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Executive summar

1 Description of the deliverable content and purpose

The objective of this deliverable is to report on the guidelines for the materials evaluation of
PMP films, of the PMP encapsulation process and of the PZL device after an extended and
detailed research on the PMP polymers, PZL materials and encapsulation process present
in the literature and commercially available. This is necessary to ensure the most
appropriate material characteristics suitable for the realization of the project. The possibility
to use hazardous materials was examined to guarantee the final disposal of end-of-life
devices or process waste to protect the environment.
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Deliverable report

1 Brief Introduction

Our project intends to produce piezo-electro-photonic devices by unifying two concepts: (i)
the conversion of photon energy into mechanical work by means of a photo-mobile polymer
film (PMP), which is usually a plastic film of which the deformations can be induced and
controlled by wavelength, polarization, intensity, density, angle of incidence of an impinging
coherent and/or uncoherent light and (ii) the conversion of mechanical energy into electrical
energy by means of a piezo-electric material. Our goal, in particular, is to obtain highly
efficient photo-piezo-electric-actuators, namely piezo-actuators stimulated by different light
sources and/or by sun light, to open a new paradigm in the harvesting energy field and
sensing. In extreme synthesis, we intend to transform photonic-energy into mechanical work
(by a polymeric film) and, subsequently, by using the same device, the mechanical work into
electricity (by a piezoelectric film).

2 State of the Art: the nearest approaches to PULSE-COM
concept

In the state of the art our approach simply doesn't exist. As far as we know, there is only one
approach in literature that could recall - at a glance - our project/proposal. It is based on a
metal-silicon supported device. [1] It converts photon-energy into heat and, as consequence,
generates micro-deformation on the metal structure producing electricity throughout a piezo-
system. However, the described device is very distant from our project/proposal since: a)
conceptually, we intend to transform directly light-/photon-energy into mechanical work, by
using PMPs and without dispersive (heating) intermediate steps; b) we propose efficient
large-area (cm?) and meso-scale systems, having large-bending angles and high oscillation
frequencies; c) finally, in the cited document, the reversibility of the system, necessary for
the working activity of the device is not reported (neither understandable from the text). On
the other hand, piezoelectric materials are widely used for mechanical to electric energy
conversion. The nearest approach to our project/proposal is based on mechanical stretching
of piezo-films (PZL) that is realized by many different techniques and in particular by using
flexible substrates. [2] They generate electric power from vibrations or by mechanical inputs
associated with movements of the human body or machines and environmental natural
sources, such as waves or wind. Here, recent capabilities in rendering piezoelectric devices
in thin, mechanically ‘soft’ formats are critically important. Moreover, the realization of
piezoelectric devices usually takes a number of steps using temperature processes and
organic solvents. For this reason an opportune encapsulation process has to be adopted to
protect the photopolymer film in order to maintain intact its photo-mobile properties and to
work at relatively high temperatures and in different solvents, and to guarantee for example
the Zinc Oxide (ZnO) nanowires growth that is used in PULSE-COM as piezoelectric
material. It follows that the photomobile polymer must be able to withstand this type of
conditions.

3 Regarding the Piezo Layers (PZLs) suitable for this project
(State of the Art)

The integration of a piezoelectric material into a flexible substrate, in particular a
polydimethylsiloxane (PDMS)-like polymer, requires special attention firstly to the
temperature of fabrication of the active material not exceeding 200°C and secondly, to
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ensure the right mechanical properties to the staked device, for instance to avoid unwanted
mechanical load on the application or to reach high degrees of bendability without reducing
excessively the electrical energy generated. [2] The classical techniques to fabricate high
performing perovskites like PZT or PMN-PT cannot be used in this case as they require high
temperature to be developed (~ 1000°C). In the state of the art, several approaches have
been proposed to integrate different piezoelectric materials, mostly nano-composites into
flexible substrates. For instance, PZT nanoribbons fabricated on a rigid substrate and then
reported on PDMS [3] or Lead Magnesium Niobate - Lead Titanate (PMN-PT)
nanostructures dispersed in PDMS before been spin-coated into a flexible substrate. [4]
These two examples show that the piezoelectric material can be fabricated without exposing
the substrate to high temperatures; on the other hand, these two materials contain Lead
which is toxic and is actually being regulated by the European Union in electrical and
electronic equipment (RoHS and RoHS2 for Restriction of Use of Hazardous Substances).
[5] Other materials not containing Lead have been also integrated into flexible substrates: i)
polyvinylidene fluoride (PVDF) and its copolymer, poly(vinylidene fluoride—trifluoroethylene)
(PVDF-TrFE) processed as aligned fibers by electrospinning. [6] Its counterpart thin film
deposited by spin-coating [7] is particularly interesting because the ease of
fabrication/deposition although its coupling coefficients is not too high (d33 ~ 15 pm/V, here
d33 represent the relation between the displacement and voltage measured along the same
direction. It is important to note that under bending, several piezoelectric modes are used,
in particular d33 and d31, we discuss here only d33 for comparison between materials); ii)
Barium Titaniate (BaTiOs) nanowires (NWs) and nanotubes synthesized via Chemical Bath
Deposition (CBD) and dispersed into PDMS, before being spin-coated into the flexible
substrate [8]. Although their coupling coefficient is higher (d33 ~ 460 pm/V), their fabrication
is relatively more complex and longer (several days) compared to other NWs like Zinc Oxide
(Zn0O), poling is also necessary in the final device (an application of a high voltage ~1 kV for
12 h at 140°C). iii) Aluminium Nitride (AIN) thin film deposited by radio frequency magnetron
sputtering method at temperatures close to room temperature [9, 10], providing lower
coupling coefficients (d33 ~ 0.7 pm/V) because of its low crystallinity quality. iv) ZnO NWs
vertically grown by CBD and either used laterally dispersed into a polymer matrix before
being deposited by spin-coating into the flexible substrate [11] or vertically for their
immersion into a matrix material [12]. This last is probably the most explored technique to
develop piezo-composites, it is very attractive because of the ease of fabrication of the NWs
using CBD not requiring expensive and long methods. It is also reported that the
piezoelectric coupling coefficient of ZnO nanostructures (d33 ~ 26 pm/V) [13] are about 2
times higher than their thin film counterparts which explains also their interest.

