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Abbreviations

The following abbreviations are used in this manuscript:

PCs Photonic Crystals

LCNs Liquid Crystalline Networks
DLW Direct Laser Writing

uv Ultraviolet

3D Three-dimensional

HOT-DIW High Operating Temperature Direct Ink Writing
LCEs Liquid Crystalline Elastomers
T Nematic-Isotropic Temperature
PDMS Polydimethylsiloxane

EBL Electron Beam Lithography
SEM Scanning Electron Microscopy
AOM Acousto-Optic Modulator
POM Polarized Optical Microscope
TPA Two-Photon Absorption

VIS Visible

NIR Near Infrared

PEG Poly(ethylene glycol)

LCPs Liquid Crystal Polymers

PI Polyimide

PVA Polyvinyl Alcohol

PLA Polylactide

PEG-DA Poly(ethylene glycol) diacrylate
FDTD Finite-Difference Time-Domain
WGMR Whispering Gallery Mode Resonator
PMMA Polymethyl Methaclyrate

LED Light Emitting Diode

TPP Two Photon Polymerization
STED Stimulated-Emission Depletion
PGMEA Propylene Glycol Methyl Ether Acetate
AOTF Acousto-Optic Tunable Filter
PBG Photonic Band-Gap

CW Continuous Wave

RO Radial Outward



Introduction

Photonic technology aims to control light propagation within miniaturized
devices that can possibly integrate different functionalities. Among them, tuning
the optical properties of photonic structures in a reversible and non-invasive way
has attracted attention of scientists aiming to make dynamically reconfigurable
structures. To this aim, photonic crystals (PCs) represent a versatile platform: their
permittivity modulation at a length scale comparable with the working wavelength
prevents light propagation in a frequency range, the so called band gap. In such a
way, the light propagation can be locally and efficiently controlled introducing
linear or punctual defect in 2D or 3D structures to create waveguides with minimal
losses and high quality factor cavities.

The aim of this thesis is the study, fabrication and optical characterization of
tunable PCs having different functionalities in optics and photonics and the
modulation of their optical properties (e.g. refractive indices, optical anisotropy,
reflectance, etc...). In order to realize dynamically reconfigurable structures, photo-
responsive polymers, which allow a remote and non-invasive control of their optical
properties, have been employed. Liquid Crystalline Networks (LCNs), which
combine the orientational order of liquid crystals with the elasticity of a
cross-linked polymeric rubber have been chosen. Their striking properties of photo-
and thermo-responsivity and shape changing behavior result particularly suitable
to fabricate reconfigurable photonic crystals. We selected light stimuli as activation
signal because, due to its remote and non-invasive nature, is highly compatible with
photonic applications. Moreover, temperature effects were investigated as well in
order to broaden the range of applications. Periodic structures have been studied
following different research approaches, both for a more deep understanding of the
optical properties of such customized material and for different applications, from
tunable telecom filters to tunable structural colors.

In the first part of this thesis, after the description of the most important 3D
lithographic techniques and materials employed for polymeric micro-patterning,
some applications of polymer technology for tunable optics and photonics are
presented, focusing the attention on recent LCN-based applications.

In this work, liquid crystalline network have been deeply studied by

investigating their anisotropic optical properties through refractive indices
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measurements, fundamental quantity for the design of LCN photonic structures.
Ordinary and extraordinary refractive indices have been measured as a function of
temperature and light by using a wedged cell based refractometer method. Different
mixtures were studied with different dyes and cross-linker percentages. The
material characterization has been performed comparing the optical properties of
macroscopic samples that have been polymerized by an ultraviolet (UV) lamp and
microscopic samples polymerized by Direct Laser Writing (DLW). This allowed to
highlight as different polymerization processes affect the optical properties at
different length scales.

In order to pattern the first elastic tunable photonic crystals with nanometric
resolution, the lithographic technique of DLW has been employed. To combine the
customized LCN material and the DLW lithographic technique, tailored
calibrations, characterizations and relative improvements have been performed.
Among the different writing parameter, temperature was investigated to improve
resolution and the quality of the polymerized structures. Such calibration
underlined an unexpected temperature dependence of the LCN polymerization
process, and allowed to achieve very competitive resolutions, comparable with the
other commercial resists, never reached for liquid crystalline networks, so far.

The third part of this work concerns the manufacturing and optical
characterization of the first example of a tunable LCN woodpile PC filter, having
a stop band at telecom wavelength, which has been tuned in a reversible way by
temperature.

In the last part, the first proof of a smart visualizable sensor, developed during
a six-month period in collaboration with Prof. Li and Prof. Keller group in Paris,
at Chimie ParisTech, is presented. We explored the integration of efficient thermo-
responsive Liquid Crystalline Elastomers, whose properties have been customized
at the Chimie ParisTech laboratories, together with the Morpho butterfly wing,
owing an optimized structural coloration due to its natural photonic crystal
structure and superhydrophobic properties. A new biotic-abiotic platform capable
of color tuning in response to temperature changes has been projected, described

and optically characterized.



Chapter 1

1 Techniques and Materials for 3D Printing

Chapter 1 introduces the conventional lithographic techniques for 3D macro-
and nano-printing in polymeric materials. The potentialities and limitations of
these lithographic techniques are discussed with a particular attention on Direct
Laser Writing technique. The chemical and physical material properties of shape
changing polymers are introduced, describing in detail Liquid Crystalline Network
properties. These materials characterized by a reversible deformation in response
of a given stimulus, such as light, temperature, pH, electric or magnetic field, have
been widely explored in this work in combination with both macro and micro
fabrication techniques. Their choice was dictated by their millisecond
responsiveness, their optical transparency and birefringence, their controllable
deformation and processability with Direct Laser Writing technique. These peculiar

properties allowed the demonstration of tunable photonic devices.

1.1 Lithographic techniques for 3D printing

Three-dimensional (3D) printing is a new challenge in the customized
manufacturing of components. Several printing techniques allow to fabricate
macroscopic 3D objects with a resolution reaching tens of micrometers. Among
them, one of the most well-known technique is stereolithography [1], which is based
on laser-induced polymerization of a liquid resist contained into a tank. Only the
exposed portion of the resin at the polymer/liquid interface hardens creating layer
by layer a 3D solidified component. Another type of 3D macro-printing is based on
fused deposition modeling, a common type of 3D printing based on the material
extrusion: thermoplastic materials are melted and pulled out through a nozzle
forming successive object layers along precise directions. Instead, in selective laser
sintering (2], performed to create metal or ceramic 3D structures, metal powders
and ceramic powders are commonly employed and the powder is piled up layer-by-

layer. In direct ink writing [3, 4] the liquid-phase “ink” is dispensed out of small



nozzles under controlled flow rates and deposited along digitally defined paths to
fabricate layer-by-layer 3D structures.

However, all these techniques enable to print object of several centimeters in
size with microscopic geometrical feature of tens of microns [5]. As an example,
Zarek et al. [6] demonstrated that by using a commercial stereolithography 3D
printer, complex shape memory structures with high resolution can be fabricated
based on polycaprolactone. The achieved resolution along the X- and Y-axis is
39 um, whereas for Z-axis, the resolution can be as low as 1 um. As shown in Figure
1.1.a, complex shape memory miniaturized Eiffel Tower can be obtained and this
approach can be extended to biomedical devices or flexible electronics. Kotikian et
al. employed high operating temperature direct ink writing (HOT-DIW) to print
3D Liquid Crystalline Elastomers (LCEs) with mesogen domains aligned along the
direction of the printing path [7]. As shown in Figure 1.1.b, when the temperature
is higher than the nematic-isotropic temperature (Txi), defined as the temperature
at which the nematic to isotropic phase transition occurs, the 3D printed LCE
(about 1 mm thick) contracts and it is capable of lifting an object of 20 g. Moreover,
the 3D printed shape-morphing LCEs with specific architectures can undergo

remarkable planar-to-3D reversible transformations upon thermal stimulus [7].

a)

Figure 1.1. a) Stereolithography 3D printed shape memory scaled Eiffel Tower
reverting to its original shape at 70 °C. Adapted from reference [6]. b) LCE



structures realized via HOT-DIW: weight lifting (20 g) of the printed LCE at
T>Txr; programmable shape morphing of LCEs into cone, saddle shape, and conical
array upon heating above Tni, respectively. Adapted from reference [7].

Since we are interested to design and fabricate tunable photo-elastic devices
with micro- and nanoscopic features, other lithography techniques, such as
photolithography, electron-beam lithography and direct laser writing (DLW)
should be considered in order to decrease the lithographic resolution to the

nanometer scale.

1.2 Lithographic techniques for polymeric micro- and nano-

patterning

1.2.1 Photolithography and soft lithography

Aiming at a nanostructuration, photolithography and soft lithography are two
common techniques suitable for large scale production of geometries with planar

designs [8].
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Figure 1.2. Scheme of the main lithographic techniques for polymeric
micropatterning: a) photolithography, b) soft lithography, ¢) direct laser writing.



In photolithography, [9] glass or metal substrates are covered by a thin
homogeneous film of a photoresist, generally prepared by spin coating. After
irradiation using collimated UV light, which passes through a mask, the final
pattern is obtained following a development procedure that allows to eliminate the
undesired material (Figure 1.2.a).

In contrast to photolithography, soft lithography allows the fabrication on
different substrates, from planar to curved and flexible ones combining high
versatility, low cost and simple material manipulation. Replica molding is often
realized with negative tone resists [10]. UV light exposure causes the polymerization
of the chemical structure in these photoresists. In this manner, instead of becoming
more soluble, negative photoresists become hard and extremely difficult to dissolve,
while the photoresist developer solution removes the unexposed liquid volumes [11].
Typically, soft lithography, as a first step, requires the preparation of a flexible
polydimethylsiloxane (PDMS) mold created by replicating the silicon stamp
master: the PDMS mixture after covering the master is cured at high temperature.
The PDMS is then removed from the master reproducing its negative features.
Then the PDMS mold is used to give the desired geometries by pulling it onto the
liquid resist. After UV curing, the PDMS mold is peeled off, obtaining thereby a
positive copy of the master made of the chosen polymeric material (Figure 1.2.b)
[12]. The printing process, allows for the realization of a large number of
micropatterned structures in a fast and easy way but the fabrication of the stamp
master requires other more complex lithographic techniques, as photolithography
or electron beam lithography. Soft lithography has been widely used to pattern
shape change materials that well reproduce the micron sized features of the PDMS
stamp/mold. Keller et al. utilized soft lithography to prepare micron sized pillar
array made by thermo-responsive liquid crystalline elastomers [13]. The pillars
underwent a reversible contraction and expansion of the order of 30-40% when

heating and cooling (Figure 1.3).

7y 0 @

Figure 1.3. An isolated pillar exhibits a contraction with the order of 35%.

Adapted from reference [13].
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1.2.2 Electron beam lithography

Electron beam lithography (EBL) is a high-resolution and direct-write exposure
method [15, 16]. EBL consists in scanning a beam of electrons across a surface
covered with an electron sensitive resist film, thus depositing energy in the desired
pattern. A tightly focused electron beam scans the surface of the sample covered
by the resist. Therefore, the exposed pattern can be changed at every lithographic
realization/step without using masks. EBL enables to fabricate extremely fine
patterns (up to ~ 5 nm [17]).

Figure 1.4 illustrates the fundamental parts of an EBL machine. Electrons are
generated by a source kept under vacuum (p ~ 2 - 10 mbar), named electron gun.
They are guided towards the sample through an electron optical system: a beam
aligner, condenser lenses, a stigmator, a pair of deflectors and an objective lens
direct, shape and focus the electron beam on the sample. In addition, there is a
beam blanker to quickly deflect the beam, in order to avoid undesired exposure of
the sample. Inside another chamber under vacuum (p ~ 2 - 10° mbar), a mechanical
stage holds the sample and positions it with respect to the electron beam. A
vibration isolation system is necessary to maintain the alignment between the beam
and stage constant during the exposure, while the whole EBL equipment is

controlled through a computer.

electron gun

source

first aligner

beam blanker

zoom condenser lens

aperture
stigmator

column

deflectors

objective lens

stage and sample

vibration isolation

chamber

Figure 1.4. Scheme of a typical EBL system.

Scanning Electron Microscopy (SEM), widely used during this research work to

characterize the morphology of the samples, works according to the same principle.
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The electrons interact with the sample producing various signals (e.g. secondary
electrons, backscattered electrons, and characteristic X-rays) that are collected by
one or more detectors to obtain information about the surface topography and
composition. SEM high-resolution feature derives from the small wavelength
associated to electrons. According to de Broglie expression (A = h/v2mK), with
K = eV which is the kinetic energy and it is proportional to the applied electrical
potential V), an electron’s wavelength in an electrical potential difference of
V = 10 kV, is only 0.12 A, several order of magnitude smaller than a photon’s
wavelength (typically 100 nm to 400 nm).

1.2.3 Direct laser writing

The realization of arbitrary and complex 3D shapes can be obtained by Direct
Laser Writing (DLW), which allows for lithographic resolutions better than
150 nm, representing therefore the technique of choice for 3D polymer photonics in
a single fabrication step [14]. In fact, without the use of masks or complex and
expensive machines and materials, 3D structures can be realized in a single writing
process in polymeric matrices. DLW is based on a nonlinear absorption process and
allows to create, point-by-point, a 3D polymeric object replicating a computer
designed structure (Figure 1.2.c). In DLW technique, pulsed femtosecond lasers
with high peak energy (as Ti:sapphire femtosecond oscillators or second harmonic
fiber lasers) are tightly focused to a diffraction-limited spot within the photoresist
[18, 19]. They have two main advantages: very short pulses, of the order of tens of
femtoseconds, which do not cause thermal damage, while the standard emission
wavelength of around 800 nm allows in-volume focusing with minimal scattering in
transparent material. The laser intensity is chosen such that only in the focal
volume it is sufficiently high to induce polymerization via two-photon absorption
creating a “voxel” (a 3D pixel). The shape of the voxel is an ellipsoid with typically
the major axis about twice as long as the minor axis. The laser focal spot is then
scanned in 3D by moving the sample using a piezoelectric translation stage, thus
writing point by point the computer designed 3D structure [19, 20]. Second
generation DLW systems have the sample fixed. Moreover, by using galvanometric
mirror the laser beam is deflected to address the different point of the structure to
be polymerized, improving the writing speed and fabrication times. At the end of

the writing process, the unpolymerized mixture is washed away by means of an
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organic solvent, leaving the fabricated microstructures on the substrate. By means
of DLW, a subdiffraction limited lateral resolution of around 120 nm is easily
achieved [21a]. On the other hand, DLW presents disadvantages as long fabrication
times, which can limit the scaling up of the process and mass production.

In our lab, a commercial DLW system (Photonic Professional Nanoscribe
GmbH) has been employed for the photopolymerization at the microscale, using a
780 nm erbium doped femtosecond fiber laser by focusing the beam, circularly

polarized, by a 10x or 100x-oil-immersion objective.

Current generator

Temperature controller (

Peltier cell

Power meter

-

-k

._>

D

AOM

—}
Polarizer

Fiber laser source
(130 fs, 780 nm, 100 MHz)

Figure 1.5. Nanoscribe GmbH set up with the home-made Peltier cell.

The laser pulses are 130 fs long with a 100 MHz repetition rate. An acousto-optic
modulator (AOM) is used to control the writing average power (Figure 1.5).
Through the AOM, only the first diffracted order is selected and its intensity is set
by proper parameters in the writing codes. A first polarizer linearly polarizes the

beam, and a quarter waveplate (A/4) circularly polarizes the beam in order to
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eliminate voxel asymmetry in the focal plane caused by large numerical apertures
of the objective. The beam is then splitted by a beam sampler: one beam is collected
by a detector in order to monitor the power; the other one passes through a beam
expander in order to fill the back aperture of the focusing objective and through a
system of mirrors, it is sent to an inverted microscope. The laser beam is then
focused into a cell where the photoresist is dropped, spin-coated or infiltrated
depending on the sample preparative. By using a 3D axis piezo-activated stage is
possible to fabricate 3D arbitrary geometries.

In commercial DLW system, the temperature control of the sample and
therefore the polymerization temperature control has not been implemented. On
the other hand, this is a fundamental parameter responsible for lithographic
features as resolution and structure rigidity in polymeric materials with
temperature dependent properties. Moreover, several phenomena (e.g. swelling,
polymerization shrinkage, monomer diffusion), having a temperature dependence,
contribute to determine the voxel dimension.

In several fabrication protocols of this work, described in Chapters 4 and 5, a
home-made system constituted by a Peltier cell (current driven), a heatsink and a
thermometer have been designed and introduced to control the local radical
polymerization temperature.

In general, a material suitable for structuring with DLW includes at least two
components: a monomer, or a mixture of monomers/oligomers, which will provide
the final polymer and a photoinitiator, which will absorb the laser light and provide
the active species that will cause the radical polymerization. Negative photoresists
(see 1.3.1), such as hydrogels, acrylate materials as IP-Dip™ [5, 21b] and the epoxy-
based photoresist SU-8™ [21¢], are typically employed. In the last years, a renewed
interest about custom materials highlights as many different chemical/physical
properties of the microstructures can be achieved patterning them by DLW [21d,
21e]. Recently, DLW has enabled to reach sub-microscopic resolution in a particular
class of polymers, named “smart materials” - and described in detail in the
paragraph 1.3.7 - such as Liquid Crystalline Networks. For example, Zeng et al.
[22] used DLW to print 3D LCN structures and maintaining desirable molecular
orientations as shown in Figure 1.6.a. Zeng et al. [23] also fabricated an azo-dye
based LCN walker via the DLW printing system, shown in Figure 1.6.b. When the
walker was stimulated by a modulated laser beam, it showed fast response to light

and exhibited reversible contraction of around 20% along the nematic phase
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direction. More recently, Wiersma and co-workers reported a microhand composed
of four LCN “fingers” (100 pm in length) with different alignments (Figure 1.6.c)
that are capable to bend towards the same point under light optical illumination

[24] in order to grab and hold very small objects, such as polymeric microcubes

VR
i
!
B84
i : .

Figure 1.6. a) SEM and polarized optical microscope (POM) images of
LCN linear structures fabricated by DLW. Adapted from reference [22]. b) SEM
images and the actuation of a DLW printed micro-walker under a 532 nm laser

(40 pm x 40 um x 20 pm in size) (Figure 1.6.d).

C) 2 differently
aligned LCE

IP-dip nails

\ ;

beam. Adapted from reference [23]. ¢) Schematic microhand design. d) Sequence of
the microhand catching a micro-object. Adapted from reference [24].

1.3 Materials for polymeric micropatterning

1.3.1 Positive and negative photoresists

After this first brief introduction about fabrication techniques, the next
paragraphs describe some of the different employed materials, starting from the
distinction of positive and negative photoresists.

In case of positive photoresists [25], the light or electron beam hits the material
in the areas that the user intends to remove. After exposure the photoresist
undergoes a depolymerization reaction becoming more soluble in the photoresist

developer. The exposed areas are then washed away with a developer solvent,
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leaving the remaining structure. The photoresist regions that are not exposed are
left insoluble to the photoresist developer.

In case of negative resists (e.g. SU-8™, commercial photoresists as Ip-L™
[p-Dip™, or “smart” materials as liquid crystal polymers, networks, elastomers and
hydrogels) [10a], the exposure induces/promotes the cross-linking of the chemical
structure of the photoresist. In this manner, instead of becoming more soluble,
negative photoresists become hard and extremely difficult to dissolve, and the

photoresist developer solution removes the unexposed liquid volumes.

1.3.2 Polymerization process and two-photon absorption

Polymer micropatterning, induced by the fabrication techniques previously
described, is based on a photopolymerization process. It mainly refers to a
polymerization reaction, which is initiated by light absorption, transforming single
molecules, named monomers in their liquid state, into a polymeric, solid and
insoluble material [10b]. In order to promote radicals formation, small molecules,
called photo-initiators, are added. They play the role of polymerization starters. In
the next step, known as the propagation, the initiator fragment reacts with a
monomer molecule to form the first active adduct that is capable of being
polymerized. Monomers continue to add in the same manner resulting in the
formation of radical chains. After the polymeric chain termination, once two radical
chains neutralize each other, the polymer backbone network is realized and the
material acquires a solid phase. Cross-linking molecules have been also added.
Therefore, during the polymerization process, cross-linking processes also take place
in which different polymer chains are connected to each other, under illumination,
affording more rigid structures. By choosing the nature and structure of the
different cross-linkers, it is possible to control the physical, chemical and
mechanical properties of the solidified polymeric structure.

In case of 3D lithography, it is achieved through a nonlinear process: two-photon
or (2-photon) absorption (TPA) [10c|. In TPA, an electron simultaneously absorbs
two photons to transcend the energy gap in one excitation event. When the sum of
the two absorbed photons is resonant with the transition, photo-initiators are
excited to triplet states and decay into radicals that trigger the radical
polymerization. The TPA cross section of this process depends on the squared
intensity [10c], which is the underlying mechanism to improve the spatial resolution

in two-photon fabrication. On the other side, the small TPA cross sections need for
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sufficiently high intensities, providing sub-diffraction resolution by the
polymerization of a small volume, named voxel (3D pixel), where the intensity of
the laser exceeds the threshold.

