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Abstract: The illumination of azobenzene molecules
with UV/visible light efficiently converts the molecules
between trans and cis isomerization states. Isomeriza-
tion is accompanied by a large photo-induced molecular
motion, which is able to significantly affect the physical
and chemical properties of the materials in which they
are incorporated. In some material systems, the nano-
scopic structural movement of the isomerizing azoben-
zene molecules can be even propagated at macroscopic
spatial scales. Reversible large-scale superficial photo-
patterning and mechanical photo-actuation are efficiently
achieved in azobenzene-containing glassy materials and
liquid crystalline elastomers, respectively. This review
covers several aspects related to the phenomenology and
the applications of the light-driven macroscopic effects
observed in these two classes of azomaterials, highlight-
ing many of the possibilities they offer in different fields of
science, like photonics, biology, surface engineering and
robotics.

Keywords: azobenzene; azomaterials; azopolymers; liquid
crystalline elastomers; mass migration; photo-actuation;
surface patterning.

1 Introduction

Azobenzene-containing materials (or briefly azomate-
rials) are systems in which the azobenzene molecules
are bonded or simply dispersed into another material.
Many of the peculiar physical properties of this class of
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materials are attributed to the particular kinetics that
the azobenzene molecules undergo when illuminated
with UV and visible light. The absorption of photons
with suitable energy produces cyclic structural transi-
tions of the molecules between the trans and cis isomeri-
zation states. As the two isomers differ significantly in
terms of structural conformation and volume, the pho-
toisomerization of azobenzene is accompanied by a large
motion at molecular scale. Such nanoscopic movement
influences the surrounding chemical environment and
can be highly amplified through the interaction of the
photo-responsive units with a properly designed mate-
rial system. In this respect, the motion of the photoi-
somerizing azobenzene molecules can be considered
as the basic movement occurring at nanoscale in any
azomaterial under light irradiation. Depending on the
material architecture, the microscopic photo-induced
movement can then eventually originate a series of mac-
roscopic effects involving the collective rearrangement
of the azobenzene molecules and the structural recon-
figuration of the hosting material matrix at increasing
spatial scales [1]. The technological implications of such
multiscale phenomena are enormous, and azomaterials
have been largely used to successfully design molecular
compounds and material systems having specific light-
tunable chemical, optical and mechanical properties. A
huge amount of literature about the synthesis, the char-
acterization and the applications of azobenzene-con-
taining materials already exists. Each of these aspects
is an active and rich field of research on its own, so all
the perspectives involved cannot be exhaustively sum-
marized together into a single concise review. Here, we
shall try to provide a brief overview of the general sce-
nario related to the many facets of azomaterials and
their applications, focusing mainly the attention on the
effects of macroscopic motions initiated by azobenzene
photoisomerization.

The main focus of this review lies on the intriguing
macroscopic phenomenon of the light-induced directional
mass migration. Such phenomenon involves a mass trans-
port at the free surfaces of thin amorphous azomaterial
films (polymers, oligomers, molecular glasses), which
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translates into topographic film modulation in the form of
surface reliefs. Superficial structuration is obtained only in
the illuminated areas of the film and is reversible and high
directional, with a very peculiar sensitivity to the intensity
distribution; to the polarization state; and, in some cases,
even to the wavefront of the irradiating light beam. The
vectorial dependence of the mass migration on the irradi-
ating optical field components offers many possibilities for
its use as a superficial photo-patterning technique. Here,
the recent advances in this field are reviewed, together
with several applications of the light-structured azoma-
terial surfaces in photonics, biology, surface engineering
and lithography. In addition, the review includes also
an overview of the macroscopic photo-actuation driven
by structural trans-cis photo-switch of the azomolecules
in azobenzene-containing liquid crystalline elastomers
(azo-LCEs). The light-fueled motion of the azo-LCEs is the
expression of a direct optical-to-mechanical energy con-
version and represents a promising framework for emerg-
ing research fields aimed at the realization of light-driven
artificial muscles, biomimetic soft-robotic locomotors and
energy-harvesting devices.

2 The light-induced molecular
motions of azobenzene

Due to the large range of possible applications derived from
their inclusion into different material systems, azoben-
zene molecules and their photochemistry have been the
subject of intensive studies. The detailed description
of such aspects can be found in several reviews already
existing in the literature [1-6] and is out of the scope of
the present work. Here, however, the main features of the
azobenzene molecules and their photo-induced dynamics
are briefly discussed with the aim to provide an overview
on the microscopic mechanisms underlying the macro-
scopic effects presented in the next sections and to high-
light many application scenarios directly related to the use
of azobenzene molecules as molecular photo-switches in
azomaterials.

2.1 The azobenzene molecule

The chemical structure of the azobenzene molecules
is characterized by two phenyl rings linked together
through the azo bond (-N=N-). Azobenzene can exist
either in the thermodynamically stable trans isomeriza-
tion state or in the meta-stable cis isomerization state
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(Figure 1A). The trans isomer has a rigid and planar rod-
like geometry, while in cis-azobenzene, the two phenyl
rings form an angle of about 90° [7-13]. The azobenzene
isomerization proceeds via rotation or inversion mecha-
nisms around the azo-bond [5] and results in a reduc-
tion of the distance between the carbons in position 4
in the aromatic rings, which passes from 9.9 A in the
trans isomer to 5.5 A in the cis isomer (Figure 1A). Besides
generating volume variation [13-15] and large motion
at molecular scale, the conformational switch between
the trans and cis isomers of azobenzene is also accom-
panied by an increase of the molecular dipole moment
(from p,_ =0 to p_ =3D) [16, 17]. The trans-azobenzene
absorption spectrum presents a broad absorption band
associated to the pi-pi* transitions with peak at around
320 nm and a weak absorption band centered at about
450 nm originated by the n-pi* transitions. The latter
absorption band becomes strengthened for the cis-
azobenzene isomer [5, 18].

The most interesting feature of azobenzene mole-
cules is the fact that the switch between the two isomeric
forms can be initiated efficiently and repeatedly by the
absorption of photons. The irradiation of an ensem-
ble of azobenzene molecules lying in the energetically
favored trans-state with UV light causes the switch of

trans-azobenzene cis-azobenzene
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Figure 1: Molecular photo-dynamics of the azobenzene.

(A) The structural conformation of two isomers of azobenzene.

(B) Schematic illustration of the stochastic photo-alignment process
of the azomolecules irradiated by linearly polarized light. The direc-
tion of molecular alignment is determined by the direction of the
electric vector E in the irradiating optical field.
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the molecular population to the cis isomerization state,
which then can return back to the trans form either by
thermal relaxation or by a new photo-reaction initiated
by blue/green light (Figure 1A). The photo-induced reac-
tions happen on time scales of a few picoseconds [19-21],
while the thermal relaxation time from the cis to the trans
state can range from fraction of milliseconds up to several
days [3] depending on the molecular environment and
on the actual chemical configuration of the phenyl rings,
which can be eventually substituted with some functional
groups. The substitution in azobenzene rings originates
from a series of azobenzene-like compounds, generally
referred to as azomolecules [22], which are characterized
by the same structural trans-cis isomerization observed in
the parent azobenzene molecules but eventually having
different and tunable photophysical properties, like the
position of absorption peak wavelength [22] or extremely
long cis-state lifetimes [23-25].

In typical azomolecular systems, the absorption
resonances initiating the trans-to-cis and the cis-to-trans
isomerization transitions are broad and significantly
overlapping. Then, even monochromatic photons (e.g.
photons from a laser) of suitable energy (typically with
wavelength in the range 400-550 nm) are able to effi-
ciently activate both the photoisomerization reactions. As
a consequence, an ensemble of continuously irradiated
azomolecules undergoes repeated trans-cis-trans light-
triggered isomerization cycles, which are able to initiate
another light-driven molecular scale motion in azoben-
zene-containing systems. Such microscopic movement
involves the stochastic photo-reorientation of the azou-
nits irradiated with linearly polarized light [26, 27]. The
photo-reorientation of the azomolecules is derived from
the enhanced absorption probability, and hence from the
more efficient isomerization dynamics, for the molecules
excited with light polarized along the direction of their
molecular transition dipole, this being oriented along
the molecular main axis of the trans isomer. The dynam-
ics of the molecular reorientation process is schematized
in Figure 1B. As the orientation of the molecular axis of a
trans-azomolecule varies randomly in each photoisomeri-
zation cycle, after many of them, the excited azounit can
become stochastically oriented in the direction orthogo-
nal to the light polarization direction. The photoinduced
dynamics of such reoriented azomolecule stops as it does
not absorb photons efficiently anymore, remaining ori-
ented at 90° in respect to the light polarization direction
even if the light irradiation continues. Such polarization-
induced “invisibility” to new polarized photons of the
reoriented azocromophores is commonly referred to as
orientational hole-burning and causes a lowering of the
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population of trans isomers oriented in the polarization
direction, together with a concomitant enrichment of
the population of trans molecules oriented in the direc-
tion orthogonal to the polarization plane. Naturally, the
molecular reorientation is reversible and reconfigurable.
A new alignment can be realized in any desired direction
simply by a rotation of the irradiating linear polarization
direction. Eventually, even the initial isotropic molecular
distribution can be easily restored by the irradiation of cir-
cularly polarized or non-polarized light [28].