The vertical integration of ZnO NWs into composites for electromechanical energy
transduction applications such as sensing and energy harvesting have been studied by
many research groups in the last decade. The basic structure of the piezoelectric composite
can be seen in Figure 1. It is composed of a rigid or a flexible substrate, a bottom electrode,
a ZnO seed layer, the NWs which are immerged in a dielectric matrix and a top electrode. It
is commonly known as the VING (Vertically Integrated Nano Generator) configuration. In
most of the reported works, the ZnO NWs were grown using CBD (Chemical Bath Deposition
also known as hydrothermal growth) [14] and immerged in a polymer matrix being
polymethyl-methacrylate (PMMA) or PDMS deposited by spin-coating, and were
characterized under compressive forces [14]. The VING configuration was first used in
mechanical energy transduction in 2010 by Prof. Z. L. Wang group in GeorgiaTech. [15] In
this Initial device the tips of the NWs were contacted directly to the top electrode made of Pt
creating a Schottky contact. One single device evaluated under compression generated
about 80 mV. Then, several devices could be placed one on top of each other and connected
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in series increasing the potential up to ~ 0.2 V. Contacting all the tips of the NWs is not easy
and could reduce the device performance. One solution to this issue was proposed in [16],
where the authors added a thin dielectric layer between the NWs and the top electrode (as
depicted in Figure 1). This technique has been used in most articles since then as it
facilitates the integration and adds robustness to the device. In that article, the authors
integrated the composite (ZnO inside a PMMA matrix) on both sides of a 220 um thick
flexible film of polyester (PS) and added Cr/Au top electrodes. The device was finally
encapsulated using PDMS. The device produced up to 10 V under 0.12% strain and strain
rate of 3.56% S*. Since then, some other works have been reported on devices integrating
the piezo composite on flexible substrates and being evaluated under bending forces. One
of those reported works was developed in collaboration with UGA partner (IMEP-LaHC
laboratory) [11]. In that work, the piezo composite (ZnO NWs immerged in PMMA) was
integrated on a thin aluminium substrate (~ 18 um) and used as mechanical sensor to track
the eye ball movement (Figure 2). This device generated ~ 120 mV under mechanical
bending (not quantified here). In [17] Dahiya et al. integrated the piezo composite on a
PDMS substrate and used Parylene C as matrix material. Parylene C was deposited using
room temperature vapor-phase deposition. The device was mainly tested under
compression. Bending tests were also reported by attaching the device to a finger. When
the finger bent the device, it provided voltages between 2 V and 4 V. In [18], the authors
integrated on a Polyimide (PI) flexible substrate, a piezo composite made of vertical ZnO
NWs immerged into PVDF which is a ferroelectric polymer. The authors used Cr/Au as
bottom and top electrode. A poling process at high voltage (1.2 MV/cm) was necessary to
polarize the PDVF. The device produced up to 0.4 V at 3% strain. Further devices were
focalized on the improvement of performances. In [19], Hu et al. used the architecture
proposed in [15] but changed the substrate from PS to Kapton which sustain higher
temperature. The authors tested several procedures: i) exposure of the NWs to Oz plasma,
i) annealing at 350°C for 30 min, ii) surface passivation using polymers, in this case by
coating first with positive charged poly-(diallydimethylammonium chloride) (PDADMAC) and
then by negatively charged poly-(sodium 4-styrenesulfonate) (PSS) through a layer-by-layer
self-assembly method. They found that this last method was the most effective and
increased the output potential to 20 V under bending. In other reports, flexible devices were
fabricated on poly-ethylene/Indium Tin Oxide (PET/ITO) substrate and replaced the PMMA
in the matrix by a p-type polymer poly-(3,4-ethylenedioxythiophene): poly-(styrenesulfonate)
(PEDOT:PSS) contacting only the NWs tips, creating a p-n junction. Although these devices
produced a lower voltage compared to previous ones under bending (~ 10 mV), the internal
resistance is lower than previous devices, thus transferring eventually more power to an
external load (P = V?/R). Later it was shown that using a more conductive p-type polymer
poly-(3,4-ethylenedioxythiophene-Tosylate) (PEDOT:Tos), a higher voltage (~ 1 V) was
generated compared to PEDOT:PSS [20, 21].