In between cationic and radical polymerization [10b], we focused on acrylate
based free radical polymerization, which is one of the more studied and widely
employed polymerization reaction. Cationic polymerization is a type of chain
growth polymerization in which a cationic initiator transfers charge to a monomer
which then becomes reactive. This reactive monomer goes on to react similarly with
other monomers to form a polymer. In free radical polymerization, when exposed
to light, photoresists generate free radicals that trigger the polymerization. Radicals
then react with monomers in a cascade process, forming a monomer radical chain
which is neutralized by another radical to form a polymeric chain. The reactions
that produce radicals have to compete with monomer quenching, oxygen quenching
and other pathways of deactivation of the excited states like phosphorescence

emission.

1.3.3 Advantages of polymers

Polymers with respect to other semiconductor materials offer advantages and
drawbacks. The choice of the structure constituents is mainly determined by the
final application of the device. Besides being very cheap materials, polymers can be
integrated on different substrates [26], and combined together with the previously
described fabrication techniques as UV lithography, soft lithography [13], 3D
printing and direct laser writing [27]. The great potential of polymers resides in the
possibility to tailor their physical, electronic and optical properties by adjusting
the polymerization process and chemical structure. Moreover, in case of responsive
materials, a dynamic control of their properties can be achieved by external stimuli,
opening to tunable structures for optics and photonics, such as integrated optical
circuits and photonic crystals [28], for optical signal modulation and switching [29].
In this scenario, polymer photonics, exploiting the versatility and multi-
functionality of polymers, can represent an alternative to silicon technology. Even
if photonic components based on glassy and soft polymers cannot approach, at least
at present, the levels of performance and mass production obtained with silicon
technology [27, 30al, polymer photonics offers a complementary approach based on
arbitrary and customized geometries made by properly designed materials. In

addition, thanks to the possibility to pattern polymeric micro- and nano-structures
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with a very high resolution, DLW has been demonstrated a good tool for our
challenge: to exploit responsive polymers in optics and photonics. In this work both
rigid and soft responsive polymers have been employed. The first ones are
commercial polymers as Ip-Dip™, the second one are stimuli responsive materials

as Hydrogels and Liquid Crystalline Networks and Elastomers.

1.3.4 Ip-Dip™, a commercial polymer for DLW

In our experiments, we employed Ip-Dip™, a commercial (Nanoscribe GmbH),

acrylate-based, negative and liquid photoresist. Its molecular structure is reported

in Figure 1.7 [30Db].
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Figure 1.7. Chemical structure of IP-Dip™ commercial resist

Its refractive index is n = 1.52 at 780 nm, before the light exposure, and it
increases of 2% after the polymerization process. The lithographic features of
[P-Dip™ microstructures are a high stability and rigidity, low proximity effect and
shrinkage and a lateral resolution of 150 nm. Commercial acrylate-based polymers
are widely used to create static photonic structures as waveguides, whispering
gallery mode resonators and photonic crystals. These materials are already
optimized in terms of resolution, rigidity and swelling. Moreover, acrylate based
photopolymers have several properties which make them attractive for multi-
photon polymerization applications: a wide variety of the full composites or their
monomers are commercially available; they are transparent at visible (VIS) and
near infrared (NIR) wavelengths, and can be therefore processed by NIR and VIS
ultra-fast lasers; it is possible to develop them in common, non-aggressive solvents
such as isopropanol and can be polymerized rapidly and with low shrinkage.
Moreover, after polymerization, they are mechanically and chemically stable.
[P-Dip™ has been developed as a resist in which the immersion objective can be
dipped working both as immersion oil and photoresist. It is widely used for upside

down fabrication placing a drop in the glass center, between the glass and objective.
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This fabrication geometry allows for printing micro structures with a high aspect
ratio (height (up to 300 um)/lateral dimension) preventing laser beam scattering
in the already polymerized resist. At the same time, the microstructure height is

not limited by the objective focal distance.

1.3.5 Resolution, swelling and rigidity in custom resists

When customized resists are employed for new applications, two fundamental
aspects have to be considered: it is necessary both to preserve the high resolution
and to guarantee the same structural mechanical stability, typical of commercial
photoresists. In order to reduce the minimal voxel dimension many techniques can
be adopted (e.g. the use of a radical quencher) [31, 32], while the increase of the
structure stability is more challenging especially in soft polymers. After
polymerization, the structures can undergo swelling (of unpolymerized monomers)
or other shrinkage processes (during solvent development and drying), which cause
distortions or, in the worst cases, the structure collapse. In particular, these
undesired effects become critical problems in case of suspended or not bulky
structures (e.g. for photonic crystals) having a typical structure periodicity of
hundreds of nanometers. An efficient strategy to avoid deformations and reduce
the stickiness with a consequent increase of the structure rigidity, as demonstrated
for IP-Dip™ structures [33], is an UV post curing. Since DLW does not generate a
full conversion of the acrylate moieties, the mechanical properties of the written
structures can be improved by immersion of the polymerized micro structure into
a photo-initiator solution and irradiation with an UV lamp. In this way, the
conversion of the polymerizable groups can be completed and the final material is
more resistant to the development and drying process, as shown in Figure 1.8 for
I[P-Dip™ micro-structures. This successfully procedure has been investigated and
applied to our soft polymers to reduce the stickiness of the structures and improve

their optical properties.

Figure 1.8. Post-print UV curing method: SEM images show the same final
structure developed directly after writing (on the left) or subjected to UV curing
(on the right). Adapted from reference [33].
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In order to create tunable devices, materials with an intrinsic response to
external stimuli have been selected [34]. Hydrogels and Liquid Crystalline Networks

are the responsive polymeric matrices employed in this research work.

1.3.6 Hydrogels

Hydrogel polymers are hydrophilic polymers that can hold large amounts of
water in the interspatial spaces of their 3D network, shrinking their volume under
an external stimulus as temperature variation and leading to reversible process of
water deswelling [35-37]. The use of hydrogels is mainly limited to biological
applications and microfluidics as the material operation requires a liquid
environment. Hydrogels can be prepared with natural molecules (e.g. proteins),
representing an ideal biocompatible platform for the realization of optical elements
or cellular scaffold to be used in vivo [38]. Nevertheless, the achievable lithographic
resolution, rarely below 1 pm, limits the possible geometries [39, 40].

We employed in Chapter 4, the hydrophilic polymeric network of PEG
(Poly(ethylene glycol)) dyacrylate average Mn 250, whose molecular structure is

reported in Figure 1.9, with the 5% mol of initiator reported in Figure 1.11.
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Figure 1.9. Chemical structure of Poly(ethylene glycol) dyacrylate average
Mn 250.

1.3.7 “Smart materials”: Liquid Crystalline Networks for optics and

photonics

The research for “smart materials” that respond to external stimuli (e.g. pH
variations, ion concentration, temperature, electric field, etc.) with a shape change
has attracted the attention of a lot of scientists. Among smart materials, particular
interest has been deserved to nematic liquid crystal elastomers. They were
introduced for the first time from de Gennes [41, 42] that proposed them using the

definition of “artificial muscles”. The idea was to make use of a conformational
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change of the polymer backbone at the nematic to isotropic phase transition [43]
as the motor for a macroscopic contraction.

According to chemical compositions, crosslinking densities and thermo-
dynamical properties, there is a division of “smart materials” in between Liquid
Crystal Polymers (LCPs), Liquid Crystalline Networks (LCNs) and Liquid
Crystalline Elastomers (LCEs) [44]. LCPs are rigid linear polymers (without cross-
linking molecules in their composition) with liquid crystalline phases and a very
high Young modulus above 100 GPa. LCNs have a glass transition temperature in
the interval (40-100) °C and a Young modulus of around 1 GPa. LCEs are a subclass
of the LCNs and are characterized by lower than room temperature glass transition
and a low degree of crosslinking that brings the Young modulus down to MPa.

In the palette of responsive polymers, LCNs, the materials widely explored in
this thesis, are characterized by the high molecular anisotropy of liquid crystals
and elasticity of cross-linked networks, and present many opportunities for tunable
photonic devices thanks to their ability to reversibly deform and change their
birefringence under an external stimulus such as temperature or light [45-47].
Moreover, they can be manufactured by lithographic fabrication techniques, their
properties can be widely chemically tuned, they provide a low-cost fabrication and
can be integrated in several diversified materials with different functions. For all
these reasons, a great challenge aims to the optimization of LCNs properties in
order to introduce them in optics and photonics, for tunable photonic devices.

In particular, the aim of this work is the demonstration of optically/thermally
tunable photonic structures by controlling the three-dimensional deformation and
birefringence with the light irradiation or temperature variation. Light activation
is a highly promising control stimulus because it enables a local control and a
wireless activation of the structures. Moreover light is a multi-parameter quantity
(e.g. polarization/wavelength/power), that can be modulated in space and time
without needing integration of electrodes or needing huge magnetic coils. On the
other hand, temperature is a well-established LCN control stimulus that can be
employed in absence of polymer dye doping or in case of temperature sensors.

In this thesis, studies about refractive indices and optical anisotropy
measurements of LCNs have been described in Chapter 3, while a method to
increase the resolution in LCN structures, fabricated by DLW, has been developed
and described, in detail, in Chapter 4. LCNs have been patterned by DLW, in order

to demonstrate a tunable 3D microscopic woodpile photonic crystal, described in
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Chapter 5. Moreover in Chapter 6, LCEs have been polymerized by an UV lamp,
taking advantage of soft lithography, in order to make an elastomeric actuator and
modulate the optical properties of the natural Morpho genus butterfly photonic

crystal.

1.3.8 LCNs: phases and molecular alignments

LCNs are characterized by various phases. In nematic phase, the molecules tend
to align along a preferred direction called director, resulting in an anisotropic
optical medium, characterized by two different refractive indices: the extraordinary
refractive index (n.) along the axis parallel to the LCN director (n) and the
ordinary one (n,) in the perpendicular plane. Under an external stimulus such as
temperature, light, pH, magnetic field, LCNs do not show a complete transition to
the isotropic phase (as in standard low molecular weight liquid crystals in which
no molecular order is preserved), reaching instead the so called para-nematic phase
where the alignment is only partially destroyed [48]. Therefore, all the different
stimuli induce only a partial loss of the molecular anisotropy. During the phase
transition, the system changes its shape with a consequent contraction along the
nematic director and an expansion in the perpendicular plane in case of
homogeneous (molecules parallel to the surface) and homeotropic (molecules
perpendicular to the surface) alignments. In this research work, we used these two
particular types of alignments whose schematics is reported in Figure 1.10. Once
the stimulus is switched off, the material returns spontaneously the original shape
[49]. Engineering the mesogen alignment, for example, by using played or twisted
configurations, opens to more complex deformations as bending [50], torsion [51],
or rotation [52]. Big anisotropic deformations (up to 20% of the structure length)
[53] have been reported for LCNs in different environments (from air to solvents)
and demonstrated in tunable photonic platforms [54-55]. Instead for LCEs, a typical
deformation is of the order of 35% [13] but their softness prevents their use for
photonic application in which even small deformation can determine a large shift

of the optical properties.
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Figure 1.10. Different alignment configurations: in homogeneous
configuration, LCN molecules are parallel aligned to the substrate plane, in
homeotropic configuration, LCN molecules are perpendicular to the plane. In both
cases, under an external stimulus the alignment results in contraction along the
director direction and elongation in the perpendicular plane.

1.3.9 The employed Liquid Crystalline Network mixture

In this work, we mainly focused on a LCN mixture synthetized at the European
Laboratory for Non-Linear Spectroscopy lab, which has been optimized to be
patterned with DLW.

The preparation of our LCN mixture, depicted in Figure 1.11, requires three
components: a mesogen, responsible of the material alignment, a cross-linker, which
allows the formation of a network with an elastic mechanic response and a photo-
initiator (Irgacure 369™!), to achieve the spatial control of the radical
polymerization reaction. The first two components need to be functionalized with
one or two photo-polymerizable groups, such as the acrylate group for an acrylate
based photopolymerization. To optically activate the material deformation, an
azobenzene dye has been added to these three components [53]. In particular, the
mixture contains: 68% mol of monomer, 30% mol of cross-linker, 1% mol of azo-
dye and 1% mol of initiator (Irgacure 369™). The phase transition temperature
from nematic to isotropic is at about 60 °C for this specific mixture as shown in
Figure 1.12.
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Figure 1.11. Chemical structures of the molecules employed for the LCN

mixture.
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Figure 1.12. Polarized optical microscope images, during the temperature

decrease, showing the transition phase from isotropic to nematic of the LCN
mixture: a) isotropic phase at 70 °C; b) formation of nematic phase at a
temperature of about 64 °C; c-h) formation and growth of liquid crystal domains;
i) monodomain formed at about 61 °C.

Monomer and cross-linker were purchased from Synthon Chemical (SYNTHON
Chemicals GmbH & Co. KG, Wolfen, Germany), initiator Irgacure 369™ was
purchased from Sigma Aldrich (Sigma Aldrich SRL, Milano, Italy). The choice of
the mesogens, responsible for the properties of the photoresist, has been done to
have a nematic phase at room temperature for several hours, making easy the
structuration with the standard lithographic platform [57]. On the other hand, in
order to obtain a photoresponsive material, a dye (an azobenzene molecule) was
properly prepared to match the technical requirement of the operational
wavelength of the lithographic technique. Commercial azo-dyes typically have an
absorption band in the UV spectral range and are not suitable for direct laser

writing fabrication, as this overlaps with the photoinitiator two-photon absorption
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peak used in the system. To circumvent this, the azo-dye absorption has been tuned
by changing the substituents on the aromatic rings, thus opening a gap of minimum
absorption around 390 nm and a transparency window above 700 nm [53].
Azobenzenes induce deformations in LCNs by two main mechanisms [58, 59]. The
first one is the isothermal transition due to a trans-to-cis isomerization: the rod-
like trans azobenzene is converted in its bent cis form, disturbing the LC order by
changing of the molecular dipolar moment and by steric effects [60-62]. On the
other hand, dyes can work as nanoscale heaters able to convert light in a thermal
jump that induces a light induced thermal transition [60]. Thermal imaging of
polymers doped with push-pull azodye, which was added to our chemical
formulation clearly demonstrated as, in this case, the effect that generates light
driven deformation is mainly thermal [63-65]. Moreover, the material rigidity and
the DLW resolution can be controlled by adjusting the ratio between monomer and
cross-linker, having control of the shape-changing properties [66]. The percentages
of the various components have been varied according to the experiment. In fact,
the balance in between the molecules impacts strongly the mechanical properties
and the sample response. In addition, the patterning of LCNs with DLW showed
that tuning the lithographic setting (e.g. power laser or writing speed) and varying
the chemical composition of the mixture, a lateral resolution of 160 nm can be
achieved, for mixtures with the higher content of the cross-linking agent (40%
mol/mol) [52]. In this research work, it has been demonstrated, for the first time
in Chapter 4, that also polymerization temperature strongly affects the LCN micro-

structures resolution patterned via DLW.

1.3.10 Cell configurations for LCN alignment

The type of deformation of a micro-structure depends on the LCN molecular
alignment. It can be controlled with a proper cell prepared using proper sacrificial
layers in which the LCN mixture is infiltrated. In particular, homogeneous cells
(Figure 1.13.a) were prepared by means of a polyimide (P15291, Nissan Chemical)
coated glass from one side and a polyvinyl alcohol (PVA 1%) coated glass on the
other side, separated by 20 pm spacers (ThermoFisher borosilicate glass
microspheres reported in the SEM image of Figure 1.13.b) and placed at the edges
of the cell. The coatings were chosen in order to align the molecules parallel to the
glass surface, by the rubbing of the sacrificial layers using a velvet cylinder.

Meanwhile, homeotropically aligned LCN cells (with the director perpendicular to



the glass surface) were made of two glasses both coated with PI1211. The LCN
mixture, reported in Figure 1.11, was melted in its isotropic phase on a hot plate
at 75 °C and infiltrated for capillarity. Afterwards, the cell was cooled down until
room temperature at -1 °C/min, and the liquid crystalline alignment was checked
with a polarized optical microscope (Zeiss, Axio Observer Al, Jena, Germany). The
cell was glued into a proper holder and fixed on the inverted microscope of the
DLW system. The LCN microstructures have been anchored to the bottom glass
and have been realized from the bottom to the top using an immersion oil objective.
After the writing process, the LCN cell was removed from the holder, opened with
a blade, and put in a bath of 2-propanol at 75 °C, the first of 20 minutes and the
latter of 10 minutes in order to dissolve the unpolymerized material without any
degradation of the polymerized structures. Finally, the glass was dried with clean
air. A scanning electron microscope was used to observe the LCN structures after

sputtering them with a 10 nm gold layer.
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Figure 1.13. a) Top view and side view of the LCN cell homogenously aligned.
b) SEM image of spacers having diameters of 20 pm.
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In this thesis, side-chain polymer architecture has been chosen: the mesogens are
attached with a flexible spacer to the network. After the liquid crystal monomer
orientation, the acrylate polymerization has been activated by a photo-
polymerization process via UV lamp to create macroscopic film or via two-photon
absorption for microscopic structures. The polymerization process in both cases is
a free radical polymerization process triggered by the photo-initiator. After the
elastic structure fabrication, the shape and refractive index control have been

obtained by temperature or light.
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Chapter 2

2 Tunable Optics and Photonics

Chapter 2 introduces recent developments in 3D printing with a particular focus
on static and tunable optics and photonics. Combining printable smart material
and high resolution 3D printing might provide a unique platform for active and
reconfigurable  structures. This approach can introduce unprecedented
opportunities in optics and photonics for future applications in freeform optics,
integrated optical and optoelectronic devices, displays, optical sensors, antennas,
active and tunable photonic devices, and biomedicine.

Finally, we will focus on the description of the recent advances of Direct Laser
Writing in the field of light-tunable photonics, showing as polymers, with a
particular attention on Liquid Crystalline Networks, are used not only as passive
elements for guiding and manipulating light but also to dynamically control the

optical properties of the devices themselves.

2.1 3D printing for optics and photonics

3D printing is a powerful technique for customized, complex optical components
and it has been employed for the fabrication of opto-mechanical components [1],
photonic crystal fibers and waveguides [2], gratings, and lenses [3, 4]. One of the
great advantages of 3D printing is the possibility to be integrated on different
substrates or using different materials in a multi-step process without additional
assembling procedures. Moreover, various freeform optical components, that cannot
be achieved with conventional lithographic techniques (UV lithography, electron
beam lithography), usually limited to planar geometries, can be fabricated [5-9]
also with complex features along the out-of-plane direction.

3D printing of integrated optical components has been recently developed in a
variety of optical fields [10-13]. An interesting example, concerning the daily life,

could be the advances in the design of freeform systems for imaging and
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illumination applications, such as the head-mounted displays for virtual reality and

augmented reality [14, 15].

2.2 3D printing for responsive structures

3D printing of “smart materials” is a valid method for the fabrication of stimuli-
responsive structures.

Here we report a couple of examples in which 3D printing has been combined
with responsive polymers for optical applications. In Figure 2.1, the working
mechanism of a smart polymeric grating controlled via temperature is reported. By
employing fused deposition modeling printing, which enables a spatial resolution of
micrometers and, therefore, it is suitable for the fabrication of microwave active
structures, a shape memory polymeric beam array, made of a thermoplastic
material (polylactide (PLA)), has been fabricated. PLA is a well-known material
for fused deposition modeling printing and has a clear shape-memory property.
This resonant structure after fabrication is characterized by a broad resonance due
to the PLA /grating disordered lattice. This inhomogeneity can be removed by
heating the structure above the PLA glass-transition temperature at which the
lattice becomes ordered. In this way, the spectral response of the microwave grating
can be tuned and it exhibits sharp Fano resonance at (38-40) GHz as designed [16].
An important advantage of this system is that this stimuli-responsive action occurs
because of temperature dependent material properties, thus does not requiring an

electric power supply.

Thermomechanical <
programming
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E\/‘K

Figure 2.1. Shape memory polymeric photonic structure: the disordered lattice

does not exhibit a sharp spectral resonance. When it is heated above the glass
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transition temperature, the lattice becomes ordered, exhibiting a sharp Fano
resonance. Adapted from reference [16].

With respect to temperature as well as, heat, humidity, pH variations, light has
the advantage to remotely activate the material switching, enabling a local control
on the structures. This means that light can be locally focused or light patterns
can be projected on specific microstructures without illuminating the whole sample.
Moreover, properties of light as intensity, polarization, wavelength, can be adjusted
to control the material response [17-20]. Among the photo-responsive molecules
used to introduce an optical control, azobenzenes are widely employed because of
the isomerization process of azobenzene molecules, that under illumination at
certain wavelengths (typically in the UV region), consists in a reversible switching
among the two molecular state: the trans state in which the molecule is stretched
along its molecular axis (rest/stable/minimal energy state) and the cis state in
which the molecule bends around the isomer in a metastable state [21]. A recent
application of photoresponsive polymers with 3D printing allowed the
demonstration of smart window (Figure 2.2.a) [22], made of azobenzene compounds
mixed with photopolymer liquid resins for stereolithography. Their optical
characterization, made with crossed polarizers, showed as without optical pumping,
there was no transmission through the window. Introducing a laser light pumping,
optical anisotropy was induced, because of the trans-cis transformation of the
azobenzene compounds (Figure 2.2.b), leading to the polarization rotation of the
incident light with a consequent increase of the transmission through the window.
When the pumping light is turned off, the azobenzene compounds reversibly returns
into the trans state with a consequent decrease of the transmission. It was possible

to modulate the transmitted beam with a frequency of 100 Hz (Figure 2.2.c).
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Figure 2.2. a) Photograph of the optical window realized by stereolithography

(scale bar: 1 mm). b) Intensity value with the 532 nm pump laser turned on and
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off. C) Modulation of the transmitted beam was demonstrated up to 100 Hz.
Adapted from reference [22].

