.

Let us now to specify the situation, described-igure 1.5(b), to the case of the
surface moduition produced by a focused 2D gaussian beHme. polymer surface
extends in xy plane, while the ypolarized Gaussian beam pegates along the z axis
and irradiates normally the surfatgsing the expression of a gaussaotical field

e (X2+y2) g 3 az
E(X Y 2= Bexpé 8XRe — (1.3)
b33 & ¥ u¢?
equation(1.2) is written as:
o ~ O 2 2
f(xy 2= _ae_aeozb 8xp( a?h xexpg 4—)( +y?) 1%
¢t = e 7
(1.4)
1 ul X,y =
=Zeo texp( - 2 (ux )JE

where is the absorpon coefficient of the materiald ‘O and’Ochw is the intensity
distribution in the xy planeand... is the real part of the material susceptibilifyhe
growth of the surface relief is attributéadl the lateral displacement of a thin layer of
polymer that is made phoftuidized by the repeated transs-trans photeésomerization

of the azomolecules. Théofv of this mobile layer is described as a surface velocity
field o cfuhd , proportional (through a factor) to the optical forcf] afui :

Vs(x, y, 2 =mf(x v 3. (1.5)

The factor takes into account the viscous drag generated between the mobile surface
material and the bulk material, artds assumedo beindependent on the illumination
strength(weak irradiance regime). Assuming the incomgitgty of the polymer, the
surface deformation velocity is derived from the continuity equation 3o

T J Q0 mand gives:

b &xy. 2 6 (1.6)
which leads to
Wz_ : Mx Wy 6 —
= e 0 T V. (1.7)
Mz c M W =

Integrating equatiofil.7) along polymer total thickness d yields:
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w(xnd- w(xy0 =« xv) Ff .®) a2

'”:ﬂa @dz :’7{' Sfpz=o

wheren refers tothe derivation only respect to the lateral coordinatess the
thickness of the effective mobile polymeryéan and the boundary condition
0 o)  Tmhas been used.

(1.8)
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Figure 1.5] The optical gradient force model for the lighttuced mass migration. (a)
Hypothesis of the average material polarizationugstl in the illuminated azomaterial. (b)
Schematic representation of the geometrical configuration describing the system. (c) Simulated
superficial topography obtained from the azopolymer illumination with a linearly polarized
gaussian beam. (d) Simulatsthusoidal intensity profile of two interfering beams (top) and
simulated surface relief grating predicted by the model. The red dashed line indicates the phase
relation between the maxim in the intensity pattern and the crests in the simulated SRG.

Using expression(1.4) for the driving force in the actual situation of linearly
polarized beam along the-direction in the relation(1.8), we obtain the explicit
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expression fory chudrt, which can be used to calculate the surface displacement
"Yatutod by integrating over the exposure time

S(x w9 =iy x yo) dt
0 (1.9)
2
K2l (x,y)
H2X

:Ehm t.

4
The relation(1.9), valid in the limit of weak irradiance power, states that the surface
relief arising onto the polymer film is proportional to the second derivative of the
intensity pattern. Furthermore, the sign.aletermines the direction of the material
displacement along the z axis. Using the assumption 1, a good qualitative
agreement of the predicted surface reli€iggre 1.5(c)) with the surface relief
experimentally obserekin this situation (reported iFgurel.4(b)) is found.
The same calculations made for the gaussian beam can be performed easily also for the
optical filed resulting from two 4p polarized beams. The simulated images reporting
the sinusoidal intensity pattern and the predicted SRG by the refai®mrepresented
in Figure 1.5(d), showing the correct preztions of the model also in this illumination
configuration.However,as we will see in the next sectiadhis model is inadequate to
describe the surface relief appearing otfte azopolymer surface, when a focused
LaguerreGauss beam, having a helicaawvefront and aropticalvortex at its axis is
used to illuminate the azomaterial in a condition similar to the one preserfiegure
1.4.

1.4 The spiral surface reliefs

The beams endowed by an optical vortex at their[@®arelight beans characterized

by a dependencexpliq] of the optical phase on the azimuthal anglie the planes
transversal to the optical propagation axis. This phase dependence confers a helical
shape to the wavefront of these bedfigure 1.6(a)), which accumulat@ phase shift

of a quantity¢“ nby circling once the beam axis. The integer number, positive or
negative q is calledvortex topological chargeand defins the handedness of theam
helical wavefront The azimuthal degndence of the phase evolution around the
propagation axigmpliesa phase singularity poimin thisaxis in each transversal plane
where theundefinedphase results ia doughnutike intensity profile Figure 1.6(a)).
Typical examples of such class of beams are the Lagueaessheams[51,52], which,
because of their helicahaped wavefrontHgure 1.6(a)) are known to carry also
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orbitalangular momenturib3,54] More detailed description of these beams and how
they can be generated is presented in the next chapter.

The use ofa LaguerreGauss beanfor the illuminationof an azopolymer film
(Figure 1.6(b)) produces unexpectedpiratshaped surface relief topographi@s
(Figure1.6¢). Assuming a dependence of the mass migration phenomenon only on the
intensity gradient and polarization, as descrilfedexanple by the optical gradient
force model, no information about the helicity of the beaavefrontshouldbe visible
in the surface reliefs because no information of such phase dependence is contained in
the doughnushaped intensity profile of a Laguei@auss beam.

d
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Figure 1.6| Inadequacy of the optical force gradient model in describing the surface reliefs
obtained from the illumination of the azopolymer with a vortex beam. (a) Schematic
representation ofhe helical wavefront and the doughsiiaped intensity profile of a vortex
beam. (b) Representation of the illumination condition for the surface relief inscriptaral

AFM topography of the surface relief obtained from the irradiation with a beamaggw10

(c), and g=10 (d), in the same polarization conditions of the simulated images. The inset in the
panels (c) and (d) shows the intensity pattern of the irradiating beam on the azopolymer sample.
Images reproduced from refererjBg The scale bars in panelsfiecorresponds to um. (8
Simplified simubted intensity profile. Jf Surface topography predicted by the optical force
gradient model with linearly polarized beam in the direction of the red arrow.
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In this illumination configurationindeed,the optical gradient force model piets
only a spatially dependent efficiency of the surface modulafitis can be observed
from thesurface reliefreported inFigure 1.6(f) simulated through the optical gradient
force model for aloughnutshaped beaniinearly polarizedalongthe vertical direction
of the image Figure 1.6(e)). The simulated surface reliefs show the expected efficient
mass migration along the doughnut diameter in the vertical direction and zero surface
modulation alondghe doughnut diameter in the x direction (being the intensity gradient
in this direction orthogonab the polarization direction), while no traces of any spiral
structuresappear.

In referencd8] has been found a direct dependence of the experimental spiral
surface reliefs lateral shapen the absolute value ancdelative sign of the beam
topological chargeg. In particular, larger values dfjs translate into larger spiral
diameters, while the inversion in the topological charge sign produces an inversion of
the handedness of the spiral arms inscribed onto the polymer. This peculiar behavior
can be immediately observed by the comparisonetthfaceeliefs reported irFigure
1.6(c) andFigure 1.6(d), obtained in the same irradiation conditions but with beams
having opposed topological charge siffis

As, the wavefront handedness, and not the intensity distrib(iieat Figure 1.6(c-

d)), is the only beam quantigxplicitly sensitive to théopological charge, the natural
hypothesis for the interpretation othe observed spiral mass transport is that this
originates from an unprecedented sensitivitf the lightinduced mass migration
phenomenon to the wavefront of the illuminating optical fiéld.we will see in the
next chapter, thehotoinduced anisotropic diffusiomodel proposedy A. Ambrosio

et al. inreferences[8,46] is able to takento account this peculiar response of the
azomaterial to the illuminating optical field, attributing the observed wavefront
sensitivity to a surfacenitiated interference between the components of the higly
focused optical field in the azopolymer plane.
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2 The photo-induced anisotropic
molecular diffusion model

The peculiar spiral surface reliefs arising under the illumination of an azomaterial with
beams having raoptical vortex at their axis has brought to light, in the already rich
scenario of thdight-induced mass migration phenomenon, another ingredient in the
complex dependence of the phabaven material movement on the configuration of the
irradiating light: the apparentsensitivity to thespatial wavefront structure of the
illuminating beam The first tentative to rationalize this observation was made through
the formulation of a symmetiyased phenomenological model, which included an
enhanced effect in the pheittduced méerial migration at the surface. Even if
qualitatively, this modeld able tofully explain all the observed findings in the spiral
surface relief[8]. Thisphenomenological modebuld be in principle compatibleith
different molecular mechanissnable to relate the azobenzene pHstumerization
dynamics to the spiral mass transport observed in the azopolifoeever, a solid
physical picture of the microscopic underlyimhenomenoncan be givenby a
molecular model based on the anisotropic diffusion dhe photcisomerizing
azchromophores under irradiation. Thigdelincludes, in a coherent way, both the
new wavefront sensitivity and the wethown intengy/polarization dependences,
typically observed in the formation of the surface reliefs with standard illumination
conditions.Furthermore, its predictionsan permitthe use of the lighinduced surface
reliefs as a topographic recordirof the actual distribution ofomplex opttal field
patterrs. After the detailed description of the modeh ihis chaptertwo of this
experimental situationare presentedn which surface reliefsare inscribed wto the
azopolymer surface with the irradiation of light beams obtained frotwo light-
modulating devices: anetasurface acting as apinto-orbital angular momentum
converter, and the liquidrystald-cell, demonstrated to generate (modified) radially and
azimuhally polarized beam®5]. The agreement between the experimental and the
predicted surface modulations allows the te$tthe hypothesized optical efd
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distributions of the beamand represents ammdirect characterization of the light

modulating devicesFurthermore,the model presented hetes also the ability to

correctly describe thdight-induced reconfiguration of isolated azopolymer micro
structures under uniform beam irradiatipas we will see in chapter 4

2.1 The molecularanisaropic diffusion model

As already mentionedhé model uses the concept of the anisotropic diffusion of the
azochromophoresas the molecular driving mechanism of the macroscopic mass
migration occurring irezomateriad under illumination Respect to othenodek, based

on the same microscopic driving mechan{4®,19,56] this model takes into account
the possibility of a different efficiencyf the diffusion of the azomoleculesusgited in

the proximity of the free azopolymer surface respect todiffasion occurring in the
bulk film. The enhanced mobility at theurface produces a lightiriven material
transport whichinterlacesthe optical field componestin nontrivial way under
particular illumination configurationsvhile it resultsnegligiblein most of the reported
standardexperimental illumination conditions (for example in the inscription of SRG).
As we will see,this term is essentiah order to explainthe spiral masgransport
observed in the surface reliefs induced by focused \rexns.