2.2 Photo-switch in azomaterials

The geometrical reconfiguration of the azomolecules and
their reorientation under light irradiation directly affect
the configuration and the functionality of the molecular
environment in which they are incorporated, behaving
essentially as controllable and reversible photo-switches.
For example, the conformational molecular rearrange-
ment associated with the photoisomerization reaction
able to transform the mesogenic trans isomer into the non-
mesogenic cis isomer has been largely used to efficiently
trigger phase transitions in azobenzene-containing liquid
crystalline material systems [29-32]. The trans-cis struc-
tural photo-switch has recently been employed in several
biological applications [33-35]. For example, the isomer-
izing azomolecules have been used to photo-activate
molecular mechanisms able to control on demand the
aperture and the closure of the channels through the cel-
lular membranes for controlled ion transport [36-38] or
the three-dimensional (3D) structure of proteins [39]. The
variation in the molecular dipole moment occurring in the
isomerization photo-switch has been also successfully
exploited as a light-controllable switch of compound solu-
bility [40] and for the reversible tailoring of the wetting
properties of solid azobenzene-functionalized surfaces
[41-48]. Even the directional and controllable light-driven
displacement of liquid droplets has been demonstrated
[49]. Furthermore, recent studies used photo-switchable
azobenzene-containing surfactants to control the move-
ment of particles at the liquid/solid interface through
light-driven diffusioosmosis [50-52]. The photo-orien-
tation effect of the azomolecules gives origin to strong
birefringence, dichroism and non-linear optical effects [1,
53-58]. Based on these properties, azobenzene-containing
materials have been proposed as a platform for reversible
data storage and holographic recording [28, 29, 59-61].
The photo-orientation is also able to control the direc-
tion of ordering in liquid crystalline matrices, doped with
cyclically isomerizing and re-orientable azocromophores
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[62-65]. Furthermore, the in-plane photo-reorientation
of molecular azobenzene monolayers deposited onto a
substrate has been used as aligning layer in liquid crystal
(LC) cells, allowing the realization of spatially structured
alignment geometries not easily accessible with conven-
tional mechanical rubbing [66, 67].

3 The directional light-induced
mass migration in azomaterials

In 1995, Natansohn and Rochon [68] and, independently,
Kim et al. [69] reported for the first time about the large-
scale periodic modulations of the free surface of a thin
amorphous azobenzene-containing polymer film irradi-
ated with the sinusoidal intensity light pattern produced by
the interference of two mutually coherent p-polarized laser
beams (Figure 2A). The resulting sinusoidal superficial
texture, now commonly referred to as surface relief grat-
ings (SRGs), presented an amplitude modulation of several
hundreds of nanometers and a groove pitch matching the
periodicity of the illuminating interference pattern (Figure
2B-C), hence showing an exact replica of the irradiated
light intensity pattern in the form of surface modulations.

The light-induced superficial texturing was observed
to occur at very low irradiation intensities, discarding any
explanation of the phenomenon in terms of the ablative
or destructive processes [70, 71]. On the contrary, topo-
graphic modulation was immediately understood as the
result of an actual material movement, induced efficiently
by the irradiating light even for temperatures signifi-
cantly lower than the glass transition temperature T, of
the employed amorphous azomaterial [68, 72]. The non-
destructive nature of the phenomenon emerged immedi-
ately also from the almost complete volume conservation
in the written area [73] and from the possibility of erasing
(and then eventually rewriting) the inscribed superficial
textures either by rising the temperature of the film above
T, or by irradiating the structured film with circularly
polarized or non-polarized uniform light distributions
[74-76].

Since the first fundamental discoveries, a large
amount of research has been oriented toward the study
of this intriguing light-induced phenomenon, with great
multidisciplinary interest in both theoretical and applied
research fields. This can be immediately understood by
thinking of the phenomenon as the macroscopic mani-
festation of a unique complex microscopic light-matter
interaction, whose actual underlying mechanism is still
debated in the scientific community. Moreover, and more
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Figure 2: The SRGs induced onto an azopolymer film by the irradiation
of an intensity pattern produced by two interfering p-polarized beams.
(A) Schematic representation of the typical illumination configuration
used for the inscription of SRGs. (B) AFM image and amplitude topo-
graphic profile (traced along the red line) of the SRGs in (A). The red
arrow indicates the polarization direction of the two interfering beams.

importantly, the non-destructive reversible process of the
light-driven mass migration offers countless possibilities
in several applied and technological areas. The high sci-
entific impact of the subject is also witnessed by the high
number of reviews already available in literature, which
cover many of the aspects of the light-driven superficial
structuration and several its possible applications [1, 3, 75,
77-80].
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The next sections of the present chapter include an
overview on the well-established general rules govern-
ing the light-induced mass migration and the resulting
superficial structuration of the azomaterial films. The
dependence of the surface reliefs on the intensity; on the
polarization; and, in some cases, also on the wavefront
distributions of the irradiating light is described, provid-
ing a solid global picture of the phenomena involved in
the large number of applications presented later in the
chapter. Finally, the differences in the behavior of the
material transport observed in some cases for different
material systems and/or illumination configurations are
also evidenced, with the aim of triggering further research
in both fundamental and technological fields related to
this intriguing light-matter interaction.

3.1 The phenomenology
3.1.1 Material design strategies

From the perspective of material design, the preroga-
tives for an efficient light-induced mass transport are the
efficient trans-cis-trans cyclic photoisomerization of the
azomolecules and the inclusion of these molecules in amor-
phous material matrices. A well-defined chemical interac-
tion between the hosting material and the photo-active
azounits has been demonstrated to increase the efficiency
of the material transport in respect to the simple blended
azomaterials [81, 82], and several binding strategies (includ-
ing covalent attachment [1, 83], ionic interactions [84, 85]
and supramolecular interactions as hydrogen and halogen
bonds [86—89]) have been exploited to design light-respon-
sive azomaterials showing efficient mass migration. The
most commonly used material platform involves the use of
amorphous polymers (simply referred to as azopolymers) as
inert hosting matrix. Also, other materials lying in the glassy
state, like molecular glasses [90, 91], oligomers [92, 93] and
dendrimers [94-96], have turned out to give rise to efficient
light-driven material transport, while only smaller effects in
terms of surface modulation have been found in liquid crys-
talline azopolymers [97-100].

3.1.2 Intensity and polarization dependence

The fingerprint of the light-induced mass migration phe-
nomenon in azomaterials is the peculiar sensitivity of the
material transport to the intensity distribution and the
polarization state of the irradiating light field. Under the
irradiation of polarized light, the material motion turns
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out to be highly directional, with the polarization direc-
tion constituting a preferential direction along which the
material transport mainly occurs.

The general aspects of the intensity/polarization-
dependent directional material motion occurring in the
presence of a spatially structured illumination pattern
can be easily understood from the surface reliefs gener-
ated in the irradiation of an azopolymer film with focused
linearly and circularly polarized Gaussian beams. In
the case of linear polarization, the surface structuration
reflects a polarization-driven anisotropic material dis-
placement. The surface relief is indeed constituted by a
depression appearing in the region of the laser focal spot,
with two lobes raised above the film average quote and
oriented along the direction of the linear light polariza-
tion (Figure 3A). When the Gaussian beam is circularly
polarized, no preferential direction exists for the material
motion, as the optical electric field in this polarization
configuration is, on average, isotropically oriented in all
the directions of the film plane. In this situation, the two
overhead lobes obtained in the case of linear polarization
are substituted by a symmetric annular relief (Figure 3B)
[101, 103]. As a Gaussian beam has an isotropic intensity
gradient in the focal plane, the surface reliefs obtained in
this illumination condition allow to further characterize
the direction of the mass migration in respect to the inten-
sity distribution of illuminating light field. Indeed, the
appearance of the hole in correspondence with the inten-
sity maximum of the focal spot reflects another general
feature of the directional material displacement, actually
proceeding from high- toward low-intensity regions of a
structured irradiating light pattern.

The directional mass transport can occur also under
uniform-intensity distributions whenever the azomaterial
surface presents a structural discontinuity able to break
the in-plane isotropy of the (typically spin-coated) homo-
geneous flat films. A simple example of such anisotropic
azopolymer surface is presented in Figure 3C, where a
series of scratches are mechanically practiced in orthogo-
nal directions over a flat azomaterial film [102, 104]. The
irradiation of a single collimated and linearly polarized
beam produces a selective filling only of the canals ori-
ented perpendicularly to the linear polarization direction
(Figure 3D-F), highlighting again a highly directional azo-
material displacement in the light polarization direction.
This observation reveals an azomaterial motion behaving
similarly to a light-fueled directional liquid flow, which is
able to reconfigure the pre-patterned azopolymer surface
analogously to the isotropic thermally induced material
fluidization used in the lithographic technique named
self-perfection by liquefaction (SPEL) [105, 106]. The
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Figure 3: Polarization-dependent directional mass transport in azopolymers.

Surface reliefs resulting from linearly (A) and circularly (B) focused Gaussian beams. (A-B) Adapted from Ref. [101] with permission from
AIP Publishing. (C—F) Polarization-dependent selective filling of scratches practiced in orthogonal directions over an azopolymer surface.
Reproduced from Ref. [102] with permission from the Royal Society of Chemistry.

phenomenological analogy with SPEL has nevertheless
led to the introduction of the concept of directional photo-
fluidization (DPF) [79, 104] to describe the anisotropic
light-driven mass migration phenomenon in azomateri-
als. However, the eventual light-induced liquefaction of
the azomaterials has not been unambiguously demon-
strated in the literature, with the actual viscoelastic and
mechanical properties of the azomaterials under irradia-
tion being still subject of intense investigation [71, 107-115]
and debates in the scientific azo-community [116].

From the described intensity/polarization depend-
ence, it is clear that, when the irradiating light field has a
preferential direction in the spatially modulated intensity
pattern (as in the case of the sinusoidal intensity distribu-
tion produced in the interference of two parallel polarized
laser beams), the direction of the intensity gradient should
match the direction of the linear light polarization in order
to achieve a highly efficient surface structuration. Indeed,
differently from the case of p-polarized beams, only small
surface modulation is observed upon the irradiation of an
intensity interference pattern obtained by two s-polarized
interfering beams, where the intensity gradient and the
polarization direction are mutually orthogonal.

Such behavior has been confirmed several times by
polarization-dependent experiments involving the moni-
toring of the growing dynamics of SRGs inscribed with

intensity patterns generated by two interfering beams
in different polarization configurations [72, 81]. More
recently, these kinds of polarization-dependent studies
have been accurately performed by direct in-situ analy-
sis [102, 117-123] conducted through microscopic setups
having the powerful ability to monitor in real time both
the evolution of the topographic surface structuration
and the irradiating light fields (Figure 4A-F). Also the rel-
ative m-phase shift between the maxima in the intensity
patterns and the topography maxima in SRGs resulting
from a material migration from illuminated to dark areas
of the spatially structured interference intensity pattern
has been unambiguously observed with such setups [102,
117-123]. Similar polarization-dependent experiments
have highlighted a high efficiency for the SRGs forma-
tion even under pure polarization interference patterns,
in which the intensity distribution is uniform but the ori-
entation of the electric field vector is spatially modulated
over the sample (Figure 4G-I) and the material motion is
driven by a pure polarization gradient [83, 85, 114, 120—
122, 124-126].