Between different 3D printing methods, DLW, based on multi-photon
absorption polymerization, enables a high resolution (around 100 nm) if it is
compared to the other 3D printing techniques, previously described [23]. In DLW
the structure resolution is the minimum size of the voxel minor axis that can be
fabricated for each laser power and writing speed. Taking advantage of this aspect,
DLW has been widely used in optics and photonics to fabricate various
nanophotonic structures and optical metamaterials, such as log-pile photonic
crystals [24], spiral photonic crystals, 3D split-ring metamaterials [25] and U-shaped

resonators [26].

2.3 Static photonic devices fabricated by DLW

The potentiality of DLW to create three dimensional structures in one step
process, reaching nanometric resolution with respect to the lithographic techniques
of the past, has enabled the fabrication of 3D microscopic photonic crystals, such
as woodpiles (Figure 2.3.a), both for the near infrared and visible spectrum [27-29].
Moreover, the possibility to reproduce computer programmed designs has enabled
to realize several complicated morphologies [30, 31|, such as chiral structures to
control the polarized light propagation [32, 33|, quasi-crystals or amorphous
photonic crystals [34-36] (Figure 2.3.b-d). However, a limit of polymeric materials
for photonic applications is their low refractive index of about 1.5. Therefore, in
order to solve this problem, increasing the refractive index contrast with respect to
the air, photonic crystals have been fabricated in polymeric matrices, used as a
template for single or double inversion into higher refractive index materials as
silicon, titania, titanium dioxide or in chalcogenide glasses [37, 38, 39]. In addition,
direct laser writing enables both photonic integration between different platforms,
as the interconnection of integrated planar circuits [40-43], and exploiting the third
space dimension (Figure 2.3.e). Other photonics structures as whispering gallery
mode cavities (Figure 2.3.f) [43, 44], plasmonic crystals [45], metamaterials [46],
cloaking structures [47], and micro-optical components [48] were fabricated via

DLW, which has been demonstrated a very versatile technique and a useful method
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that can be combined with “smart materials” to realize stimuli responsive

structures.

Figure 2.3. SEM images of photonic structures fabricated by DLW. a) A
photonic crystal woodpile for telecom wavelengths. Adapted from reference [20].
b) A silicon hyperuniform disordered material. Adapted from reference [29]. ¢) A
bichiral plasmonic crystal with right-handed corners and right-handed helices after
electroless silver plating. Adapted from reference [37]. d) A deterministic aperiodic
structure made by two-dimensional square Fibonacci tiling. Adapted from reference
[24]. e) Photonic wire bonds for chip-to-chip interconnections. Adapted from
reference [34]. f) Waveguides, couplers and micro-disc resonators in nanodiamond
photoresist. Scale bar: 5 pm. Adapted from reference [35].

2.4 Different stimuli to control photonic micro-devices made

via DLW

In photonics, light tunability of the optical properties directly depends on
modulation of refractive index of the structure. This can be done by electro-optical
effect of the matrix [49-51], by introducing liquid crystals [52, 53], phase changing
materials, or many other effects [54-58]. In photonic platforms, tunability has been
also successfully obtained by the introduction of photo responsive matter /polymers.
In particular, two different strategies have been followed: controlling the matrix
refractive index or modulating the spectral property by a geometrical elastic
reshaping.

In the field of stimuli responsive optical devices, according to the type of

environment, several stimuli are used for controlling shape changing materials. We
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report here several examples of polymeric structures fabricated via DLW whose
optical properties can be tuned by different stimuli. For example, recently, photonic
microstructures have been fabricated by DLW in hydrogel or polydimethylsiloxane
(PDMS) and controlled via pH, solvent concentration, and temperature [59-61].

The simpler tunable optical component that has been reported is a micro lens
made by the cross-linking of bovine serum albumin, enabling the realization of 3D
smooth convex microlenses, whose focal distance was tuned regularly and reversibly
by changing the pH value [62]. Photonic devices based on proteins have a good
biodegradability and can be fabricated on flexible substrates as PDMS [63].
Moreover, PDMS is also used as a polymeric matrix for micro-optics due to it is
optically clear, chemically inert, non-toxic, and biologically compatible. As an
example, PDMS micro-lenses have been integrated in microfluidic circuits by DLW
without the use of any mask or duplicated templates. The focal length has been
tuned by changing the curvature of the lenses exploiting the swelling of PDMS in
a solvent [62].

The tuning of the properties can be achieved not only by swelling but also
employing the modulation of the refractive index as in case of a tunable 3D
photonic woodpile, written starting from an oligo(aniline)-diacrylate monomer [64].
The resulting polyaniline was switched from a dielectric (emeraldine base) to a
conducting (emeraldine salt) state by well-known redox process, thus changing its
refractive index with a negligible corresponding dimensional change. Despite this
interesting optical property control, the tunability of the fabricated 3D woodpile
structure was not reported, making this strategy not yet practically applicable to
active devices.

Synthetic poly(ethylene glycol) diacrylate (PEG-DA) hydrogel-based photonic
microcavities, controlled by changing the environmental humidity, has been also
demonstrated [65]. Two rhodamine-B doped PEG-DA hydrogel-based photonic
microcavities, prepared using DLW, are able to produce standard whispering-
gallery mode emissions with a low threshold (0.50 pJ/cm?) and a high quality factor
(about 2.9 x 10°). Moreover, PEG-DA hydrogel-based microcavities can expand or
shrink uniformly, in conditions of increasing or decreasing relative humidity. In
particular, when the humidity is high the two microcavities close up and couple to
each other. As a consequent, the resulting lasing spectrum shows a significant

decrease in the number of laser peaks and a red-shift.
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Finally, we cite two examples in which the polymeric structure has been
fabricated via DLW in a rigid polymer, while the optical properties tuning was
obtained thanks to the introduction of liquid crystals inside the structure and using
temperature as the external stimulus to tune the liquid crystal phase transition.

The first example is a tunable-focus liquid crystal microlens array, realized by
two-photon polymerization based direct-laser writing [66]. Such microlens array is
composed by glassy polymer lenses covered with a liquid crystalline mixture which
creates inhomogeneous electric field distribution and homogeneous-like liquid-
crystal alignment, simultaneously. The phase profile and thus the focal length can
be tuned by the applied voltage.

The second example is a 3D woodpile photonic crystal, fabricated by DLW in a
negative photoresist, IP-Dip™ (Nanoscribe GmbH) and filled with liquid crystals,
which demonstrated the possibility of switching between different patterns of light
beams transmitted through the photonic structure (Figure 2.4) by changes of
temperature [67].

Transmission

Nematic Nematic

0,1

0,[°]

0y[°]

0,0°]

0 5
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Figure 2.4. 2D far field distributions of the central part beam as obtained by
measurements ((a)-(d)) and finite-difference time-domain (FDTD) calculations
((e)-(h)) according to the polarization. The right column ((i)-(1)) compares the 1D

intensity distributions along the x direction (integrated along the y direction)
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obtained from experiments (blue-solid) and from FDTD numerics (red-solid).
Adapted from reference [67].

In fact, the phase transition between the nematic and isotropic states of the
infiltrated LC mixture causes a remarkable change in spatial distribution of the
propagating light beam. The transmission profiles in the nematic phase also show
polarization sensivity due to the dependence of the effective refractive index of LCs

on the angle between the LC director and the vector of light polarization.

2.5 Liquid crystalline elastomeric devices fabricated via DLW

for tunable photonics

We focus now on liquid crystal based responsive structures activated by
temperature and/or light and patterned via DLW. In the palette of responsive
polymers, Liquid Crystalline Networks (LCNs) present many opportunities for
tunable photonic devices thanks to their ability to reversibly deform and change
their birefringence under an external temperature or light. Several examples about
the shape-changing properties of the LCNs, patterned by DLW, which affect the
optical properties of the structure and modulated by light or temperature, are now
reported.

Recently, a supramolecular cholesteric liquid crystalline photonic photoresist,
which exhibits a self-organized helical photonic structure that can selectively reflect
light [68], has been adopted for the fabrication of 4D photonic microactuators, such
as pillars, flowers, and butterflies, with submicron resolution. These micron-sized
features displayed structural color and shape changes triggered by a variation of
humidity or temperature (Figure 2.5) [69], generating a shift in the reflection band

as a result of an anisotropic shape change of the cholesteric helix.
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Figure 2.5. Crossed polarized optical images of the flower showing the direct
(triggered by humidity) or indirect (triggered by temperature), induced color
changes. Adapted from reference [69].

Another example refers to microscale color pixels with sizes as small as
15 pm x 15 pm LCE pixels, showing colors in visible range (Figure 2.6). They have
been very recently designed from well-controlled thickness of LCEs, enabled by
DLW system. The rotation of LCE films does not change the color but change the
color brightness, while tilting of LCE films below 15° does not cause a color shifting,.
However, a dynamic switching of colors with change of temperature has been
demonstrated [70]. These dynamic colors generated by birefringence variation opens

to LCE applications in temperature sensing and information encryption.
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Figure 2.6. Switching of the LCE colors with temperature. a) POM images of
a LCE pyramid with 10 pm height in a heating process. b) POM images of the
LCE films with designed thicknesses from 4.7 pm to 8.2 pm during a heating
process. ¢, d) Hide-and-show demonstration of “MPI” patterns during a heating

and cooling process. Adapted from reference [70].
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Another example is reported in Figure 2.7.a, where a polymeric micro-goblet
whispering gallery mode resonator (WGMR) with an optically controlled and stable
reversible tunability has been demonstrated [71]. The nematically ordered
elastomeric cylinder, fabricated by DLW and placed on the top of a high Q dye-
doped Polymethyl Methaclyrate (PMMA) microdisk resonator, worked as a
transducer, converting the light activation into a mechanical stress that slightly
varied the radius of the cavity. The mechanical and elastic reshaping of the
resonators, enabled by a low pump power activation, led to a fully reversible tuning
of the modes. Increasing the excitation energy leads also to a reversible red shift of
the modes.

In Figure 2.7.b is reported another example of a waveguide vertically coupled
to a WGMR that has been fabricated by 3D patterning of a commercial glassy
polymer is shown. A LCN cylinder has been fabricated by a second writing step on
the top of the IP-Dip™ cavity, creating an elastic cylindrical actuator. This
architecture allows for a small, gentle and reversible deformation of the IP-Dip™
resonator when the LCN are activated via the light stimulus, thanks to the tangent
pressure that the LCN actuator impresses on the underlying cavity. A controlled
mechanical deformation reflects in the spectral red shift of the resonant wavelength,
creating a tunable filtering effect [72].

Photonic structures can be also directly manufactured in a LCN matrix, as in
case of a squared diffraction grating made of LCNs and realized by DLW
(1.5 micron periodicity, Figure 2.7.c). A reversible deformation of the LCN grating
is achieved in a controlled way upon illumination. When the light is turned on, the
structure periodicity changed causing the deviation angle of the diffracted beams
[73].

An example of material properties control by refractive index variation is the
realization by DLW of photo-responsive suspended micro-membranes within an
amorphous Bisphenol A derived matrix (Figure 2.7.d) [74]. Thanks to the
incorporation of azobenzene units, the membranes exhibited a remarkable
mechanical photo-responsivity despite the disordered, amorphous structure of the
cross-linked network. The interferometric method allowed to measure the phase
modulation of the transmitted beam through the membrane. The phase variation

was obtained as a consequence of the shape refractive index decrease.
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Figure 2.7. Light responsive photonic structures fabricated by DLW. a) From
top to bottom: SEM image of a microdisk laser with a LCN cylindric actuator on
the top, input-output curve of a dye-doped goblet micro-laser, and photo-induced
tuning of LCN/microdisk laser modes for different pump energies. Adapted from
reference [71]. b) Rendering (top image), SEM image (top view, false color for the
LCN element) in the center, and on the bottom transmission spectrum of the
waveguide coupled to LCN ring resonator. The black line spectrum is recorded
without any activation of the LCN cavity, while the green one corresponds to the
light-activated blue shift of the resonance. Adapted from reference [72]. ¢) SEM
image of the LCN micro grating operating as a beam steerer (top panel), optical
image of the diffracted beams (in the center), and temporal dynamics of the
normalized deflection of the first diffraction order for an actuation power of
2.8 mW (bottom panel). Adapted from reference [73]. d) From top to bottom:
sketch of the membrane layout, electron microscope image of the fabricated
suspended membrane, and cross-sectional phase profiles along a horizontal cut
passing at the membrane center induced by light irradiation. Adapted from
reference [74].
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Chapter 3

3 Modulation of optical properties in Liquid

Crystalline Networks across different length scales

Photopolymerization of customized materials became a well-established
technique for micro- and nano-fabrication of photonic structures and their optical
properties as the refractive index should be precisely tailored to design specific
photonic features. For this purpose, the refractive inder determination in
macroscopic samples is not exhaustive and an in-situ characterization is thus
necessary both at the macro and micro scale to point out how different
polymerization processes differently modulate the optical properties. In particular,
Chapter 3 is focused on the determination of the refractive indices of the employed
Liquid Crystalline Networks (LCNs), which have been studied as birefringent
materials whose tunable response is of interest for applications in different fields
such as 1in robotics, biomedicine and photonics. By tuning the molecular
composition of LCN mixtures, e.g. modifying the cross-linker and dye amount
inside the polymer network, the refractive index and the optical anisotropy of
microscopic and macroscopic samples have been engineered and measured by a
refractometer method in dependence of temperature or light actuation stimuli.
Monitoring the refractive index at different length scales showed as two photon
polymerization increases the birefringence in microscopic structures and the
mazimum variation of the optical anisotropy is achieved by a remote laser light

stimulus.

3.1 Methods to measure material birefringence

The application of LCNs in photonics has been demonstrated in different
structures such as 3D integrated circuits or suspended 2D geometries [1, 2] that

have been patterned at the micro-scale by Direct Laser Writing [3-5]. Customized
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LCNs [5] were printed in 3D designs with nanoscale features (around 160 nm)
comparable with those ones obtained by commercial resists [6].

In order to optimize the structure design and the tunability of LCN photonic
devices, the refractive index and the tunable optical anisotropy (determined by the
chemical composition of the material, the fabrication parameters and the molecular
ordering) should be precisely known.

While the geometrical reshaping of LCN microstructures during the phase
transition can be monitored by optical microscopy, their birefringence is difficult
to be dynamically measured at the microscale. The commonly used techniques to
measure birefringence of liquid crystals are voltage- or wavelength-dependent phase
retardation [7], interferometric [8, 9] and optical transmittance methods [10]. The
birefringence dependence on the LC disordering has been previously characterized
in the visible range in different anisotropic matrices [11-14], showing as the optical
anisotropy can be maximised by improving the order parameter of the LC polymers,
e.g. by increasing the conjugation of molecular structures [15]. On the other side,
the well-established technique of ellipsometry cannot be directly applied to our
wedge-cell. Only few methods, e.g. the Talbot-Rayleigh [16], Abbe refractometer
[12] and the wedged cell refractometer [17-19] are thus available for individually
measuring the extraordinary and ordinary refractive indices in the NIR region, the

spectral range of interest for telecommunication applications.

3.2 Wedge-cell refractometer method

We have investigated the optical properties of different LCN matrices by using
a characterization technique that allows to extrapolate the ordinary and
extraordinary refractive index and the optical anisotropy under different stimuli,
such as temperature and light, at telecom wavelength. An in-situ measurement
based on the wedge-cell refractometer method allowed a direct comparison of the
refractive index at different length scales, both in case of macroscopic samples
prepared by UV LED lamp and micro-structures fabricated by DLW.

The refractometer method exploits the propagation of a collimated laser beam
polarized at 45° with respect to the LCN director. The measurement principle
consists in the evaluation of the deviation angle experienced by the laser beam due
to the refraction impressed by the LC polymer wedge. When the laser beam (Rue)

passes through the wedged birefringent materials, it splits into two rays, the



ordinary (R.) and the extraordinary one (R.) - being affected by the two refractive

indices, n,and n. — whose deviation is recorded on a NIR camera at a fixed distance.

3.2.1 Experimental set up

An in-situ measurement of the refractive indices of Liquid Crystalline Networks
(LCNs) at telecom wavelengths was performed by the wedge-cell refractometer
method whose mechanism principle is reported in Figure 3.1.a. The measurements
have been performed in case of macroscopic samples and micro-structures. In Figure
3.1.b, the experimental setup used for the characterization of the LCN micro wedges

under light irradiation is shown.
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Figure 3.1. a) Geometrical ray representation of the laser beam through the
LCN cell: 0 is the wedge-cell angle formed by the two glasses, 6, and &. are the
deviation angles formed by the two beams R, and R. with respect to the beam R
emerging from the wedge in absence of the birefringent medium and 0 is the angle
of the wedge formed by the two glass plates. X, is the camera displacement from
the point O, X, is the camera displacement from the point O and L which is the
distance of the sample with respect to the camera. Exploiting all these parameters
and geometrical considerations the refractive indices are retrieved. b) Experimental

setup for controlling the refractive index of the microscopic wedges by light.

The laser source (supercontinuum laser Fianium in combination with an acousto-
optic tunable filter (AOTF)) has been filtered to select a specific wavelength of
1550 nm. The characterization has been performed at a wavelength of 1550 nm
because of the interest in photonic structures at telecom wavelength. The same
method can be applied to other frequency range changing the laser source and
detector accordingly [17, 19, 20]. A linear polarizer and a half-wave plate are used
to control the beam polarization in order to obtain a linearly polarized light at 45°
with respect to the director axis of the sample. The beam diameter of approximately
1 mm passes through the macro wedged cell composed of two glasses, and filled
with the LCNs. For the microscopic samples, the collimated beam size has been
reduced by two appropriate lenses in a 2f configuration, as reported in Figure 3.1.b.
An imaging arm composed by a 10x objective (Mitutoyo Plan Apo NIR Infinity
Corrected Objective) and its tube lens (focal length = 200 mm) enabled to verify
the position of the beam in respect to the micro structure.

To control the birefringence of the LCN, two alternatively methods have been
employed: temperature variation and green laser light irradiation (to match the
azobenzene dye absorption). In the first case, the wedged cell is placed inside a
Mettler Toledo SH82 hot stage, with the cell plate facing the laser source
perpendicular to the infrared laser beam.

A light induced tuning of the refractive indices was obtained by focusing the
green laser light on the microscopic wedge. Laser light is absorbed by the azobenze
dye described in paragraph 1.3.9 and the absorbed energy is locally converted into
heat triggering the LCN phase transition from the nematic to the para-nematic
phase. Photo-response of the macroscopic sample was not possible as the wedge cell

is thicker than the dye absorption length (around 6 pm).



A near-infrared camera (Phoenix Camera System INDIGO) is mounted upon a
micrometric translating stage in order to change the detector position in a very
precise way, across the observation plane m along the x axis (see Figure 3.1.a).
First, the point where the ray, emerging from the empty wedge, encounters the
observation plane m, perpendicular to laser beam direction, is determined
experimentally. In presence of the filled cell with the birefringent elastomer, the
collimated infrared beam passing through the sample splits itself in an ordinary ray
and in an extraordinary ray. The camera is then translated in order to monitor the
beam separation. The displacement X, from the point O is recorded. Measuring the
deviation angle of these rays with respect to the situation where the LCN cell is
absent, we retrieve the two refractive indices of the Liquid Crystalline Networks
by means of the refraction laws and geometrical considerations (see Figure 3.1.a)

following the formulas:

B sin(8 + &,)
"2

B sin(6 + 6,)
¢ sinf

ne + 2n,
Ny = 3 ,

where 0 is the angle of the wedge formed by the two glass plates, 6,and 6. are the
angles formed by the two beams R, and R. with respect to the beam R..f emerging
from the wedge in absence of the LCN cell.

Therefore,
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3.3 Macro- and microscopic LCN samples

The employed molecules are depicted in Figure 3.2.a: monomer and cross-linker
were purchased by Synthon Chemical, the initiator Irgacure 369™ was purchased
from Sigma Aldrich and the azo dye was prepared as elsewhere described [5]. The
different photoresist compositions, employed in this characterization, are reported
in Table 3.1 and the mixtures were prepared by mixing the different molecules after

dissolution in dichloromethane that is then removed by a vacuum pump.
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Figure 3.2. Material preparation. a) Chemical structures of the molecules
employed for the LCN mixtures. Macroscopic wedge: b) optical image of the glass
cell infiltrated with LCNs after UV polymerization and c) polarized optical
microscope (POM) images. The LCN director is indicated by the versor n.
Microscopic wedge: d) Scanning electron microscope (SEM) image of the wedge
polymerized by Direct Laser Writing and e) its POM images. The LCN director is
indicated by the versor n.
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Monomer Cross-linker Dye Irgacure 369

Cross-linker(30%) 68 30 1 1
Cross-linker(40%) 58 40 1 1
Dye(1%) 68 30 1 1
Dye(2%) 67 30 2 1
Dye(5%) 64 30 5 1

Table 3.1. Composition of monomeric mixtures.