As discussed below,hé¢ model is oversimplifiedn several aspectsand a
guantitative discrepancy betwedhe predictions and the observation is found as
consequence of thadoped approximatios. However it catches the fundamental
gualitative aspectsf all the reported experiments related to the mass migration in
amorphous azomaterialsesulting as a worthy candidate grentualfurther theoretical
insight.

Let us to considean azopolyner film of initial thickness Ldeposited oto a rigid
substratg(Figure 2.1(a)). The coordinateeferencesystem is chosen such that filen
extend in the xy plane, with thepolymersubstrate interfacsituatedat he¢ mand
the polymer free surface at tqeoted 0. After thelight irradiation the freesurface
of the polymer manifests theappearance dhe surface reliefswhich can belescribed
aspositiondependenheight variatios YQaofto & afto 0 of thefreesurface quote
respect to the height of the unexposed tilm

In the model, thesurface modulationgppearing under irradiaticare assunteto be
caused by dight-induced polymer mass transpart the xy plane which can be
described by a massirrent density vectod. Assuming the incompressibility of the
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material, the irplane lightinduced mass displacement leads to a surface modulation
which can be described by the relat[@m4]:
LDt = .

Dh(x,y) = — « Ao with kx5 (21)
where Y0 is the irradiation time” is the polymer mass density, denotes the
derivative respedb the transverseoordinates sy and & LQ 470 is the averaged
mass current across the film thicknéssn relation(2.1), as in the rest of the paragraph,
the sum ower repeated indices is intendégom this equation we can see that, in order

to determine the surface reliedtern over the surface, weed to know the derivatives
T 0 and 0 of the currentin the-y plane.

Figure 2.1] Photoinduced anisotropic diffusion model. (a) Definition of the geometrical
parameters(b) Schematic representation of the anisotropic diffusion of the azomolecule as a
result of the absorption of a light glon. The molecule translates along of the direction of the
molecular dipole momer,

In order to relate the mass density current to the microscopic dynamics induced by
the illuminating optical field, let us to describe theomolecule embedded in the
polymer matrix by theirposition vector r and by the unit vectoH, defining the
orientation of the molecular main axighich also coincides with the molecular
transition dipole directiofrigure2.1(b).

Assuming a dipole electric interactiothe absorption probabilityy »hH for the
azomolecules to abgb a photon of the irradiating light field is

p(r.8) =a oB(r), (22
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whereE(r) is the complex optical electric fieldectorand| is a constant proportional
to the absorption coefficienat the consideredillumination wavelength.As the
molecules absorbing a photon are subject to the ghotoerization processhe
probabilityy »H described by the relatiof2.2) determines the number density of the
excited molecules per unit volume and solid angle »H contributing to the
molecular diffusion process. In orderdefine such number densitgtlus denote with
¢ »H the total number densifpoth excited and neexcited)of the azomolecules per
unit volume and solid angle.

At equilibrium, beforethe illumination starts, the position and the orientation ef th
molecules can be considered as approximately uncorrelated, and hence we can write

n(r,&=N() f( & (2.3)

where N¢) is the molecule number density per unit volume irrespective to the
orientation, and'QH is the initial orientational distributionof the azomolecules.
Assuminga uniform distribution of the azomolecules across the film sanii(e), can
besimplywritten as:

N(r)=Nog(2) 4L -2, (2.4)

where( is the uniform bulk number density, ardd is the Heaviside step function
(—& mfora mand—a p for a ), introdwced to describe the polymer
surfaces located @ Tmandda 0. Theinitial orientationalequilibrium distribution is
assumed to be isotropic, so tiaat have

f(H= (2.5)

1
40"
Writing explicitly these factors ithe relation(2.4), we have

(. 8=224(2) L -2 @9)

Under illumination the initial molecular distributiondesribed by (2.6) is certainly
altered by themolecular photoisomerizationprocesses which tentb reorient the
molecules orthogonal to the electric fieldhe orientational holédurning effect
described in sectiof.1). Moreover the molecules alswanslate as result of the mass
migration phenomengrso that also their spatial distribution can be altered during the
irradiation However, if the fraction of excited molecules is assumed to be small, these
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molecular rearranged configuratoncan be neglectedind we may retain the
equilibrium distribution described kthe relation(2.6) also duringthe light exposure

As we will see below, his approximation is equivalent to assume a first order
interaction (linearized in the field intensity) and makes the model validfoniweak
and/or &ort irradiations.

To go further toward the approximated form éf »H , we assume also that at
each excitation event a molete moves only a short distancespect to the
characteristidength of the optical gradientsd changesorientationonly slightly. In
these approximationsye can write the following rate equation for the number density
of excited molecules for a given location and orientation:

dn, e

Z®=p(n - - 2.7

5. = P(n-n) ;. (27)
where ¢ ¢ is the number of noexcited molecules for the same position and
orientation andt is the exciteestate lifetime. In the first order approximation, we can
neglecté respect t€ in (2.7) and at the steady statéQEj Qo6 ), we find for the
numberdensity of excited molecules per unit volume and solid angle the expression

ne(r.8=p(r Fen( . ). (2.8)

From equation(2.8) it is evident that any neequilibrium term in¢ (depending
explicitly on the moleculdield interaction) would produce, after the multiplication with
the factors contained i (equation(2.2), higherorder powers in the fields, which are
neglected in thissimplified description of the lighdriven molecular dynamics
Substituting relation§.2) and(2.6) in (2.8), we finally obtain:

n(rB)=25% () a(2) 4L 2 @9

which defines the number of azomolecules per unit volume and solid angle contributing
to the light-driven directional diffusionin order to calculate the anisotromidfusion,

let us specify th@ther role that the molecular transition dipole momeiplays in the
model.

Accordingly to other diffusion modelgl8,19,56] thedirection of the unit vectar
defines also the directionf the net molecular displacemeatising from the light
triggered randomwalk diffusion performed by theexcited azomoleculesin this
framework, the anisotropimoleculardiffusion can be visualized as equivalent to a
wormlike motionthe azacromophoreperformsunder irradiation(Figure 2.1(b)). The
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onedimensional mass current resulting from targsotropicdiffusion process can be
expressed as:

3(r.B= D(2 M =p(3) Dl ) (2.10)

dx,,

where'O ¢ is the exciteemolecule diffusion constant, whosdeal z dependencés
assumed to be

D(0)=0
D(z)=Ds for 0 < & (211)
D(L)=Ds

In the relationg2.11), an explicit possible change the diffusion constant is considered
in correspondence of the free polymer surfa®e) (espect to its value in the bulk
polymer {O ). Because of the fact that the described diffusion cannot push the molecule
out from the polymer film, therexists a forceat the surface counteracting theery
pressure forcecomponent originateé by the z component of the current vectbr
Without the need of the explicit form of such term, we can simply include this
consideration by imposing a net réswg vanishing current along z axis tte free
polymer surfacdl 0 T

Inserting equiaons (2.9) and(2.11) into (2.10), we obtain the following expression
for the mass current:

%(2) 41 9 € ORE( &
7 , (2.12

I A ~ . 78 ’
1+8d(z L)(E e 2 |

wherewe have introducethe unit vectorn or ma | to the surface
function] & . The total current vectokis finally obtained by integrating equation
(2.12) over the entire solid angle:
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The average othis current along z across the film thicknessile assuming z
independent optical fielddeads to the following expressi®rfor the lateral mass
current

5 a D
Jy=a éNoge'DBMknj |(1Ef Ej) f Mz B . (2.14)
wherek,l =X,y; i,j =x,y,z, and the result of thengular integralgs written ag46]:

Muiij =$ﬁEu E%Edﬁ/?_l—s(% @ & dihi )7 (2.15)

1 being the Kronecker symbol. Inserting equati@il5) into equation(2.14), we
finally obtainthe explicit formof the transverse mass current as:

%=GHEE) & (EE EH® G Eu

2.16)
Ce/s (
+(E:B *ER),
with ' oty and
_ _a tNyDg
-C -4 eNolB
C=C, G 15 217
_a tNyDg
Co=280"s
15

A close look at the form of the different tesrappearing in the mass current relation
(2.16) allows the attribution of the effects each of them produce respect to the overall
material displacement in they plane during the illumination process.

The term proportional to {corresponds to a mass migration occurring along the
gradient of the total transverse intensity. Indeed, such term is proportion@ to
O , which drives the polymer out (in) of the bright regions onge0C(C<0) is
assumed. This is the only n@anishing term in the mass current that can be responsible
of the appearance of surface reliefs in the casepofagization.

The term in Gis proportional to the longitudinal fiegD s . This is typically small
in many illumination cases, but it can be not negligible in some illumination
configurations (for example with highly focused beams).

The term in G is the tem causing the polarizatiesensitive mass transport
discussed in the sectidn2 This term leads to a polymer motion along the direction of
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the electric field, and it is the relevant term in many standard illumination
configurations (including the interference ofpp polarized beams, or the linearly
polarized focused gaussian beams

The last term, proportional to the surface diffusion constgnisdnstead sensible
to the light wavefront via the interference of the longiadl and the transverse field
components. In most of the standard illumination conditions this suniacéated
interference term vanishes identicalljowever this term has been demonstrated to
describe the spiral transport eff¢8t46], meaning thait can be significant is some
illumination conditions, as in the case of the focused vortex beams.

Using equation(2.1), the total lateral curremf defined by the relatiof2.16), gives
the explicit dependence of the surface modulation on the components of the irradiating
optical field:

Dh(xy) = wi(E B) ot ( BE) sut| B g

(2.18)
+2¢, W Re(E;Ey)
where

_ _ LDtC, L Da ¢NyDg
a=G r 15 r
C, =2¢, (2.19

_ DtC, _ Da tN,Dg
Cs = .

r 15 r

Making the sum over the indices, equat{@i8) can be written irthe explicit form,
where the field componentse expressed @artesiarcoordinates:

Dh(xy) {a e)g 2B 3kEE § ¢
rapile 4IES§ -
+2c, u YR EyE,) + (2.20)
ro BES SRS+

+2cs8 WREELE,) R4 E,E,) :
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Relation (2.20) can be used tdlirectly calculate the surface reliefs arising onto the
azopolymer surfacendler irradiation with an optical fielgt » OFORO ».