Version: RF
Dissemination level: Public




H2020 Grant Agreement N° 863227

_?U LSE-COM PULSE-COM RESTRICTED - Under Consortium Agreement
/ — ZnO NW
Electrodes —— Matrix
Seed layer

Substrate

Figure 1: Basic structure of the piezoelectric composite based on ZnO NWs immerged in a dielectric
matrix.
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Figure 2. Example of integration of the piezo composite on flexible substrates [15].

From a theoretical point of view, very few research groups have studied the piezoelectric
composite based on vertical ZnO NWs. In [22], Graton et al. developed an equivalent circuit
model of VING under compressive forces taking into account the effect of the polymer matrix
to simulate the electromechanical behavior of the device. The simulation results were in
good agreement with values from literature.

In [23], Hinchet et al. developed analytical and Finite Element Method (FEM) models
coupling mechanical, piezoelectric and electrostatic physics to evaluate the composite
under a compressive force. They found several ways to improve the device performance: i)
using a soft material like PMMA as matrix, ii) reducing the thickness of the layer between
the tip of the NWs and the top electrode and iii) improving the piezoelectric coefficients of
the NWs. In a later article [24], Hinchet et al. used similar models to evaluate, in particular
the effect of the NWs density in the device performance. To simplify the models, the authors
studied an individual cell (i.e. a single NW immerged in the polymer as unit cell of the whole
device) (Figure 3a). The density was defined in the models as the ratio between the diameter
of the NWs and the width of the individual cell (Figure 3b). They found that i) a medium
density of NWs increased the overall performance and ii) the composite performance was
better (x 3.3) compared to a ZnO thin film (Figure 3c).
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Figure 3: Simulation results of a VING device under compression (1 MPa). a) Individual cell of the
device with proper boundary conditions to consider the cell surrounded by other cells. b) Definition of
the NW density (top view of a single cell). ¢) Potential generated in function of the NW density. The
NWs in the model were 50 nm wide and 600 nm long. [24]

In [25], Tao et al. used similar models and the same approach of considering a single cell to
evaluate the device performance under bending. The device was considered as a doubly
clamped plate and bent by a hydrostatic pressure of 1 kPa (Figure 4a and 4b). These
boundary conditions were then transferred to the individual cell (Figure 4c). The NW density
and the matrix material were evaluated in these models considering the piezoelectric
properties at the nanoscale [26]. They found several ways to improve the performance which
were different compared to the device evaluated under compression: i) Immerging the NWs
into a hard matrix material and ii) using a higher density of NWs (Figure 4d and e). These
simulations did not include the semiconductor properties on the ZnO NWs. In a later
publication [27], Tao et al. considered not only the improved piezoelectric coefficients ZnO
but also the reduced dielectric coefficients [28] at the nanoscale resulting in a further
improvement of the whole device performance.
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Figure 4: (a) Schematic of the cross section of the VING device. (b) Deformation of the doubly clamped
device and (c) unit cell under flexion where the input strain to the plate (device) is transferred laterally
to the cell. (d) Electric potential and (e) electric energy of an individual cell using different matrix
materials and as a function of the NWs density. A thin ZnO layer was simulated as well as a reference.
The NWs in the model were 50nm wide and 600nm long with piezoelectric properties reported at the
nanoscale [25]

From a theoretical point of view, models of single piezoelectric NWs (not immerged into a
matrix) including semiconductor properties and evaluated in flexion or compression lead to
results where a very small voltage was generated [29, 30]. For typical doping concentrations
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(~ 1x107 cm3), the expected voltage is nearly reduced to zero. This is because the free
carriers inside the NW screen the piezoelectric potential. The expected theoretical voltage
generated from devices based in ZnO NWs is then very low. In contradiction with this theory,
as mentioned above, experimental data show that the composite can actually generate
decent levels of voltage.

More recently, Tao et al. [31] evaluated the importance of including in the models the
semiconducting properties and in particular surface traps at the interface between ZnO and
the dielectric matrix. Surface traps are commonly present at the surface of 1lI-V and II-VI
semiconductor compounds and are responsible of Surface Fermi Level Pinning (SFLP) [32-
34]. They evaluated the VING configuration under compression and bending at a fixed
medium NW density, medium density of surface traps (5x10!* cm=2eV~") and then varied
the doping concentration. They found that surface traps depleted the NWs allowing the
generation of decent values of piezoelectric potential at typical values of doping
concentration (Figure 5). In general, the composite presented better performance and for a
wider range of doping concentration compared to thin films. The inclusion of surface traps
and SFLP could explain experimental results reported in the literature.
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Figure 5: Comparison of the absolute value of the piezopotential generated by a VING unit cell
including SFLP, with that of a ZnO thin film, where SFL can be pinned only on top interface, a) in
compression mode and b) in flexion mode. The NW in the cell had a radius of 100 nm and a length of
2 ym, while the ZnO thin film was 2 pm thick. [31]