A reversible tuning of photonic structures’ optical properties can be achieved by
adding an azobenzene dye to obtain a light induced reconfiguration of the LC
network. At the same time, the dye presence in the polymeric matrices influences
the molecular interactions thus modifying the self-assembled alignment and the
overall optical properties of the system [21]. Among the several parameters that
can be controlled to tune the properties of the polymeric matrix (as polymerization
intensity, chemical composition [11, 15], polymerization temperature [13]), we
decide to focus on those ones that allow to preserve good optical and mechanical
features required for 3D printing of photonic devices.

In this study, we evaluate both the effect of dye (from 1 to 5 % mol/mol) and
cross-linker (30 or 40% mol/mol) amount in the determination of the optical
properties of the material. The results shown below demonstrate as the simple
mixing of different quantity of same monomers is a valuable route to fabricate
polymers with specific optical properties, without further efforts on synthesis or
optimization of processing protocols.

LCN wedges were prepared both in macroscopic (by polymerization with an UV
lamp) and microscopic size (by two-photon polymerization using DLW).

Macroscopic samples are made by two glass substrates and an opportune spacer
(at one end of the cell) to create the wedged cell shape (Figure 3.2.b) wherein the
LCN mixture is infiltrated. The LCN molecules, homogenously aligned along a
selected direction, are then polymerized by an UV lamp and their alignment has
been verified by polarized optical microscope (POM images shown in Figure 3.2.c
where the transmittance extinction is observed for sample rotation of 45°). More in
detailed, the wedge-cell was assembled by two glass substrates separated by one
spacer on one side and glued at both ends. Both glasses were coated by the
polyimide PI 5291 (from Nissan Chemical group) and rubbed unidirectionally with

a velvet cloth to achieve a planar homogenous alignment of the LC molecules. The

ot
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mixture is melted and infiltrated at 65 °C, then the cell was cooled down to reach
the desired molecules alignment, that was verified by a polarizing optical
microscope. For these macroscopic samples, polymerization of the mixture was done
by an UV LED lamp power of 21 mW for 40 minutes at 40 °C and left at 80 °C
for 20 minutes in order to terminate the polymerization process [22].

LCN micro-wedges (with a basis of 300 x 300 pm? and a height of about 20 pm)
have been fabricated with different mixtures by the commercial Direct Laser
Writing system. The micro-structure of Figure 3.2.d was polymerized with an
average laser power of 30 mW and a writing speed of 90 pm/s at room temperature.
The structure was subsequently developed for 50 minutes in isopropanol at 70 °C
to remove the unpolymerized resist. Also in this case, the homogenous alignment
quality has been verified through POM observation after polymerization, by
checking the transmittance extinction with a sample rotation of 45°. Figure 3.2.d
shows a SEM image of the microscopic wedge. Also in this case, the homogenous
alignment has been confirmed by POM observation, as reported in Figures 3.2.e.
In case of micro-structures, the choice of fabrication parameters is restricted to the
conditions that allow to manufacture 3D homogeneous self-standing structures. For
example, if a laser power close to the threshold value (which is the minimum laser
power value needed to write structure, in our case 24 mW) is employed, the
microstructure is non-homogeneous and presents many defects (Figure 3.3),
limiting both the correct refractive indices values’ determination and the

applicability of such structures in photonics.

Figure 3.3. Microscopic wedge realized in correspondence of the power laser
threshold value: a) polarized optical microscope (POM) images. The LCN director
is indicated by the versor n. b) Scanning electron microscope (SEM) image of the
wedge polymerized by Direct Laser Writing.



In Figure 3.3.a-b, a micro-wedge made of LCN mixture with dye(1%) has been
polymerized by DLW with the power value of 24 mW (close to the polymerization
threshold) and a writing speed of 90 nm/s at room temperature. In this case, the
refractive indices at 30 °C are: n, = 1.46, n.= 1.60 and n,, = 1.51. Decreasing the
polymerization power generates a less cross-linked network with a reduced
refractive index value. For this sample, it was not possible to measure the refractive
indices as a function of temperature: the extremely soft nature of the micro-wedge
induced a structural deformation at about 40 °C with a strong reduction of the two

light spots preventing the ray shift monitoring.

3.4 Optical characterization
3.4.1 Macroscopic wedge cell

The optical characterization has been performed by monitoring the lateral shift
of the ordinary and extraordinary ray (Figure 3.4.a and Figure 3.5) that occurs by
controlling the sample temperature. This is the evidence of temperature dependence
of the order parameter that consequently determines the variation of refractive
indices [19]. In Figure 3.4.b-c, the extraordinary, ordinary and average refractive
indices of the macro-wedges are reported for samples realized with different
mixtures. A higher amount of dopant leads to a more pronounced variation of the
refractive indices (Figure 3.4.b) and a relevant reduction of the optical anisotropy
(Figure 3.6.a) as function of the temperature.

Increasing the cross-linker mesogenic amount in the mixture (Figure 3.4.c), the
refractive index values raise up while the optical anisotropy (An) as a function of
temperature slightly decreases (Figure 3.6.b). Figure 3.6 reports the optical
anisotropy as a function of the temperature for the macro-structures changing the
amount of the dye (from 1 to 5% mol/mol) and the cross-linker (30 or 40%

mol/mol).
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Figure 3.4. LCN macro-wedge optical characterization. a) Sequence of images
recorded at different temperatures of the ordinary and extraordinary rays that
result well split at room temperature, while they become closer and closer as the
molecular disorder increases. b-c) Refractive index temperature dependence for
different mixtures changing the amount of the dye (b) and the cross-linker (c).
Increasing both the dye and the cross-linker amount in the mixture, the refractive

index values increase.
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Figure 3.5. Ordinary and extraordinary beam spots on the NIR camera as
function of the temperature in case of the macro-structure (dye 5%). To evaluate
deviation angles of the ordinary and extraordinary rays varying the temperature,
the centroid of the two beams at a fixed distance has been evaluated by a Matlab

program (appropriately written) starting from these images.
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Figure 3.6. Optical anisotropy as a function of temperature with different
amount of a) azo-dyes and b) cross-linker for macro samples.

These latter evidences should be respectively attributed to a density increase of
the matrix and, at the same time, the reduced network mobility (for higher
concentration of cross-linker) limits the refractive index variation with
temperature. To evaluate the refractive index dispersion, n, and n. were also
measured as a function of wavelength (from 1400 nm to 1600 nm) in case of
dye(5%). In this case the supercontinuum laser light is filtered by using an acousto-
optic tunable filter and the scan is controlled by a C++ software. The

characterization shows as in this frequency range the wavelength dependence is
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negligible (<1% in the selected range) (Figure 3.7). This feature is remarkable for
applications where dispersion should be avoided while in other LCN formulations
a strong dispersion has been obtained in the visible region towards optical

compensation films [13].
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Figure 3.7. Measurement of the refractive indices as a function of wavelength
(from 1400 nm to 1600 nm) for a micro wedge doped with 5% of dye.

The optical activation of the molecular disordering within the macroscopic
wedge was not possible because of the thickness of the cell (few millimeters)
compared to the dye absorption length (around 6 pm). By irradiating the sample
with the proper wavelength, only a skin-deep modification of the sample was

achieved and no variation of the beam splitting was thus observed.

3.4.2 Microscopic wedge cell

It is now interesting to compare the results obtained for the macroscopic sample
with the refractive index of the micro-wedge cell. Figure 3.8.a reports the
temperature dependence of the refractive indices for LCN micro-wedge made by
two different mixtures changing the amount of the dye, 1% and 5% respectively.

Within 2-photon polymerized structures, the refractive index results increased
with respect to 1-photon polymerized (standard UV polymerization) wedges for
both mixtures. This refractive index variation can be attributed to a density

increase as well as to an improved local molecular alignment along the writing
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direction that results in a more birefringent medium. Indeed, both the ordinary and
extraordinary refractive index result increased but the more relevant variation has
been recorded along the molecular orientation axis for the micro patterned
structures as evidence of an improved alignment at the microscale. Interestingly,
higher refractive index values in LCN photonic microstructures do favour the
electromagnetic field confinement in light guiding elements and improve the

refractive index contrast in photonic crystals.
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Figure 3.8. LCN micro-wedge optical characterization. a) Refractive index
temperature dependence for LCN micro-wedge in case of two different mixtures
changing the amount of the dye, 1% e 5% respectively. b) Optical anisotropy as a
function of temperature for mixtures with different amount of azo-dye.

Measurements for macro LCN cell and micro-wedge are compared.
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To directly compare the data of mixtures with a different dye percentage in
macroscopic and microscopic structures, the optical anisotropy as a function of
temperature is reported in Figure 3.8.b. It should be noted the initial effective An
for all the LCN samples is comparable with the values known in literature where
birefringence values are between 0.05 and 0.25 depending on the molecular
composition [12]. For microscopic structures, the refractive indices values are shown
in a temperature range between 30 °C and 90 °C because above 90 °C the micro-
wedge starts deforming, inducing a strong reduction in the intensity value of the
laser spots. Indeed, a protracted exposition to high temperatures may prevent the
recovering of the initial state probably due to a damage of the network. However,
a further reduction of the optical anisotropy can be supposed at higher
temperatures extrapolating the data trend and it is confirmed below using an
activation optical stimulus. In case of macro-samples, the optical anisotropy has a
comparable value but it is slightly reduced in the mixture with a dye percentage of
5%. Once the network undergoes the molecular disordering, the 5% dye-doped
polymer exhibits a more pronounced temperature dependence of the optical
anisotropy. While in case of micro-wedges, the optical anisotropy is considerably
enhanced in both formulations and it is larger, as for the macro-structures, in the
mixture with the lower concentration of azo-dye molecules. Due to the non-liquid
crystalline nature of the azo-dye, it behaves as an impurity thus slightly diminishing
the overall optical anisotropy.

The slow and non-local nature of the temperature variation stimulus (by using
a hot-stage) prevented the complete characterization and exploitation of the whole
range of tunability of the optical properties for micro-structured LCNs for practical
applications. A laser light activation, was thus employed to tune the refractive
indices of the micro wedges as the structure thickness is comparable with the laser
light absorption length of the dye doped LC matrix. A light induced modification
of the refractive indices has been attained by focalizing a green laser (532 nm) on
the whole micro-structure surface and the results are shown in Figure 3.9.

The refractive index variation as a function of the irradiating laser power is
reported for the LCN mixture with 5% of dye. It is interesting to notice that the
local light activation of the molecular transition results in a more effective
disordering of the liquid crystal alignment. This effect could be ascribed to both
thermal (dissipation of light energy into heat) and optical effect (due to dye

isomerization process). The latter was already demonstrated not able to induce a
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shape-deformation in these formulations but inducing a photo-softening effect, it
thus modifies the polymer structure at the molecular level [20]. The predominant
effect in the change of birefringence is determined by the extraordinary refractive
index variation and above 5 mW of laser power, the refractive index values remain
constant (Figure 3.9.a) indicating that the maximum refractive index variation was
achieved. The proof of such effect can be noticed also in Figure 3.9.b where the

optical anisotropy value drops by half using an optical actuation.
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Such local measurements highlighted as the optical properties cannot be assumed
similar in macro and micro structures as they significantly depends on the employed
polymerization process. On the other side, the optical properties and their
tunability under an external stimulus have been easily modulated by adjusting the
cross-linker and dye concentration in the mixture. Moreover, the maximum
variation of the optical anisotropy has been achieved in microstructures only by a
remote laser light stimulus, making temperature less effective in the LCN

disordering at this length scale.
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Chapter 4

4 Temperature role in two-photon polymerization in

birefringent materials

Shrinking down various applications to the microscale employing soft stimuli
responsive requires polymeric materials patterned with high resolution. In Chapter
4, we point out how refined resolutions, never yet reached for Liquid Crystalline
Networks, can be achieved by using a temperature controlled two photon
polymerization process and opportune writing parameters. The resulting 3D
polymerizable unit size, now comparable with the typical voxel of commercial
resists, enlarges the application field of photo-responsive elastic materials for

photonics without degradation of the patterned structure rigidity.

4.1 Stimuli responsive soft polymers: resolution increase at

the microscale

First demonstrations of stimuli responsive photonic structures made by Liquid
Crystalline Networks [1-17] have been recently reported [18-27]. Their structuration
at the microscale has been achieved with direct laser writing. While these materials
promise a new route for light tunable photonic structures, the first examples of
Liquid Crystalline Networks patterned with DLW recently appeared for robotic
[28-30] and photonic applications [19-21] but their further development and
expansion is still limited by resolution and mechanical property control. Therefore,
lithographic performances on soft polymers have to be pushed towards the results
obtained for glassy commercial resists, still preserving their peculiar elasticity, in
order to make them really competitive and appealing for nanometric featured
devices.

The interest in shrinking down various applications to the microscale requires
high resolution lithographic techniques as soft lithography and photolithography
(described in Chapter 1) [12]. While they offer good resolution in 2D structures,
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truly three dimensional designs in polymeric matrices can be obtained in a single
step process only by a two-photon polymerization based lithography, the direct
laser writing (see Chapter 1 for more details). Increasing the dimensionality of soft
structures introduces a rigidity/softness balance quests. In three-dimensional
photonic crystals, chiral photonic structures, as well as in opto-mechanics
applications, the typical structure periodicity/dimension for visible and near
infrared applications ranges from few hundreds of nanometers up to few microns
requiring sub-diffraction limited resolution. Furthermore, moving towards tunable
shape changing structures, whose geometry can be externally controlled by a light
induced actuation, as local and wireless control, stable and reversible deformation

should be pursued.

4.2 Strategies and studies to improve resolution

In two photon polymerization (TPP), to reduce the smallest polymerizable unit
(namely the voxel, volume-pixel), different strategies have been proposed either
exploiting the addiction of polymerization inhibitors to the photosensitive mixture
[31] or translating the stimulated-emission depletion (STED) fluorescence
microscopy principle into the lithographic analogue [32]. In the first case, an
approximately resolution of 70 nm has been reported for commercial polymers [31],
while with STED lithography 65 nm thick lines were obtained [32]. However, the
STED implementation requires more complex optical setup with delicate laser
beam alignment and specialized photo-initiators with both high two-photon cross-
section and fluorescence quantum efficiency [32]. To improve the TPP
performances, new photo-initiators have been tested [33, 34]. However,
understanding and controlling the voxel formation enlarges the application field
avoiding new synthesis and extending the employ of the mixture under study. In
the last decade, a more rigorous approach to the photo-polymerization process has
been also developed [35-37] including few experimental studies on the
polymerization mechanism [38] and kinetics [39, 40] on commercial resists. On the
other side, for arbitrary complex 3D shapes, it is of fundamental importance the
self-standing nature of soft polymeric structures achievable by tuning their
chemical-physical properties and the lithographic polymerization parameters.
Properties as Young’s modulus and the degree of polymer cross-linking were
investigated respectively using nano-indentation [41] and coherent anti-Stokes

Raman scattering microscopy [42-44]. These works provide a fundamental insight
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into the laser writing mechanism for homogeneous glassy materials while the light
induced polymerization in soft responsive materials remains still unexplored.

The patterning of LCNs with DLW showed that tuning the lithographic setting
and varying the chemical composition of the mixture, a lateral resolution of 160
nm can be achieved, for mixtures with the higher content of the cross linking agent
(40% mol/mol) [45]. Despite this first characterization, a comprehensive analysis
on the polymerization phenomenon should be performed to understand and
improve the existing limits and constraints about rigidity and dimension of the

polymerizable unit.

4.2.1 Temperature role on resolution

Among the different parameters to tune the lithographic properties, special
mention is deserved to temperature. Several phenomena (e.g. swelling,
polymerization shrinkage, monomer diffusion), having a temperature dependence,
contribute to determine the voxel dimensions. In particular, diffusion of the liquid
monomers affects both structural resolution and rigidity and it is ruled by material
properties as viscosity and external parameters as temperature [37]. Temperature
is particularly effective for phase changing materials as liquid crystal based
compounds that show a strong temperature dependent behavior. Interestingly, the
light induced polymerization with high power femtosecond lasers does not induce
a local heating of the exposed area that has been estimated to be smaller than
5 K for laser powers well above the polymerization threshold, confirming the photo-
chemical nature of the process rather than a photo-thermal one [46]. An external
temperature control over the process should be then achieved by a customized
heating/cooling system. Kawata et al. carried out a temperature dependent
polymerization characterization on commercial resins demonstrating as reducing
temperature slightly lowers the voxel size, while increasing temperature leads to
improved resolution (from 1.4 pum at 20 °C to 1 pm at 80 °C for 512 ms exposure
time) [47]. Such behavior has been attributed to a reduction of the monomer
diffusion at negative temperatures whereas, at higher temperatures, the accelerated
termination of the polymerization reaction results in improved lateral resolution
[47].

To generalize this approach, we here propose a temperature dependent analysis
of photopolymerization on different materials, focusing the attention on anisotropic

shape changing birefringent polymers (the LCNs) and compared them to a different
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isotropic shape changing soft polymer: the hydrophilic polymeric network of PEG
hydrogels and adopting as a reference a commercial glassy polymer (IP-Dip™). The
molecules used for these experiments are reported in Chapter 1.

In our studies, in order to pattern hydrogel and IP-Dip™ structures with DLW
system, the reversed z-axis configuration has been used: the structures were
anchored to the central part of the glass and were realized from the top to the
bottom. The hydrogel micro-structures were later developed in a bath of
diethylether for 20 minutes at room temperature. The final IP-Dip™ structures
have been developed in two solvent bath of a duration of 10 minutes at room
temperature, the first in PGMEA (propylene glycol methyl ether acetate) and the

latter in 2-propanol.

4.3 Materials characterization

In order to control resolution in bi-acrylate based micro devices avoiding the
degradation of the mechanical properties, we exploited dependence on temperature
of the chemical-physical property of stimuli responsive shape-changing materials
(LCNs and hydrogels). In our study, the investigated temperature range was fixed
among 5 °C - temperatures below 5 °C were not explored since air condensation on
the substrate limits the writing performances - and room temperature, to maintain
a stable LC nematic phase. In fact, the LCN mixture with a 30% of mol/mol cross-
linker content shows a wide nematic phase window from 50 °C up to zero degree
[47]. Writing structures in such interval freezes the desired alignment into the final
polymerized device. We investigated homogenously (liquid crystalline molecules
parallel to the glass substrate) or homeotropically (liquid crystalline molecules
orthogonal to the glass substrate) aligned structures as the most widely exploited
molecular ordering that originates contraction movement (in plane and
orthogonally to the substrate, respectively). The characterization has been
performed using the commercial platform for DLW (Nanoscribe GmbH) with a
home-made Peltier stage (RS components) adapted to the sample holder with
mechanical components (Figure 4.1). The temperature feedback controller allows
to stabilize the writing temperature at a desired value (In Figure 1.5 of Chapter 1
the complete experimental set up is reported, while technical information about the

commercial DLW system are presented in the Paragraph 1.2.3).
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Figure 4.1. Home-made Peltier stage with cell position with respect to the

objective.

The main features, considered in our study, because they give an insight on the
molecular dynamics and the physical chemical process, are the polymerization
threshold, the voxel dimensions (planar and vertical resolution) and the structure
rigidity. Such quantities have been retrieved varying the lithographic writing speed

and the laser power value.

4.3.1 Polymerization threshold

The polymerization threshold, given a certain writing velocity, is the lowest
power value able to create a well-defined polymeric line at the glass-resist interface.
20 pm long lines have been realized at the glass-resist interface varying the
polymerization temperature from 22 °C to 5 °C and the laser power value for each
segment at a fixed writing speed (from 90 pm/s to 15 pm/s). A scanning electron
microscope image of such calibration is reported in Figure 4.2.a for the elastomeric
mixture at 5 °C and 22 °C. From this calibration, we observed for the IP-Dip™
resist and the hydrogel mixture only a small variation of the polymerization
threshold: it remains almost constant around 6 mW within this temperature range
(Figure 4.2.b). A relevant dependence has been found instead for liquid crystalline
networks, whose polymerization threshold passes from around 7.5 mW at room
temperature down to 3 mW at 5 °C (Figure 4.2.b). At a glance, polymerization
threshold may be attributed mainly to the activation of the photo-initiator while
it is inherently defined by the termination kinetics and molecular reactivity [37,
49]. The kinetic behavior is dominated by photo-initiator depletion and radical
quenching [50, 51]. The model that describes the photo-polymerization process
relies on a system of partial differential equations for the photo-initiator, the

monomer, the radical and the general inhibiting molecules concentration [49]. Once
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the initial concentration of each species, the incident laser flux and the different
quantum yields are fixed, the parameters that affect the polymerization are the
diffusions of each molecule type and the termination constants (due to radical-
radical termination, radical trapping in the polymeric network and combination of
radical with inhibiting molecules, as oxygen) [49]. For liquid crystalline networks
formation, the temperature decrease favors polymerization at lower laser power
that can be explained as a reduction of the diffusion coefficients, an enhanced
molecule reactivity, or a more efficient termination kinetics. As these two last
contributes decrease with temperature with the Arrhenius law [49], the dominant
effect should be attributed to molecule diffusion that promotes the formation of a
solid voxel. This effect is evident only within the LCN matrix probably because in
this temperature window the diffusion coefficients vary more considerably getting
closer to the glass temperature. Thus lowering the temperature, monomers and
radicals have a reduced diffusion coefficient that promotes the termination into a

polymeric chain forming a smaller voxel even for a reduced polymerization power.
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Figure 4.2. Polymerization Threshold. a) SEM image of a polymerization
threshold characterization for the LCN mixture. The 20 pm segments have been
written at the glass-resist interface varying the writing speed (from left to the right)
and increasing the laser power (from the bottom to the top of the image). The
shown characterization was done at 5 °C (on the left) and 22 °C (on the right).
b) Polymerization thresholds for the different mixtures (Hydrogel, LCN and
Ip-Dip™) as a function of temperature. Two different writing speed (90 um/s and
30 pm/s) are reported for the LCN and IP-Dip™ resists.