In some cases, however, the polarization-dependent
structuration of flat azomaterial surfaces is obtained even
under both uniform intensity and polarization light distri-
butions. Indeed, also the irradiation of a single collimated
beam can induce periodic textures over the illuminated
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Figure 4: SRGs induced by different polarization combination and recorded by real-time in situ AFM.

The vertical direction in the AFM images corresponds to a time axis. (A) Topography before the irradiation. (B) Time evolution of the film
topography obtained by switching the polarization of the two interfering beams from S-S to 45°-45° to P-P at the positions indicated by the
Roman numbers. (D-E) Same as before for polarization switches from S-S, to left circular (L-L) and to right-circular (R-R). (G-H) Same as
before for the pure polarization interference patterns produced by S-P and +45°/ — 45° polarized beams. The topographic profiles relative to
each polarization configuration are shown in panels (C, F, I). Reprinted from [121] with permission from Springer, copyright 2013.

azomaterial film [127-145]. Linearly polarized beams
produce unidimensional (1D) periodic grooves, whose
orientation depends on the light polarization direction
(Figure 5A-F). The irradiation of a circularly polarized
or non-polarized light beam induces instead protrusions
arranged in hexagonal arrays (Figure 5G-I). The struc-
tural features of such spontaneous superficial patterning
of the azopolymer films share several aspects of the laser-
induced periodic superficial structuring (LIPSS) occurring
at the surface of many solids when irradiated with intense
pulsed laser beams [146-148]. However, differently from
such thermally induced phenomenon involving material
ablation, the spontaneous structuring of the azomaterial
film occurs efficiently also for continuous low intensity
regimes and has been recognized as resulting again from
the mass migration phenomenon [131, 133, 140]. Because
of the phenomenological and structural analogies with
the large-scale sinusoidal superficial texture of the SRGs,
the periodic large-scale superficial modulations obtained

with a single irradiating beam are typically referred to as
spontaneous surface relief gratings (SSRGs).

3.1.3 The effective wavefront sensitivity

The appearance of spiral-shaped surface reliefs [149, 150]
under the irradiation of an azopolymer film with focused
Laguerre-Gauss (L-G) beams (Figure 6A) has allowed the
discovery of an effective wavefront sensitivity of the light-
induced mass migration, which, in particular illumination
configurations, can be added to the already mentioned
dependence of the phenomenon on the intensity and
polarization distributions of the illuminating optical field.

In these experiments [149, 150], the inscribed spiral
surface reliefs showed a direct dependence on the beam
parameter (the vortex topological charge, g), which char-
acterizes the properties of the helically shaped wavefront
of the L-G beams [151-154]. In particular, larger values
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Figure 5: SSRGs generated by linearly and circularly polarized single beams.

AFM images (A and D), 2D Fourier transform (B and E) and SEM images (C and F) of the SSRGs induced by a collimated beam, linearly polar-
ized along the two orthogonal directions indicated by the white arrows. (A-F) reproduced from Ref. [138] with permission from AIP Publish-
ing. (G-1) AFM images and their relative Fourier transforms of the SSRGs at different exposure times obtained with a circularly polarized

beam. Adapted from Ref. [143] with permission from Elsevier.
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Figure 6: The spiral surface reliefs and the wavefront sensitivity.

. | e

(A) Illustration of the helically shaped wavefronts (dependent on the vortex topological charge g) and doughnut-shaped intensity profiles of
optical vortex beams. (B) AFM images of the spiral surface reliefs generated by a focused, linearly polarized, =10 vortex beam (polarization
direction indicated by white arrows). The inset shows the optical image of the irradiating light intensity pattern. (C) Same as in (B) for the
spiral surface relief generated by a focused g=-10 vortex beam. Scale bars: 1 um. Adapted with permission from Ref. [149], copyright 2012,

Springer Nature.

of |q| translate into larger spiral diameters, while the
inversion in the sign of the topological charge produces
an inversion in the handedness of the inscribed spiral
reliefs (Figure 6B—C). As information about such helicity

is contained only in the beam wavefront and not in the
intensity and polarization distributions of the doughnut-
shaped irradiating L-G beam, the natural hypothesis for
the interpretation of the observed spiral mass transport
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is that light-induced mass migration is sensitive to the
wavefront of the irradiating light beam in this particular
illumination condition. Even if the spiral surface reliefs
are, until now, the only experimental situation where
such wavefront sensitivity has been clearly highlighted,
the inclusion of this degree of freedom can enlarge signifi-
cantly the possibilities offered by the light-driven structur-
ation of the surface of azopolymer films for applications in
nano-lithography.

3.1.4 A complex light-matter interaction

The rationalization of the huge phenomenology associ-
ated to the azomaterial light-induced mass migration in
a complete theoretical framework is still an open ques-
tion. While the photoisomerization of the azomolecules is
thought as absolutely necessary in order to observe any
significant superficial structuration, the physical link
between this microscopic movement and the observed
macroscopic azomaterial displacement has not been
unambiguously recognized yet. Several different theo-
retical models have been proposed over the years with
the aim of elucidating this intriguing light-matter interac-
tion. One of the general requirements, common to several
hypothesized microscopic mechanisms, is the presence of
optical gradients in the intensity and/or in the polariza-
tion of the illuminating light able to induce some variation
in the physical properties of the material as a consequence
of spatially dependent photoisomerization dynamics of
the azounits. Effects including a gradient in the pressure
forces inside the material [155, 156], the electric interac-
tions among the molecular dipoles of the re-aligned azos
[75], the mechanical stress induced by the azo photo-
reorientation [157, 158], the motion driven by gradients
in the electromagnetic forces [103, 159-161] and the ani-
sotropic diffusion or random-walk [150, 162-164] of the
azomolecules have been proposed as driving microscopic
mechanisms of the phenomenon. Recently, also the phase
separation among the trans-rich and the cis-rich microdo-
mains, eventually induced in the azomaterial film by the
irradiating light, has been hypothesized as a possible fun-
damental microscopic driving mechanism [140]. However,
none of the proposed models were able to effectively
describe all the experimental observations, their validity
being typically limited to specific material systems or to
specific illumination conditions.

In the literature, also reports about few situations
where the mass migration phenomenon gives rise to a
different phenomenology can be found. For example, in
some conditions, the interfering beams in s-s polarization
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configuration can drive the efficient formation of SRGs,
whose amplitude can depend on material characteristics
(e.g. material molecular mass) [165, 166] or on the pres-
ence of an assisting beam recycling the orientational
population of the isomerizing azomolecules during the
inscription process [117, 161, 167]. Even an inversion in the
direction of the material displacement has been observed
in the SRGs inscribed in certain amorphous [123, 168] and
in liquid crystalline azopolymers [78, 97, 100, 169, 170],
where the topographic maxima arise in correspondence
with the maxima in the light intensity pattern. A similar
inversion in the mass migration direction has also been
found in experiments where a focused laser beam is
scanned across a glassy azopolymer surface [49, 145], with
a polarization direction chosen to be parallel to the scan-
ning direction (Figure 7A-B). Also, the direction of the
light-induced deformation observed in isolated micropil-
lars under uniform linear light polarization (Figure 7E-G)
has been found to depend on the nature of the employed
azomaterial [168]. Furthermore, “conch-shaped” surface
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Figure 7: Dependence of the material displacement direction on
illumination conditions and chemical nature of azomaterial systems.
AFM images and topographic profiles of the surface reliefs gener-
ated onto an azopolymer by a scanning focused laser beam linearly
polarized in the direction orthogonal (A-B) and parallel (C-D) to

the fast scanning direction. Adapted from Ref. [73] with permis-

sion from AIP Publishing. (E) A pristine array of square micro-posts
(E) deformed in the direction parallel (F) or orthogonal (G) to the
linear light polarization depending on the chemical nature of the
employed azomaterial. Reproduced with permission from Ref. [168].
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reliefs, instead of spirals, have been obtained on the
surface of an azopolymer illuminated by a focused L-G
beam in intense irradiation conditions, as reported in
Ref. [171].

The observed huge phenomenology is certainly
attributed to the simultaneous coexistence of different
microscopic physical processes driving the mass migra-
tion under light irradiation, whose relative efficiency has
been hypothesized as dependent on material chemistry
[123, 157] and on illumination parameters as the light
intensity level or the complex spatial distribution of the
optical electromagnetic fields inside the azomaterial film
[103, 117119, 161, 172-177]. However, while unveiling the
nature of these microscopic effects is of great interest
from the perspective of the rationalization of complex
light-matter interactions at a fundamental level, in all
the practical applications aimed to use light-induced
surface structuration of azomaterials, comprehension
of the exact and general microscopic mechanism can be
effectively overcome by phenomenological descriptions
of the phenomenon. With a such approach, the surface
modulation can be qualitatively, but precisely, predicted
for each particular azomaterial system of interest on
the basis of the knowledge of the characteristic empiri-
cal response to simple illumination configurations (e.g.
focused polarized beams) and the actual vectorial distri-
bution of the optical field inside the irradiated azomate-
rial film.

A promising powerful phenomenological model able
toreproduce and qualitatively predict almost all the exper-
imental observations is given in Refs. [149, 150]. In these
works, the azopolymer surface structuration is described
as related to the optical field components of the irradiat-
ing light by the following relation:

Ah(x, y)=(c,+c )9} |E, [ +0’|E, [1+¢,(0} | E, [ +0’ | E, )
+¢,0,0 (E.E +EE )+c (9, E,[ +3;|E,[)
+¢,[0 Re(EE,)+0 Re(EE )]

Here, Ah(x, y) is the variation of the surface amplitude
describing the surface relief across the polymer film;
E=(E, E, E) is the optical electric field of the irradiating
light; and c,, c,, ¢, and c, are phenomenological constants
characteristic of the actual employed azomaterial. The
phenomenological relation includes terms (proportional
to ¢, c,, ¢,) depending explicitly on the intensity distribu-
tion and its gradient, whose sign and relative strength can
be empirically adjusted in order to reproduce most of the
phenomenology observed in typical illumination schemes
(SRGs and focused beams) [149]. Moreover, the last term
in the phenomenological expression, proportional to the
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constant c,, describes a surface-mediated interference
between longitudinal and lateral field components of the
irradiating beam. Such a term is identically vanishing in
almost all the simple illumination schemes but is the one
responsible for the spiral mass transport observed in the
irradiation of focused L-G beams [149] (Figure 8) and hence
for the effective wavefront sensitivity observed experi-
mentally in this illumination configuration. Such surface-
mediated interference term has been found to play a main
role also in the explanation of the light-induced directional
mass migration phenomenology observed in the recon-
figuration of sharp edges (scratches and isolated micro-
volumes) of prestructured azomaterial surfaces under
uniform illumination distributions. In this illumination
configuration, both intensity and polarization gradients
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Figure 8: The spiral surface reliefs predicted by the phenomeno-
logical model proposed in Ref. [149].