2.1.1 Phenomenological choic®f the mass currentcoefficients

The anisotropic molecular diffusion model presented here would adl@irdcty link
the molecular diffusion parameters and the observed macroscopic massmeone
Indeed, the coefficients appearing in the constitutelations(2.19) can be explicitly
evaluated on the basis of the matkproperties. Howeverhe¢ use of reasonable values
for the molecular parameters {2.19) leads to an estimation of the multiplicative
coefficients appearing in equati¢®.20) not able to fit quantitatively the experimental
results in simple illumination conditio8,46]. Such discrepancy can be attributed to
the drastic approxinteons made on the dynamics of the molecules under the light
driven photeisomerization. For example, the orientational Hmlening effect is
completely omittedas well as any consequent saturation of the mass migration process.
Furthermore, the influenceof the viscoelastic forces inside the material is
oversimplified by the simple incompressibility assumption. All these simplification
should be relaxed stdpy-step in a more sophisticatadodel inorder to achievenore
accurate quantitative predictians

However, the real power of the model, even in this simplified form, emerges if the
relation (2.20) is understood as the result of a phenomenological model, tlae
multiplicative coefficients appearing there are intended to be chosen empirically in
order to matchthe experimental results. The discussion conducted in the previous
paragraphrabout to the meaning of the different terms ofltgbkt-induced mass ctent
in therelation(2.16), and the behavior of the mass material phenomenon iFknan
situations (as the SRG inscription and the surface reliefs tincigsed gaussian beams)
can help in this empirical choice of the parameters.

For example, the predictiom O O in equation(2.17), leads to the relation
™ C® ¢w. Considering the case dhe illumination with the pattern gersed
with two interfering beams in-p or ss configurations, equatiof2.20) would predict
an amplitude of the surface reliefs proportional to the teom (@) in the case of p
polarization, while the amplitude ofsspolarization is proportional t@. This would
imply that, using the same exposure time in this ilvonination configurations, the
predided amplitude ratio in the inscribed SRE®j ® &  pj o, which is in
disagreement with thenost of theexperiments reporting a very low efficient surface
modulation in the case ofsspolarization (see aldagurel.3).
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Figure2.2| Spiral surface reliefs simulated by the phenomenological model. (a) Simulated terms
appearing in equatio(2.21) for a LaguerreGauss bam having a topological charge  v.

(b) Total surface reliefs resulting from the coefficient chaice p, ®@ Y @j_ 8(c) and (d)

same simulation made fom L. Only the terms including the interference between the
longitudinal and transverse optical field componarg changed by the opposite sign of the
topological charge. The simulations are reproduced from refefghce

From these considerations reasonable choice for the coefficientis ® L @,
while relation(2.19) suggest als@ L @. In the limiting case, one can evehoose
® ® T With this hypothesisequation(2.20) can berewritten as:
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on(xy)° aSalEl 4lg ¢ +
+2c, U REE,) + (2.21)
+2c58 WRe(E;E,) + R4 E,E,) :

Now, the relative strength of the superficial ffiméent @ respect to the coefficierd
can be phenomenologicakiygjustedo correctly explain the spiral surface reliafssing
under the vortex beam irradiatiomn Figure 2.2(a) are presented the simulated
contributions(reproduced from referencg8]) of the optcal field derivativesappearing
in the relation (2.21), calculated for a linearly polarized (along the y direction)
LaguerreGauss beam having a topologicalacger) L. Combining them together
and weighting the different termsy the two coefficient factor& and @, equation
(2.212) reproduce correctly thepsal surface relief if the surface coefficientsist to the
value® Y @j_ . This particular value of theoefficientratio corresponds to set a
ratio in the diffusion constants of equati@l1l) at the valuéDj'O  p Ttmeaning an
enhancd diffusion of the molecules at the surface alfoutone order of magnite
respect to the bulk polymer, which is a reasonable result.

The simulatedspiral surface relief obtained in this way is presentedrigure
2.2(b), where a clear qualitative agreement with the experimental spiral surface relief
reported in Figure 1.6(c) is immediately recognaéble. Beside the qualitative
reproduction of the spiral surface relief, also the dependence dredmetopological
charge is in completagreementith the prediction of equatio(2.21) and theactual
phenomenological chagcof the coefficient ratio. Idrigure 1.6(d), the change in the
handedness of therms of theexperimenally spiral surface reliefinderthe change of
the topologial charge sign has been present&adch inversion is observed also in the
reliefs predicted by equatiq2.21), as can be observed kigure2.2(d). The change in
the sign of the topological charge affects only the surface mediated terms in equation
(2.21) (Figure 2.2(c)), while all the other terms remain unchanged under the inversion
from n L ton v, in the specific example considered here. Furthermibee,
model providesalso the correct qualitative predictioraboutthe dependence of the
observedspiral surface reliefs otne absolute value of tlee

Figure 2.3 presentdive spiral surface reliefs inscribed onto our azopolymer film
with a linearly polarizedLaguerreGauss beanat increasing valuesf the topological
charge from+1 to +20. The experimental reliefs show an increase of the transverse
extension othe spiral and an increasing rotation angle of the spiral arms with respect to
the yaxis (vertical direction in the images). These observations are reconstructed also
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in the spiral reliefs simulated througlequation (2.21) (reproduced from
references[8,46]), highlighting once again thgualitative agreement of the model and
the relevance of the surface enhanced magsation term in this particular
experimental situation.

q=1 q=2 g9=5
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= =

=
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Figure 2.3| Comparison between the AFM experimental images and theoretical predicted spiral
surface reliefs induced by the irradiation of a higldgused Laguerr&auss beam atdneasing
values of the topological chargeAll the experimentaleliefs areinscribed in our azopolymer

by maintaining fixed the beam power (¥V) and exposure time (40 s).Theate bar in the

AFM images correspond t600 nm The simulated surface relgefare reproduced from the
reference$8,46].

2.2 Surface reliefsrecording the complexfield distribution

From the discussion conducted so far, we can conclude that the spiral material transport
observed by the irradiation of a focused beam endowed withrtaxvbeam can be
univocally ascribed to the particular helisilaped wavefront othese beamsThe
sensitivity to the wavefront of the ligllriven mass migration adds another degree of
freedom to theirradiation parameters, over the already vkelbwn irtensity and
polarization dependences, one can use design more comfiexganto the surface of

this class of photaesponsive materials. The phenomenological model described here,
even if it is approximated in some aspects and hence non able to pgtfantitative
predictions, gives moreover the possibility to directly link the spatial configuration of
the optical field irradiating the material with the topographic modification of its surface.
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However, in principle, one can even try to follow the tietical model in the ideal
inverse direction: use the encoded surface reliefscharacterizesome specific
parameter of the optical field used in the azopolymer irradiation. To give a concrete
example, we have seen that thandedness arttie lateral extesion of the spiral arms
induced during the spiral mass migratiemquely depenan the sign and the absolute
value of the vortex beam topological charge. It becomes immediately reasonable to
suppose thatwhenever we observe a spiral mass migratawing the mentioned
phenomenology, we are in presenceanfoptical vortex in the illuminating beam. A
similar study can be used to effectively characterize a device which is ecpect
generate optical vorticefurthermore, this approach can sustigivenhypothesis on

the actual complex distribution of the optical field in the space by comparing the
experimental observed surface reliefs with the theoretically predicted ones. In the
following two paragraphgshe optical fields generated byd optical modtator devices,
namely a dielectric metsurface able to generate optical vortices and a liquydtal
device producing spatially varying polarized beams, are characterizedheéy
comparison between the surfaogiefs they produce onto the azopolymer ati
topography predicted by relatio(&20) and(2.21).

2.2.1 Spiral surface relief for the characterization of a spirto-orbital
dielectric meta-surface converter

Until now, we have discussed about the use of the vortex beam to generate surface
reliefs onto the azopolymer surface, mda detaik about how hese beamgan be
generated have been given. As already mentioned, these beams are characterized by the
dependence of the azimuthal phase evolution aroungrthgagation axis of the type
A @B «sesulting in a singularity along the optical axis which gives tasthe optical
vortex. There are different ways to impose such azimuthal phase dependence in the
wavefrontof a light beam. A commonly used method is the wavefront shaping operated
by means of a spatial light modulator (SLM) programmed to visualizesdlealled
pitch-fork hologramg21]. This is indeed the way all the vortex besaosed in the
experiments reportedn the previous paragraphs (and references [8,46]) are
generatedThe principle used to design such holograms is based on the caltwhti
the interference pattern produced in a plane transverse to the optical axis by a vortex
beam and alantedreference optical plane waj&7,58]

Another approackor vortex beam generatias instead based on the usadelices
exploiting the geometrical phase (also known as Panchardieary PB phase) to
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create inhomogeneous gratings for the wavefroshagng [50,59] The devices
maxing use of such principle are able to transform the spin angular momesttiea

by a circularly polarized beamstinthe orbital angular momentum carried by a beam
having an helical wavefronE{gure2.4a). The most used spto-orbital (SOC)angular
momentum converters isliguid crystal device known agplate[53]. However, there

is interest in developing spio-orbit angular momentum converters able to circumve
the limitations in terms oflegradation and resolution of these liquid crystal devices.
Recently,we proposed and characterizad efficient and versatile SO68] constituted

by a dielectric metaurface(Figure2.4(b)). This device hatheenhanced performances
in termsof complex wavefront shapingespect to the liquid crystal devices, allowing
the generation ofvortex beams havin@rbitrary integer andractional topological
charges.

Even if a complete chacterization of the device can be made by interference
studies between the beam modulated by the SOC with collinear and/or slanted reference
plane waves (as is performed extensively in referdtfd), the presence of an optical
vortex on the axis of thdbeam emerging from the SOC devicean beuniquely
demonstrate through an experimental verification of the spiral masgration that this
beam should inducento the azopolymer filmAs discussed above, the presence of
spiral arms in the surface reliefs, flipping &ndrotating under a change in tegn of
the vorex topological charge andnder an eventualotation of the direction of the
linear beam polarizatiof8], can be used as a fingerprint of the presence of an effective
optical vortex.In order to understankdow the SOC device in able to generabetices
having opposed charge sigres brief disussionaboutthe working principle andhe
fabrication strategy of these converteasn be usefu[53,60]

The SOC dielectric metsurface showrin Figure 2.4(b) is constituted by sub
wavelength TiQ optical resonators, termed aanofins (Figure2.4(c-d)), whose spatial
dimensions (heighth, width W, length L) are properly chosesuchthat each of them
induces & -phase delay between the transverse compongmisdes, of a propagating
optical field. In the SOC design strategy, each of these nanofins has a variating
orientation angle] 1P in the device plane Fgure 2.4(d)), which irduces a
geometrical phase variation in the wavefront of a propagating beam.