4.3.2 Voxel dimension

To further exploit this peculiar trend, we investigated the voxel dimension
variation as a function of temperature. Improving the 3D DLW resolution implies
to minimize both the lateral resolution and the vertical one as well. In fact, a
spheroidal voxel would be the best polymerization unit to fabricate three
dimensional structures, especially in 3D photonic structures as woodpile photonic
crystals or chiral photonic crystals for which isotropic voxel dimensions are needed.

Due to the non-linear photo absorption in the focal volume of the laser beam,
the polymerized unit has an ellipsoidal shape whose aspect ratio (ratio of the major
and minor axis of the ellipsoidal voxel) should then be minimized. For commercial
resists, an aspect ratio of 2.7 have been achieved [52]. Our study is firstly focused
on the lateral resolution of the different mixtures at different temperatures. For the
characterization of the liquid crystalline mixture, homogenously and homeotropic
aligned cells have been employed. The resolution has been evaluated from
suspended lines fabricated on squared grids of 20 pm in size varying the writing
velocity and the laser power as shown in Figure 4.3.a in case of IP-Dip™ structures.

From the analysis of the SEM images, both the minor and the major axis have
been measured and reported as a function of the writing power at different
temperatures (10 °C and 22 °C). The lateral resolution does not show a significant
dependence on temperature for the IP-Dip™ resist reaching, at the polymerization
threshold, a voxel’s minor axis of 130 nm (writing speed 90 um/s). For the hydrogel
mixture, instead, the decrease in temperature creates an opposite effect making
thicker the written lines. While for LCN compounds, controlling both the
polymerization energy and temperature, the lateral resolution of the suspended
lines can be improved below 100 nm decreasing the temperature of the monomeric

mixture down to 10 °C (Figure 4.3.b).
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Figure 4.3. a) SEM image of a series of suspended grids to evaluate the line
minor and major axis. The reported characterization have been realized for the
[P-Dip™ resist at room temperature. The writing parameters are varied: laser
power increased form right to left and the laser scanning speed from the bottom to
the top. b) Evaluated minor axis as a function of power for the three resists at
different writing temperatures. In the yellowish circle the best resolution
performances of LCN are comparable with the commercial resist. ¢) SEM image

that shows the major axis reduction at lower temperature (10 °C) for the LCN
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mixture. d) Evaluated major axis as a function of power for the three resists at
different writing temperatures. In the yellowish circle the best resolution
performances of LCN are comparable with the commercial resist. ¢) SEM image of
the major axis of the voxel at 10 °C. f) Evaluated aspect ratio (ratio between the
major and the minor voxel axis) as a function of power for the three resists at
different writing temperatures. In the yellowish rectangle, the best resolution
performances of LCN are comparable with the commercial resist.

This improved performance at lower temperature is even straightened for the
major axis ending up in a more spheroidal voxel (Figure 4.3.c.d). At room
temperature the best writing parameters create a voxel height of around 700 nm
whereas at 10 °C, it decreases up to 390 nm (Figure 4.3.d). In fact, at 10 °C the
best writing parameters (90 pm/s and 5.5 mW) create a voxel height of around 390
nm. The value was estimated by measuring major axis of suspended lines reported
in the SEM image of Figure 4.3.e. Lowering the temperature brings to a reduction
of the aspect ratio from 5 to 3 independently on the employed power as shown in
Figure 4.3.f that becomes comparable with the values obtained for commercial
resists. The best resolution and aspect ratio is achieved for the hydrogel mixture
whose aspect ratio at 10 °C describe an almost spherical voxel. This achievement
highly enlarges the application of LCNs and hydrogels to any kind of three
dimensional structures being both the resolution and the geometrical feature

pushed toward the performances of well-known commercial polymers.

4.3.3 Swelling

With a further look at Figure 4.3.c, another effect can be noticed: decreasing
the temperature, the suspended lines result more parallel, thus better reproducing
the intended structure design. We hence decided to undergo a systematic analysis
of this effect, that can be better appreciated in Figure 4.4.a, in LCNs. The segment’s
bending of soft materials in the photo-polymerization process is due to the swelling
of the unpolymerized monomers inside the polymerized network. This liquid
migration into the solid elements leads to a line warping that is definitely undesired
within a lithographic process. The idea here is that, by reducing the temperature
of the liquid mixture, the diffusion of monomers inside the polymerized volume is
reduced accordingly. This effect has been evaluated through a quantitative
estimation of the line warping. Line warping is defined as the deviation from

linearity, as shown in Figure 4.4.a and quantitatively estimated in Figure 4.4.b. It

76



has been quantified measuring the lateral displacement of the first written line of
the grid. This choice is motivated by the fact that the first written segment of the
grid has more time to deform compared to the other lines (about 10 seconds). Only
the warping of horizontal lines has been considered, as vertical lines have been
written later: hence, they were forced not to warp by the existing constraint (the

intersection with the horizontal lines).
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Figure 4.4. Swelling in LCN structures. a) SEM images of the grids realized in
LCN mixture at 22 °C and 10 °C showing the line warping effect. b) Line warping
as a function of laser power for the first line written parallel to the director in
homogenously aligned grids at 22 °C and 10 °C, respectively. ¢) Suspended lines
parallel to the director direction showing a lower line warping than perpendicular
ones. d) Time evolution of the line warping of suspended lines written at 22 °C and
10 °C. Images in (a) are obtained with scanning electron microscopy of the
developed sample, while images in (c¢) and (d) are collected through the objective
of the direct laser writing apparatus from the LCN cell before development.
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The deformation is larger along the direction perpendicular to the director, as
demonstrated in Figure 4.4.c which shows suspended lines, parallel and
perpendicular to the director direction, written at room temperature with a writing
speed of 90 pm/s and varying the laser power. This phenomenon can be explained
considering that the Young’s modulus is higher along the director direction than
the perpendicular one (E1< E;) [53]. In case of the employed LCN mixture,
Young’s modulus of the polymerized structure also increases of an order of
magnitude from 22 °C to 5 °C justifying the rigidity increase with the temperature
decrease [48] and also prevailing over the anisotropic properties of the diffusion
coefficients (D1 < Dy/), which also decrease with temperature. Finally, Figure 4.4.d
shows the time evolution of line warping of suspended lines during the writing
process. A comparable line warping is reached at 22 °C in 2 sec whereas at 10 °C,
40 sec should pass before having the same line deformation.

In literature, the reduction of line warping is attributed to the increase of laser
power that favors a more efficient crosslinking degree. However, the laser power to
increase the degree of polymerization and cross-linking results detrimental in terms
of resolution [44]. Here we demonstrated how to reduce swelling simply by lowering
the temperature thanks to a reduced monomer diffusion. In such a way, a more
efficient polymerization process is achieved that improve both the resolution and

the structures’ rigidity.

4.3.4 Anisotropic resolution in LCN mixture

A careful analysis of the voxel dimensions unearthed another interesting
unexpected behavior. In a LCN aligned cell, the voxel dimensions depend on the
writing direction respect to the LCN director, while the other isotropic resists do
not express such dependence because of their isotropic molecular matrices. A
scheme of the LCN grids is reported in Figure 4.5.a to clarify the obtained results.
We investigated such phenomenon using both a homogeneous and homeotropic
alignment.

In the first case, Figure 4.5.b shows as, if the writing direction is parallel to the
molecular alignment, the polymerized lines are characterized by a larger major axis
and a shorter minor axis. The minor axis of orthogonally realized lines, in
homogeneous and homeotropic LC cells, are retrieved and plotted in Figure 4.5.c
at room temperature. To verify the influence of the molecular anisotropy also on

the voxel major axis, we reported their values in Figure 4.5.d. In homeotropic cells
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(purple dashed lines), with the director orthogonal to the glass substrate, both the

minor and the major axis of the two differently oriented lines remains equal within

the estimated error (30 nm), as expected. The laser writing direction does not

influence the dimension of the voxel itself. Such observations underline that the

voxel dimensions are affected by the liquid crystalline molecule orientation. As the

director lays in the x-y plane, the in-plane molecular anisotropy determines the

polymerized voxel dimensions while in the homeotropic case, no differences are

present.
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Figure 4.5. Anisotropic resolution in LCN mixture. a) Scheme of the

anisotropic line resolution in a homogenously aligned LC cell. b) SEM pictures of

the grid realized in LCN mixture at 10 °C, whose lines have been written parallel

and orthogonally to the director direction. ¢) Minor axis size as function of writing

power for a homogenously and homeotropically aligned cell. d) Major axis size as

function of writing power for a homogenously and homeotropically aligned cell.

Several phenomena (e.g. swelling, polymerization shrinkage, monomer diffusion)

contribute to determine the voxel dimensions and it is not trivial to distinguish

between them. In literature is reported that lines, written by DLW along the

rubbing are thicker, without any visible curl along the rubbing direction [54]. Also

the polymerization shrinkage, which is the volume contraction due to the

polymerization, depends on the molecular orientations and temperature [55, 56].
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However, as previously discussed, we believe the main influence is due to the
anisotropy of monomer diffusion. In fact, in the homogeneous alignment, the
different segment thickness, obtained parallelly and perpendicularly to the director,
can be explained by the anisotropy of the self-diffusion coefficients in liquid
crystalline mixtures [57, 58]. In nematic liquid crystals, the diffusion coefficient D/,
parallel to the liquid crystal director is larger than the orthogonal component D1
[58]. A higher rate of molecule diffusion along the LC orientation, together with
the high anisotropy of the molecule dimensions combined with all the other
parameters, affect the voxel dimension that, therefore, is thinner and taller in the

writing direction parallel to the director.
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Chapter 5

5 Tunable elastomeric photonic crystals

In Chapter 5 we demonstrate how taking advantage of the measured
refractive index wvalues of liquid crystalline network and using a temperature
controlled photopolymerization, well-engineered 3D photonic crystals can be
designed and fabricated in smart polymers. In particular, DLW lithographic
technique enabled the fabrication of 3D woodpile photonic crystals in rigid and light
responsive soft polymers. The aim of this work is to demonstrate that using stimuli
responsive polymers is possible to achieve a reversible, fast and non-invasive
tunability of photonic structures. The photonic structure that was chosen as case
study is a 3D photonic crystal with a woodpile geometry. This structure whose
optical properties tuning has been activated either by temperature or light variations
behaves as a tunable filter at telecom wavelength. In addition, the improvement of
the optical properties of the elastomeric photonic crystal has been demonstrated by

using fabrication at low temperature (10 °C) via DLW.

5.1 Photonic crystals

Photonic crystals (PCs) are materials characterized by a periodic modulation
of the dielectric constant in one, two or three directions (Figure 5.1) on a length
scale of the same order of magnitude of the wavelength used to investigate them.

It was Lord Rayleigh in 1887 who first showed that it was possible to fabricate
artificial materials in which light cannot propagate in a certain frequency range
called photonic band-gap (PBG). Two- and three-dimensional structures with a
photonic band-gaps were first introduced by Roland Zengerle [1], Eli Yablonovitch

[2] and Sajeev John [3] in 1987 in order to control the spontaneous emission of light.



oy

Figure 5.1. Schematic representation of the three categories of photonic
crystals with the permittivity modulation in 1, 2 or 3 dimensions. Adapted from
reference [4].

As in solid physics, the theoretical description of a PC can be made using a
band diagram giving, for each value of the wave vector (k), taken in the crystal
Brillouin zone, the frequencies corresponding to the electromagnetic modes
supported by the structure. In order to predict the behavior of an electromagnetic
wave in a PC, we must solve the Maxwell equations relative to a periodically
modulated dielectric constant medium obtaining in this way the relative band
diagram.

The simplest form of a PC is a periodic one-dimensional structure of a multilayer
stack also called Bragg mirror, whose dielectric constant is periodic in one
dimension. The structure is characterized by an alternation of dielectric layers with
different permittivities €; and €. Two-dimensional photonic crystals, instead, are
periodic in two directions and homogeneous in the third. These systems can have
a photonic band-gap in the plane of periodicity. To open a band-gap in the plane
or space, all uni-directional band-gaps must overlap at least partially on the first
Brillouin zone. The most favorable situation is where the Brillouin zone is the most
isotropic possible. Defects in two-dimensional crystals can localize modes in the
plane, while the faces of the crystal can support surface states. Finally, three-
dimensional photonic crystals are periodic along three axes. It is a remarkable fact
that such a system can have a complete photonic band-gap, so that no propagating

states are allowed in any direction of the crystal.

5.1.1 Three-dimensional photonic crystals

In three-dimensional PCs, the formation of a complete band-gap depends on

several factors: the Brillouin area should be spherical because in this way the gaps
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in the various directions tend to overlap. Moreover, it is fundamental a high index
contrast of the PC with respect to the surrounding greater than 1.9. For this reason,
silicon, which has a refractive index of around 3.5 is typically employed for 3D PCs.
In case of low refractive index contrast, the structures do not have a complete
band-gap, (i.e. propagation is not inhibited for all the directions of the incident
light). In this particular case, we refer to a “stop band”: it is created an interval of
frequencies reflected only for a defined direction, perpendicular to the structure.

The first 3D PC was Yablonovite, working in the microwave range and made
in 1993 by E. Yablonovitch [4] in holes in plexiglass at three azimuthal angles
separated from +£120°. Fabrication methods for 3D PCs include drilling under
different angles, stacking multiple 2D layers on top of each other, direct laser
writing, or instigating self-assembly of spheres in a matrix and eventually dissolving
the spheres for inverse designs. The two 3D PCs that have attracted the most
research efforts are the woodpile (Figure 5.2.a) and the opal structures (Figure
5.2.b).

2 microns

Figure 5.2. a) SEM image of a woodpile structure fabricated by
UV-lithography in silicon. b) SEM image (artificial coloring) of inverse-opal

structure. Adapted from reference [4].

Three-dimensional photonic crystals are expected to provide a fundamental
building block for the realization of three-dimensional manipulation of photons.
Actually, they have been developed and employed for several applications taking
advantage of their defects for the realization of 3D waveguides, Bragg mirrors,

switches, filters, superprisms, waveguides, optical resonators [5-7].
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Historically, PCs have been made of inorganic high refractive index materials
coupled to air to maximize the refractive index contrast and, therefore, the light
confinement. However, these systems are complex, costly, and time-demanding, and
the fabrication processes are difficult to scale. Polymers are good candidates to win
this challenge [8]. Our experiments are focused on the fabrication of the first 3D
woodpile PCs made of Liquid Crystalline Networks.

We report now more details about the 3D woodpile structure, object of study

of this thesis.

5.2 Woodpile photonic crystal

The first three-dimensional photonic crystal with a complete band-gap that has
been fabricated on micron scales, for light at infrared wavelengths, was the crystal
shown in Figure 5.2.a. It is named “woodpile” and it is formed by a stack of
dielectric “logs” (generally rectangular) with alternating orthogonal orientations.
The woodpile-like stack have a four-layer ABCDABCD... sequence, in which C and
D are layers with the same orientation as A and B, but are offset by half of the
horizontal spacing.

Using a sequence of layers deposited and patterned by lithographic techniques,
such as electron beam lithography the woodpile structure was fabricated out of
silicon (e~12) logs by Lin et al. (1998) and a band-gap was measured around a
wavelength of 1.2 pm. Deubel and co-workers [9] in 2004 demonstrated the
possibility to obtain photonic stop band in the telecommunication range. By using
direct laser writing, they manufactured high quality woodpiles made of SU-8™ (a
commercial polymeric material), with fundamental stop bands ranging from 1.3 pm
to 1.7 pm and a maximum transmission attenuation of about 70%. Marichy and
co-workers [10] in 2015 achieved a direct inversion of polymer templates into TiO-
based woodpile photonic crystals. The obtained structures show remarkable optical
properties, in particular a complete photonic band-gap in the near-infrared region.
Frolich and co-workers in 2013 demonstrated for the first time, photonic crystals
with a complete photonic band-gap in the visible spectrum using STED-inspired
direct laser writing and a novel titania double-inversion procedure [11].

Besides improving the photonic crystal optical properties and controlling the

spectral range of the stop band, a reliable demonstration of the tuning of the
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transmission dip of woodpiles has not yet been reported. The tuning of the optical
properties has been demonstrated for other type of photonic crystals, such as opals
and their inverse structure [12]. The first mechanically tunable woodpile PCs,
exhibiting a strong peak in reflection in the mid-infrared, have been achieved by
Chernow and co-workers in 2015 [13]. Another study toward tunable woodpile
structure, realized via DLW, with reversibly addressable refractive indices, using
polymerizable redox-active materials, have been shown in 2017 from Hu and co-
workers [14]. Despite the refractive index switching reported in this work, the
reversible stop band tuning has not been reported.

We demonstrate, here, the first 3D woodpile photonic crystals, fabricated via
DLW in LCN matrices, with tunable optical properties using temperature as
external stimulus. Moreover, for the first time, we demonstrate the effectiveness of
the developed controlled temperature fabrication method for LCN matrices
(previously described in Chapter 4) that enables to improve the attenuation of the

stop band for woodpile structure direct laser written at 10 °C.

5.3 3D woodpile PC made of Liquid Crystalline Networks

Aiming to a tunable filter with an attenuation of the transmission at telecom
range that can be controlled by temperature variations, we focused our research on
the study, design, fabrication by Direct Laser Writing and optical characterization

of a microscopic woodpile made by Liquid Crystalline Networks.

5.3.1 Fabrication of a LCN woodpile by DLW at room temperature

The LCN mixture employed as monomeric matrix for the fabrication of the first
LCN micro-woodpile has been presented in Table 3.1 of Chapter 3: Cross-
linker(30%). This choice has been dictated by the good rigidity of the mixture that
allows to fabricate 3D structures with nanometric suspended elements, without
losing its elasticity. After the definition of the suitable geometry to have a stop
band in the NIR, the fabrication parameter, i.e. the power laser and the writing
speed, have been set in the writing code file in such a way to obtain the desired
structure. We set respectively 13 mW and 90 pm/s at room temperature.

In Figure 5.5 is reported the rendering of the 3D microscopic woodpile PC: the
side view (Figure 5.3.a) and the top view (Figure 5.3.b), respectively. This 3D LCN
woodpile is characterized by a face-centered cubic (fcc) lattice. It is made of 16

layers (4 periods), the length of each rod is 50 um and the periodical pitch is
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1.2 pm. The structure is sustained from a LCN base and four corner edges in order
to reduce the shrinkage effect during the development process, of the upper layers
compared to the lower ones. In addition, an elastomeric base has been introduced
to facilitate the deformation of the woodpile structure as it reduces the anchoring

of the photonic structure to the glass.

Figure 5.3. LCN woodpile realized via DLW technique: a 3D rendering of the

structure, a) side view and b) top view, respectively. n is the LCN director.

The liquid crystal molecule alignment for these structures is homeotropic with
the director parallel to the woodpile height. The chosen alignment allows under
actuation to vary the periodicity along the LC director and therefore the stop band
frequency range without introducing anisotropic deformation in the x-y plane. After
the writing process, the LCN cell was removed from the sample holder, opened with
a blade, and put in two development baths of 2-propanol at 75 °C, for 20 minutes
and 10 minutes respectively in order to dissolve the unpolymerized material without
any degradation of the polymerized structures. The molecular alignment has been
verified using a polarized optical microscope. In Figure 5.4, POM images show that
there is no difference in the transmittance for sample rotation of 45° demonstrating

a good homeotropic alignment.

Figure 5.4. POM images. The LCN director is indicated by the versor n,
perpendicular to the plane. The white arrows indicate the polarizer axes.
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In order to improve the structure rigidity and reduce the stickiness, an UV post
curing process has been performed on the micro-structure. Since DLW does not
generate a full conversion of the acrylate moieties, the mechanical properties of the
written structure can be improved by immersion into 12 mL 2-propanol and 50 mg
of photo-initiator and irradiation with a UV lamp for 30 minutes, completing in
this way the conversion of the polymerizable groups (see paragraph 1.3.5). Finally,
the glass slide with the woodpile structure was once more gentle dipped into clean
iso-propanol and air-dried. Figure 5.5 shows the woodpile PC structure, using an
optical microscope (50x), before and after the UV post curing treatment without

any degradation.

Before post UV curing After post UV curing

Figure 5.5. Post-print UV curing method: optical microscope images show the
same final structure developed directly after writing (on the left) and subjected to
UV curing (on the right).

In Figure 5.6 is reported the SEM image of a typical LCN woodpile polymerized
by direct laser writing at room temperature (22 °C) with a power laser of 13 mW
and a writing speed of 90 pm/s. In this sample, the four edges have not been
fabricated in order to highlight the complete layered structure of the LCN woodpile
PC and appreciate the shrinkage effect on the PC top layers.
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15 pm

Figure 5.6. SEM image of the LCN woodpile PC polymerized by DLW.