(A-D) AFM images and (E-H) relative predicted spiral surface reliefs
for different vortex topological charges. The light polarization direc-
tion is indicated by the white arrow. Scale bars in panels (A-D):
900 nm. Reprinted with permission from Ref. [149], copyright 2012,
Springer Nature.
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in the light field are identically vanishing and the only
non-vanishing contributions to the light-induced mass
current flow causing the surface reconfiguration comes
from the coupling of the homogenous optical field with
the discontinuities of the pristine prestructured surface.
As described in Ref. [178], this surface-initiated material
motion is again well-described by the term proportional to
the constant c, in the phenomenological model.

3.2 The photo-patterned azomaterial
surfaces and their applications

The general rules governing the phenomenology of the
macroscopic light-induced surface structuration of amor-
phous azomaterials were soon understood, and the lit-
erature contains a large number of examples where the
light-patterned azomaterial films are concretely used
for fundamental and technologically oriented studies.
Applications range from the high-resolution photochemi-
cal imaging of optical fields, in which the intensity and
polarization sensitivity of the light-induced surface
reliefs are directly used to extract the information about
complex optical fields, to large-scale surface photo-pat-
terning. In relation to this last aspect, the next sections of
the present chapter cover several situations in which the
large-scale photo-structuration of azopolymer surfaces is
employed to modify different structural properties and
functionalities of the azomaterial films themselves or to
structure the surface of other materials. In particular, the
possibilities in terms of complex and controllable photo-
patterning offered by the SRGs and the light-induced
reconfiguration of azopolymer isolated microstructures
and microvolumes are discussed together with their pos-
sible applications in wettability, biology, photonics and
photolithography.

3.2.1 Photochemical imaging of optical fields

As the light-induced mass migration behavior depends
on the illumination parameters in a vectorial manner,
the surface reliefs in azopolymers can be used to map the
vectorial distributions of unknown optical fields [179]. A
first example of such kind of application is represented
already by the spiral-shaped surface reliefs described
above. In particular, it is legitimate to suppose that,
whenever a spiral surface relief appears on an azopoly-
mer surface, the irradiating beam is probably endowed
with an optical vortex. In this scheme, the peculiar spi-
ral-shaped surface reliefs become a fingerprint impressed
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into the azopolymer surface of a beam endowed of an
optical vortex.

One of the key features making the light-induced
surface reliefs attractive for applications in the photo-
chemical imaging of optical field is the possibility to
reach spatial resolutions far beyond the ones achievable
with diffraction-limited far-field imaging techniques.
Such high spatial resolution is, moreover, achieved by
using a simple AFM analysis, in which the reconstruc-
tion of the high-resolution information about the optical
fields comes directly from the topographic characteri-
zation of the irradiated azomaterial film, without the
necessity of using powerful but sophisticated near-field
imaging techniques (e.g. near-field optical microscopy,
NSOM [180-184]).

This optical-to-topographical information conversion
was revealed to be a powerful tool for the imaging of polar-
ization-dependent near-field optical distributions in the
proximity of metal nano-structures. An example of such
sub-diffraction resolution imaging approach relies on the
photochemical imaging of the local field enhancement
obtained in proximity of an illuminated metallic-coated
nanometric tip. The light field confined at subwavelength
scales near the tip produces a local nanometric protru-
sion onto an exposed azopolymer film, whose structure
is directly dependent on the tip geometry and polariza-
tion state of the irradiated light [177, 185]. Such nanomet-
ric surface reliefs have also been suggested as usable for
lithographic patterning of the azopolymer films at sub-
wavelength spatial resolution [186]. In other experiments,
the surface reliefs have been used to image the plasmonic
field produced by metallic nanostructures. For such appli-
cations, an azopolymer film is typically spin-coated onto
an array of metallic nanostructures, which were fabricated
onto a substrate by means of high-resolution standard
lithographic techniques. The optical near-field in proxim-
ity to the nanostructure generates surface reliefs whose
configuration is strongly correlated with the intensity
pattern of the plasmonic field predicted from theoretical
models. For example, Bachelot et al. found a qualitative
agreement of the surface reliefs experimentally observed
in proximity of silver nanodisks (Figure 9A-F) and bowtie
nanoantennas (Figure 9G-I) with the negative images of
the intensity distribution predicted by theoretical calcu-
lation on the plasmonic fields in different polarization
configurations [164, 187, 188]. These results are simply
interpreted assuming the typical material motion in the
presence of intensity gradients along the direction of light
polarization. In similar experimental conditions, also the
interference of surface plasmons has been successfully
recorded in an azopolymer film [189-191].
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Figure 9: Photochemical imaging of optical fields in the form of
surface reliefs.

(A) Topographic image and (B) theoretical calculation of the near
field distribution generated by a linearly polarized beam (white
arrow) around an azopolymer-coated silver nanoparticle. (E) Surface
reliefs generated by the irradiation of an array of azopolymer-coated
silver nanoparticles (D) with circular polarization. Panels (C) and (F)
show the negative images of the predicted intensity patterns in the
two polarization configurations. Adapted with permission from Ref.
[187], copyright 2005, American Chemical Society. (G) and (I) AFM
images of the topographic modulation of an azopolymer film cover-
ing a bowtie nanoantenna, irradiated with a x-polarized beam. The
predicted intensity profile along the x direction is shown in panel
(H). Reprinted with permission from Ref. [188], copyright 2008,
American Chemical Society.

3.2.2 Surface relief gratings as large-scale periodic
superficial textures

One of the key features making the SRGs attractive as a
large-scale, easy and flexible technique for the micro-
nanofabrication of textured surfaces is the possibility of
tuning few irradiation parameters affecting the behav-
ior of the material transport to precisely control the final
surface topography. Indeed, at fixed irradiation wavelength,
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the periodicity A of the SRGs in a selected direction over
the surface is determined only by the angle 6 between
the two interfering beams according to Bragg’s relation
A=2/[sin(0/2)], while the amplitude of the grooves, inscribed
in any chosen polarization configuration, depends on the
light fluence. Periodic surface reliefs, extended over areas
of a few square centimeters, with amplitudes up to 1 um
[85] and periods ranging from hundreds of nanometers to
several micrometers, can be easily obtained in very simple
and cost-effective experimental conditions, typically con-
stituted by a single irradiation step of azomaterial film with
two interfering light beams.

Besides the 1D SRGs, more complex bidimensional
surface reliefs arranged in tetragonal, hexagonal or even
more complex configurations can be easily obtained by

Figure 10: Complex SRGs from multi-step irradiation.

(A) AFM image of the SRGs generated by rotating the azopolymers
by 120° in three subsequent irradiation steps (B). (A-B) Reproduced
with permission from Ref. [193], copyright 2008, The Japan Society
of Applied Physics. (C-D) Topographic images of quasi-crystal
superficial structure resulting from five illumination steps, each at
n/5 sample rotation angle. Optical image (E) and He-Ne diffraction
pattern (F) of the 10-fold quasicrystal SRGs. (C—F) Adapted with per-
mission from Ref. [91], copyright 2008, American Chemical Society.
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two or multiple successive inscription steps of 1D SRGs in
different directions over the film [83, 192, 193]. An example
of the hexagonal grating induced in a three-step illumina-
tion procedure in which the azomaterial film is rotated by
120° at each step is shown in Figure 10A-B, while a quasi-
crystal pattern [91, 194] with 10-fold symmetry resulting
from five subsequent irradiation steps (each for a rota-
tion angle 7/5) is shown in Figure 10C-F. Other complex
and periodic superficial textures can be achieved also in
experiments where irradiation is accomplished with three
or more interfering beams [75, 195-197].

Also the surface structuration obtained in the case of
the SSRGs can be of particular interest for cost-effective,
all optically driven surface structuration. The periodicity
of the SSRGs is controlled by the wavelength of the irradi-
ating light [131, 141] and by the incidence angle of the colli-
mated beam [130], offering a possible deterministic tuning
of the inscribed surface modulation. Even if the number
of accessible superficial textures of SSRGs is lower when
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compared to the SRGs, these being limited to parallel
groves or hexagonal arrays, the large-scale tunable super-
ficial textures of the SSRGs in the simplest conceivable
illumination configuration constituted by a simple single
irradiation step with a collimated light beam.

Regardless of the degree of geometrical complexity
achievable onto the surface, the texture of the azomaterial
film can be erased, and eventually rewritten, at will, taking
advantage of the reversible nature of the photo-driven
phenomenon of the mass transport [76, 198]. Particularly
relevant for the realization of reversible all-optical pat-
terned surfaces is the possibility to remove the inscribed
superficial structuration by irradiating the film with cir-
cularly polarized or unpolarized light (Figure 11A-B). In
this situation, even an eventual spatially selective erasure
of desired areas of the sample can be easily realized by
shining an erasing beam with a spatially structured inten-
sity profile. An example highlighting this spatial-selective
optical erasure/rewrite process is given in Ref. [52], where
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Figure 11: Erasure and rewriting of SRGs in different directions.

(A) Normalized first-order diffraction efficiency relative to one-dimensional SRG inscription (magenta), optical erasure (blue) and rewriting
(red) processes in a supramolecular azomaterial. The inset shows 3D AFM images of the inscribed (1) and the erased film (2), while their
topographic profiles are presented in panel (B) by the blue and magenta curves, respectively. (C-D) Scanning electron microscopy images
of the spatially structured azomaterial surface created by first optically erasing a previously inscribed SRG through a transmission mask and

then rewriting a new SRG pattern through the same mask. Reproduced

from Ref. [76] with permission from the Royal Society of Chemistry.
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previously inscribed SRGs are deleted and then rewritten
with a new grating vector only in specified areas of the film
through the use of a transmission mask (Figure 11C-D).