Using the Jones formalism for thiescription of thdight polarization statethe
Jones matrix ba nanofin in the polar position b  of the device planas:
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M) =R a5 Bl @
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(2.22)

whereR() is the matrix for the rotation of an anglei i» , and the matx describing
the "-phase delay has been used. If the incident field is right circularly polarized, its

Jones vector i® E?Q and the field emerging from the device is:

Lo}

1

Eout = M(r./ )Eine Eo€22:/) (223
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Figure 2.4| The dielectric metastace used for spip-orbit angular momentum coaksion
(SOC). (a) Sthematic representation of SOC principle. (b) SEM image of the dielectric
metasuface fabricatedy electron beam lithography and atomic layer deposition of.Ti€)

and (d)schematic representation of the namsonators, whose geome#d parameters and
orientation angle are tuned to achieve an overglhase delay between the electric field
transverse components and a geometrical phade ng |
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In order to induce raoptical vortex of charge, the distribution of thenanofins
orientation angles in the device plasteouldto be chosen as:

j+ o (2.24)

N Q2

a(r.j)=

Indeed, relation2.24) would imply a geometrical phase term ekjf], which is the
helical wavefront of a vortex beam having a topological chargd-ttrthermore, from
the relationg2.23) and(2.24), we have that an incoming right circularly polarized beam
would betransformed in a helical modeith left circular polarization. Inverting the
headedness of the incident circulargpzation, the same device genesae vortex
beam with the opposed topological charge sigh (

b! g=+2

Microscope
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Figure 2.5| Spiral mass transport generated by a beanerging from themetaSOC (a)
Schematic represeaatton of the setupThe two half-waveplates contained in the dashed
rectangles are inserted along the optical path to change the sign of the topological charge and
the polarization of the beam illuminating the azopolymer. (b) Cross section of the beam
intensity pofile before themicroscope for both the chargés ¢. (c) and (d)AFM images of

the spiral surface relig obtained with verticapolarization and opposed vortex charges,
respectively.(e) AFM image of the spiral relief obtained by rotating the light polarization
direction by 90°The laseiirradiationconditions are: powed5 pW, exposure time 20s
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In Figure 2.5 is presented the characterizatidoy means of the surface reliefs a
beam modulated through the deviceone of these SOC metasurfaces, designed to
produce opticaVortices of charge:2. A linearly polarized laser beam_at v o & &is
transformed in a right circular polarized beam by andWwaleplate before crossing the
metaSOC devicen order to produce the q=+2 optical vort&he polarization of the
modulated beam is then reconverted to linear by a secondvéradiate before the
beam is injected into the lateral port of an inverted microscope, equipped with an oil
immersion 100X objeote (NA=1.4), and focused onto tpincoated azopolymer film
(Appendix A)

The cross sections of the beam intensity profile leetbe microscope igresented
in Figure 2.5(b-top). It is characterized by the expected typical doughikatintensity
crosssectionof a light beam endowed with an optical vortex. Furthermore, the actual
helicalshaped wavefrondf the modulated beam is clearly demonstrated by the spiral
surface relief the beam induces onto the azopolymer surface, as presehtgdrén
2.5(c). Also the inversion of the spiral mass transport handedmeles the inversioin
the sign of the topological charge is found. In this casealf-waveplate is inserted
along at the beginning of the optical path in order to achieve a left circular polarization
for the beam traversing the SOC. The dougtstatped intensity profiles realized also
in this casd-igure2.5(b-bottom), and it results indistinguishable from the previous case.
However, the spiral arms of the surface relief onto the azopolymer are clearly
characterized by an inverted handednésgufe2.5(d).

Furthermore, a rotation of 90° of the whole spiral relief is obtained by rotaying
90° the linear polarizatiordirection of the beamcarrying the topological chargg=-2
(Figure2.5(e)), acording to the results reported [B]. These observations confirms all
the predictions of the phenomenological mass migration model described in gttion
and unambiguously recognize the presence of the optical vortex on the axis of the beam
modulated trough # dielectric metastace, confirming, moreover, theuccess of all
the device designing approaches, starting from the-resanator design till the actual
inscription ofthegeometrical phase tmthe wavefront of thenodulated beam

2.2.2 Field distribution s generated from thed-cell

Another situation where the surface reliefs induced onto the azopolymecdiinbe
used as an experimental proof for the actlistribution of theoptical fieldcomponents
in focal region of an higimumerical aperture microscepobjective, concerns the
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commercially avaliabldiquid-cristal cellusedto produce radial or azimutal polarized
beams: thef-cell.

The d-cell consists of a liquigtrystal cell characterized by two differebCs
alignment layers at the cell interfadé4,62] In particular, one layer is rubbed
unidirectionallyto achieve a linear alignment of the LCs in contact with it, while the
other layer hasa circular rubbingorientation(Figure 2.6(a)). The direction of the linear
rubbing definesalso the cell axis.The schematic representation of the liquid crystal
orientationsinside the cell as viewed from the top is presenteBigure 2.6(b). The
twist angle for the liquid crystalst different positions in the cell is always smaller than
"[2. This characteristic produces a defect line (dashed lin€igore 2.6(b)) in
correspondence of the inversion in the sign of the liquid crystal twist angle. In this
regon, which has a width of few tens of microns, the liquid crystal alignment is not
defined[62].

AN |
ol <3
ﬂﬁﬁ > Azimuthally % > Radially

0 Cell Polarized % Polarized
Light 0 Cell Light

Figure 2.6] Working principle of the liquid crystatFcell. (a) Schematic representation of the
alignment layers for the LC at the two faces of the cell. (b) Representation of the spatial
dependent LC twist angl@roducing thef-cell defect line. Configuratioproducing Azimuthal

(c) and Radial (b) polarized beams from a linearly polarized beam. Imegesiuced from
referencd62].
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The spatial dependencetbk twist angle of the birefringent liquid crystals over the
d-cell plane is able to convert a linearly polarized beam, incident onto the cell from the
side of the linear rubbing, into azimuthally or radially polarized beams. In particular, if
the incomiry polarization direction is parallel to the cell axis, an azimuthally polarized
beam Figure 2.6(c)) is obtained after the cell. Otherwise, if the polarization of the
incoming beam is orthogonal to the cell axis, a radially ppgaribeam emerges from
the cell Figure 2.6(d)).

However, besides the reorientation of the local linear polarization direction of an
optical field travelling through the device, tdecell induces also a-shift in the phase
of the light passing through the two sides of the cell defec{3B While such phase
shift does not affect #hactual polarization direction of the light emerging from the cell
and can be neglected in many experimental situations where onldirégional
polarization state is releva(dee for example sectidn4 of the present ttes), it has a
direct influence on the optical field distributions in the case dilhipcused radial and
azimuthal beams, as reported in referdbé&g.
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Figure 2.7| Effects of the” -phase shift induced by the two half offaell. schematic vectorial
representation of the transverse electric field of a radial polarized beam (a) and the beam
emerging from th cell (b) which is characterized by ahift between the two sides of the cell.

The red dashed line in (b) indicates the cell defect line. (c) Simulated intensity distribution in
focal plane of an objective lens with NA=1id the case of actual radialnd azimuthal
polarization, and (d) for the twioalves radial and twhbalves azimuthal beams.
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Figure2.8| Surface reliefs inscribed by the tlalves radial and azimuthal focused beams. (a)
Schematic repsentation of the illumination setup adetell configuration for the surface relief
inscription experiment. AFM images of the surface relief resulting from the radial polarized
beam b) and from the azimuthal polarized beam (c). Simulated surface reliefs from the relation
(2.21) of the phenomenological model for the case of-hawes radial (d) and twhalves
azimuthal (e).

Following the nhomenclature presented in that study, the optical fieldsqaddy
thed-cell are named asvo-halves radialandtwo-halves azimuthah order to highlight
the phase shift in the two haididesof the cell. InFigure 2.7(a) andFigure 2.7(b) this
situation is described visliaby the comparison between the vectorial representation of
a radial polarized field and the twmalves polarized field obtained from thkcell.
Simulating[8,55] the intensity distributionof the focal region of a high numerical
aperture objective (NA=1.4) we can observe a significant difference between the
intensity pattern predicted for the actual radial and azimuthal polarized bEayuse(
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2.7(c)) and the twehdves polarized beamsigure2.7(d)). A complete characterization

of the different components of the optical field has been performed both theoretically
and experimentally in referencgs5], confirming the effect of the cell defect line as
simulated in Figure2.7(d), however once again we can use the surface reliefs produced
by the actual beams modulatedtbgd-cell onto the azopolymer to further characterize
the device and the optical field distributions it produces.

In Figure 2.8(a) the simple experimental configuratias presented in which the
linear polarized light of the &&r beam at v o & & passes through treecell device,
whose axis (and itslefect line) is orientedn the vertical directionThe wo-halves
radial orthe two-halves azimuthal polarizatioswe chosen by placing at need an half
waveplate before the ded to rotate the input polarization direction. The light
emerging from the liquid crystal device is then focused onto an azopolymer thin film by
means of the 100X (NA=1.4) immersion oil microscope objective. The AFM images of
the surface reliefs arising liyadiating the polymer with a light power @fW for 40s,
in the two polarization conditionare shown inFigure 2.8(b) and Figure 2.8(c),
respectively.

The surface reliefpresentedhere are characté&zed by a very good agreement
between the experimental surface reliefs and the reliefs simulated through the relation
(2.212) of the phenomenological moddis discussed in referencgy5], the” -phase shift
of the twehalves polarized beams affects mainly the longitudinal field component of
the twechalves radiapolarized beam. Indeed, an actual focused radial beam possesses a
significant field component along the light propagation direction, where most of the
overall field amplitude is concentrated. For this reason these beams can be used for
spectral high resoliion imaging [63,64] However, the longitudinal component in the
case of the twihalves radhl polarized beam generated by ttieell has a different
spatial distribution respect to the ideal radial one, limiting its use for the application
where this aspect is of interest. The very good qualitative agreement between the
experimental surface reliefs and the surface modulationgbeeldoy the mass migration
theoretical model in the hypothesis of the #aalves radial beam illumination indirectly
confirms the actual distribution of the components of the optical fields generated by the
d-cell, and represent a very elegant experimesitaracterization of the device.
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3 Surface Reliefs from
holographic structured illumination

Holography is an optical technique able to reconstruct a desired light field in a specified
plane of the optical path by properly modulating a light beam throaglight
modulating device. Usin@ holographic method, a specific intensity pattern can be
reconstructed. This is even more true for the comggaaerated hologramwhich use

a digital representation of th@esired intensity patterrgllowing the reprduction of
almost arbitrarycomplex light distributionsIn the field of the lighinduced mass
migration phenomenon this high degree of control in the illumination configuration can
have a twefold relevance. Fst, it can be used to studhe phenomenorat the
fundamental level. In particular, as the intensity distribution and the polarization state of
the irradiated light can be controlled independently, the disentangled effects that each of
them produces in terms of surface modulations can be investiggparately This is

not the case, for exampl®f the interference illumination patterns used for SRG
inscription, where the polarization of each beam affects directly the intensity
distribution of the light over the samplgecond, as the surface stwation is induced

only in the illuminated areas of the azopolymer film, the fine tuning of the irradiating
light intensity pattern througha holographic technique opens immediately to
applications of the complex superficial textures produced with thigodein the
micro/nano photdithography. In the present chaptére implementation ofraoptical
setupable to reconstruct complex intensity distributions in the focal plane of a high
numerical aperture objective is described. The principles undetlyengalculation of

the computegenerated holograms in the framework of the pluade optical
modulation are also presentékhe series otomplexsurface reliefs obtainederein
different illumination conditionsand the peculiar disentangled intensibjgsization
dependence clearly highlight the possibilities offered by this holographic illumination
configuration of enlarging the range of both fundamental studies of the phenomenon
and the possible application in the framework of the complex textur&tear
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3.1 Computer-Generated Holograms