5.3.2 Optical characterization

The woodpile response, working as a telecom optical filter, has been measured
with the experimental setup reported in Figure 5.7. The transmission spectroscopy
setup is constituted by a super-continuum source (Fianium Whitelase
supercontinuum laser SC-400-4) linearly polarized through a high damage threshold
polarizing cube beam splitter. An acousto-optic tunable filter (AOTF) is used to
rapidly and dynamically select a specific wavelength from the broadband laser
source in the range from 1300 nm up to 1800 nm. The monocromatic light, having
a spectral resolution of around 1 nm, is then focused on the sample with a lens
doublet for the infrared with a focal length of 35 mm. The transmitted light is
collected with a long working distance objective 20x (Mitutoyo Plan Apo NIR
Infinity Corrected Objective). A tube lens with a focal length of 200 mm focalizes
the image in a back focal plane, in which a spatial filter is placed in order to collect

only the k vectors perpendicular to the substrate. A flipping mirror allows to
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deviate the beam on a near-infrared camera (Indigo Phoenix) in order to locate the
woodpile with a defocused laser light and put the focused spot in the middle of the
chosen structure. Once aligned the sample, the transmitted light is collected by an
InGaAs photo-diode (Hamamatsu-G12182). A signal frequency modulation done

with a chopper in combination with a lock in are used to reduce the noise.

Tube lens f=200 mm f=35 mm
" A 20X :
Spatial filter u
NIR Camera sample

Jj f=45 mm
Detector

] (9

AQTF Polarizer

Supercontinuum
Laser

Figure 5.7. Experimental set up for the optical characterization of woodpile

PCs.

Due to the not perfect reproducibility of the fabrication process on soft
materials, two nominally identical structures create different transmission spectra

as shown in Figure 5.8.
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Figure 5.8. Stop band of two different woodpile PCs fabricated using the same

writing parameters at room temperature.
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In Figure 5.9.a is reported a typical transmission spectrum of a LCN woodpile
PC (before and after UV curing), measured with the optical set up shown in Figure
5.7. Because of the non-perfect homogeneity of the structures, scattering
phenomena occur with a consequent decrease of the transmitted intensity. For this
reason, the total transmittance is less than the 60% (The transmission spectrum
has been normalized to the glass substrate reference). At present, the transmission
attenuation of 63% for the LCN woodpile is lower and cannot be compared with
respect to the one of about 90%, obtained in case of the IP-Dip™ woodpile (Figure
5.9.b). However, if we consider the soft and elastic nature of these elastomeric
materials, the achieved result represents a first step in the manufacture of woodpile
photonic structures made with these smart photonic materials.

In case of the commercial material Ip-Dip™, the good transmission attenuation
is due to the better resolution and less shrinkage of the fabricated structure, as
shown in the SEM image of Figure 5.9.c, in which a 50 pm x 50 pm IP-Dip™
woodpile, fabricated at 90 pm/s at 13.8 mW is reported and in Figure 5.9.d, in
which a detail magnification of the same structure is shown. The rods separation

is 1200 nm.
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Figure 5.9. a) Stop band before (black line) and after (red line) post UV
curing of a typical LCN woodpile PC. The transmission attenuation is 63%. b) Stop

band of a typical IP-Dip™ woodpile PC. The transmission attenuation is 90%.
¢) SEM image of a 50 pm x 50 pm IP-Dip™ woodpile. d) SEM detail magnification
of a 50 pm x 50 pm IP-Dip™ woodpile.

5.3.3 LCN woodpile fabricated via DLW at 10 °C

To improve the optical properties, reducing the swelling and decreasing the
aspect ratio of the voxel, we adopted the best fabrication parameters selected in
Chapter 4, controlling the polymerization temperature. In this case, the 3D
polymerizable unit, obtained at 10 °C with a writing speed of 90 pm/s and a laser
power of 11.2 mW, is now comparable with the typical voxel dimensions of
commercial resists and enlarges the application field of photo-responsive elastic
materials without degradation of the patterned structure rigidity. In particular, a
spheroidal voxel would be the best polymerization unit to fabricate three-
dimensional structures, especially in 3D photonic structures as woodpile photonic
crystals and in our case, this has enabled to pattern a LCN woodpile with a better
rigidity and resolution.

The optical characterization of three different elastomeric woodpile PCs with
the same fabrication parameters is shown in Figure 5.10.a. We can assert that
controlling the polymerization temperature is possible to obtain highly reproducible

photonic structures with negligible differences in the stop band. In Figure 5.10.b is
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reported a comparison of the optical characterization of the LCN woodpile
fabricated via DLW at 10 °C with the LCN woodpile fabricated at 22 °C and the
transmission spectrum of an IP-Dip™ woodpile. In case of LCN woodpile fabricated
at room temperature, we measured a maximum transmission attenuation of 63%,
while for the structure at 10 °C, an attenuation of transmission of 83% has been
measured. This result, for the first time achieved in the state of the art, is more
close to the transmission attenuation of 90% of the commercial IP-Dip™ woodpile
and demonstrates the effectiveness of the previously developed low temperature

fabrication method for LCN matrices.
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Figure 5.10. a) Optical characterization of three different elastomeric
woodpile PCs fabricated at 10 °C via DLW with the same fabrication parameters.
b) Transmission spectrum of a LCN woodpile realized at 10 °C (blue), at 22 °C
(red) and IP-Dip™ woodpile PC (green).

5.3.4 UV post curing of LCN woodpile photonic crystals

We show here the possibility to employ Liquid Crystalline Networks as “smart”
stimuli responsive materials to tune the optical properties of a LCN woodpile, using
temperature as an external stimulus. As a first step we applied the post-print UV

curing method on the LCN woodpile PC, fabricated via DLW.
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In Figure 5.11.a, the transmission spectra (before and after the UV post curing)
for a typical LCN woodpile structure are reported, showing as the chemical
treatment promotes a slight increase of the transmission attenuation from 49% to
57%. The here analyzed woodpiles have been fabricated without the elastomeric
base and it is possible to observe that in this case, the PC has an unitary
transmission for wavelength above the stop band, showing that the base presence

introduces some defects limiting the transmission.
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Figure 5.11. a) Stop band of a LCN woodpile without the base, realized at
room temperature via DLW, before (black line) and after (red line) the UV post
curing. The treatment promotes a transmission attenuation from 49% to 57%.

97



b) LCN woodpile before and after the UV post curing, observed under an optical
microscope (50x). ¢) SEM images of LCN woodpile before and after the UV post
curing showing as the treatment increases the rigidity with a reduction of the rods

swelling.

Figure 5.11.b reports the woodpile structure (before and after the UV curing),
observed under an optical microscope (50x). Optical images show that after UV
post curing there are no appreciable geometric variations without any degradation.
While SEM images of Figure 5.11.c show as the treatment increases the rigidity

with a reduction of the rods swelling.

5.3.5 Tuning of the stop band at telecom range by temperature

variation

As a second step, the LCN woodpile has been inserted in a hot stage to vary
the sample temperature. In this way, the stop band shift has been triggered by
changing temperature from 30 °C to 50 °C, as reported in Figure 5.12, obtaining a
transmission red shift. Decreasing the temperature up to room temperature
(30 °C), the stop band acquires its initial shape again showing a reversible optical
properties tuning.
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Figure 5.12. Optical characterization of a LCN woodpile PC, realized at room

temperature, reporting the temperature variation spectra.
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However, increasing further the temperature up to 80 °C the spectrum becomes
completely flat. At this point the woodpile is irreversibly damaged due to the
important material deformation that favors the rod merging in a bulk structure as

shown in Figure 5.13.
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Figure 5.13. SEM image of a LCN woodpile PC after heating at 80 °C showing
the link of the rods and resulting in a bulk structure.

It has not been yet possible observing the stop band tuning reversibility under
several cycles. Therefore, at present, it is necessary to further reduce the material
stickiness with proper chemical treatments. However, these experiments based on
temperature modulation open the door to the possibility of demonstrating a
reversible optical tuning, the final goal of this work, which will have a technological
impact on the optical switching at telecom wavelengths. In the following paragraph

we describe the first results towards this goal, using light as activation stimulus.

5.3.6 Towards the tuning of the woodpile stop band by light

In order to have a photo-responsive woodpile PC, an azo-dye (depicted in
Figure 1.11), having a minimum absorption around 390 nm and a transparency
window above 700 nm [15], has been added to the mixture. Therefore the elastic
PC has been then illuminated via a continuous wave (CW) green diode laser (532
nm).

We have observed the woodpile activation with the consequent deformation
when the structure, after the UV post curing, was illuminated by the green laser,
as shown in Figure 5.14. In the woodpile structure, detached from the substrate,

the deformation is more evident.
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No Laser

No Laser

Figure 5.14. Deformation of two different LCN woodpiles illuminated by a
CW green laser diode.

However, despite the low power values used to illuminate the micro-structures
(up to ~ 7 mW), light-induced tuning of the transmission spectra has not been
observed. The laser illumination obtained by focusing the green laser spot in the
center of the microscopic LCN woodpile damaged the structures that show the rods
merging as shown in Figure 5.15, in which the LCN woodpile, observed under
optical microscope, is reported before (a) and after (b) the green laser illumination.
Also in this case it is necessary a further increase of the rigidity of the LCN

polymerized structure.

€)

Figure 5.15. Optical microscope images show the same structure before (a)
and after (b) CW green diode laser illumination with the consequent structure

damage.
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Chapter 6

6 Color modulation in Morpho butterfly wings using

Liquid Crystalline Elastomers

In Chapter 6 the research work, developed during a siz-month period in
collaboration with Prof. Li and Prof. Keller group in Paris, at Chimie ParisTech,
is described. A new biotic-abiotic platform capable of color tuning in response to
temperature changes is presented. We explored the integration of the Morpho
butterfly wing, owing an optimized structural coloration due to its natural photonic
crystal structure and superhydrophobic properties, and the efficient thermo
responsive deformation of Liquid Crystalline Elastomers, whose properties have
been customized at Chimie ParisTech laboratories. The mnovelty of our
demonstration is not represented by the singular materials but by their combination
into a first proof of a smart visualizable sensor. This combination leads to a thermo
sensitive tuning of the optical and mechanical properties of the hybrid bilayer that
changes its color and create a self-cleaning platform exploiting the butterfly
hydrophobicity. At the same time, the thermally driven mechanical control of the
color tuning allowed also to better understand the mechanism of structural
coloration and how the different geometrical parameters contribute to the resulting

reflectance.

6.1 Natural photonic crystal as template for tunable

structural colors

The study of evolutionarily optimized solutions of animals and plants is used in
biologically inspired engineering to find inspiration for the development of better
devices and technology. In nature, the morphology of living systems is responsible
not only for the biological functions but frequently also for their appearance. A

fascinating feature based on material architecture is that of structural coloration,
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which receives growing interest for the development of efficient reflective coatings,
photonic devices as well as optical sensors [1-3].

An inspiring example is provided by the nano architecture of the butterfly
wings. Among them, the color of Morpho Menelaus [4-6] is mainly determined by
the interaction of light with the wing’s complex scale morphology that produces a
brilliant blue structural color as a sum of multiple optical effects.

A specific characteristic of this species is the low angular dependence of wing
coloration that remains bluish over a wide range of viewing angles, in contrast to
what is typically observed in many other structural colors [7]. This unique property
motivated a profound exploration of the morphology of the wing scales that are
constituted by nanostructured cover and ground scales. The scales are
nanostructured in ridges with a lamellar structure (“Christmas tree” like structure)
with slightly different periodicity and a certain ridge height distribution [4]. Such
complex quasi periodic arrangement rules the Morpho butterfly appearance: a
quasi-multilayer interference at the lamellae level combines with diffraction of the
ridges creating a brilliant slightly angle-dependent iridescence [5].

Morpho species have been classified according to the overlapping of ground and
cover scales and the number of lamellae [6]. For Morpho species with a ridge
morphology constituted by a small number (three or four) of lamellae, a successful
replica has been reported using ferroelectric ceramic materials that however do not
offer any tunability effects [8]. Although many strategies have been reported aiming
at replicating the butterfly structure [9-13], a faithful replica of the more complex
morphologies (characterized by the multi-scale periodicity of the Morpho Menelaus
butterfly scales, and the aspect ratio of its 3D nanostructuration), is still missing
using non commercial polymers. In fact, structural colors were recently generated
by Morpho-inspired structures, realized via DLW, but employing commercial
polymers [14]. In order to obtain a tunable structural colored surface, we think soft
deformable materials, as PDMS mold or Liquid Crystalline Elastomers, are good
candidates and should be envisioned for the replica of the butterfly. Achieving this
goal would open new routes for photonic applications, sensing applications, tunable
colors and colorful hydrophobic coating [11, 15, 16].

Aiming at a responsive tunable optical platform, Morpho butterfly wings were
demonstrated to be suitable not only as a template but also as a main constituent
of integrated responsive devices. By coating the Morpho wing with photo-responsive

linear polymers, a light induced color change with a 70 nm blue shift has been
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demonstrated [17]. In sensing application, a bio-hybrid platform made by a multi-
layered structure of cardiomyocytes and carbon nanotubes superimposed to the
butterfly wing showed a relevant color variation in response to the beating of
cardiac muscle cells [18]. In both cases, polymers or cardiomyocytes and carbon
nanotubes were placed on the top face of the wing with multi-scale periodic
structures. Consequently, the appearance of the butterfly wing is strongly affected
by the coating layers that change the structural coloration by modifying the

refractive index contrast.

6.2 Morpho butterfly wing integrated with liquid crystal

elastomers

To preserve the natural coloration of the Morpho butterfly, we investigated an
assembled hybrid system made by the butterfly wing and an artificial muscle based
on Liquid Crystal Elastomers (LCEs), where LCEs were placed on the back side of
the wing thus keeping the color-generating top face free of contamination. This
hybrid system benefits from both the optimized reflectance of the butterfly wing
and the large and easily controllable contraction/expansion of the LCE artificial
muscles. Such biotic-abiotic composite materials provide not only a mechanical
actuation to tune the optical properties of the wings but also a deeper insight in
the mechanism underlying the principle of the coloration of the Morpho butterfly.
Moreover, such integration explores a new route for functional optical devices where
an optimized photonic architecture can be coupled to a stimuli responsive material
to tune the optical properties. In our study, a natural optimized platform was
employed, but this approach could be further extended to other devices with
selective reflection properties such as Bragg multilayers [2], flexible metal coatings

and photonic crystals [19].

6.2.1 LCE artificial muscles

The remarkable property of LCE artificial muscles [20-26] is their shape change
under an external stimulus such as temperature variation or light illumination.
Taking advantage of their responsiveness to different stimuli and specifically to
light [26, 27], they have been extensively explored in many research fields, from

robotics [28, 29], to microfluidics [30], and photonics [31]. Within the latter, LCE

104



deformable elements can be used as actuators to remotely control the position of
optical components as a mirror to steer a beam towards different adjacent
directions [32], or they can work themselves as photonic materials whose refractive
indices and shape can be dynamically tuned by light [33, 34]. Furthermore, an
example of hybrid material composed by LCEs and a synthetic photonic crystal (a
silica opal) has been recently described [35] while the interplay of LCE with natural
structural color has been rarely explored [17].

For this application/demonstration, the employed artificial muscles are nematic
LCEs made of slightly cross-linked main-chain LC polymers. The principle of
artificial muscle’s contraction/elongation resides in the conformational change of
the nematic LC polymer chain upon nematic (N)-isotropic (I) phase transition at
Ti. In the LC phase, the conformation of the macromolecular backbone is coupled
with the orientational order of the mesogen units. In the nematic phase, the
orientated mesogens force the polymer chains to stretch along the direction of the
orientation [36-38]. However, when the transition from nematic to isotropic phase
takes place, the orientational order is lost; consequently, the polymer chains can go
back to the usual random coil conformation. Meanwhile, thanks to the cross-linked
network, the orientational order of mesogens and the elongation of polymer chains
can be restored to their original states at the nematic phase temperature. In an
aligned macroscopic sample (monodomain), this reversible conformational change
of polymer chains results in the reversible macroscopic shape change of LCEs,

whose contraction/elongation behaves similarly to real muscles.

6.2.2 Two coupling integration strategies

The control over the structural color of the Morpho butterfly is achieved by
exploiting two different LCE coupling strategies. LCE film can be firstly prepared
by photopolymerization and then paired on the back and uncolored side of the
Morpho wing. This way, the color variation induced by the natural wing flapping
is reproduced upon thermally activated contraction/elongation of the LCE film
(effect on the macroscale). Alternatively, thin LCE film can be prepared in-situ by
direct infiltration of monomeric mixtures in the wings’ back side followed by
polymerization in their aligned state. A local deformation of the scales’ dimensions
and nano-structuration is thus achieved (effect on the nanoscale). In the former
approach, the mechanical energy obtained by the thermosensitive deformation of

the LCEs is used to reversibly control wing flapping, changing the resultant
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structural coloration for a fixed viewing angle. Interestingly, the variation of the
contact angle is also observed, which has been exploited to control liquid droplet
rolling along the ridge direction. In the latter approach, LCEs allow to elastically
deform the single scale and thus the nanostructure periodicity that is thus
responsible for the blue shift of the reflectance peak. In brief, the assembled biotic-
abiotic hybrid systems described here afford a smart multifunctional platform that
shows structural color tuning and droplet motion on its super-hydrophobic surface
in response to temperature variation. More details about the delicate processing
steps, which characterize the two coupling integration strategies, are described
later. We focus now on the description of the natural photonic structure employed

in this work: the Morpho Menelaus blue butterfly.

6.3 Morpho Menelaus blue butterfly

6.3.1 Morphology

In this work, a highly iridescent butterfly specie, the Morpho Menelaus, was
studied (Figure 6.1a) which has a bright blue coloration with a particular viewing-
angle dependence of the wing color. The nanostructured morphology determines an
extremely high reflection, which depend strongly on the wavelength, polarization
state, angle of incidence and the refractive index of the ambient medium [5].
Morpho Menelaus butterfly wing has two types of scales (cover and ground scales,
shown in Figure 6.1b-c), both of which have straight ridges of a height of 2-3 pm,
separated by a distance of about 1 pm [39]. Both cover and ground scale ridges are
characterized by a lamellar structure that determines the Morpho butterfly
iridescence. Each scale is characterized by ridges (or vanes) aligned along the long
size of the scale whose periodicity mainly affects the butterfly appearance. The
distance between adjacent ridges of the cover scale is approximately 1700 nm
(Figure 5.1.d), while in the ground scales the vanes are approximately 700 nm apart
(Figure 5.1.¢). The two scales have a different role in the color determination: the
cover scale mostly diffuses light while the ground scale is responsible for the

structural color. The superposition of the two determines the blue coloration [40].
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Figure 6.1. a) Morpho Menelaus blue butterfly. b) SEM (scanning electron
microscope) image. The ground scales have a rectangular shape and a typical size
of 160 pm in length and 90 pm in width, while the cover scales have a quasi-
rectangular shape and a reduced lateral size. ¢) SEM image magnification of ground
and cover scale detail. Both scales show a periodic arrangement of longitudinal
vanes (or ridges). d) SEM image of cover scale vanes showing 1700 nm separation
between adjacent ridges. e) SEM image of ground scale vanes showing 700 nm
separation between adjacent ridges. f) A lateral SEM image of the ridges of the
ground scale cross-section, showing structures with overlapping lamellae.

The nanometric structure has been characterized using scanning electron
microscope (SEM) images shown in Figure 6.1d-f. The ground scales have a
rectangular shape, whose typical size is 160 pm in length and 90 pm in width.
Cover and ground scales are attached to the wing membrane alternately through
holes called sockets. The shape of the cover scales varies from species to species. In
Morpho Menelaus, the shape is quasi-rectangular, but the lateral size is shorter.

A single cover scale and a ground scale, isolated from the wing of Morpho
Menelaus butterfly, have been observed both in transmission (Figure 6.2.a) and
under white light (Figure 6.2.b). The cover scale looks transparent, while the
ground scale looks dark brown, meaning that a pigment also induces the coloration.

Moreover, white light reflectance shows that the ground scales have a deep blue
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coloration because the internal scale nanostructures are responsible of the butterfly
appearance. Also, in Figure 6.2.c, the cover scales are not clearly visible because
they are transparent, while under white light of Figure 6.2.d, the bright blue

coloration increases when ground and cover scale overlapped each other.

Figure 6.2. a) Single cover and ground scale observed by a transmission optical
microscope. b) Reflection of the same scales illuminated by white light at 45°.
¢) Transmission optical microscope image of the Morpho butterfly wing in which
cover scales and ground scales are overlapped. Cover scales seem absent because
they are almost completely transparent. d) Reflection of the butterfly wing
illuminated by white light.

Looking from above and illuminating with white light at 45° with respect to
wing normal (Figure 6.3.a), an in-plane rotation (in the wing plane) shows that the
reflectance depends on the orientation of the scale with respect to the illumination

direction (Figure 6.3.b).
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Figure 6.3. a) Schematic of the experimental set-up in which the incident light

direction with respect to butterfly wing sample is drawn. b) Images of Morpho
Menelaus butterfly wings (for different angles: respectively 0°, 45°, 65° and 200°)
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for an in-plane rotation with white light illumination fixed a 45° with respect to

the wing normal.

A careful observation of the ground scale morphology shows that each ridge has
a laminated structure of several lamellae superimposed on each other and slightly
tilted on the scale plane (Figure 6.1.f and Figure 6.4.a). From an optical point of
view, these scales behave like a two-dimensional periodic structure. In the scale
plane, previous characterizations report that a ridge separation of 600 nm (in our
sample 700 nm) results in a diffraction effect, while the lamellae of a mean thickness
of 100 nm (in our case 110 nm), having a multilayered ordered structure, produce
interference in the blue part of the visible spectrum [41].