3.2.3 Applications of the SRGs

Many of the technological applications of the periodic
modulations induced by the light onto the surfaces of the
azomaterial films exploit the physical proprieties gained
by the textured surfaces in respect to the flat azomate-
rial films. In such applications, the structured azomate-
rial films can be used directly as obtained after the light
structuring exposure or can be used as molding templates
and lithographic masks for the transfer of the superficial
texture on other materials.

The surfaces with 1D sinusoidal SRGs are character-
ized by significant structural anisotropy, with a preferen-
tial direction represented by the direction of the grooves. A
similar structural anisotropy translates also in anisotropy
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in the superficial properties like wettability and adhe-
sion, both strongly dependent on the actual spatial con-
figuration of the superficial roughness. A report about
the use of a patterned 1D SRGs as a substrate with con-
trolled anisotropic wettability is found in Ref. [199]. The
direction parallel to the grooves in a 1D textured surface,
like the 1D SRG, represents a preferential direction along
which liquid volume can anisotropically propagate [200,
201]. The deposition of a liquid drop on such aniso-
tropic surface results hence in asymmetric elongation of
the liquid contact line (Figure 12A) (triple-phase contact
line, TLC), which is quantified by an anisotropy in the
observed liquid contact angle along different directions
of the substrate (Figure 12B-C). The degree of wetting
anisotropy of the texture depends explicitly on the modu-
lation depth and on the periodicity of the rough surface
[199, 203]. Both these structural parameters are easily
tunable through the control of the irradiation parameters
in the light-induced SRG inscription process, making the
SRGs an easy and cost-effective fabrication framework of
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Figure 12: Anisotropic wettability and adhesion properties of sinusoidal 1D SRGs.

(A) Topographical AFM image of a sinusoidal SRG and (inset) top view of a 5-ul water droplet containing blue dye. (B) and (C) Side views of
the droplet seen from the direction parallel and perpendicular to the SRG grooves, respectively. Adapted with permission from Ref. [199],
copyright 2007, American Chemical Society. Confocal images of NIH-3T3 cells cultivated on (D) flat azopolymer substrate, (E) patterned sinu-
soidal SRGs, (F) erased SRGs. Scale bars: 10 um. (G) Plots of cell elongation and cell orientation. (H) Plots of the FA length (A) and orienta-
tion (O). Reproduced with permission form Ref. [202], copyright 2015, American Chemical Society.
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large-scale periodic patterned substrates for fundamental
studies about anisotropic surface wettability [199] and
their applications [204].

Another situation where the modulated anisotropic
texture of the 1D SRG presents advantages with respect
to other micro- and nanofabrication techniques concerns
the study of the substrate-influenced behavior of living
cells [202, 205-211]. A large number of works emphasize,
indeed, the role of the substrate topographic pattern in
influencing cell properties like attachment, spreading
and differentiation [212, 213], opening the way to crucial
advancesin clinical and tissue bioengineering. Besides the
ability of producing controlled large-scale micro-textures
whose geometry directly affects cell behavior, the opti-
cally induced surface reliefs in the azomaterials add also
to the unique possihility of dynamic light-induced recon-
figuration of the inscribed superficial textures. This aspect
makes the surface reliefs particularly attractive for the
investigation of the dynamical response of the cell proper-
ties to time-varying controlled topographical stimuli. An
example of cells elongated and reoriented from the inter-
action with a biocompatible SRG support is presented in
Figure 12D-E, while Figure 12F shows the image of a cell
grown on the optically erased SRG, which recovers the
initial structural properties of the cells directly grown on
the flat pristine azopolymer substrate (Figure 12G-H).

The research field where SRGs find many other appli-
cations is photonics [77, 80]. The applications related
to the direct use of azopolymer SRGs as photonic ele-
ments are typically based on their tunable and efficient
properties as diffraction gratings [68, 72, 83, 214-217].
SRGs acting as Bragg reflectors have been largely used
as light couplers and spectral filters [218-224]. In these
optical devices, the modulated surface of the azopoly-
mer enhances the coupling of the propagating light in
waveguided modes at specific wavelengths, resulting in
resonant peaks in the angular reflection and transmission
spectra, which depend also on the periodicity of surface
texture. The waveguided coupling can be obtained in the
textured azopolymer film itself (Figure 13A) or in a slab of
another material onto which the textured azopolymer film
is deposited (Figure 13B). Other fabrication designs can
involve also the deposition of materials with enhanced
optical properties onto the light-induced SRGs [226, 227].

The diffractive properties of the periodic superficial
texture of the SRGs can be used also to realize the optical
feedback mechanism necessary for the operation of the
distributed feedback lasers (DFB lasers). In such mir-
rorless lasers, the optical feedback is provided by Bragg
scattering, which originated from periodic perturbations
in the gain and/or refractive index of the active medium,
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while the emission wavelength depends on the period of
such modulations [228, 229]. Organic DFB lasers based
on the SRG induced onto azomaterial surfaces can be
easily realized by covering the inscribed SRG with a layer
of active material, giving rise to a stacked structure pre-
senting a spatially modulated effective refraction index
[230-232]. Other fabrication possibilities concern the
effective modulation of gain of an active layer obtained
from the direct inscription of the SRG onto a fluorescent-
doped azomaterial film. An example of such a device is
found in Ref. [225], while its operating principle, able to
transform the amplified spontaneous emission (ASE) in
laser emission, is shown in Figure 13C-F. Despite the fact
that fluorescence quenching can be a limit for the per-
formance of DFB lasers realized through this SRG-based
design, it has the remarkable advantage of direct tun-
ability of the emission wavelength by the proper choice
of the fluorophores and grating periods (Figure 13D).
Furthermore, it should be mentioned that some of the
problems associated to fluorescence quenching and fluo-
rophore bleaching occurring during the SRG structuring
have been overcome in recent works that reported about
the use of azomaterials for the holographic inscription
of refractive gratings (polarization gratings) instead of
SRGs [233-238]. Even if the process does not involve mass
migration phenomenon but only the photo-reorientation
of the azochromophores, the successful application of
such polarization grating for DFB lasing widens consid-
erably the range of possible azobenzene-based materials
suitable for this application.

Many other applications in photonics, as well as in
other technological fields, could in principle take advan-
tage from the periodic textured surfaces of both 1D and
two-dimensional (2D) SRGs inscribed in azomaterial
films. For example, controlled textured surfaces acting
as light-harvesting layers can be used to improve the
performances of solar cells [239, 240] and other optoelec-
tronic devices [241-243], to record holograms [244, 245] or
to mimic the structure of some functional surface found
in nature [246]. Recently, SRGs have been even used as
patterned electrodes for the fabrication of flexible light-
healable triboeletric generators [247], which can find
applications in the emerging technological field of wear-
able electronic devices.

In several practical situations, especially related to the
design of optical devices with enhanced performances,
the direct use of a layer of photosensitive azomaterial
can deteriorate structural stability as a consequence of
undesired mass migration effects. Moreover, the azomate-
rial layers are not optically transparent in the UV/visible
portion of the light spectrum [216], and their direct use in
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500-nm-thick azopolymer layer presenting an SRG with pitch of 390 nm. (B) When the azopolymer layer is deposited onto a polyamide wave-
guide, the angular spectra for the TE polarized beam present sharp features, demonstrating a resonant coupling of the light in waveguided

modes. Reprinted from Ref. [219] with permission from AIP Publishing

. (C-D) A distributed feedback (DFB) laser fabricated by a dye-doped

structured azomaterial film. The SRGs inscribed onto the film provide the optical feedback that switches the amplified spontaneous emis-
sion (ASE) in a laser emission. (E) AFM height profile of SRGs inscribed on the emitting material blend. (F) Laser emission spectra obtained
by tuning the SRG periodicity for different dyes included into the azomaterial. Reproduced from Ref. [225] with permission from John Wiley

and Sons, copyright 2012.

optical devices can limit the wavelength operation range
outside the azobenzene absorption bands. However,
such limitations can be easily overcome by transferring
the light-induced texture of the structured azomaterial
surface onto other organic or inorganic materials, having
eventually different chemical, optical, electronic and
thermal properties in respect to the original azomaterial
films. The pattern transferring onto organic materials
generally involves a soft lithographic approach [248-251]

in which the light-induced SRGs inscribed onto the azo-
material film are used as master templates for the fabrica-
tion of elastomeric stamps by a replica molding process
[252]. Typically, stamps are made of poly(dimetylsiloxane)
(PDMS), a material platform that allows the reproduction
of the complementary superficial SRG texture with high
fidelity (Figure 14).

The fabricated stamps then can be either used them-
selves as functional substrates or can serve as molding
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Figure 14: Soft lithographic replica of azopolymer SRGs through
PDMS stamps.

AFM images of the azopolymer masters (A and C) and relative PDMS
replica (B and D) for one-dimensional and bi-dimensional SRGs.
Adapted with permission from Ref. [252], copyright 2006, American
Chemical Society.

templates for the new soft-lithographic fabrication steps
on other materials (e.g. photoresist or optical active
layers). This approach has been successfully employed for
the fabrication of transparent patterned substrates in UV-
curable photopolymers, suitable for the operation of a DFB
laser [253] and for the realization of microlens arrays [192].
Furthermore, the PDMS-based replica molding of 1D and
2D SRG has been also used to improve the performances
of different optoelectronic devices. Taking advantage from
the enhanced absorption efficiency for photons propa-
gating in a textured active layer, organic solar cells with
improved efficiency have been fabricated from SRGs tem-
plates [254-257] (Figure 15), while the replica of hexagonal
SRGs onto the substrate used for the fabrication of organic
light-emitting diodes (OLEDs) has been demonstrated to
increase the light extraction efficiency of the LED [193, 258].

Several reports about the use of SRG as etch masks
for texture transfer onto inorganic materials can also be
found in the literature. In these micro-fabrication appli-
cations, the azopolymer film is typically deposited onto
the flat inorganic substrate intended to be structured.
The SRGs are then simply inscribed onto the azopolymer,
and once the light-induced azomaterial structuration
is accomplished, a chemical etching (typically realized
using a reactive ion etching) of the azomaterial layer is
used to partially expose some regions of the substrate,
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Figure 15: Use of 1D and 2D SRGs as templates for the fabrication of
an organic solar cell with enhanced photon-current efficiency.