4 Regarding the Photo-mobile Polymer (PMP) suitable for
this project

Besides the realization of direct conversion of light energy into mechanical work obtainable
by light-induced Marangoni's effect [35, 36], based on the surface tension gradient induced
by light on a fluid surface [37, 38], from decades [39] such a result is achievable by means
of Photomobile Polymer films (PMPs). PMP is intended to be a film (usually, a plastic film)
of which the deformations can be induced and controlled by an impinging light (in terms of
its intensity, polarization state, wavelength). Substantially, PMP actuators change their
shape or volume in response to light [40]. These materials have photoresponsive units [41].
The changes in physical properties of the material are related to changes in the molecular
rearrangement of the single units. For example, some PMPs contain anthracene that can
photodimerize under UV light. The photomechanical effects of these polymers are
influenced by glass transition temperature [42]. Liquid crystal (LC) addition in these polymers
can enhance their photo-response [43]. Another example is given by poly-(4-vinylpyridine)
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(P4VP) which can form a supramolecular complex with various compounds orienting the
functionality on side-chain polymers [44]. The polymer complex film bent toward a 310 nm
light source without chemical bonding to the polymer. A photoreactive complex polymer fiber
is prepared from P4VP and photoreactive carboxylic acid. The photobending effect is
enhanced by introduction of a liquid crystal. The complex fibers exhibit significant
photomechanical properties and can be prepared from available commercial compounds
[45].

In order to give a general view on the PMP present in literature and/or commercially available
it is possible to classify PMPs in three main categories:

a) PMP based on liquid crystals architecture (and generally - but not exclusively - based on
azo-benzenes liquid crystals), here called LC-PMP (regarding the azobenzene based LC-
PMP, here, in this document, azo-LC-PMP). [46-51] Actually, the first theorization on the
use of liquid crystals in order to reach the photo-motility is to be attributed to De Gennes,
1969, [52] while the first highly performing LC-PMPs is to be attributed to the Ikeda's
group [39]. The further development of such a technology brought to the realization of
highly frequency oscillation LC-PMPs, [51] in particular here we remind the LC-PMP
realized by the group of Tabiryan, in 2008, [51] where the oscillation frequency reached
~ 27 Hz, having a life time of ~ 2.5 hours under continuous irradiation of a laser light
source; beside its relatively short life time, such a technology is to be put under our
attention due to the high oscillation frequency achieved. In particular, LC-PMPs are of
strong interest for the following reasons: 1) their "'motion"” under different wavelengths and
polarization states of an impinging light is well tested and they are the most present in
literature; 2) they offer a high oscillation frequency and large bending angle; 3) they are
commercially available (for example, they should be available @ BEAM Engineering for
Advanced Measurements Company, Winter Park, FL 32789, USA, Beamco.com, Florida,
USA). 4) they should resist the immersion in water, at relatively high temperatures.
Recently, this same basic structure was cross-linked to obtain high performance azo-LC-
PMP fibers, capable to survive, for example, in water or compatible solvents, such as
Tetrahydrofuran (THF) [53]; in this latter case, azo-LC-PMP architecture should allow, in
principle, to obtain the desired film;

b) bilayered-PMP (bi-PMP): PMP based on the different expansion coefficient between
layers in a bi-layered architecture, such as those based on the single-wall carbon
nanotubes (SWCN) and polycarbonate or those based on graphene oxide/carbon
nanotubes and PDMS [54, 55].

c) PMPs-r: PMPs based on the interfacial tension gradient between layers [56], of which the
restoration (that is the restoration of the starting position/3D configuration of the PMP)
should be regulated by diffusion. In this case, it is realized by using a mixture of
multireticulated polymers and N-Vinyl-Pirrolidone (NVP), doped by the oxidation of
phenols substitutes, by asymmetric photo-polymerization procedure.

For what concerns the azo-LC-PMP motion is the resultant of cis-trans isomerizations of the
components of the film under light irradiation. In synthesis the film is generally (buy not
uniquely) based on a Liquid Crystal azobenzene monomer and liquid crystal azobenzene
di-acrylate (1:4). The resultant of the cis-trans isomerization of all the components produces
the deformation at macroscopic level under light that is sensitive to the wavelength and
polarization state of the impinging light. As an example, we report on the formula structure
of the monomers used to obtain high performance azo-LC-PMP (azobenzene-based, in this
case) to which are ascribable many the azo-LC-PMP:
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Figure 6: formula structures of the monomers for azo-LC-PMP. By changing the length of the alkyl
chain of the single monomers (CHz)n, the properties of the final PMPs are changing.

The properties of the different films are based on the different lengths of the alkyl chains of
the monomers (as illustrated in
Figure 6).

However, in principle, the PMP polymer required for our project should be able to be
deformed under light and to restore its initial position/configuration when the light is
switched-off. From this point of view it is preferred a kind of PMP that doesn't require the
use of different wavelengths and polarization states in order to restore its initial position or
to allow the PMP maotion. In this case, it is preferred to use bi-PMPs.

They can be attractive for our proposal, in particular when looking at the experiments of X.
Zhang et al. [54], where the continuous illumination under a sun simulator gives rise to a
continuous motion, as illustrated in the pictures of Figure 7.

real time, continuous 1.2 i real time, continuous 1.2
Solar Light Drive Solar Light Drive

real time, continuous 1. i real time, continuous 1. real time, continuous 1.2
Solar Light Drivel r Solar Light Drivel r Solar Light Drivel r

Figure 7: From left to right different frames of the video in Supporting information of X. Zhang et al.
[54] regarding the solar light driven oscillator (the horizontal yellow line is added to better highlight
the movement of the polymer under illumination).

In this case, the resistance under ZnO NWs fabrication procedure is still to be tested, but it
should be noted that the materials offer a certain resistance to both the relatively high
temperature and water.