In 1948, Denis Gabor{65] proposed an imaging technique able to record both the
amplitude and the phase of an opticaldieimerging from a diffracting or scattering

object. Because of the difference existing in saohiimaging process respect to the

standard photography, able to reproduce only the amplatitteeincident optical field,

he named the total encoded fieldamhation asa hologram meaning Atot al r
throwing the basis of the method we now dadlography | n Gabor és hol ogr
field is recorded as an interference pattern produced in the coherent superposition of a
reference wave with the light dliicted by an object. Using such interference pattern as
modulating mask for a light beam at the same wavelength of the one used for the
hologram recording, an image of the object can be reconstructed resulting in an optical

field which retrieves the origal diffracted light field from the obje¢21]. Gabor 6s
holography has receiveah increasethterest over the yegrand it is now the base for

many scientific and technologic applications. particular, withthe development of

powerful digital calculairsin thelast decades, many studies hi#een devoted to the
development of new methods able to create holograms by means of a proper digital
calculation process. The result is that today Comp@tarerated Holograms (CGH) are

able to create images ofjebts that in fact never existed in the real physicalldyvdyut

which were simply drawn in digital form on a computer.

Analogouslyt o Gabor 6s hol ogr ap-tegeratedbhologeanst h at a
calculated on the basis of some proper algorithm, thkastto be transferred to some
physical optical modulator for the image reconstruction. To accomiblishtaskone
can use, for example, a photographic filmgransmissiormasks (printed or fabricated
by lithography) [21]. However, the real advantagé the CGHimaging techniques
mainly due to the possibility of direct transfer of the digitallculated holograms to a
computercontrolled diffractive optical element. The most comigarseddevice is the
Spatial Light Modulator (SLM). This is a ligdiicrystal device whose transmittance or
reflectance is controlled by electric input signals.

Recent SLMs are essentially assimilable to the liquid crystal displays commonly
used in technologic devices (TVs, smartphones and so on), where the electiic signa
driving the liquid crystal reorientation in each pixel can be independently controlled in
order to reconstruct an image. In principle, for CGH implementation, the display should
be programmed in such a way that its transmittance (or reflectance) preplstional
to the digitallycalculatedhologram As the transmittance is a complex function of the
spatial coordinates, a simultaneous and independent modulation of both the amplitude
and the phase of the hologram reconstructing light beam would bedneegeneral.
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This situation cannot be accomplished with a single SLM device. Moreover, it is not
efficient in terms of light throughput. Indeed, due the diffractive nature of the display,
the light emerging from the SLM is divided among many diffractiodecs which
contain each a small fraction of the total incident power. An amplitude spatial
modulator would further lower the light power in each of the modulated diffraction
order by the selective absorption of the light necessary for the modulatienfe@hire
makes the amplitude modulation approach unusable in many pragticglonswhere
the light power is a control parameter for the phenomenon of interest. One example is
represented by optical tweezes, where the majority of the advantages teldtedise
of the SLMs andCGH are typically highlighte{66,67]

A suitable approach for many practical applications is representeédelphase
only CGH design, where the amplitude modulation is completelsiuded and the
reconstruction of thenholographic image is accomplished Ibyodulating only the
wavefront of the light beam. Thisologram ¢ften named agkinoform), has to be
accurately calculated in order to approximately enclose the total hologramaion
(amplitude + phase) in a pure phase profile. Over the years, many algorithms éave be
proposed for the kinoforntalculation, each having advantages related to specific
applicationd67]. In particular,the Gerchbergaxton (GS) algorithm [68], is one of
the most used algorithm for kinoform calculationsituations where the reconstruction
of bidimensional structured intensity patterns is of intereis algorithm constitutes
the basis of thecalculation design for thespatially structurecholographic intensity
patternsused here to illuminate the surfaces of twweopolymerfiims. The GS
algorithm isdescribed in detail in the next paragraph.

3.1.1 The GerchbergSaxton algorithm for phaseonly CGH

Many algrithm schemes used for kinoform calculation in the ploeedg CGH are
based on the relationship existing between the complex optical fields in the two focal
planes of a lens. As established by the theothefscalaiFourier optic§21,51,69] the
propagatiorthrough the free spacef the optical field from a given plane of the optical
axis (source plane) to the faeld, produces an optical field which can be described as
the Fourier transformation of the field in the considesedrceplane[38,42,43] The

same Burier relation exists also between the optical fields in the focal planes of a lens,
which is regarded as realizing the-called 2f-geametry (Figure 3.1(a)). Explicitly, the
optical field™Y @ hd in the second lens focal plane (plane II) is written in terms of
the optical fieldY @ho in the first lens focal plane (plan I) as:
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Uy (Xn,)ﬁ )=FFT§U (?(,N) . (3.1)

Equation(3.1) represents an operativefihition for the calculation process one has to
follow to build a computer generated hologram. Once the intensity pattern to be
reconstructed is specified as a target intensity infagéw , the 2fgeometry permits to
identify the plane Il as the image reconstruction plane, and the plane | as the hologram
plane, where the modulation of the optical field is achieved (for example through the
spatial light modulatoplaced in thaplane,as shown irFigure3.1(b)).

In the framework of the phasmly CGH, the hologram calculation problem can
be reduced to the calculation of a phase préfiledfdo  (kinoform), to be imposed
onto the beamvavefront in correspondence of the first lens focal plane, such that the
following relation is verified:

Le (X i ):(FFT{expgiﬁ (x.y) }éz. (3.2)

In phaseonly CGH, the amplitude information of the complex optical fields is not used
for effective light modulation, and the phase profde whw , solution of equation
(3.2), can be founanly in approximated form by aterative calculation proces$he
basic ideaof the GS algrithm, whose flow chart is shown iRigure 3.1(c), is to
operatea series of propagations tife optical fielé between the lens focal planes with
the task of encoding the shape of the target intensity profile into a pure phageam.
This is practicallyaccomplished by a series of Fourier transformatibecause of the
2f-geometry configuration) in which, at each propagation step, only the phase
information emerging from the Fourier transformatminthe field is preserved, hile
the field complexamplitudeis manipulated in order to account for tualphaseonly
modulationscheme.

More in detail, the algorithm is initialized (at the algorithm iteration n=1) assuming
a randomly distributed phase prof#fe andunitaryamplitude forthe optical field in the
plane I:

Uinput,l = eXp(ifr) : (3-3)

This field isthen propagated in the image reconstruction plane (plane Il) by taking its
Fourier transform. This operation is repeated at each iteration step, where the input field
Y i is subsituted, in the rth iterationby Y as resulting from the algorithm
calculation at the (1)-th step. From equatio3.1), the field in the image plane aitim
iteration is given by:
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U hn = FET €Uinput,n gall n exp( ifll n) . (3-4)

This field is manipulated in order to artificially build the fiéM}, in the image plane
by keeping the phase of the fieM and substituting its original amplitude ;, with
the amplitude of the target intensity patt&mn

Uﬁ n Z\/Kexp(if“ n ) . (35)

The inverse Fourier transformation (#5) propagateshe field back in the hologram
plane:

Ui, =FFT-1gU5 g-qnexp(if,n) (3.6)

Here, a new artificial fieldY; is built from Yy by maintaining the original phase
profile, but substituting the amplituda; with the unitary amplitudés;  p:

Ui, =a hexp(ifin) =exdi fn)- (3.7)

The operation described in equati?) is wherethe actually phaseonly modulation
schemads effectively taken into accourithe field"Y}; constitutes the input field for the
(n+1)th algorithm iteration, omlternatively,it constitutes the algorithm output at the
final (N-th) iteration

UOUt:UT,N :exp(ifLN). (38)
The searched solution for the kinoform then is the phase profile of thé¥iield
Kinoform=arg(Uj v ) - (3.9)

The Gerchbergaxton algorithm converges after the few iterations (in the order of
N=10[70]. However, even if the kinoform resulting from the calculation process is able
to reconstruct very complex light intensity patterns, it suffers (as described in the next
paragraph) ofspecklenoise[71] originating from the algorithm initializing random
phase profiledescribed by equatiof8.3). As the speckle noise affects the contrast and
the resolution of the reconstructed holographic image, a technique suited tudisore
Is necessary for the effective use of such digital holography technique in applications
where the homogeneity of the illumination pattern is a demanding [F@t

In the next paragraph, the effective implementation of the CGH setup and the
characterization of its performances in terms of gai@m of structured intensity
patterns are discussed.
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Figure 3.1] Optical configuration for computer generated holograms. (a) Scheme @f the
geometryand specification of the planes whose optical fietdle related by the Fourier
transform relation. (b) Scheme of the optical configuration for the effective implementation of
CGH by the use of a SLM placed in the hologram plane. (c) Flow chart of the Gerchenberg
Saxton algorithm.

3.1.2 Optical setup

The schemigc representation of the setup used for the ilhation of azopolymer filra

with the holographiccomputergenerated intensity patterns generated is shown in
Figure 3.2( a ) . The | aser beam at a=53vwavenm (fr
frequencydoubled laser), after a beam expander (lensesd L), is reflected onto the
computer controlled phasmly SLM (Holoeye Pluto) programmed to visualize the
desired kinoform, and ptad in the first focal plane of the leng This lens realizes the
2f-geometry for the propagating beam with an iris placed in its second focal plane. The
beam, diffracted and modulated by the SLM (working in reflection mode), is then
transmitted throughthe lens Lk, and focused in the iris plane, where a first
reconstruction of the holographic image is obtained. The iris in this particular plane
allows the spatial filtering of the beam, rejecting all the undesired light diffraction
ordersand the urmodulated lightemerging from SLMAfter the iris, the beans re
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collimated by the lensJandfinally focused onto the sample located in the microscope
(the inverted microscopeAxio-Oberver from Zeiss) samplolder by means of the
external lens £ and the meroscope internal lens systems (including tube lenarid

the microscope 100X eimmersion objective, NA=1.4). When needed, a CCD
connected to the microscope (not shown in the scherfR&ofe 3.2) is able to collect
either thebrightfield image of the sample illuminated byhalogen lamp or the image
of the reflected/backcattered light in the ejliumination configuration with the laser

beam as illuminating source.
b
~ Target Reconstructed

SLM S S Ja fa 55 Jr ) ntensity intensity
Sample planc"

Figure 3.2| Optical scheme of the CGH setup and its ability in reconstructingaireeged
complex intensity patterns. (a) Schematic sketch of the optical setup built on the basis of the 2f
geometry for CGHSegmentd; denote the focal lengths of the correspagdienses L(focal
lengths: § = 400 mm, § = 400 mm, § = 200 mm).(b) Comparison between a digital target
intensity pattern and the tireveraged intensity pattern reflected by a silver mirror placed in the
sample plane. Scalebar of the reconstructashgity image 2im.