(A) Schematic representation of the solar cell fabrication sequence.
The PDMS molds obtained from the SRGs inscribed onto the azo-
polymer are used to texture the organic active layer of the devices.
(B) Comparison of the J-V characteristics for a flat active layer
(reference) and the cells with 1D grating and 2D gratings (inset).

The textured active layers increase the incident-photon-to-current
conversion efficiency (IPCE). Adapted from Ref. [257] with permis-
sion from John Wiley and Sons, copyright 2008.

whose spatial configuration depends on the SRGs geom-
etry. In the last fabrication step, the substrate is finally
etched though the azopolymer mask by using standard
wet or dry etching processes. With this approach, periodic
structures ranging from groves, posts and more complex
bidimensional arrays have been successfully fabricated
onto metal, silicon and indium tin oxide (ITO) substrates
[259-263], finding potential applications also in the fabri-
cation of controlled scattering arrays for resolution tests of
optical microscopes [264, 265].
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3.2.4 Light-induced reconfiguration of pre-patterned
azomaterial microtextures and microvolumes

The possible applications of the light-induced micro- and
nano-structuration of azomaterial surfaces in the fields
of material science and technology can be significantly
enlarged by the light-induced deterministic reconfigu-
ration of properly prestructured azomaterial films and
microvolumes. There are several aspects that make the
coupling of prestructuration and mass migration particu-
larly relevant for the fabrication of complex 3D superfi-
cial micro-textures, which can extend eventually even
over large areas of several square centimeters [178]. One
of the most crucial points of this approach is certainly
the possibility of using a very simple illumination con-
figuration for the 3D geometrical reconfiguration of the
surface. The illumination scheme, indeed, is typically
constituted by just a single polarized and collimated light
beam. However, despite the simple optical configuration,
the range of achievable 3D geometries is very large and,
in some cases, able to produce superficial textures that
are difficult or even impossible to achieve with standard,
and more expensive, lithographic techniques. The recon-
figuration of azopolymer microstructures offers also the
attractive ability to re-tune (even reversibly) several times
the actual geometry of the superficial texture by means
of simple all-optical steps. This aspect can represent a
crucial advantage when compared to other lithographic
techniques, which only rarely allow further tuning of the
structures once fabricated.

The preparation of the pristine superficial microtex-
ture onto the azomaterial film is typically accomplished
by a PDMS-based replica molding process, which makes
use of a lithographically fabricated master for a solvent-
assisted structuration of the azomaterial surface [79, 168,
266] (Figure 16A). Such soft-lithographic azomaterial tex-
turing has been successfully used to fabricate large-scale
pristine arrays with various geometries, including parallel
groves, holes, pillars (Figure 16B) and 2D microtextures
in several shapes and geometrical arrangements. Similar
pristine textured surfaces can be fabricated also through
the all-optical patterning approach of the proximity field
nanopatterning [268]. In this all-optical method, the
surface structuration is achieved by irradiating a flat azo-
material film through a prestructured PDMS mask, which
serves as a template for the spatially selective accumula-
tion of the light-fueled moving azomaterial (Figure 17A).
Recently, Choi and coworkers [269] showed that the quality
of the optically fabricated 3D azopolymer textures can be
highly improved by using two sequential light irradiation
steps at slanted and normal incidence (Figure 17A-B),
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Figure 16: Preparation of solvent-assisted prestructured azomate-
rial surfaces.

(A) Schematic representation of the fabrication steps required for
the preparation of the textured azomaterial surface. The PDMS
stamp is obtained from a lithographically fabricated silicon master
(subpanels i-iii) and is then used to transfer, after the solvent
evaporation (iv-v), the original texture onto the polymer film (vi). (B)
SEM images of an array of cylindrical micropillars fabricated by the
soft-imprinting process exemplifying the high quality achievable in
the replicated textures. Reproduced with permission from Ref. [267],
copyright 2017, American Chemical Society.

demonstrating the proximity field nanopatterning to be
a concrete alternative to the solvent-assisted preparation
of high-quality prestructured azomaterial surfaces. This
technique can be of particular relevance for the pattern-
ing of particular azomaterial systems, like the supramo-
lecular azopolymers [89], in which the solvent-assisted
soft-imprinting could produce the diffusion of the not
strongly bonded azomolecules in the PDMS mask during
the solvent evaporation, causing then a complete loss of
the material photoresponse. The all-optical proximity
field nanopatterning allows also a facile fabrication of
complex hierarchical textures [269] (Figure 17C-F), which
can be of particular interest for applications in several
technological fields.

Once fabricated, the prestructured azomaterial surfaces
can be reconfigured by a light irradiation step, whose phe-
nomenology follows the general polarization-dependent
directionality of the mass migration phenomenon. In par-
ticular, few trivial illumination parameters can be tuned to
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Figure 17: Fabrication of the prestructured azopolymer surfaces by
means of the proximity field nanopatterning technique.

(A) Schematic representation of the illumination configuration of

a flat azopolymer film through the transparent structured PDMS
stamp placed in tight contact with the azopolymer surface during
irradiation. This all-optical patterning method is able to produce
high-quality 3D microstructures (B) and even complex hierarchical
textures (C—F). Adapted with permission from Ref. [269], copyright
2017, American Chemical Society.

deterministically tailor the final reconfigured geometry of
the irradiated structures. The degree of structural deforma-
tion is controlled by the light irradiation fluence [267], while
the actual 3D geometry of the structures is determined by the
polarization state of the irradiating light [178], with the direc-
tion of the irradiated optical electric field being the direction
along which the structures become mainly deformed. Even-
tually, also the inclusion of some spatial constraint for the
material movement at the top surface of the structures can be
used to further tailor the 3D architecture of the reconfigured
microstructures. This can be easily realized by capping the
pristine textured surface with a transparent PDMS thin layer
during the light irradiation [105, 178, 267]. Also, the incident
angle of the irradiating light can be used to further tune the
3D symmetry of the reconfigured structures. As reported
in Refs. [178, 267], a slanted irradiating beam induces non-
uniform material motion along the polarization direction,
resulting in asymmetrically reconfigured structures whose
degree of directional anisotropy increases by increasing
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the incidence angle. Figure 18 shows the SEM images of a
series of reconfigured azopolymer microstructures exempli-
fying the effects of different illumination conditions on the
final superficial microtexture achievable starting from the
same pre-patterned array of cylindrical micropillars. Figure
18A-D report the reconfigured posts obtained from the irra-
diation at normal incidence of the pristine array with colli-
mated linearly and circularly polarized beams, respectively.
Figure 18E—H show instead the structures obtained in the
same previous irradiating polarization configurations but
with the inclusion of a PDMS thin capping layer attached to
the pristine structures during the reconfiguration process.
This illumination configuration results in flat-top 3D recon-
figured structures, having symmetric or asymmetric archi-
tecture depending on the laser polarization state. The
slanted flat-top structures resulting from the irradiation
of linearly polarized light at the incidence angle of 40° are
shown in Figure 181. Many other structures obtained from
different pristine textures and reconfigured in similar illu-
mination conditions can be found in the literature. These
include arrays of micropillars of different sizes and shapes
[168, 267, 270, 271], parallel groves [266, 272, 273] and array
of microporous [274-279] and hemispherical caps [280, 281].
Another set of pristine azopolymeric structures that can be
deformed with a phenomenology similar to the lithographic
pre-texture surfaces pertains to the agglomerates of azopol-
ymer colloidal particles [282-285].

3.2.5 Applications of reconfigured azopolymer
microstructures

The light-reconfigurable prestructured azomaterial sur-
faces represent a versatile framework for the micro/
nano-fabrication of complex textured surfaces, whose
functionality in several applications is determined by the
engineered 3D superficial roughness. For example, the 3D
architecture of the light-reconfigured microstructures can
be designed to sustain a strong repellence to the wetting
of almost any liquid, a property commonly referred to as
omniphobicity, which finds applications in several techno-
logical areas involving liquid-repellent and self-cleaning
surfaces [286-288]. The realization of such strong hydro-
phobic surfaces requires a specific superficial texture,
constituted by an array of 3D microstructures having a
re-entrant geometry [289-291]. Examples coming from the
natural world show that the strongest omniphobic sur-
faces have a double re-entrant structure, with a 3D geom-
etry similar to a mushroom [292]. While the fabrication of
such omniphobic microstructures through conventional
lithographic techniques (like silicon photolithography
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Figure 18: Azopolymer microstructures obtained from the irradia-
tion of an array of cylindrical microposts in different configurations.
(A-B) and (C-D) SEM images of the structures resulting from the
irradiation of the pristine array with linearly polarized and circu-
larly polarized beam, respectively. (E-F) and (G-H) SEM images of
the flat-top structures produced in the same previous polarization
configuration but including a PDMS capping layer during the light
exposure. (I) SEM image of the flat-top asymmetric tilted pillars
obtained under irradiation of the light at the incidence angle of

¢ =40° through the PDMS capping layer. Adapted with permission
from Ref. [178], copyright 2015, American Chemical Society.

and silicon micromachining) is highly delicate, time-
consuming and expensive [290, 293], their realization can
be much easier and cost-effective by using the single-step
light-induced reconfiguration of array of cylindrical azo-
polymer microposts, irradiated with circularly polarized
light [178] (Figure 19A-B). In Ref. [294], the omniphobic
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Figure 19: Mushroom-shaped azopolymer omniphobic surfaces.
(A) and (B) Schematic representation of the light-induced recon-
figuration of the pristine array of cylindrical imprinted micropillars.
Circular polarized light is used to produce mushroom-like micro-
structures. (C) SEM side view of a fabricated mushroom-like pillar.
(D) Photograph of the prepatterned azopolymer pillar array exhibit-
ing an omniphobic behavior only in the irradiated regions where
the mushroom-like structures are present. (E) Apparent contact
angle (6*) as a function of the equilibrium contact angle (6 for the
mushroom-like pillar array (denoted by the circles) and cylindrical
pillar array (inverse triangles). Insets show apparent contact angles
of six different liquids deposited on the mushroom-like pillar array.
Adapted with permission from Ref. [294], copyright 2017, American
Chemical Society.

behavior of a reconfigured mushroom-shaped azopolymer
surface has been clearly demonstrated (Figure 19C-E),
showing that the light reconfiguration of azopolymeric
microstructures can provide an unprecedented powerful
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approach for the facile fabrication of robust, flexible and
cost-effective omniphobic surfaces.