Meanwhile, the PMP-r of which the motion is based on the interfacial tension gradient is also
attractive for the same reasons. In all cases, the protection by an envelope needs to be
considered.
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Thus, while we should pay attention to LC-PMP (and, in particular, to azo-LC-PMPSs) since
they are highly performing PMPs and can be useful in order to obtain high bending, high
bending rate, and are well tested in regarding to their deformation under light, we have to
be care to the fact that the restoration of the PMP should be preferentially self-guided (light
/ no-light = motion / restoration). Furthermore, since LC-PMPs are realized by linear polymer
chains, they are sensitive to solvents (in this case, we have to protect the LC-PMPs by
encapsulation).

In PULSE-COM we should also realize azo-LC-PMP following the procedure steps proposed
by the literature [39, 51] and in particular classic synthesis [39, 57] as comparison materials.
It is worthwhile to underline that the classic synthesis for this kind of photopolymers requires
many steps of reactions. The monomers for this kind of polymers are, however, also
provided by companies. A further drawback to be considered is the necessity of polarized
light in order to initiate their oscillations [57].

For what concerns the PMP-r films, we have to pay attention to those recently ideated and
developed. [56] They are based on the photo-polymerization of organic mixtures made as
follows: Multiacrylate (MA), Pirrolidone-derivative (Pd), phenol-substitutes (Ps), Lead-oxide
and photo-initiators (Pi) in the UV-Vis regions. Lead oxide should be replaced, since Lead
is toxic. [5] In this case, we should use different oxidation procedures: from those based on
the use of organic oxidants at the required temperatures and/or in presence of Iron salts
and/or Iron (lI/Ill) oxides - that can be easily removed from the reaction environment.
Regarding the sample preparation, the used mixture should be based on the following
composition: MA + Pd + Ps + Pi in the UV-Vis region blended together. The final mixture is
suitable to be used after keeping it in darkness overnight at room temperature under
magnetic stirring in aerobic conditions. After that, the mixture is placed by capillarity between
two standard microscope glasses - spaced by 200 um using Mylar stripes - and let
polymerize under a UV light. At the end of the UV exposure, a polymer layer of ~ 20-25 pum
thickness is found to be glued on the top glass surface. Then, by gently removing the
glasses, the film is easily peeled-off from the upper glass substrate, and it is ready to be
used. Below the sequence of the production steps is reported (Figure 8).

Top) g\

Pmp film

_ Pmp mixture. _ Pmp mixture \ -
Bottomalass Bottom glass
Pmp unpolymerized

Figure 8: Scheme describing the sequence for the PMP film fabrication [56]. From left to right: the
mixture is inserted by capillarity into a sandwich of glass slides (1 mm thickness) spaced by Mylar
stripes (~ 200 um thickness); the sandwich is placed under UV light for 10 minutes; at the end of
irradiation the PMP-film is attached on the top glass.

Thus, the first approach should be based on the complete characterization of all the
oxidation derivatives of Ps in order to find-out the basic compounds playing the crucial role
in the PMP-film constitution and in its light-induced motion, and to offer higher-performances
PMP-systems. In shorts, Ps are oxidized before to be dissolved in the pre-PMP mixture; Ps
will be oxidized at different relative concentrations of the oxidant used in the opportune
solvents (Cl-benzene solution, for example) in order not to initiate undesired oxidations. It is
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to be remarked that can be used also other kinds of oxidation reactions (for example,
initiated by light irradiation, or nitration and/or nitrosation, or by organic oxidants on which
the Fenton-like reaction can be initiated by Fe (ll/lll)-oxides and/or salts, and easily
removable from the reaction environment). The derivative products of Ps oxidation will be
separated by preparative thin layer chromatography (tlc) and analyzed by Mass
spectroscopy, NMR, IR, Raman, SERS and LSPR spectroscopies. It is to be underlined, at
this stage, that the oxidation of Ps could have important intermediates such as stable free
radical cations. We should assess the importance of free radicals cations in the system by
using stable free radicals cations in the pre-polymerized PMP mixture. Furthermore, each
product of the phenol-derivative oxidation should be separately and in combination used in
the pre-polymerized PMP-mixture in order to assess its functionality and role in the light-
induced motion of the PMP-film. The MA used should be based on multifunctional acrylates
(di, tri, tetra) and/or multi-epoxides and on their combinations. The investigation on the
effects of the oxidated form of Ps on the Pd will be also analyzed, by all the techniques
mentioned for oligomers / polymers characterization. The final PMP film, obtained after UV
illumination, will be analyzed by many different techniques all related to the polymer
chemistry. ATR-FTIR and Scanning Electron Microscopy (SEM) measurements will help to
understand the structure of the PMP-film before and after gold coating. The PMP-motion
characterization is easily performed by simply modulating the illumination on the PMP-film.
Preliminary results confirm that the motion is inducible by a white lamp of an optical
microscope, but also by lasers at different wavelengths (A = 405 nm; A = 532 nm; A = 785
nm); the recording of the motion by a CCD camera will allow to exactly calculate the
mechanical stress of the PMP-film and its response under light illumination. The relaxation
time is also important in establishing the efficiency of the PMP light-driven motility.