The ability of the described optical system in the generation of complex intensity
patterns is shown ifigure 3.2(b). Here, the comparison between the intensity pattern
used as target intensity for the kinaforcalculation and the actual intensity profile
reconstructed in microscope sample plane is presented. The target intensity is specified
as a grayscale digital image, built and manipulated getiericgraphic software. In the
particular case oFigure 3.2(b), the target intensity is a simple sequence of bright text
characters over a dark background. This image is processed for kinoform calculation
using the Gerchber§axton algorithm impleméed by a custom Matlab routinbased
on the discretd=FT calculation. The number of algorithm iterations is set typically at
50, but not visible differences have been found in the quality of the reconstructed
intensity images even for 5 iterations.
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The SLM is controlled by a LabVIEW routinghich allows the sequential display
of a fixed number of different kinoforms at given framerate (until the maximum
framerate of 60 Hz). This feature, as discussed below, is necessary for the reduction of
intensity fluctuations normally generated in the restarcted holographic images, and it
is fundamental for the effective use of the CGH for Hdhtven superficial structuration
azopolymer films.

3.1.3 Speckle noise reduction

As discussed igection3.1.1, the GS algorithm is initalized by a random phase profile,
necessary to guarantee the converg¢n@gpof the approximate solutioof equation

(3.2). This random phase profile is not completely eliminated in the algorithm steps,
even for large numbers of iterations, and results in a granular intensity pattern (the
specklepattern superimposed to the reconstructed holographic image.

A specklepattern [73] is typically observed in coherent light beams reflected by a
rough surface. In this case, the superficial roughness in the scale of wavelength
produces a random modulation in the amplitude and in the phase of the incoming beam.
Interpreted as the conwglon of secondary wavelets, the coherent superposition of such
dephased and modulated waves produces a mutual interference which results in a
granular intensity patterm the farfield. This pattern hasrlght spots in the random
positions where the interence is constructive and dark regions whheeinterference
is randomlydestructive.

In the case of CGH, the random phase profile of tHe iGitialization ste@acts as a
source of randomly distributed dephasing for the beam wave#tiie SLM pixé
scale. The result of such random dephasirtgas the holographic reconstructed image
has a superimposed speckléntensity pattern. This granular pattern limits the
homogeneity of the reconstructed holographic image and represents a souree of un
desideated noise. As this noise depends on the random initializing phase of the
calculation algorithm different kinoforms calculated from the same target intensity
profile are characterized by different speckle patterns. The random natuhes of
holographic spckle noise however,allows a very simple approach for its reductjon
suitablein all the applications where thigght-induced physical proces®f interest
occurs on a time scale relativébnger (few seconds) respect to the SLM refreshing rate
(60 Hz).This is indeed the casé# the lightdriven mass transport in azomaterials.

The speckle noise reduction strateggiimply based oriime average of the random
speckle noise. This temporal mean is practically realized bygdhjaentialdisplay of
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several independent kinoforms calculated from the same target intensity
profile [71,72,74,75] The result is atnomogenous meamolographic intensity pattern
in which the granularity of the speckle noisdfecting each reconstructed image
individually is drasticdly reduced72,75]

In order tocharacterize thespeckle noise reductioachievable by the kinoform
temporal averaging method, the reconstructed images obtained by varying the number
of timeaverged independent kinoform$fiave been characterized through the
measurement of speckle dependent quantities. The main results of this characterization
are reported in Figure 3.3. The parameter commonly used to characterize the
grarularity in the images affected ltlye specklenoiseis thespeckle severit$ [76,77],
defined as:

s=2_, (3.10)
(N

whered@is the mean intensity, andis the intensity standard deviatioreasured in the
image:

Y
<|>_M;a=1||, (3.11)
S URD]

(3.12)

Fromthe definition in equation(3.10) it follows that the more the intensity distribution
in the image is granulahigher values ofi), higher is the value of the parame®er

In order toactually measure thepeckle severitgf our holographic schema,series
of 200 images of the holographic intensity light pattern reflectea Isyver mirror,
placed in the microscope sample plargecollected by the CCD connected to the
microscope.The number N of different kinoforms displayed cyclically (with a refresh
time of 200 ms) onto the SLM is variated from N=1 to N=50. For each N, a single
image (thesummed images reconstructed by sumng together all the 200 frames in
the stack. InFigure 3.3(a) are presented some of the summed images of the
reconstructed holographic patterns obtained for different values of displayed kinoforms
N.

51



ComputerGenerated Hologram

1
intensity

[
~ [

. -t
-« N=1
N " =s0

00 05 10 15 20 25 30
125 1 Lateral distance (um)
12 - e
18
w 115 ¢ i
11 .
1 £14
1051 oy g ] =
1 ¢ o hd * . * * » * n1.2 . - -
085 - 10 L] u
09 T T T r r 08 4
0 10 20 30 40 30 0 10 20 30 40 50
N N

Figure 3.3|Speckle noise characterization and its reduction. (a) Summed images of the CCD
acquired stacks (200 frames each) reconstructed for different number N of independent
kinoforms cyclically displayed onto the SLM. The scalelbahe images (specified in the panel
N=50) is um. (b) Speckle severity measured in the images for different N. (c) Comparison of a
zoomed feature of the holographic reconstructed images and (d) their relative intensity profiles
(scalebar in (c) 500nm). ddmalized discrepancy parameter D evaluated on the profiles of type
(d) for different number of independent kinoforms.

A significant reduction in the intensity granularity is evid&tincreasingiumbes
of averaged kinoforms. This is also confirmedtiy decreasing behavior of the speckle
severity with the increasing of NFigure 3.3(b)). However, even if the parameter S
saturates at the value of about S=1 starting from N=10, the visual comparison of the
reconstructed imagdser larger values of N showaslight improvement trend in terms
of homogeneity in the bright regions and the summed image for N=50 appears less
noisy than the others. Indeed, the restriction of the speckle severity analysis to a small
number of pixels coesponding to an illuminated region of the image (not shown here
for brevity), shows a slower saturating trend for the parameter S and an appreciable
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difference at large values of N (4D) respect to analysis conducted on the entire
image.

Beside the imag homogeneity, the speckle noise affects also the sharpness of the
time-averaged intensity pattern. This effect is describe#igure 3.3(c) through the
comparison between a zoomed view of a region of the intensity target @odiléhe
reconstructed holographic image of the same region obtained for N=1. As can be seen
from the images, the granular intendityctuations on the scale of the optical resolution
limit (250 nm) inducea significant degradation of the sharpness initkensity profile.
However, the situation is improved significantly by teenporalaverage operation, as
can be observed in the image kigure 3.3(c) obtained for N=50 and from the
comparison of the intensity plot profiles meesd in the imaged-{gure3.3(d)).

In order to qualitatively characterize the sharpness of the reconstructed averaged
intensity and the deviation of its profile from the target, a discrepancy parameter D can
be used. This pararez is defined as the mean square deviation between the target and
the measured intensity profiles and it is intended as an estimator of the intensity
fluctuations of the holographic images around the target pattern:

D :_a (li,meas 1 iarget)z- (3.13

In Figure 3.3(e), the values of the parameter D (normalized to the minimum
observed one [) estimated for different number N of averagedokinms are
presented A decreasing trend in the discrepancy as N increases if found also in this
case, confirming that the averaging kinoforms noise reduction is effective for both
image totalhomogeneity and resolution of the holographic reconstructed intensity
patterns.

However, it should be further stressed themilar noise suppression is effective
only if the process of interests is insensitive to the instantaneous intensity pattern.
Indeed, dealing with a physical procedspending orthe total energy deposited in the
illuminated sampleas forthe lightdriven mass migration in azopolymers, the average
of light modulation over different kinoforms (affected each of independent random
spekle noise) on the temporal scale of few secorisscomes a powerful noise
suppression technique which allows the effective use of CGH for complex surface
structuration of the azopolymer films.

2 Using the SLM at its maximum refresh rate of 60Hz, the sequential display of N=50 different
kinoforms implies an exposure time for each cycle of 0.84s. Even the use of a refresh rate of 5 Hz
requires a total exposure time2§ s, which is typically shorter than the exposure time needed to inscribe
the surface reliefs onto the azopolymer film.
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3.2 Holographic Surface Reliefs: Experimental configuration

Oncethe ability of the CGH setup fdhe generation of complex aniime-averaged
homogenous intensity patterns has been established, the attemtoom nsoved to the
surface relieg that these complex illumination patterase able to inducento the
surfaceof our azopolymer filmslin the experimentghe samples arprepared in form
of thin films as described in Appendix A.

In all the experiments, thieme-average foispeckle noise reductias achievedoy
using 50 independenkinoforms, cyclically displagd onto theSLM at the refreshing
rate of 5Hz during the whole polymer exposure time. The polarization of the beam is
controlled by waveplates (halfave or quartewave plates) placed along tloptical
beam path.The power of the laser beamuring the eperimens, measured in
correspondence of the microscope entrapog, is in the range of X000 pW,
depending on the actudistributionandlateral extensiomf the particular holographic
illuminating intensity patterrunder considerationrHowever, theight intensity at the
sample plane is estimatezinotexceed 1 kW/ctin all the experiments.