If the irradiation of an azopolymer prestructured cylin-
drical micropillar array with circular polarized light pre-
serves the circular symmetry of the pristine soft-imprinted
structures and affects isotopically the wetting behavior in
all the directions over the surface, the asymmetric struc-
tures resulting from the irradiation of linearly polarized
light [178] can induce wetting anisotropies along different
directions of the film. In this case, the light polarization

A

Pristine
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direction (or its projection onto the sample plane) deter-
mines, indeed, a preferential direction for the structural
asymmetry and for the consequent wettability anisotropy.
In Ref. [267], we reported about the accurate tailoring of
the anisotropic wetting behavior of such reconfigured
azopolymer surface (Figure 20A). Besides the controlled
and deterministic wettability anisotropy, the same pris-
tine array of cylindrical azopolymer micropillars has been
demonstrated to achieve even tunable uni-directional
anisotropic wetting by simply varying the incidence angle
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Figure 20: Anisotropic wetting behavior of azopolymer micropillars reconfigured with linear light polarization.

(A) Optical images (top) of water droplets highlighting the variation of the contact angle observed along the direction of the long axis of

the asymmetric reconfigured azopolymer microstructures shown in the SEM images (scale bar: 1 um) at increasing light irradiation time.
Unidirectional left-right wetting anisotropy induced onto a liquid droplet deposited onto the array of tilted micropillar resulting from the
irradiation of the pristine cylindrical micropillars at the incidence angle of ¢ =45°. (C) and (E) Optical micrographs of different regions of the
array of pillars reshaped with the radially and azimuthally polarized beams, respectively (scale bar: 10 um). (D) and (F) Photographs of liquid
droplets placed in different regions of the radially and azimuthally reconfigured array, respectively (scale bar: 1 mm). Adapted with permis-
sion from Ref. [267], copyright 2017, American Chemical Society.
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of the linearly polarized light (Figure 20B). Furthermore,
structured polarization/intensity light distributions have
been successfully used to design 2D wetting pathways
onto the surface of azopolymer substrate having a fixed
pre-patterned geometry. Examples of arrays of radially and
azimuthally oriented azopolymer micropillars, obtained
over a 1-cm? area in a single irradiation step through radi-
ally and azimuthally polarized light beams, are shown in
Figure 20C and E, respectively. The corresponding radially
and azimuthally varying wetting anisotropy is highlighted
by the overall elongation directions of the liquid droplets
placed in different positions of the irradiated film, as
shown in Figure 20D and in Figure 20F. Even if the two
mentioned experiments already demonstrate the huge
potential of the light-reconfigurable array of azomaterial
microstructures in the wettability-oriented applications,
we believe that many new applications in this field will
appear in the next few years, probably further exploit-
ing also the reversible behavior of the light-driven mass
migration able to drive reversible structural deformation
at command [271, 281, 295].

The light-reconfigurable pre-patterned azopolymer
superficial textures can find several applications also as
photonic elements able to manipulate and nano-focus
the light. Mushroom-shaped dielectric microstructures,
similar to the one easily achievable onto the reconfig-
ured azomaterial cylindrical micro-posts, are known to
behave as optical micro-resonators with extremely high
q-factors [296, 297]. Even if studies about such azopoly-
mer micro-resonators have not been reported yet, we
believe that there are no particular conceptual limita-
tions for this application. Imprinted pre-patterned azo-
material surfaces can also be used in the fabrication of
hierarchical structures, in which the 1D or 2D nanometric
texture of the SRGs is inscribed directly onto the surface
of azopolymer micro-post arrays or onto large-scale azo-
polymer wavy surfaces. Such light-reconfigurable hier-
archical textures have been demonstrated to be able to
precisely control light reflection and diffraction prop-
erties, providing light-tunable color structuration [270,
298] and enhanced OLED outcoupling efficiency [298]. In
Ref. [299], the reconfigured 3D structures resulting from
the irradiation of an array of sub-micron-sized holes
with circularly polarized light are used as templates for
the fabrication of 3D tapered Au nanoholes (Figure 21A).
Such metallic nanostructures have been proven, both
theoretically and experimentally, to provide light nano-
focusing (Figure 21B-E), opening to the use of such light-
reconfigured structures in surface-enhanced Raman
spectroscopy (SERS) [300] and in integrated nano-opti-
cal circuitry [301].
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Figure 21: Light nano-focusing through the reconfigured array of
nano-holes covered by a thin metallic layer.

(A) Schematic representation of structure of the 3D tapered metallic
nano-hole array obtained from the reconfiguration of a prestruc-
tured array of cylindrical azopolymer holes. Both experimental and
simulated reflection and transmission spectra of the metallic nano-
hole array presented in (C) and (D) show the presence of resonant
plasmonic modes. The plasmonic mode M3 is expected to have high
enhancement in the nano-hole (D), providing strong nano-focusing
(E). Adapted from Ref. [299] with permission from Wiley and Sons,
copyright 2014.

4 Light-induced deformation in
films of azobenzene-containing
LC elastomers

Another class of materials in which the nanoscopic light-
induced isomerization of the azobenzene molecules is
transferred into a macroscopic movement involves azo-
LCEs. LCEs are loosely cross-linked polymer networks that
share the properties of both liquid crystalline polymers
and elastomers [302]. Similar to normal LCs, LCEs are
characterized by an ordered organization, in which the
molecular constituents of the material are preferentially
aligned in a liquid crystalline phase. In addition, the
design of an LCE architecture involves the inclusion of
slightly dense crosslinks, which confer specific structural
and elastic properties to the polymeric network. Such
materials are then solid polymeric systems, cuttable in
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free-standing films with well-defined shapes, possessing
furthermore a defined molecular order. The peculiarity of
LCE films is the large structural deformation they undergo
in response to an external stimulus capable to disrupt the
molecular liquid crystalline order. The competitive mech-
anism is obviously the heat transfer to material matrix. A
temperature increase, indeed, can cause liquid crystal-
line into isotropic phase transition, turning the ordered
material system into a disordered one. The increase of
structural disorder at molecular level translates into a
macroscopic contraction of the LCE along the LC director,
which defines the direction of the molecular alignment,
and the concomitant material expansion in the direction
orthogonal to the director. As this structural deforma-
tion is reversible, LCEs have immediately been regarded
as soft actuators and artificial muscles able to convert
at command external energy into mechanical move-
ment. A particularly relevant aspect associated with the
technological implications of LCEs is that the reversible
structural deformation can be driven even using light as
energy source once the azobenzene molecules have been
included into the material matrix. In this case, indeed, the
non-mesogenic cis-azobenzene isomer produced into the
photoisomerization destabilizes the initial LC phase, effi-
ciently sustained by the rod-like trans-azobenzene, and
causes the lowering of the LCE molecular order, which
eventually leads to the macroscopic material deforma-
tion. Furthermore, as the photoisomerization reaction is
fully reversible, the initial geometrical configuration of
the LCE film is restored by the thermal relaxation of the
cis-azomolecules back to the mesogenic trans isomers.
The relaxation induces a recovery of the original LC phase
and makes the material available for a new photo-actu-
ated deformation. Eventually, the LC order recovery can
be also accelerated by the irradiation of the LCE film with
visible light, which further stimulates the depletion of
the cis-azomolecule population. Reversible light-induced
uniaxial contraction of about 20% along the director
direction of monodomain azobenzene-containing LCEs
has been reported since the first studies about the light-
induced mechanical actuation of these materials [303,
304]. However, the exact geometry of the film deforma-
tion depends on the actual distribution of the LC directors
inside the film, and in azobenzene-containing LCEs, it
can be different for monodomain and polydomain liquid
crystalline networks. Details about LCE chemistry, design,
molecular alignment strategies and macroscopic deforma-
tion engineering can be found in several already existing
reviews [32, 305-311]. Here, we want to provide a general
and brief overview on the main aspects of the photo-
actuation occurring in azo-LCEs as a manifestation of a
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nanoscopic-to-macroscopic propagation of light-induced
movements in azomaterials, highlighting also several
applications offered by such material systems as light-
driven artificial muscles, self-propelling locomotors and
energy-harvesting devices.

4.1 The photo-actuation in azo-LCEs

The light-induced deformation of a free-standing mono-
domain azo-LCE films (typical thickness in the order of
10-100 pum) involves typically the bending of the film
toward the direction of the incoming irradiating light
[312-315]. Such bending behavior is determined by the
large absorption extinction coefficient of the trans-azo-
molecule in the UV optical range, which generates a
gradient in the photoisomerization efficiency for the azo-
molecules located at different positions along the direc-
tion of the film thickness. Indeed, most of the incident
light is absorbed in the proximity of the irradiated surface
within a thickness of 1-2 um, while the trans-azomol-
ecules in the bulk of the film and at the bottom surface
remain almost unaffected [312]. This isomerization gradi-
ent causes the contraction only of the exposed surface of
the film, which finally bends toward the incoming light
direction (Figure 22).

A large range of strong and complex photo-actuation
modes can be achieved by controlling such bending behav-
ior by means of an accurate spatial patterning of the mole-
cular orientation directions across the film. For example,
using a splay alignment of the mesogens (Figure 23A),
the degree of structural bending is increased in respect
to the monodomain ordered matrices [316, 317], while the
bending direction of the film with this molecular align-
ment depends on which surface of the film is exposed to
the light (Figure 23B-F) [318]. Even very complex 3D pro-
grammable deformations of the LCE films can be obtained
by accurately patterning the molecular alignment into two
dimensions. Examples from literature show geometrical
deformations similar to waves, springs, cones and saddles
[66, 67, 319-321], opening the way to the arbitrary tailoring
of the actuation geometry by means of a careful control
over the molecular alignment [32, 311, 322, 323].

Differently from LCE monodomains, the bending
direction of azobenzene-containing polydomain LCE films
is determined by the direction of the irradiating linearly
polarized light [324]. In a polydomain LCE, the alignment
direction is uniform only at the microscale, while mac-
roscopically, the direction of the molecular alignment is
essentially random. Each micro-domain of an azo-LCE
contains trans-azomolecules oriented along the local
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Figure 22: Photoinduced bending of an azo-LCE film along the LC
director.