The ground scale cross section, observed with scanning electron microscope
(Figure 6.4.a), allowed determining the lamellae arrangement in ridges. They
appear to be disposed in alternated fashion on both sides of the trunk of the ridge.
The lamellae thus form a reflection plane that is not perpendicular to the axe of
the ridge, but inclined at a slight angle (6=20° for Morpho Menelaus) [42], as shown

on the bottom magnification of Figure 6.4.a.

Figure 6.4. a) SEM image of ground scale cross section showing the
“Christmas-tree” nanostructure of the ridges composed of alternating layers of
chitin and air. In the magnification, a schematic representation of the thin layers
formed by the lamellae is drawn. The lamellae are inclined of a slight angle
(6=20° for Morpho Menelaus) with respect to the axe of the ridge. b) 1D simplified
model based on the multilayer-thin-film interference.
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To calculate the peak wavelength of the reflectance, we used a 1D simplified
model based on the multilayer-thin-film interference: the lamellae (Figure 6.4.b)
are considered symmetrically distributed on both sides of the trunk and parallel to
the base. We measured the various thicknesses from the SEM image. The chitin
and air layers are designed with thicknesses hy = 112 4+ 5 nm and h, = 65 + 5 nm
and the refractive indices are set to n; = 1.555 and n» = 1, respectively.
The thin-film multilayer interference can be applied as follows [43]:
Miax peak = 2 (n1hy cosri + nohy cosrs), where the angles of refraction within the layers
of chitin and air are r; and r., respectively. The wavelength of reflected light
changes with the thickness, refractive indices, and the reflection angle. In case of
normal incidence ri = r. = 0, we obtained a calculated peak of 478 4+ 18 nm, where

the error has been calculated according to the error propagation.

6.3.2 Reflectance characterization

The spectral characterization was done by using the optical setup reported in
Figure 6.5.a. The light emitted from a halogen lamp was first collimated through a
system of lenses and then focused on the butterfly sample by a doublet lens
(30 mm focal length). A 10x objective collected the reflected light that is analyzed
by an Ocean Optics USB4000 spectrometer having an optical resolution of about
1.5 nm. We focused on the reflectance spectrum in the visible spectra range from
400 nm to 650 nm. To characterize the wing iridescence, the sample has been tilted
at different angles from 0° to 50° with steps of 10° (Figure 6.5.b and Figure 6.6.a),
keeping fixed the illumination and collection direction. The sample was always
oriented with scale ridges perpendicular to the plane of incident light because
reflectance is higher in this configuration [44]. The wavelength shift and the
maximum intensity of the reflectance as a function of the tilting angle show as
increasing the angle, a progressive blue shift occurs from 469 + 1 nm at 0° to
438 + 1 nm at 50° together with the reflectance reduction from 53% to 26% (Figure

6.6b). Similar values have been previously measured and reported in literature [45].
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Figure 6.5. a) FExperimental setup for spectroscopic measurements.
b) Configuration used to measure the reflectance spectra of the butterfly wing at
different angles: : different wedged platforms, made of two glasses forming angles

from 0° to 50°, have been employed to tilt the sample surface.

As we aimed to make a thermo-responsive biotic-abiotic assembly, we first
measured the reflectance of the pure butterfly wing as a function of temperature.
The appearance of Morpho butterfly was monitored by an optical microscope
(equipped with a 10x objective) in a temperature range from 30 °C to 160 °C
(Figure 6.6.c).

We can suppose that the thermal expansion causes an increase in spacing
between the ridges, an expansion of the lamellar structure and a thermally induced
reduction in the refractive index of chitin [46]. It has been noticed that the
contribution of the refractive index variation and expansion of the tree-like lamellar
structure can be neglected [47], while the dominant effect should be attributed to
the increasing spacing between the ridges. No significant color variation can be
observed as it was confirmed by the reflectance spectra measured and reported in
(Figure 6.6.d) that do not show a spectral shift (the lamellae separation remains
unvaried) but only a reflectance efficiency decrease due to a constructive

interference reduction.
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Figure 6.6. a) Reflectance spectra of the original flat wing tilted from 0° to 50°
with step of 10°. b) Tilting angle dependence of the reflectance spectrum peak and
its maximum intensity. ¢) Morpho butterfly appearance monitored by an optical
microscope (equipped with a 10x objective) in a temperature range from 30 °C to
160 °C. No significant color variation can be observed. d) Reflectance spectra of a
single point of the original wing changing the temperature from 30 °C to 160 °C.

To calculate the expected peak wavelength of the reflectance, we used a simple
1D optical calculation based on the configuration of multilayer-thin-film
interference (Figure 6.4.b), obtaining the reflectance peak at 478 £+ 18 nm. Such
estimation has been compared with the experimentally measured reflectance whose
maximum value is about 55% at 483 4+ 1 nm. The peak wavelength corresponds to
a vivid blue coloration. This maximal reflectance wavelength is not constant all
over the entire wing, as every point has a slightly diverse geometry and therefore
a spectral response whose maximum value is in the range of 460-500 nm. In Figure
6.7.a, we report the reflectance for another wing point whose peak is at 487 £ 1
nm. Moreover, also in this case, changing the sample temperature from 30 °C to
160 °C no evident color variation has been observed. In our sample, by exploring
several different points on the entire wing, we measured a maximum reflectance
variation of 18 nm, from 487 nm to 469 nm. Therefore, the position inaccuracy

affects the spectrum measurement. However, after fixing the point under analysis,
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the error of 1 nm has been evaluated as the maximum deviation from the mean
value of the maximum reflectance wavelength of ten acquisitions. In our
characterizations, we fixed the wing point under analysis and thus observed the
induced color shift induced by the different effects. It is interesting to note in Figure
6.7.b that the reflectance wavelength maximum is highly sensitive to minute
lamellae thickness variations: fixing the air spacing at 65 nm, a 10 nm lamella
thickness increase leads to a pronounced spectrum red shift up to 503 nm showing
as few nanometers can create a pronounced blue or a red shift of the reflectance

maximum.
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Figure 6.7. a) Reflectance spectra of a second point of the original wing
changing the temperature from 30 °C to 160 °C. b) Reflectance wavelength

maximum as a function of the lamellae thickness (hi).

6.4 Artificial muscle of liquid crystal elastomer

To obtain a thermosensitive mechanical control on the wing properties, we used
LCE artificial muscles [48] made by photopolymerization of a thiol-ene/acrylate
formulation [45]. The molecular structures of all components are listed in Figure
6.8, which are similar to a formulation previously described [46], but slightly
different in spacer lengths of LC monomers. The mixture contains LC monomer
(C4, synthesized from the group of chemists at Chimie ParisTech), chain extender
(EDDET™) and LC cross-linker (RM82™) in a molar ratio of 1:1:0.4. The initiator
Irgacure 369™ was added in 2wt%. The molecular formulation has been optimized
by the group of Prof. Li at ParisTech. Triggered by the UV light trigger, radical
thiol-ene reaction is initiated for polymerization and cross-linking of C4/RM82™

and EDDET™. RM82™ is usually called cross-linker [49, 50], because in the
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absence of RM&82™ only linear polymers but not elastomers are obtained [49].
RM&2™  can undergo both the thiol-ene reaction and polyacrylate-type
homopolymerization, which result in the networking. The synthetic details of

aligned LCE preparation are described in ref. [48].

LC monomer
o) o)

MO4CH2)ZO—©—E-O o-E:'—@—o(-CHz,ro/\? (C4)

Chain-extender

Hs O o N-SH
o . (EDDET™)
0 0
VI\O-(-CHZ%O—@—'C'-O O-'C'—@—o(-CHZ)G—o)v LC Cross-linker
(RM82™)

Figure 6.8. The molecular structures of main components in the LC mixtures
for LCEs preparation. The mixture contains LC monomer (C4), chain-extender
(EDDET™) and LC cross-linker (RM82™) in a molar ratio of 1:1:0.4.

Note that to get enough mechanical actuation, LCE muscles of 160 pm and
1 mm thickness were prepared and the detailed process is described in ref. [48] and

in the next paragraph.

6.4.1 Fabrication procedure of the LCE film

A soft poly(dimethylsiloxane) PDMS mold was prepared employing optical
microscope glasses with a thickness of 160 pm and 1 mm respectively, cut according
to the desired pattern and covered with the liquid polymer (PDMS, Sylgard 184)
(see (1) of Figure 6.9). PDMS mold was prepared using a 10:1 ratio of the elastomer
base and the curing agent. Bubbles inside PDMS mixture have been removed by a
vacuum pump, and subsequently, the sample has been heated at 70 °C for two
hours (see (2) of Figure 6.9) for the thermal crosslinking/curing. After peeling (sece
(3) of Figure 6.9), the mold was used to fabricate the macroscopic cell: a glass from
one side and the soft PDMS mold on the other side. The LCE mixture with
photoinitiator Irgacure 369™ was heated to the isotropic phase (110 °C) and filled
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in the rectangular mold made of PDMS, see (4) of Figure 6.9). The cell was then
placed between two permanent NdFeB magnets (size: 20 mm x 20 mm x 10 mm,
strength: approx. 118 N), fixed at a distance of 2 cm. The LCE mixture was later
cooled down until room temperature at a slow rate (-1 °C/minute) (see (5) of Figure
6.9) to favor the nematic alignment. During the cooling process, the magnetic field
aligns the mesogens along the direction of the magnetic field for a spatially
homogeneous nematic phase. The cell was kept for one hour at room temperature
in an oxygen-free environment by placing the alignment setup in a zip-lock bag
flushed with a slow stream of argon to prevent oxygen radical inhibition during UV
polymerization. It is then removed from the magnetic set up and an UV light source
(30 mW /cm?) was used to initiate the LCE photo-polymerization for 120 minutes
(see (6) of Figure 6.9). The LCE film was obtained after removing the PDMS mold
from one side (see (7) of Figure 6.9) and the glass from the other side (see (8) of
Figure 6.9).

70°C
PDMS 5
1 _ ) [— 3 ppms 3
glass glass
Q
UV lamp
(30 mW/cm?) i S N
6) «— S
glass prM <y, LCE Mixture
LCE mixture —p LCE film LCE director Temperaturéycontroller
"
PDMS LCE director
—
LCE director [:> 8)
glass .
LCE film LCE film

Figure 6.9. LCE film fabrication procedure.

Typically, the obtained LCE exhibits a contraction of 50% along the director
when heating from 30 °C to 150 °C with a steep contraction around nematic to

isotropic phase transition (Tt = 120 °C) as shown in Figure 6.10.
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Figure 6.10. The contraction and relaxation length variation normalized to
the dimension in the isotropic phase (L/Li,) measured along director of the LCE
film in heating and cooling process. L is the sample length at temperature T, L, is
the sample length in the isotropic phase at T = 150 °C. The LCE film thickness is
160 pm. The same deformation was measured for the millimetric thick film as the
molecular composition, alignment procedure and polymerization process are
unvaried for the infiltrated LCE layer of 160 pm and 1 mm.

6.5 Biotic-abiotic hybrid system made by Morpho Menelaus
butterfly and LCE artificial muscle

6.5.1 LCE film integration in Morpho Menelaus wing

A piece of the butterfly wing is cut with a blade, and a small amount of L.C
monomeric mixture (used as glue for the bilayer assembly) heated at 100 °C is
gently placed on the back side of the wing. LCE film is placed on the LC monomeric
mixture, which is then photopolymerized at room temperature for 60 minutes. This
process is to ensure the adhesion of the LCE film to the back of butterfly wing.
Both LCE films with a thickness of 160 pm (Figure 6.11.a) and 1 mm (Figure
6.11.b) were fabricated and then integrated on the back of the wing. The LCE film
with a thickness of 1 mm allows for a more efficient and symmetric control of the
structure deformation with respect to the thinner film of 160 pm as demonstrated
in Figure 6.11 and therefore it has been selected to develop the structural color

tuning experiments.
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Figure 6.11. Hybrid systems with LCE films of different thickness e
(a) e = 160 pym (b) ¢ = 1 mm, integrated on the back of the wing. When heating
from 30 °C to 160 °C, the structural deformation is more controlled and symmetric
using the thicker film actuator (b).

The piece of LCE muscle with a thickness of 1 mm, as shown in Figure 6.12.a
is then glued on the back of a piece of wing cut in a cross shape (Figure 6.12.b) or
a rectangular shape (Figure 6.12.c).

Once integrated on the back of the wing, the contraction of a small piece of the
LCE induces a mechanical stress on the butterfly wing (whose surface area is larger
than the actuator one) (Figure 6.12.c). In response to different temperatures, a
gradual shape change of the film is obtained leading to the angular control of the
butterfly wing flapping (Figure 6.12.d). While at room temperature the wing lays
flat over the elastomeric actuator, increasing the temperature, it bends up to 30°
once the film is heated at 120 °C. The sample has been recycled for several times
under temperature cycles before its damage. If the reflectance of the bent part of
the wing is monitored, a blue shift of 15 nm is observed, and the value of the
reflectance reduces by 18% (Figure 6.12.e-f). Comparing such values with the ones
obtained by the angular measurement for the Morpho butterfly wing without the
LCE actuator (see Figure 6.6.b), as reported in Figure 6.12.f, allows us to explain
the spectral shift as a change in coloration induced by the butterfly iridescence at
different bending angles. The slightly different value of the spectral shift can be
attributed to an inaccuracy in the angle measurement and a not perfect flat bending

of the wing.
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Figure 6.12. a) LCE film with a thickness of 1 mm at 30 °C and at 160 °C.
The slight opacity of the LCE film is because of the rather high thickness of the
film (I mm) and the non-perfect monodomain alignment, which however do not
affect the big deformation of the sample. A small piece of the film was cut to be
integrated underneath the ventral (back) side of the butterfly. b) LCE film
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integration on the back side of a cross shape wing. ¢) and d) LCE film integration
on the back side of a rectangular shape wing, with top view (c¢) of hybrid system’s
contraction and color change, and side view (d) of hybrid system’s bending upon
heating from 30 °C to 120 °C. e) Reflectance spectra of the hybrid rectangular
shape wing as a function of temperature. The reflection is collected from the end
part of the wing stripe that shows a bending of 0°, 10°, 20° and 30°, at 30 °C,
70 °C, 90 °C and 120 °C respectively. f) Reflectance wavelength maximum and
maximum reflectance intensity of the hybrid rectangular shape wing as a function
of the bending angle. Empty markers refer to the corresponding values for the
original butterfly tilted at different angles.

The hierarchical micro/nano structuration of the scales also generates a super-
hydrophobic platform. The thermal control of the angular bending of the butterfly
piece induces not only a blue shift of the color surface but also a self-cleaning effect
(Figure 6.13.a), which is independent of the cut wing shape. The drop contact angle
variation in forward and backward direction relative to the system is shown in
Figure 6.13.a-b as a function of the increasing temperature up to 160 °C. At room
temperature, a small difference between the advancing and receding angles (low
contact angle hysteresis defined as the rose petal effect) does not perturb the
droplet position, while increasing such difference by raising up the temperature up
to 80 °C the drops start to roll out along the ridges until it slides out of the
butterfly.

In Figure 6.13.c, two different glycerol drops (A and B), placed on the cross
shape wing, exhibit anisotropy in the sliding direction [51]. Indeed, a droplet easily
rolls along the radial outward (RO) direction (denoted by the arrow in the SEM
image of Figure 6.13.d) but is tightly pinned in the orthogonal direction
(perpendicular to the scale vanes) [51]. The macroscopic LCE contraction induces
the droplet A sliding along the parallel groove microstructures, while induces
droplet B moving along the direction perpendicular to RO. Therefore, droplet A
easily rolls along the RO direction while droplet B remains pinned in the orthogonal
direction. A SEM magnification of a cover scale detail is reported in Figure 6.13.d
highlighting the radial outward direction.

This self-cleaning effect is independent of the cut wing shape. Figure 6.14 shows
as in response to different temperatures, a gradual shape change of the rectangular

wing induces the sliding of a glycerol drop on its surface.
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Figure 6.13. a) Side view of a glycerol drop sliding along the longitudinal
vanes direction when the hybrid cross-shape wing is activated and deformed by
heat. b) Contact angle variation in backward and forward direction (advancing and

receding contact angle measurement) of the glycerol drop as a function of
temperature. ¢) Movement of drop A and drop B during the butterfly deformation
at different temperatures. Drop A slides out of the wing because it is rolling along
the vanes direction. The initial positions of the droplets (A, and Bi) are marked

for reference in the image taken at 160 °C. d) SEM images of cover scales for
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different magnifications. The arrow in the SEM images denotes the radial outward
(RO) direction along which a drop slides easily.

6.5.2 LCE layer infiltrated in Morpho Menelaus blue butterfly wing

In order to improve the coupling between the two components and the protocol
reproducibility, direct infiltration of the mixture of LC molecules on the back side
of the wings was evaluated.

The LC monomeric mixture is placed at 100 °C on the uncolored back side of a
wing stripe and diffuses along the ridges by capillary forces creating a thin layer of
less than a few microns. The ventral wing membrane where scales are inserted into
sockets (see SEM image in Figure 6.15) further prevents the LC monomeric mixture
infiltration among the scales of the dorsal upper side. In such a way, we obtained
a quite homogenous film that covers the brown and jagged scales of the ventral
side of the wing without affecting the natural photonic structure (present on the

upper surface).

Figure 6.15. Wing membrane seen from the upper side, where cover and

ground scales are inserted into sockets.
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The LC monomeric mixture has been first homogeneously aligned along the
direction perpendicular to the scale length and vanes direction by two magnets,
and cooled until room temperature with a slow temperature ramp (-1 °C/minute)
to align the LC molecules. The whole setup was placed in an oxygen-free
environment flushed with a slow stream of argon to proceed the
polymerization/crosslinking under UV light (30 mW /cm?for 60 minutes) [48, 52,
53].

Figure 6.16.a reports the optical image of the back of the hybrid sample (piece
of wing with infiltrated LCE) in which the director n indicates the direction of the
molecular alignment. The good homogeneity of the final LCE layer can been
observed in the SEM images (Figure 6.16.b) with different magnifications, while
the LCE alignment has been verified by a polarized optical microscope (POM
images are shown in Figure 6.16.c, where the transmittance extinction is observed
for sample rotation of 45°, while in case of the untreated original butterfly no color
intensity variation was observed).

Looking at the microscope images of each single ground scale in Figure 6.16.d,
the untreated wing, reported on the left panels, has no scale deformation increasing
temperature up to 160 °C. In the same temperature range instead, the hybrid LCE
infiltrated system at 30 °C (on the top right) shows a 10% width scale contraction
due to an initial strain induced by the polymerization of the LC monomeric
mixture, and the increase of temperature up to 160 °C leads to a further size
reduction of 15% (on the bottom right). The underlying LCE layer induces a
slightly curved shape at the stripe edges at room temperature, that is lost at 80 °C
when the system flattens out (Figure 6.16.¢’ (top view) and Figure 6.16.e” (side
view). This effect is absent in the untreated butterfly that shows a negligible
bending behavior when it is heated as no external stress is present. The bi-layered
system returns in a reversible way to its initial shape in 70 seconds when room
temperature is restored (Figure 6.16.¢””). In order to investigate the LCE role, we
measured the reflectance spectra of the flat part of the sample (Figure 6.16.f),
indicated with a light blue circle in Figure 6.16.¢’, for different values of
temperature in between 30 °C and 160 °C, reporting also the wavelength of the
reflectance peak and the maximum reflectance as a function of temperature in
Figure 6.16.g. The sample has been recycled for several times under temperature

cycles before its damage.
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Figure 6.16. a) Optical image of the back side of the wing with infiltrated
LCE after UV polymerization. The nematic director is indicated by the vector, n.
b) Scanning electron microscope images of the LCE layer. c¢) Polarized optical

microscope images of the untreated butterfly wing (two images on the top) and of
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the wing with infiltrated LCE on its back side (two images on the bottom). Cross
arrows represent directions of polarizer and analyzer. d) Optical images of the
untreated butterfly (two images on the left) and the wing with infiltrated LCEs
(two images on the right) at 30 °C and at 160 °C. In the first case, no deformation
of the ground scales has been observed. In the second case, a 10% deformation has
been observed after the polymerization of LC monomeric mixture and a further
15% contraction has been measured when heated to 160 °C. e’) The hybrid system
has a convex curled shape at room temperature and reaches a flat shape, with the
increase of temperature, due to the LCE layer strain and deformation. e’’) Curved
part of the hybrid stripe that shows a bending of 50°, 40°, 30° and 0°, at 30 °C,
50 °C, 60 °C and 80 °C respectively. e””’) Shape recovering of the hybrid system
when room temperature is restored. f) Reflectance spectra of the hybrid structure
at different temperatures. The reflection is collected from the flat part of the wing
stripe. g) Reflectance wavelength maximum and maximum reflectance intensity as

a function of temperature collected from flat part of the butterfly wing (shown in
the inset at 30 °C and 160 °C).

The slight deformation variations of the different points of the wing can be
attributed to some inhomogeneities of the LCE film thickness. Figure 6.17.a shows
a SEM image where both membrane and jagged scales of the ventral wing side are
covered with a homogenous LCE layer. The polymer layer thickness looks constant
all over areas of several millimeters. Few regions with some defects (at the scale
level) have been observed using SEM (Figure 6.17.b), which could slightly affect

the deformation of the different points of the wing.