5 Regarding plasmonics, photonic crystals and
metasurfaces suitable for this project

From the experimental measurements carried out in literature, it is clear that the
performance of the PMP film, regardless of the mechanisms that regulate its motion, are
also closely connected with the absorbed light power [51]. In order to increase the absorption
of PMPs and to extend it to Near Infra-Red (NIR) and Short Wave Infra-Red (SWIR) regions,
one solution is to implement different optical systems in PMPs architectures.

Optical systems suitable for the project are based on: a) ultrathin metallic layer deposition
on the PMP surface (Paragraph 5.1); b) photonic crystals and metasurfaces nestled on the
PMP surface (Paragraph 5.2); ¢) nanoparticles insertion in PMP pre-polymerized mixture
(Paragraph 5.3).

These strategies based on different optical mechanisms produce different phenomena that
could be employed to better exploit the incident radiation.

In particular, as far as ultrathin metallic layer could exploit the plasmonic resonance that
permit the absorption at particular wavelengths that otherwise would not be possible.
Because of this absorption, it is possible to realize a thermal gradient that could support the
bending of PMP films composed by a bilayer (such as PMP-r).

In case of employing photonic crystals and metasurfaces it would be possible to use the
diffraction mechanism to increase the photon-PMP interaction times (also known as
dwelling-times) increasing the probability to trap the light with different angles inside the film
trying to enhance the absorption of the PMP itself.

In the last case, the exploited mechanism will be the diffusion effect due to the presence of
the nanoparticles that will again enhance the light trapped inside the PMP film and the
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consequent absorption. If the particles are metallic, it could be possible to exploit also in this
case the plasmonic mechanism.

In case the function is opto-thermal rather than light engineering, the requirement to the
polymer would be high thermal expansion rather than photo-responsivity but in both case
we will have an advantage in the PMP bending effect and the consequent transduced
potential difference at the PZL electrodes.

In the following table, we summarized the proposed strategies and related mechanisms:

Optical elements Effect ‘ Interest
Plasmonic resonance
. . that permit the Possibility to realize a thermal gradient that
Ultrathin metallic : . .
| absorption at could support the bending of PMP films
ayer . .
particular composed by a bilayer
wavelengths.
. Increase the photon-PMP interaction times
Photonic , . o . .
Diffraction (also known as dwelling-times) increasing
crystals and : - . o
mechanism the probability to trap the light with different
metasurfaces o .
angles inside the PMP film
The scattered light due to the presence of
the nanopatrticles could enhance the light
. e trapped inside the PMP film and the
Nanoparticles Diffusion ) )
consequent absorption. If the particles are
metallic, it could be possible to exploit also
the plasmonic mechanism.

5.1 Regarding ultrathin metallic layer deposition

Ultrathin metallic film processed onto the PMP surface, would result in a much greater
absorption by the PMP/film system. As far as with the use of ultrathin metallic layer, in fact,
we could exploit the plasmonic resonance that permit the absorption at particular range of
wavelengths that otherwise would not be possible. Light-induced heat generation in
materials occurs due to dissipation of heat from oscillation of free electrons on a metallic
lattice surface — the surface plasmon resonance (SPR) driven by resonant wavelength of
light [58]. Gold (Au) and silver (Ag) nanoparticles can have a very good thermal conversion
coefficient. For example, the SPR of Au hanospheres can be tuned within the visible range
by varying the wall thickness and the distances between them. Besides gold (Au), silver (Ag)
has been known as potentially the best plasmonic material with the naturally lowest ohmic
losses at optical frequencies. Despite the apparent simplicity of a single ultra-thin film
deposition, the accurate measurements of film thickness for final characterization, could be
rather difficult. The Ag ultra-thin film must be processed using a very low rate of deposition,
in any case under 0.01 nm/sec, in vacuum conditions assisted with pure Argon (99.99%)
gas flow at 20 s.c.cm — 30 s.c.cm. The working vacuum must be optimized according to
specificity of vacuum chosen system. The candidate equipment is electron beam
evaporation system, magnetron sputtering, ion beam sputtering with ion beam assisted or
another complex system. The nucleation of ultra-thin Ag film can be observed by Atomic
Force Microscopy (AFM) measurements. Nucleation of Ag film, deposited by magnetron
sputtering, resulting like nanostructure can be significantly influenced by an ultra-thin silver-
oxide interlayer [59]. We have already used ultra-thin Ag films with thicknesses between
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3 nm up to 25 nm and the refractive index measurements were given values in the proximity
of zero within spectral range 400 nm to 700 nm. Samples coated on fused silica and
borosilicate glasses, AFM explored, have appeared like self-organized micro-structures [60].
Plasmonic materials, like Au and Ag, are used in a variety of devices and are especially
important in the recent boom of metamaterials. J.B. Pendry [61] demonstrates that a slab of
negative refractive index material, like Ag ultra-thin film, has the power to focus all Fourier
components of 2D images, even those that do not propagate in a radiative manner.
Simulations show that a version of the lens operating at the frequency of visible light can be
realized in the form of a thin slab of silver. The applications of plasmonic materials, the near-
field super lens/flat-lens and the far-field hyper lens, have attracted a great deal of both
theoretical and experimental research interest. Ag is the most often used metal material in
flat lenses and plasmonic applications since Ag exhibits the lowest on-resonance loss of any
natural noble metal at optical frequencies [62]. In shorts, combining the properties of ultra-
thin silver (Ag) films to attain the refractive index towards zero and plasmonic behavior at
optical wavelength, it is reasonable to design experiments, as intermediary technological
phase, with Ag deposition on the surface of the PMPs to obtain new functionalities in the
PMP layer. It is worthwhile to underline that with this kind of mechanism, it is possible to
realize a thermal gradient (opto-thermal effect) that could better support the bending of PMP
films composed by a bilayer (such as PMP-r).