(A) Schematic illustration of the molecular arrangement of cross-
linked LC network (crosslinks represented by red spots) consti-
tuted by non-photoresponsive mesogens (blue) and azomolecules
(yellow). (B) Schematic illustration of the photo-isomerized gradient
of azomolecules along the direction of the film thickness causing
the bending of the LCE film. (C) Bending and unbending behavior of
an azo-LCE film along the molecular alignment direction irradiated
with UV and visible light (adapted with permission from Ref. [313],
copyright 2004, American Chemical Society).

molecular director. Due to the orientation-dependent effi-
ciency of the light absorption for the trans-azomolecule, the
irradiation of an azo-LCE with linearly polarized light drives
an efficient order-disorder transition only in microdomains
where the mesogenic trans-azomolecules are aligned with
the light polarization direction. As a result, a reversible and
directional photo-selective film bending is achieved only in
the direction of the linearly polarized light (Figure 24).
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Figure 23: The bending behavior of an azo-LCE film with splayed
alignment.

(A) Illustration of the molecular arrangement. If the film is irradiated
exposing the surface (green) with planar alignment, the film bends
upward (B). On the contrary, if the surface exposed has homeotropic
alignment (orange), the film bends downward (C). (D—F) Experi-
mental bending behavior of an azo-LCE film with splay alignment
showing increased bending in respect to a fully planar film (D) and
the inversion of the bending direction if illuminated at planar (E) and
homeotropic (F) sides. (D—F) Adapted with permission from [316],
copyright 2007, Springer Nature.

366 nm =540 nm

Figure 24: The polarization-dependent bending and unbending
behavior of polydomain azo-LCE films.

The bending direction is determined by the direction of the irradi-
ated linearly polarized UV light. Adapted with permission from Ref.
[324], copyright 2003, Spinger Nature.
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4.2 Light-fueled robots and actuators

Light-fueled azo-LCE actuators can present several
advantages with respect to electrically driven ones
because they convert light energy directly into mechani-
cal work without the aid of batteries, electric contacts
or electrical engines. In several reported applications,
the use of azo-LCEs as light-driven actuators requires a
controlled irradiation of light at two wavelengths, able to
fuel at command the disruption of the molecular align-
ment and the acceleration of its recovery via the photoi-
somerization reactions of the azomolecules. For more
complex deformation modes and functionalities, also
localized and spatio-temporally modulated irradiating
light can be used.

Simple examples of light-to-mechanical energy con-
version accelerated by the wavelength switch of the
irradiating light have been already given in the previ-
ous section describing the light-induced bending and
unbending behavior of different LCE films [312, 313, 315,
324-326]. However, using the same approach, the photo-
controlled deformation of azo-LCEs can be transferrable
into the generation of actual mechanical work in clever
experimental configurations. A light-fueled motor has
been realized through a ring of an azo-LCE obtained con-
necting together the ends of a flat single-layer stripe of the
elastomer [327]. The simultaneous irradiation of UV and
visible light at different positions across the ring has been
demonstrated to cause the local expansion and contrac-
tion of the material, which drives the rotation of the ring
and even the actuation of pulleys, realizing in fact a motor
fueled only by light [327].

The design of the macroscopic deformation by the
molecular alignment patterning and the selective actua-
tion with spatio-temporal modulated light can be used
to drive complex structuration and motion of LCE films,
which can act, for example, as light-driven switchable
adhesives [328, 329], microvalve and micropumps for
microfluidic applications [330, 331], robotic arms [332-334]
and biomimetic locomotors. A light-driven micro-robot
(Figure 25A), able to pick, lift, move and place an object
heavier than its weight, has been reported in Ref. [333].
The robot constitutes three stripes of a bilayer LCE film,
joined together to form a photo-actuable arm endowed
with a wrist and a hand (Figure 25B). Each section of the
robot can be selectively activated by switching on and off
a spatially localized illuminating spot of visible light. This
is a clear example in which a light-fueled soft robot can be
artificially manipulated to perform some action on its envi-
ronment, acting similarly to an artificial muscle. Recently,
even the possibility of automatic smart-responsive robots
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Figure 25: Robotic photo-actuated LCE arm.

(A) Photographs of the robotic arm manipulating an object weighing
10 mg. (B) Schematic illustrations of the actions of the robot shown
in (A). Reproduced from Ref. [333] with permission from the Royal
Society of Chemistry.

has been highlighted by Zeng and coworkers. They dem-
onstrated the realization of a self-regulating LCE iris,
whose structure deforms similarly to the iris of the human
eye, which regulates the amount of transmitted light on
the basis of the incident light intensity level [67]. The same
group proposed also a smart azo-LCE robot able to selec-
tively distinguish, and eventually grab, different objects
on the basis of their absorption properties, as a natural
flytrap does with insects and other random particles [335].

Another application scenario for azo-LCEs is the bio-
mimetic light-induced locomotion of soft robots. This tech-
nological field has been recently reviewed elsewhere [310,
336]. In Figure 26, two examples of azo-LCE films actuated
by a scanning laser beam able to drive a directional mac-
roscopic displacement are reported. The robots mimic the
natural locomotion modes of millimeter-sized walking
caterpillars (Figure 26A-D) and swimming flat fishes
(Figure 26E-F). The motion of such robots is provided by
the activation of structural deformations of the LCE film
by means of spatially or temporally modulated light pat-
terns, able to induce the non-reciprocal deformations
necessary for the directional locomotion at different posi-
tions of the robot body. Several other examples of similar
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(A) Schematic representation of the experimental setup. A laser spot is repeatedly scanned across the LCE film producing forward (B) and
backward (C) walking steps (Scale bar: 5 mm). (D) Histogram of the step length. (A-D) Reproduced from Ref. [319] with permission from John
Wiley and Sons, copyright 2016. (E) Spatially and temporally modulated light pattern scanned across a microrobot though a digital micro-
mirror device (DMD). (F) The robot swims in the direction opposite to that of the travelling light wave (Scale bar: 200 um). (E-F) Adapted with

permission from Ref. [337], copyright 2016, Springer Nature.

walking and swimming biomimetic azo-LCE robots can be
found in the literature [314, 332, 337-340], accessing even
to the micrometer spatial scale [341]. However, even sta-
tionary illumination light fields have been demonstrated
to generate continuous movement and locomotion of an
LCE film incorporating azomolecules with fast cis-to-trans
thermal relaxation dynamics. An example of continuous
wave-like deformations obtained under stationary illumi-
nation conditions in an LCE film with splayed alignment
has been recently reported by Gelebart et al. [342, 343].
The light-induced continuous motion has been explained
in terms of a self-shadowing mechanism initiated by
the fast photo-driven deformations of the films at differ-
ent positions under constant irradiation. Such effect is
very promising for the realization of remotely controlled

light-driven devices exhibiting interesting functionalities,
like self-cleaning and self-propelling directional locomo-
tion [342, 344]. The self-shadowing feedback mechanism
from which a continuous movement originates under
stationary illumination conditions is potentially of great
interest also in energy-harvesting applications, where
the mechanical energy of the continuously oscillating
LCE films [345-347] can be converted in other forms of
energy, e.g. electricity [348]. In this regard, the possibility
of directly using the light coming from the sun to activate
photo-driven motions like bending [349] and high-fre-
quency and chaotic oscillations [346, 350] in azobenzene-
containing LCE films can represent a new frontier for the
applications of these materials for the realization of solar
energy-harvesting devices.
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5 Summary and outlook

Due to the efficient and reversible light-induced isomeri-
zation involving the significant variation of molecular
electrochemical and structural properties, azobenzene
molecules can act as versatile molecular photo-switches
for materials in which they are included. Several azoma-
terial systems able to harness the microscopic motion
of the isomerizing azomolecules in light-controllable
optical, chemical and mechanical properties have been
synthesized over the years. In the present review, we
have described two classes of properly designed azo-
material systems in which the light-induced azobenzene
molecular dynamics at the nanoscale is propagated at
macroscopic spatial scales. In particular, we have mainly
focused attention on the light-induced mass migration
phenomenon occurring at the surface of films of amor-
phous azobenzene-containing materials. In such materi-
als, the irradiation of Uv/visible light directly translates
into the appearance of topographic surface reliefs, whose
structural features depend on the intensity and polari-
zation distributions of the irradiating light and on the
pristine geometry of the irradiated azomaterials surface.
These classes of azomaterials represent a versatile plat-
form for light-induced micro- and nanopatterning of sur-
faces. Here, we have reviewed several scenarios in which
the light-textured azomaterial surfaces have been used.
Applications range from the photochemical imaging of
optical fields at nanometric spatial resolution, to the light-
induced reconfiguration of flat and pre-patterned surfaces
for wettability, adhesion, photonics and lithography. New
applications in all these fields will surely come in the
future by exploiting new material design strategies for
efficient and large surface modulation, complex illumina-
tion/prestructuration configurations and even the reversi-
ble nature of the phenomena involved. However, a further
widening of their applicability would also come from the
unveiling of the exact mechanism, bridging the initiator
light-fueled motion of the isomerizing azomolecules and
the macroscopic material transport, which is still an open
question related to fundamental light-matter interaction
at the basis of such nanoscopic-to-macroscopic motion
propagation.

In addition, here, we described the general aspects of
the photo-actuation observed in azobenzene-containing
liquid-crystalline elastomers in which light is converted in
controlled and reversible isomerization-initiated mechan-
ical motion. The technological potentialities of such direct
optical-to-mechanical energy conversion are enormous,
and applications of azo-LCE films as artificial muscles,
photo-actuators, soft robots, self-propelling locomotors,
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light-fueled machines and energy-harvesting devices have
been highlighted. The complex photo-actuation geom-
etries used in many of these applications are typically the
result of both the accurate engineering of the patterned
LC matrix and the modulation in time and/or space of the
irradiating light. Future experiments will certainly explore
further these design strategies to realize advanced defor-
mation geometries and functionalities, taking advantage
also from the eventual automated photo-response to
external light stimuli in smart photo-driven actuators and
devices. Furthermore, the continuous reversible actua-
tion demonstrated recently in azo-LCEs with fast thermal
isomerization dynamics have traced the path toward self-
sustained moving light-driven actuators, which could be
used in the future to continuously convert the energy of
light, coming even from the sun, in mechanical or electric
energy.
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