Figure 6.17. a) LCE layer covers the wing membrane (seen from the ventral
side) and the jagged scales. b) Scale infiltration defect on the ventral side of the
butterfly wing.
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During the thermal actuation, the monitored part remains flat meaning that
the contribution to the reflectance shift cannot be attributed to the iridescence of
the sample. At room temperature, the LCE stress reflects in a blue shift of 39 nm
with respect to the untreated butterfly wing reflectance. Increasing the temperature
above 100 °C, the lateral contraction of each single scale modifies the
nanostructured ridges inducing a wavelength shift of 12 nm. A total shift of 51 nm
with respect to the untreated butterfly has been thus obtained. This color tuning
can be attributed not only to the ridge distance variation but also to a tilting
and/or bending of the ridges due to the LCEs strain. Such phenomena resulted in
the decrease of the air separation between the lamellae and thus in a different
interference effect of the stack. To explore the different contribution of the
geometrical parameter of the periodic ridges, we performed reflectance calculation
of the periodic tree structure using a MATLAB code for periodic patterned
multilayers based on Rigorous Coupled Wave Analysis (RCWA) [54-56]. The
periodic unit cell represents the tree structured ridge with the geometrical
dimensions measured in the SEM images of Figure 6.4.

The reflection spectrum has been calculated and reported in Figure 6.18.a
considering the case of a 10 lamellae stack using a simplified model based on
multilayer interference effect, in which the lamellae are considered perfectly parallel
to the membrane substrate and symmetrically distributed with respect to the ridge
trunk (see the inset in Figure 6.18.a). The calculation results show a reflection peak
at around 480 nm (blue color), greatly reproducing the experimentally measured
reflectance, and other two weak picks at about 420 nm and 560 nm. Monitoring
the squared electric field distribution within each ridge at 400 nm, 480 nm and
600 nm (Figure 6.18.b), we could better understand the photonic properties of the
butterfly. At 400 nm, the lamellar structure determines a not optimized reflection
and a relatively weak transmission through the tree-like structure with a weak
cavity effect within each ridge. At the reflectance maximum, the periodic structure
behaves as an effective Bragg reflector explaining the strong reflection peak in the
blue spectral range. Increasing the wavelength up to 600 nm, the nanometric
periodicity does not affect anymore the light propagation that is mostly transmitted

across the scale leading to a negligible reflectance.
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Figure 6.18. a) Calculation of the reflectance spectrum from the tree-like
structure of the scale ridges with 10 lamellae layers. In the inset, the periodic unit
cell of the RCWA calculation is reported. b) Squared electric field spatial
distribution for three different wavelengths: 400 nm, 480 nm and 600 nm.
¢) Reflectance dependence on the angular direction of the incident wave. The
incident angle is calculated with respect to the normal to the scale surface.
d) Calculation of the reflectance spectra varying “a”: the distance between the ridge
from 700 nm to 500 nm with a step of 50 nm. e) Calculation of the reflectance

spectra varying the chitin lamellae thickness from 110 nm to 90 nm with a step of
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5 nm. f) Calculations of reflectance spectrum varying the thickness of the air layer
between the lamellae.

As expected for Bragg reflectors, increasing the angle of incidence of the plane
wave with respect to the normal to the surface, a blue shift of the reflectance occurs
as reported in the reflectance map as a function of the light incidence angle in
Figure 6.18.c. Focusing on the contribute of the scale parameter variation while
actuating the infiltrated LCE layer, we calculated the reflectance spectra singularly
varying the pitch of the ridges, the thickness of the lamellae and their interspacing.
Interestingly, a reduction of the ridge separation (Figure 6.18.d) induces a blue
shift of the spectra and a more pronounced reflection intensity, probably due to an
effective refractive index increase and interference effect. Contrary to previously
reported assumption [15], we exclude that both the experimental initial shift of 39
nm and the minor shift of 12 nm could be attributed to the lamellae contraction,
as in this case an effective blue shift will be expected without an intensity
reflectance variation, as demonstrated in the calculation of Figure 6.18.e. We rather
suppose that the LCEs strain and activation generate both a gradual approach of
the vanes together with a slight deformation of each single ridge. Looking at Figure
6.18.f, reporting the reflectance spectra calculated when the air layer thickness
changed from 65 nm to 45 nm, a blue shift of about 50 nm with an intensity
decrease from 50% to 38% is observed. This result is in full agreement with the
experimental measurements shown in Figure 6.16.f, and indicates that the color
tuning is mostly determined by the variation of the air space between chitin
lamellae.

To estimate the contribution of the ridge separation variation and iridescence,
we measured the reflectance spectra of the bent edges of the assembled wing stripe
(indicated by the light green circle in Figure 6.16.€’), as a function of temperature.
Such information is immediately clear looking at the reflectance spectra in Figure
6.19.a and the maximum peak of every reflective spectrum and the intensity as a
function of temperature is reported in Figure 6.19.b.

At room temperature, at the stripe corners, the wing has a curved shape forming
an angle of 50° that generates a reflectance peak at 437 + 1 nm (Figure 6.19.b)
with a reflectance of the 24%. Such values are in good agreement with the
reflectance of the wing measured in case of a rigid angular tilting of 50° (Figure
6.6.a-b). Increasing the temperature up to 50 °C, in which the bent wing forms an

angle of 30° with respect the sample plane, the maximum peak shifts at
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455 £+ 1 nm, which can be compared with the value of 458 + 1 nm measured in
case of 30° rigid angular rotation of the butterfly wing. At 80 °C the wings becomes
completely flat, releasing the induced stress of the photopolymerized layer and well
reproducing the reflectance spectrum of the flat part of the wing measured at
80 °C. Above this temperature, the contraction of the LCE polymerized layer
induces a further wavelength shift of 5 nm from 438 &+ 1 nm at 80 °C to
433 £ 1 nm at 160 °C due to scale shrinkage. It is interesting to notice how within
the temperature range from 30 °C - 60 °C, the different coloration is determined
by the iridescence of the wing, while above 80 °C when the stripe recovers the flat

shape, and the further shift of 5 nm is generated from the structural color tuning.
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Figure 6.19. a) Reflectance spectra of the hybrid structure for different
temperatures. The reflection is collected from the curved part of the wing stripe.
b) Wavelength dependence of the reflectance peak and the maximum reflectance

intensity as a function of temperature in case of the curved part of the wing (shown
in the inset at 30 °C and 160 °C).

6.6 Towards butterfly wing replicated in PDMS and LCE

6.6.1 Negative PDMS mold of butterfly wing

The fabrication of a negative PDMS mold reproducing the multi-layered scales
of the Morpho butterfly wing is here reported. The positive replica was made
infiltrating the PDMS mold by Liquid Crystalline Elastomers.

A piece of the butterfly wing was cut by a blade and glued on a microscope
glass. In order to easily separate the wing from the negative PDMS mold, it was
necessary to decrease the stickiness of the wing. Therefore, the sample surface was
treated overnight in a solution of toluene and several drops of

CF5(CF2);CH.CH2SiCls. After that, the wing was covered with the liquid PDMS
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resin (PDMS-Sylgard 184) with the elastomer base to the curing agent ratio of 10:1.
Bubbles inside PDMS mixture were removed by a vacuum pump for half hour. The
sample was then heated at 70 °C for two hours. After peeling, several scales
remained attached to the PDMS mold (Figure 6.20.a), but the butterfly wing was
completely removed and replicated on the PDMS mold in areas of several
millimetres.

Optical microscope images of the PDMS mold are reported in Figure 6.20.a-d
showing scales’ detail replicated in the PDMS mold that are characterized by linear

grooves, that reproduce the ridges of butterfly wing.
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Figure 6.20. a-d) Optical images of the PDMS negative mold. e) Images of

Morpho Menelaus butterfly wings and PDMS replica for different angles for an in-
plane rotation with white light illumination fixed a 45° with respect to the wing

normal.
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The negative PDMS replica demonstrated iridescence property. In fact, looking
from above and illuminating with white light at 45° with respect to PDMS mold
normal, an in-plane rotation (in the mold plane) shows that the reflectance depends
on the orientation of the scale with respect to the illumination direction. A
comparison with the rotation of the real iridescence butterfly wing is also reported

in Figure 6.20.e.

6.6.2 Positive LCE replica of butterfly wing

After the realization of the negative PDMS mold, which partially reproduced
the micro structures of the wing, the mold was infiltrated by LCE mixture and
heated up to the isotropic phase (100 °C). The sample was then placed between
two permanent magnets and cooled down until room temperature at a slow rate
(-1 °C/minute) in an oxygen-free environment (using a zip-lock bag flushed with a
slow stream of argon). The sample was maintained at room temperature for one
hour in the nematic phase and after removing it from the magnetic set up, an UV
light source (30 mW /cm?) was used to initiate the photo-polymerization for 60
minutes. The PDMS mold was removed while LCE replica remained attached on
glass.

The LCE nematic alignment was verified by a polarized optical microscope.
POM images are shown in Figure 6.21 where the transmittance extinction is

observed for sample director orientation parallel to the polarizer axis.

Figure 6.21. Polarized optical microscope images of the LCE replica of the
butterfly wing. The director direction is indicated with n, while the two arrows

represent the polarization axis of the crossed polarizers.
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In order to better understand the colors that appear when the LCE sample is
observed under POM, while it is rotated at 45° with respect to the two polarizers

direction, some theoretical considerations have been reported in Appendix A.

6.6.3 Effects of interference in LCE butterfly wing replica

The LCE butterfly wing replica has been heated from 30 °C to 100 °C with a
step of 10 °C. POM images are reported in Figure 6.22.

GREEN PURPLE

Figure 6.22. LCE scales are heated from room temperature until 100 °C
showing color interference variations at POM. Decreasing the temperature until
30 °C, the sample recovers the same colors and therefore the initial birefringence.

Color changes due to interference effects, described in Appendix A, have been
observed for birefringence variation. If we assume an average birefringence value,
typical for LCEs, of 0.12 from Michel-Lévy chart (see Appendix A), we can deduce
that LCE sample should have a thickness of about 15 pm (green color) at room
temperature. After LCE activation at about 60 °C, the sample undergoes a
variation of its thickness. We could estimate a value of about 17.5 pm (yellow
color) and a birefringence of 0.08 at 100 °C. Such shape changing (of 16%) retrieved
from birefringence variations is perfectly compatible with the expected expansion
of the dimensions perpendicular to the director. By lowering down temperature, we
observed the reversed color changes, with a recovery of the initial birefringence at

room temperature.
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Appendix A

A Optics of Liquid Crystalline Elastomers

A.1 Optics of uniaxial anisotropic media

The index of refraction of optically anisotropic media, like many crystals and
liquid crystals, depends on the propagation direction and on the polarization of
incident light. In general, low-symmetry media are characterized by three principal
values for the optical index, along the three orthogonal directions of space: ny, ny,
n,. These media are defined as biaxial ones. In higher-symmetry uniaxial media,
two of the three directions are equivalent, therefore, they are characterized from
only two principal indices. The non-degenerate direction is called the optic axis of
the material. The index along the direction of the optic axis is denoted with n//,
while the index in any perpendicular direction with n 1. The difference between the
two indices An = n;; — n is called birefringence.

At the macroscopic level, a consequence of optical anisotropy is the phenomenon
of double refraction. A light ray entering a uniaxial material at an angle y with its
optic axis, splits itself into two rays polarized at 90° from each other, therefore
producing two different images (Figure A.1). One ray is said to be ordinary: it
follows the Snell law of refraction and it sees one constant optical index, n.,
regardless of the direction, as if the material was isotropic. The second ray is named
extraordinary, as it experiences a variable optical index depending on the direction,

n.(y). n, and n.(P) are connected to n;; and n1 by the equations:

Il0=l’1J_,

n//nJ_

\/nN 2 cos(2y) +n ?sin(2y)

ne(Y) =
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If ¢y = n/2, then n.= n; and n, = n1 and the two types of indices are often
used interchangeably. In contrast when ¢ = 0, n.= n|. In this case, the uniaxial

material appears isotropic due to it is viewed from the direction of its optic axis.
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Figure A.1. Double refraction occurring in a slab of uniaxial birefringent
material: an unpolarized incoming E splits into an ordinary field polarized along ex
and an extraordinary field polarized along e,. The dashed line denotes the optic

axis.

A.2 Interference of polarized light

One feature of optically anisotropic samples is their ability to display
interference colors when observed under crossed polarizers. When an initially
linearly polarized light travels through an anisotropic material, extraordinary and
ordinary waves propagate at different speeds. Therefore, they acquire an optical
phase difference. Since they are coherent, they can interfere. However, being
polarized at 90° one with respect to the other one, they are not vibrating in the
same plane, and hence cannot interact. Adding an analyzer after the sample, the
interference of polarized light is revealed: thanks to the analyzer, the electric fields
of the two waves are projected in a common direction, and some component of each
wave can interfere with some component of the other (Figure A.2).

It can be demonstrated the intensity of transmitted light after the sample is: [1]

I($,¥)=L sin*(2¢) sin’[(nd/A,) (ne(P)-1n,)].
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Figure A.2. Uniaxial sample between crossed polarizers. The optic axis of the
sample is represented by a dashed line. { has been taken as zero: the light
propagates perpendicularly to the optic axis. ¢ is the angle between the optic axis
and the analyzer.

This equation is the product of two terms: the first one depends on ¢ and it
describes the transmittance intensity changes, between crossed polarizers, when the
optic axis is rotated. No light goes out the sample if the optic axis is oriented along
the polarizer or the analyzer, meanwhile, all of the light goes out the sample if it is
placed at 45° in between them. The second term depends on y: when viewed from
the direction of its optic axis, a uniaxial sample appears black. It also depends on
A, therefore colors of interference under white light appear on the sample. In case
of light propagating perpendicularly to the optic axis (y= 0), the transmitted
intensity can be rewritten highlighting the retardation or path difference I'= dAn:

I($)=L sin*(2¢) sin’[(nl'/A,)].

It is evident that for a given retardation I', each wavelength A, is transmitted
differently. If the sample thickness d and its birefringence An are known, the
retardation I' can be calculated with a consequent calculation of the transmission
for each wavelength of visible light. All these information can be summarized in
the Michel-Lévy chart (Figure A.3) [1] reporting the sample thicknesses as a
function of retardations which are matched with a color in the background. Regions

of constant birefringence are plotted as lines of slope 1/An, since d = (1/An)I".
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Knowing two of the three parameters, the last one can be deduced easily by the
chart.

It is possible to observe that one a certain threshold is passed (called the first-
order magenta and corresponding to A, = 550 nm), the colors start repeating

themselves. A sequence of colors between two magentas define an order.
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Figure A.3. Michel-Lévy chart. Adapted from reference [1].
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Conclusions

The combination of lithographic techniques, such as UV polymerization and
Direct Laser Writing, with soft responsive polymers has been explored in this
research work to make photonic structures, for different applications, from tunable
telecom filters to tunable structural colors. This study highlights as tailoring the
physico chemical properties of custom materials and characterizing their peculiar
features enabled to fabricate tunable photonic structure whose good optical
properties can be controlled and modulated by multiple tuning activation stimuli
(e.g. temperature and light).

A detailed summary of the main results obtained in this research work is
reported.

One of the great advantage of custom polymeric materials is the possibility to
adjust the chemical formulation and therefore the mesogenic concentration in
Liquid Crystalline Networks. In Chapter 3, it has been demonstrated that in such
a way the optical properties of photonic materials can be controlled in a
deterministic way. This chemical design opens not only to a static determination
of the refractive index but also to the modulation of the refractive indices and the
optical anisotropy of liquid crystalline mixtures that can be tuned at different
temperatures or alternatively by laser light irradiation. The more effective control
on the refractive index variation as a function of the applied external stimulus has
been obtained by varying the dye concentration as its molecular interaction with
the LCN molecules highly affects the overall network arrangement. On the other
side, employing a two-photon polymerization process, the increase of the refractive
indices has been demonstrated, confirming the need of an in-situ refractive index
characterization of micro-structures. For micro-structures, the refractive index
variation as a function of the actuating laser power revealed as local light
irradiation better activates the reversible molecular disordering and a more
pronounced optical anisotropy variation can be attained. Thus for photonic
applications, light results as the most effective external trigger source because of
the remote and local nature of the stimulus and the induced larger variation of the
refractive indices. Measuring the refractive index depending on the molecular
formulation and the fabrication technique offered an insight on the polymerization

process and molecular interaction that thus affects the matrix optical properties.
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On the other side, for custom soft resists, the lithographic parameters should be
carefully explored to achieve resolution and structure rigidity comparable to
commercial formulation. To this aim, in Chapter 4, we pointed out how refined
resolutions, never yet reached for Liquid Crystalline Networks, can be achieved by
controlling the polymerization temperature. A home-made system constituted by a
Peltier cell (current driven), a heatsink and a thermometer have been engineered
and introduced to control the local polymerization temperature down to 5 °C.
Using opportune writing parameters at 10 °C, the resulting 3D polymerizable unit
results comparable with the typical voxel of commercial resists, enlarging the
application field of photo-responsive elastic materials without degradation of the
patterned structure rigidity. This research is dictated by the need of spheroidal
voxels that represent the best polymerization unit to fabricate three dimensional
structures, especially in 3D photonic structures as woodpile photonic crystals or
chiral photonic crystals. Exploiting temperature as control parameter to address
the lithographic performances opened to a deeper investigation of the molecular
anisotropy that rules such behavior. A careful voxel shape analysis highlighted as
both temperature, swelling and molecular anisotropy can be exploited to tailor the
polymerizable unit dimension. At the same time, it demonstrated a way to study
and control anisotropy in Liquid Crystalline Networks in nanostructure
polymerization.

In the last part of this manuscript, periodic structures have been studied
following different strategies for different applications, from tunable telecom filters
to tunable structural colors.

In Chapter 5, DLW lithographic technique enabled for the first time the
fabrication of 3D woodpile photonic crystals in LCN matrices. In particular, a
tunable filter at telecom wavelength has been designed, fabricated and
characterized, using temperature as an external stimulus to tune its optical
properties in a reversible way. Moreover, improvement of the optical properties of
the elastomeric photonic crystal has been demonstrated by using fabrication at
controlled temperature (10 °C) via DLW. In particular, the transmittance
attenuation at the stop band for the woodpile written at room temperature is 63%,
while at 10 °C it decreases, up to 83%, being now comparable with the
transmittance attenuation obtained in case of an Ip-Dip™ woodpile PC (90%).
This preliminary but effective result encourage to further explore the use of

optimized responsive materials to introduce mnovel effects and improved
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performances. Moreover, the limitation of polymeric materials for photonic
applications depends on the reduced refractive index contrast (typical refractive
index values for polymers are around 1.5) with respect to air. To achieve a complete
photonic band-gap by increasing the refractive index of polymeric microstructures,
inorganic moieties or nanoparticles could be incorporated in appropriate design of
hybrid materials. This approach can be applied to different polymeric photonic
structures, prefabricated also by other techniques, such as standard 3D printers in
order to address toward large-scale production through faster and cheaper printing
processes and approaching to more challenging structures.

Finally, in Chapter 6 a hybrid system composed by the butterfly wing and a
Liquid Crystalline Elastomer artificial muscle has been demonstrated as a smart
temperature responsive platform with different functionalities. This first proof of a
smart visualizable sensor was developed during a six-month period in collaboration
with Prof. Li and Prof. Keller group in Paris, at Chimie ParisTech.

Structural color tuning in Morpho butterfly wing was obtained by the
integration of a thermo-responsive Liquid Crystalline Elastomer actuator following
two different coupling strategies: one using a LCE millimetric film actuator stuck
to the back side of the wing, the other one by means of an underlying infiltrated
LCE layer. The first strategy leads to a 15 nm blue shift that is thermo-
mechanically induced by the iridescence change of the flapping wing. Such color
tuning can be also combined with the super hydrophobic properties of the
nanostructured wing scales on which a glycerol droplet rolls out by temperature
variation, creating a natural/synthetic platform for self-cleaning applications.
Following the second strategy, an initial blue shift of the reflectance with respect
to the untreated butterfly, induced by a stress of the polymerized layer in the back
side of the wing, has been firstly measured at room temperature. During thermal
actuation of the LCE muscle up to 80 °C, the wing stripe returns to flat shape (by
thermal relaxation of the stress) and then remains flat upon further heating to
160 °C. Together with this thermally driven deformation, the scales dimension
shrinks down to 75% of their natural value in their lateral size. Consequently, this
effect leads to a blue shift that is not any more ruled by iridescence but only due
to a nanostructure modification of the wing ridges. By a comparison of the
measured spectra with the Rigorous Coupled Wave Analysis calculation results, we
can conclude that the blue shift of the reflection peak can be attributed to the

variation of the interspacing in between the lamellae of the scale ridges induced by
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the temperature driven LCE strain. The thermo-sensitive properties of this biotic-
abiotic platform will open to the first prototype of bio-synthetic responsive devices
as visualizable thermal sensors. At the same time, the integration and actuation
mechanism can be extended to other thin flexible reflectors and can drive further
new structural color designs for responsive tunable platforms. Furthermore, by
synthetic material optimization, responsiveness of the composite platforms can be
shifted quite easily to different temperature ranges and/or different stimuli, such

as light, that can be used to induce actuation towards smart self-tuning devices.
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