3.3 Characterization of Holographic Surface Reliefs

The first aspect to be discussed in the framework of the present experimental situation is
related to the depelence of the surface modulation on the peédion state of the
spatially structured illuminating beamAs largelydiscussed in the previous chers,
one of the welestablished key features of the lightluced mass migration in
azopolymers is the depdence of the material displacement direction on the
polarization state of the illuminating lighthe great majority of theeportedstudies
emphasize the role of the light polarizatias a parametdor the determination of the
materialmigrationdiredion andefficiency, concluding that an efficient mass transport
requires a light electriield component parallel to ¢hintensity gradient directiornn
typical mass migratiorexperiments, the intensity pattern is simple and has a defined
gradient profie, maintained fixed or spatially confined over the illuminated sample
area.This is the case, for example, of thiausoidal interference patterns used for SRG
insaiption, or thecase ofocused gaussian beainslucing focused SR

In these situationa fixed or symmetric relatioexists between the direction of the
gradient in the illuminating intensity pattern and the light polarization state (linear or
circular). However, if the illuminating intensity pattern is more complex than
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sinusoidal, or extendketo larger areas than the focal spot of a single gaussian beam, the
reciprocal direction of the actual electric field and the intensity gradient direction of the

light pattern can vary in different areas of the exposed film, with a position dependenc

of the inscribing efficiencyr even of the mass migration directi¢40,41]

Having in mind the holographic complex surface structuring as final goa, it
important b investigate and characteritee surface reliefs arising onto the azopolymer
surface under different reciprocal local orientations of the illuminating intensity gradient
direction and the direction of the light polarization. As this two degrees of freade
independently controlled in our CGH illumination setup, eventual -trioial
independent contributions to the mass migration of these parameters could be easily
highlighted. This can lead to potential applications not only in the superficial -photo
lithography, but can give an unprecedented versatility in the study wfatbe migration
phenanenon at the fundamental lev@d®,41]

3.3.1 Dependence of surface reliefs otinear polarization direction

An appropriateexperimental configuration, suitable ftre study of thelependence of
the surface relief inscriptioprocesson the local reciprocal direction of thetensity
gradientand lightpolarizationdirection is realized byirradiating theazopolymerfilm
with a linearly polarizedbeam whose intensity profile has been modulated to achieve
light patterns with circular or radial symmetiwg. this situation, indeed, all the possible
reciprocal angles between the patation direction and the intensity gradient can be
exploredin a single step irradiation over a confined region of the sarple examples

of such radial and circuldight patternsare thearray of radially distributed lines, and
multiple concentric coles. These patterns can be easily constructethgisagle images
by any computegraphic programHKigure3.4(a) andFigure3.4(d)) and can be turned in
effective modulated intensity patterns by the C@ehnique described above.

Figure 3.4(b-c) andFigure 3.4(e-f) present the AFM images of the surface reliefs
produced by the irradiation of the azopolymer film with the holographic intensity
patterns premnted in Figure 3.4(a) and Figure 3.4(d), respectively The light
polarization direction of the illuminating beam is represented by the red arrows, and is
vertical in the images. As can be immediatelyedofrom the topographic colacale,
there is an inversion in the sign, more than a simple reduction in mass migration
efficiency, for the surface reliefs generated in different positions of the illumination
patterns, i.e. for different relative directioof polarizationintensity gradient. In
particular, for the lines idrigure 3.4(b) having the intensity gradient perpendicular to
the polarization (vertically oriented lines in the image), the surface relief is an-above
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ground growee, resulting from the polymer accumulation in the regions of maximum
intensity. On the contrary, for lines presenting the intensity gradient in the direction of
the polarization (horizontal lines in the image), the surface relief is a valley produced by
the material displacement far from the maximum intensity points along the line.

Figure 3.4| Surface relieg induced onto the azopolymer film with radial and circular intensity
patterns. (a) Target intengitimage constituted by and array of radial bright lines. (b)
Bidimensional and (c) tridimensional AFM images obtained from the film illumination with the
pattern (a) by a linearly polarized beam, whose direction is specified by the red arr¢ey (d)
(f) same image sequence for the intensity pattern constituted by concentric bright circles.

The lines of the array oriented in intermediate directions are characterized by
topographiescontinuouslygoing from the groove to the valley as the line direction
changs from vertical to horizontal. Furthermore, there are also particular directions
characterized by almost zero surface modulation occurring at about 40° respect to the
light polarization direction. A similar behavior is observed also for surface reliefs
obtained with the concentric intensity circldsidure 3.4(e)), where even a continuous
variation in the material displacement direction is observed as the angle between the
intensity gradient and the light polarization varies aber irradiated area#n order to
exclude the esntuality that this particuldsehavior observed in the reliefsight be due
to some aberration of the optical setup in the used specific polarization direction, the
same experiment was repeated for the taalieny of lines with a linear polarization
rotated by 90 degrees respect to the previous experiment.
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Figure 3.5| Comparison of the surface reliefs resulting from the illumination of the azopolymer
film with the radial array of lines for (a) vertical and (b) horizontal linear polarization direction.

In Figure 3.5 the AFM images of the radial array of lines obtained for the two
orthogonal linear light polarizationare compared. Fro the images, a complete
inversion of the sign of the surface reliefs is observed as consequence of rotation of the
light polarization. This effect reasonably excludes optical aberrations as causes of the
observed phenomenon and suggests a real inverSibie onass migration direction as
the reciprocal orientation of the intensgyadientand linearpolarization varies along
the sample.

a

_____________________

Normalized intensity

Target intensity pattern Reconstructed intensity pattern Intensity gradient direction

Figure 3.6] Schematic definition of the target intensity pattern amel intensity gradient
direction in the experiment with a single bright light as illumination pattern. (a) target intensity,
(b) simulated unidimensional Gaussian profile approximating the diffraction limited intensity
pattern in objective focal plane. @rection of the intensity gradient.
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Figure 3.7|Comparison of AFM images and topographic profile of the surface reliefs obtained
for (a) linear polarization direction parallel to the intensity gradiergction; (b) for linear
polarization orthogonal to the intensity gradient direction.

In order to investigate more accurately the phenomenon in a simpler illumination
condition, the surface reliefs arising from the azopolymer illumination with a single
unidimensional intensity pattern having a fixed intensity gradient direction, are analyzed
more in detail. In this experiment, the intensity pattern used as target for kinoform
calculation is the single bright line shown kgure 3.6(a). Because of the light
diffraction, the actual light distribution at the objective focal plane can be approximated
to a one dimensional gaussialfigure 3.6(b)) having an intensity gradient in the x
direction of the imagesHgure 3.6(c)). Figure 3.7 reports the AFM images, and the
relative topographic profiles, of the surface reliefs obtained from the unidimensional
intensity pattern for the illuminating beam linearly polarizedhe directionparallel
(Figure3.7(a)) andperpendicular(Figure3.7(b)) to the intensity gradient.
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In the experiments, the beam intensity is maintained fixed at the value of about
1kW/cn? and the expsure time is 150s. Accordingly to the observations of the
previous experiments, the surface reliefs resulting from the same illumination condition
but perpendicular polarization directions in the inscribbegmare characterized by
inverted topographiess consequence of opposed directions of the polymer mass
migration in the illuminated areas.

The surface relief obtained with light polarized in the horizontal direction has a
depth of 34+ 2 nm (Figure 3.7), while the groove redting from vertical polarization
has a height of 22 2 nm. The amplitude in the case of horizontal direction is about 1.4
times larger than the amplitude of other case, meaning a more efficiency of the mass
migration phenomenon when the light polarizatitmection coincides with the intensity
gradient direction. However, a more accurate study of the efficiency of the material
movement in the two polarization cases can be conducted by monitoring the surface
relief growth as the fluence of the illuminatibght is variated.

3.3.2 Surface relief growth dynamics under linear polarization

To characterize the growing dynamics of the surface relief formation in the two
intensity gradientpolarization conditions, the surface relief inscription with the
unidimensionalllumination patterns is repeated for different exposure times from 10s
to 150 at the fixed intensity of 1kW/émDuring these experiments, ondke
polarization state is chosgtine sample position in the objective focal plane is controlled
by a piezoeletric scanner, programmed to translate the sample of a fixed spatial step at
each different exposure time. The result of this sample movement is an array of parallel
surface reliefs inscribed onto the azopolymer film, each corresponding to a particular
value of the exposure timéigure3.8). The translation step (@n) of thepiezo scanner

is set to a value large enough to guarantee that each surface relief is not influenced by
the successive illumination stefrom the topographiprofile, measured by the AFM, it

Is possible to estimate the amplitude and the width (specified as the FWHM of the
profile) of the different surface reliefs produced onto the surface as the exposure time is
increased. The measurement results, for the polarization states, are shown in the
graphs ofFigure 3.8. While the FWHM does not show a particular trend as the
exposure time increases, being fixed to values in the range ef@bAm, the analysis

of the amplitude growth abw exposure times shows a linear behavior in both the

% Note that the width of the unidimensional intensity line, imposed by the laser wavelength and
objective diffraction limit, iSQ p&c¢— ¢ v ata
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cases. This is highlighted in the graphFodure 3.9, where a direct comparison of the
measured surface relief amplitude is presented.
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Figure 3.8 Comparison of surface relief growth dynamics for different exposure times at fixed
laser intensity for the two investigated polarization states. Each panel shows the AFM images of
the array of single lines inscribed with the expesspecified below each structure. The graphs
present the plot of the amplitude and the width of the surface reliefs measured from AFM
profiles.

The linear fit of the data can be used to charemethe growth velocity. This
resulted in the values ofQ(17 = 0.0) nm/sfor the parallel linear polarization direction
and 0.16+ 0.01) nm/s for orthogonal polarization. From this analysis, it emerges that
the growing velocities in the two polarization states are comparable in the range of the
investigated expsure times. However, in the case of the polarization parallel to the
intensity gradient, the surface reliefs at the early stages of the inscription process have
significant modulation amplitudes (depth) which translates into an intercept 6f2)
nm of the linear fit, differently from the case of perpendicular polarization where the
estimated intercept is compatible with zero modulation. Such difference implies a better
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efficiency of the mass migration process for the parallel polarization configuiation
the early irradiation stages, which can justify the lower modulation in terms of absolute
amplitude of the groove surface relief respect to the valley showigume 3.7.
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Figure 3.9] Comparison of the growing rates of the surface reliefs for the different polarization
states. The dashed linag dhe linear best fit for theata

3.3.3 Characterization of surface reliefs withcircular polarization

The topographic characterizationdathe growth dynamics of the surface reliefs arising
from the focused unidimensional gaussian intensity pattern under circular polarized
light are presented iRigure 3.10. The analysis is conducted in the same experimental
condtions as the previous study performed for linear polarizations; namely beam
intensity of 1kW/cm and exposure time ranging from 10s to 150s. The AFM image of
the unidimensional surface relief at exposure time of 150s and its topographic profile
are preseed in Figure 3.10(a) andFigure 3.10(b), respectively. These describe the
surface relief as characterized by the valley height profile, with a geometry similar to
the one obtained with the linear polatmn direction parallel to the intensity gradient

in Figure3.7(a).