Light

_ e

Figure 9: Sketch of the ultra thin Ag-layer deposited on the PMP surface. The thickness of the layer is
in the range of 10 nm.

5.2 Regarding Photonic crystals and metamaterials/metasurfaces

Another option to add new functionalities to the PMP material is by the use of photonic
crystals and metasurfaces. In case of employing photonic crystals and more complex
structures such as metasurfaces it would be possible to use the diffraction mechanism to
trap the light with different angles inside the PMP film trying to enhance the absorption of
the PMP itself.

Photonic Crystals (PC) are highly ordered materials which possess a periodically dielectric
constant, with periods on visible light wavelengths (380 - 750 nm). Periodicity influences
electromagnetic waves in the material because of Bragg reflections. It results a photonic
band gap (PBG), a band where light propagation in the photonic crystal is forbidden (the
optical analogue of electronic band gaps in semiconductors). A complete PGB occurs when
a wavelength is forbidden for every polarization and direction [62]. Since Yablonovitch [63]
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and John [64] demonstrated the possibility of a photonic band gap in such periodic
structures, serious effort was made by the scientists to develop materials with complete
photonic band gaps in several optical regimes and in particular in the visible region [65].
Complete photonic band gap materials could be used to produce waveguides, laser
resonant cavities, laser mirrors or to inhibit spontaneous emission [66]. Photonic crystals
are usually produced by nanolithography and self-assembly of colloidal crystals. A different
approach consists in crystallization of a colloidal suspension of monodisperse spheres of
silica, ZnO, chalcogenide or organics forming a three-dimensional structure with 24% air,
called colloidal crystal or opal [67, 68], A complete PBG can be easily obtained in materials
with inverse opal structures, formed by air spheres in materials with high refractive indices
(e.g. Sin=3.50r Ge n=4.5) [67]. The opals and inverse opals can be used in solar energy
conversion or LEDs. For our aims an opal or inverse-opal structure could be formed on top
of PMP leading to new or enhanced properties for energy-harvesting, sensing, laser mirrors
or resonant cavities. As an example of photonic crystal realization we report Vita F. et al.
work [69], in Figure 10, where an interference pattern of light is used (instead of a simple
illumination by UV/Vis lamp) and the photo-polymerization could give rise to a refractive
index distribution corresponding to maxima and minima of the interference intensities.

Figure 10: Example of fabrication of bi-dimensional (right) photonic crystals by using an interference
pattern of light [69].Photonic crystals can be based on different geometries (for example, on octupolar
metasurfaces geometry, of which the structure is mainly constituted by the periodic and aperiodic
repetition of triangular units [70]). The final geometry should involve a fractal configuration.

Metamaterials (MMs) are materials of which the properties are obtained from their structures
and designed unit cells (meta-atoms) [71] and not from the properties of their constitutive
materials. Also the optical PCs properties are defined by their structures. Metasurfaces (or
metafilms) are 2D MMs. Like MMs, their response can be characterised by their electrical
and magnetic polarizabilities. MMs control the propagation of light due to their permittivity
and permeability values. [72]

MMs and metasurfaces are then engineered materials able to manipulate electromagnetic
waves at variable frequency regimes, ranging from UV-visible to infrared (IR) to terahertz
(THz).

Examples of MMs and metasurfaces properties and applications are: negative, near-zero,
indefinite permittivity or permeability indices; backward waves and backward phase
matching in nonlinear optics; imaging below the diffraction limit; perfect absorption [71-76].

5.2.1 Regarding nanostructures implantation on the PMP-film surface
While the PMPs related to categories (a) LC-PMP and (b) bi-PMP should be still tested in
this context, at present, we have encouraging preliminary results supporting the possibility
to successfully obtain the implantation of plasmonic nano-structured crystal substrates on
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the PMP-film surface. By taking into account a multi-acrylate based PMP-r film, due to the
high shrinkage under photo-polymerization, [77] we observed that the photo-polymerization
of the PMP-mixture in contact with previously fabricated PCs or MMs, allows the extraction
of gold from sub-micro-/nano-pillars. The confirmation of the presence of the PCs or
Metacrystals on the PMP-film surface should be obtained by investigations with many
techniques (AFM, SEM, Dark/Bright-field microscopy Optical Measurements, Optical Far
Field Scattering measurements, Localized Surface Plasmon Resonance (LSPR)
measurements, Surface Enhanced Raman Scattering (SERS) measurements). At the
moment, Dark-field (DF) observations, Optical Far Field scattering measurements and
LSPR measurements indicate that PMP-film can actually support PCs or plasmonic
metacrystals on its surface. Figure 11 reports the experimental set-up for an LSPR analysis.
We have preliminary results indicating that implantation of the plasmonic metacrystal on the
PMP-film surface is possible and measurable.