The amplitude and the width of structures resulting from different exposure times
are estimated from the AFM of the line array reportedFigure 3.10(c) and are
presented in the graph Figure3.10(d). The SR amplitude shows a linear increase at
the initial states of the process, with an estimated growth velocity of£@@@1nm for
the relief depth. Compad with the case of linear polarization describe&igure 3.9,
the initial growing rate is slower by a factor of about 4. However, the growth behavior
becomes notinear for longer exposure times (more than 60s), as highlighyetthe
displacement of the measured data from the best linear fit of the initial growing phases
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of the process (red dashed lineFigure 3.10(d)), and produces a depth of (2&) nm
at the exposure time of 150s. The width of streictures appears slightly larger than the
case of linear polarization, showing a fluctuation around the value FWHM=400nm.
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Figure 3.10] Characterization of the holographic unidimensional surface relietsr circular

light polarization. (a) and (b) AFM images and topographic profile of the typical SR obtained in
this configuration. (c) AFM images and (d) measured SR amplitude and width of the sequence
of SI;Z inscribed onto the azopolymer at differenpasure time (exposure intensity 1.0
kw/cnr).

3.3.4 CGH for fundamental studies about the lightinduced mass
migration phenomenon

On the basis of the experiments reported many times in literature, one could easily
expect, that for illumination situations wherestimtensity gradient is orthogonal to the
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polarization, the mass migration is very inefficient, analogously to-th@darization
states for the interfering beams in the case of SR&salsd-igurel.3).

However,in few recentworks not only SRGs are obtained with the polarization
of the interfering beams, btitey are als@associated to thcompetition of twalistinct
mass migratiorphenomena, driven independently by the intensity gradient and/or by
the light polarizationproducingeach a massansportin opposite direction§40,41]

While the relative strength of the two proposed driving mechanisndescribed to
depend on the @mical nature of the host material and on the light intensity, all these
studies have been performed by analyzing only the surface relief formation under
sinusoidal interference patterns. However, such illumination configuration does not
allow the disentaglement of eventual independent polarization/intensity contributions
to the mass migratiof0], and requires the introduction of more complex illumination
configuration, as the use of an assistthgam[41], in order to extract decoupled
information. Furthermore the possible combinations of light intensity patterns and
polarization distributions with the interfering beams configurations are limited and
necessarily intedced [42].

On the other hand, the holographic generated intensity patesnonstrated here
allows a complete dis¢snglement of the intensity gradient direction and the light
polarization state, the latter being tuned by usual waveplates independently from the
holographic structured intensityfhis has permitted to clearly obsertiwo distinct
regimes for the induced mass migration directiéig{ire 3.4; Figure 3.5; Figure 3.7],
depending on the relative orientation of the polarization and the local direction in the
intensty gradient.Furthermore, the comparable growing raftgg{ire 3.8; Figure 3.9]
observed inthe two sets ofsurface relied, inscribed inexactly the samexposure
conditions(intensity and exposure timejuggests that thevo processes in our highly
focused illumination configuration haedmostcomparable efficiency.

Regarding the circular polarization as superposition of linear combination of the
two linear polarizations in the direction of the intépsgradient and its orthogonal
direction, the surface reliefs arising under the circular polarized light can be interpreted
as the result of the two competitive phenomteading to the formation of structures
shown inFigure3.7. The observed valley profile obtained in polarization configuration,
however, imply a more efficient mass migration when the polarization direction is
mainly oriented in the direction of the intensity gradient.

A tentative to rationalize this mass migaatiinversion phenomenon can be made,
following the result obtained by Yang et al. in refererjd®], where a more accurate
version of the optical gradient force model described in section 1.3 is given. In that
theoretical framework, the full electromagieetforce determining the material
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displacement is the result of two contributions: a z component (independent on the
polarization) pushing down the material and a lateral component whose sign (but not
strength) depends on polarization. However, in thaeergent, the inversion in the

mass migration direction was observed only in the preseneeuniform assisting

beam, simultaneously illuminating the film during the inscription process with a
unidimensional Gaussian intensity distribution. This assidbegm,accordingto the

aut horés comment s, woul d o ndisymetizationeof theh e r ol
azochomopbrres. On the contrary, they obsedvonly a valley surface religfithout the

presence of an assisting beam regardless the actual piodaridiaection.

In our focused situation, the light power densitycéstainly higherrespect to the
experiments reported thersy that we can assume a more efficient photoisomerization
Is taking place, without the need of any assisting bétowever, tle application of this
full optical gradient forcenodel for thedescriptionof our experimental situation is not
a simple task, because of the complex tlteeensional distribution of théocused
optical fields(and hence of the eventual optical foreeng onto the azopolymer film)
in the focal plane of the microscope objectarad of the necessity to include them in a
complex description of the aerial dynamics through the solution of the NaxB#wkes
equations

Also in this case, however, the pheremlogical model exposed in the previous
chapter[8,10,46]seems to be the most promising theoretical framework able to explain
the polarizatiordependent mass migration inversion. Indeedphgnanenologically
choosing the signs of the coefficients in the mass cuirergquation(2.20), two
directions for the lightnduced surface modulation are pbésiFurthermore, the model
involves also the nontrivial coupling of the optical field components with the
azopolymer surfaces, whichould play a nomegligible role in our experimental
situation This eventualityis not taken into account in any othapdel, included the
full optical gradient force modellt should be noted, however, thaéhte material
chemistryis expected to play a role in determining the inverdehavior[40,41], so
that a more accurate investigation should involveitivestigationof this behaviorin
different azomaterials.

The considerationgexposed hereshow the potentialities that this illumination
approach can have in the future studiestlo® mass migration phenomenon at the
fundamental level. Furthermor@é the remaining sections of the present chapter the
ability of the CGH illuminatiorto inducecomplex superficial textures ésopresented.

The resultobtainedmake our illuminatiorconfigurations suitabla micro-nano phote
lithography applications.
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3.4 Holographic nano-lithography in azopolymers

In the light of the analysisonducted in the previous section abthe polarization
dependence of the focused holgdre SRsone immedately recognizes that the use of
linearly polarized light is not suitable to inscribe uniform surface modulations from
illumination patterns more complex than simple lines having foieelctions over the
azopolymer surfaceThis can be already understdodm the surface reliefs reported in
Figure 3.4, but it becomes even more evident for the holographic intensity pattern
reported inFigure 3.11. Despite the reconstructed holographic intensitgt (shown
herg in the polymer plane is very similar to the target intensity pattern, the resulting
surface relief is deformed as consequence of the differences in the local mass migration
behavior resulting from the reciprocal direction of the local intensity gracind the
polarization direction.

Figure 3.11] Complex surface relief arising under linear light polarization. (a) Target intensity
pattern constituted by the logo of University Federico Il. (b) AFM geaf the inscribed
surface relief. The red arrow indicates the polarization direction of the beam during the
experiment.

However, the use of circular polarization allows to solve this directional
dependence, leading surface reliefs of the type describbedrigure 3.10(a),
homogeneously inscribed in the illuminated regions of azopolymer film, regardless to
actual intensity distribution of the holographic light pattern. This behavior is clearly
demonstrated by the surface religdstained from circular and radial symmetric
intensity profiles under circular polarizéght show inFigure3.12.
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Figure 3.12 AFM images (and 3D zoomed view of sample regions)ci@ular and radial
symmetric surface reliefs obtained from holographic intensity patterns and circular light
polarization. (a) Array of radial lines. (b) Array of concentric circles. (d) Surface modulations
reproducing the transmittance of a Fresnel.lens
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The array of radial lines ifrigure 3.12(a) and the concentric circles Figure
3.12(b) can be directly compared with the surface reliefgigure 3.4, obtained from
the sameholographic intensity pattern but with linear light polarization. In this latter
case, there was an alternation of the groove and the valley profiles, depending on the
particular angular position of the line in the array of radial lines, or on the dimeati
the local tangent to the circles in the array of concentric cirdlbgs anisotropy,
instead, disappears completely in the case circular polarization, which is characterized
by the valley profile independently of the angular position or the direcfiche tangent
in the intensity patterns. A closer look at the surface reliefs shows the presence of a
particular direction where the mass migration resulted less efficient respect to the
surrounding. This can be ascribed to a slight residual ellipticitie polarization due
to the not perfect conversion of the linear polarized light into the circular by means of
the quartemvaveplate. Furthermore, this effect highlights again the very high sensitivity
of the surface reliefs inscription efficiency ihet present experimental configuration,
suggesting the use of this phenomenon as a topographic method of recording the
vectorial configuration in the optical field, as proposed many times in the literature over
the yeard4]

Figure 3.13] AFM image of the surface relief figuring the University logo. The surface
modulation is obtained in the same intensity and exposure conditidrigwé 3.11, but with
circular polarized light.

Besides the demonstration of the isotropic mass migration, the relidfgune
3.12, are also the first demonstration to my knowledge, of good quality circular surface
reliefs[4], even if restricted onto a small sample areart v 11 & ). For this circular
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surface relief geometry, the holographic setup allows the inscription of even more
complex circular surface profiles, as the one of a Fresnel lens shown as an example in
Figure3.12(c), whichcould be employed in some photonic applications.

Even the complex intensity pattern figuring the logo of University Federico Il

(Figure 3.11(a)) is transferred irma homogenous surface reliély the use of circular
polarized ligh¢(Figure3.13).
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Figure 3.14| Scalability of the holographic surface reliéég.Optical image of the Fresnel lens
surface reliefs inscribed with4Dx objective(scalebar 5um). (b) Grayscale profile traced along

the blue line in panel (a). XOptical image of the Fresnel pattern inscribed onto the azopolymer
with a10X objective (salebar 200um

The superficial structures presented in this paragrappresent a clear
demonstration of the potentialities of the holographic controlled illumination of the
azopolymer films for the inscription of nanometric superficial features (amplitude
modulation in the range from few nanometers to about 100 nm) gitl»aicron (400
pnm) spatial resolution onto an area delimitated by the objective lens field of view. This
last aspect can be tunedarderto scale the inscribed structures over different lateral
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dimensions. A qualitative example is show by the opticalges of the surface reliefs in
Figure 3.14, where the holographic Fresnel intensity profile is projected onto the
azopolymer film at different optical magnification. In particular the surface relief in
Figure3.14(a) is obtained with a 40X objectivelf=0.65) and extents over an area of
more thanp X 1p X @t &, while the surface relief ipresented inFigure 3.14(c),
obtained with @ 0X objective(NA=0.25) is even extended itmé millimeter scale.

3.4.1 Surface reliefs from multistep illumination

Another typical peculiar effect observed in the ligiduced mass migration
phenomenon in azomaterials is the material response to different sequential illumination
steps. This phenomen has been demonstrated to allow the cyclical inscription/erasure
of light-induce surface reliefs (see for example secdoh7 and[5,11] ), and the
inscription of complex or hierarchical superficial textuf@s].

Figure 3.15 Sequential inscription of parallel lines oriented in perpendicular directions for a
linear polarization state. (a) and (b) AFM images of the surface relief obtained after one step of
illumination. (c) AFM of the composite surface relief resulting from the sequential illumination
with thetwo arrays of orthogonal lines.
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