Light
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40x
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Figure 11: Experimental set-up for LSPR analysis [78].
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The possibility for obtaining SERS signals from metacrystals placed at the PMP-film surface
is still to be verified but, if confirmed, will expand the capabilities of our system.

5.3 Nanoparticles insertion in PMP

The use of plasmonic nanopatrticles could allow from one side to increase the robustness of
the system, while from the other side to modulate its absorbance properties, in order to
expand the absorption range of the PMP-PZL.

In particular, in this case, the exploited mechanism will be the diffusion effect due to the
presence of the nanoparticles that will again enhance the light trapped inside the PMP film
and the consequent absorption.

Furthermore, if the particles are metallic, it could be possible to exploit also the plasmonic
mechanism adding an opto-thermal effect to a light scattering effect. In both case we will
have an advantage in the PMP bending effect, and in the reaction times with the consequent
advantage in the transduction of the potential difference at the PZL electrodes for a full
PMP/PZL device.

6 Regarding the encapsulation/protection of the system

The choice for flexible encapsulation technique is very critical to accomplish our aim.
Flexible substrates and the right encapsulation are fundamental in many fields of organic
electronics, e-paper’'s and e-ink’'s development. Many different types of materials are
nowadays under investigation, including glasses, polymer films and metallic foils. In this
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particular case we have to consider reports of studies of polymer films as flexible substrates
for polymer light emitting diodes (PLEDs) or organic photovoltaic (OPV) technologies and
their encapsulation procedures. Usually, the selected polymer substrates are thermoplastic
semi-crystalline polymers like Polyethylene Terephtalate (PET) and Polyehtylene
Naphtalate (PEN), in our case - obviously - our substrate will be the PMP-film. The
encapsulation barrier technology is traditionally essential for preventing the degradation of
flexible devices. For OLEDs and OPVs the design objectives of the encapsulation barrier
depend on the required Water Vapor Trasmission Rate (WVTR) and lifetime of the device
in actual industrial products, in our case, for the encapsulation process, we must pay
particular attention to the PZL implementation constraints to better protect the PMP film.
Traditionally, three types of encapsulation barrier technology have been used for devices:
glass lid encapsulation, barrier foil encapsulation, and thin-film encapsulation (TFE). Above
all, TFE is the most promising encapsulation technology for devices because it is flexible
and easy to apply to any device and it can be applied easily to flexible, rollable, and foldable
devices. Moreover, TFE does not require the use of adhesive. Some disadvantages of this
technology, however, are the potential damage of the device through direct deposition and
limited processing conditions. [79-81]

Our needs are certainly less stringent than those relating to electronic devices. In our case
a flexible encapsulation is required and this can be obtained simply by using the TFE
procedures. We should focus on polymers used as capping layers.

The encapsulation materials, surely, should have be low cost and should be easy to deposit.
But more important, the selected material has to be transparent, with appropriate glass
transition temperature (Tg) which is dependent on the chain flexibility, a complex function of
several factors such as chemical structure, molecular mass, presence of cristallinity or
additives. Above glass transition temperature the polymer mechanically varies from being
rigid and brittle and becomes tough and leathery. The maximum exposure temperatures on
encapsulation material and the effect on the mechanical behaviour of the material should be
known. The light transmission through the encapsulation materials is also important to
understand how it will affect the device performance and this is much more important for the
PMP films.

Suitable polymer materials for encapsulation process already used for flexible electronics
devices are: ethylene vinyl acetate copolymer (EVA) [82, 83], polyvinyl butyral (PVB) [84],
other organic materials [85, 86], and Polydimethylsiloxane (PDMS).

Probably the most appropriate material for PMP films is the Polydimethylsiloxane (PDMS),
benefiting from a low cost, ease of moulding, biocompatibility, chemical stability and
transparency, has been widely used in fabrication and encapsulation processes for
electronic devices. [87-92] What's more, the excellent ductility of PDMS gives it potential in
the extensive application of flexible electronics. Importantly, PDMS solution is water-free
making it a perfect choice to package the PMP film because it resists to high-temperature
(up to 350°C) [93], has good mechanical properties and, no less important, it has excellent
transparency [94, 95].

7 Conclusions

The state of the art for structures and devices that can be employed in PULSE-COM is
definitely very wide and in this report we tried to present an overview of papers from literature
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which address to these issues. We reported more in details on materials and techniques
which can be explored during the project.

We reported on the possibility of integrating piezo-electric devices on flexible substrates
considering all the possible architecture and materials reported in literature. We considered
also organic piezo materials (PVDF, PVDF-TrF etc.) and based on different piezo
composites (BaTiOs and ZnO nanowires). We discussed the possibility to use different
substrates and in particular to use also extremely flexible one such as PDMS with a very
low Young’s modulus.

We reported on the use of different PMP materials and architectures (LC-PMPs / azo-LC-
PMPs, bi-PMPs and PMPs-r) and how to improve their functionalities with plasmonic
nanomaterials and engineered nanostructures.

Finally, we reported on possible protection/encapsulation system configurations to protect
the PMP substrate.

As a first approach, we should focalize on ZnO-nanowire-based PZLs (ZnO-NW-PZL), on
PMPs-r and PDMS (for encapsulation). We should make tests of integration of ZnO-NW-
PZL on each category of PMP and encapsulate/protect when needed.
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